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Abstract

Main conclusion A green algal phenol oxidase was

firstly purified, confirmed to be a laccase, and a hetero-

oligomeric quaternary structure is suggested. The

operation of a laccase-mediator system is firstly

described in algae.

Laccases (EC 1.10.3.2) catalyze the oxidation of a multitude

of aromatic substrates. They are well known in higher plants

and fungi, while their presence in green algae appears

uncertain. Extracellular laccase-like enzyme activity has

previously been described in culture supernatants of the green

soil alga Tetracystis aeria [Otto et al. in Arch Microbiol

192:759–768, (2010)]. As reported herein, the T. aeria

enzyme was purified 120-fold by employing a combination of

anion exchange and size exclusion chromatography. The

purified enzyme was confirmed to be a laccase according to

its substrate specificity. It oxidizes 2,20-azino-bis(3-ethyl-

benzothiazoline-6-sulfonic acid) (ABTS), syringaldazine,

and 2,6-dimethoxyphenol (pH optima of pH B2.5, 7.0, and

6.5; Km values of 28.8, 40.5, and 1,830 lM; respectively), but

not L-tyrosine or Fe2?. ABTS is by far the most efficient

substrate. Two polypeptides, A (*110 kDa) and B (71 kDa),

were co-purified by the applied procedure, both being highly

N-glycosylated (C*53 and C27 %, respectively). As sug-

gested by various gel electrophoretic analyses, the native

enzyme (apparent molecular mass of *220 kDa) most

probably is a hetero-oligomer with the composition AB2,

wherein A is the catalytic subunit and B forms a disulfide-

linked homo-dimer B2. The decolorization of anthraquinone

(Acid Blue 62 and Remazol Brilliant Blue R) and diazo dyes

(Reactive Black 5) was studied in the presence of redox-

mediating compounds (ABTS and syringaldehyde), demon-

strating the operation of the laccase-mediator system in algae

for the first time. Thus, laccases from green algae may par-

ticipate in the biotransformation of a wide spectrum of natural

and xenobiotic compounds.
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Abbreviations

2,6-DMP 2,6-Dimethoxyphenol

(2D) SDS–

PAGE

(Two-dimensional) sodium dodecyl sulfate–

polyacrylamide gel electrophoresis

ABTS 2,20-Azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid)

ABu62 Acid Blue 62

IEC Ion exchange chromatography

PNGase F Peptide-N-glycosidase F

RB5 Reactive Black 5

RBBR Remazol Brilliant Blue R

SEC Size exclusion chromatography

Introduction

Laccases (EC 1.10.3.2, p-diphenol: O2 oxidoreductases)

are mostly extracellular glycoproteins belonging to the

group of multicopper oxidases. They catalyze the one-

electron oxidation of a wide range of substrates such as
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mono- and polyphenols and aromatic amines, concomi-

tantly reducing molecular oxygen to water. Substrates are

oxidized to radicals, which may undergo cross-linking or

depolymerization reactions thereafter (Claus 2004).

Appropriate substrates may also act as so-called redox

mediators, which enable the indirect oxidation of an even

wider range of compounds including lignin and, e.g.,

polyaromatic hydrocarbons (Morozova et al. 2007b). Lac-

case was firstly described by Yoshida (1883) in the Japa-

nese lacquer tree Rhus vernicifera. The enzyme causes the

wound sap of the tree to harden in contact with air, whereas

other plant laccases are thought to contribute to the poly-

merization of monolignols and hence to the biosynthesis of

lignin (Sterjiades et al. 1992). Plant laccases are further

involved in a plethora of physiological processes like

cytokinin homeostasis (Galuszka et al. 2005), resistance to

phenolic pollutants (Wang et al. 2004), flavonoid poly-

merization in seed coats (Pourcel et al. 2005) and iron

metabolism (Hoopes and Dean 2004). Only a few laccases

from plants are characterized biochemically (Morozova

et al. 2007a), but phylogenetic analysis reveals a high

diversity and widespread occurrence of the enzymes in

higher plants (McCaig et al. 2005). Apart from plants,

laccases are known in prokaryotes and insects (Claus 2004)

and by far the most laccases studied as yet are produced by

higher fungi (Baldrian 2006). The fungal enzymes are

assumed to participate in the breakdown of lignin, but may

also fulfill several other functions related to detoxification

processes, morphogenesis, pathogenicity and more (Claus

2004). Laccases are found in lichens as well, where they

are almost certainly produced by the fungal rather than by

the algal symbiont (Lisov et al. 2012). Laccases have

attracted extensive interest due to their ecological impor-

tance as well as manifold applications, such as the biore-

mediation of soils and waters, usage in the food and textile

industries and for chemical syntheses (Riva 2006).

While the biotransformation of aromatic compounds by

fungi and bacteria has been studied intensively, the ability

of algae to degrade diverse phenolic and other aromatic

compounds, like synthetic dyes and polyaromatic hydro-

carbons, is just increasingly recognized (Semple et al.

1999; Ghasemi et al. 2011; Subashchandrabose et al.

2013). Phenol metabolism in algae may proceed via

hydroxylation and ring cleavage pathways (Semple et al.

1999). In view of the phylogenetic distribution of laccases,

it could be expected that these enzymes are present not

only in higher, but in more ancestral plants as well (Dean

and Eriksson 1994; McCaig et al. 2005). In red algae,

laccase-like enzyme activity was described in an early

report by Rönnerstrand (1943). The putative presence of

algal laccases has been discussed with respect to the evo-

lution of lignin and related polymers (Dean and Eriksson

1994) and has also been proposed to contribute to the

biodegradation of diverse phenolic pollutants (Subashch-

andrabose et al. 2013; Chiaiese et al. 2011; Kılıç et al.

2011). Recently, various green algae were found to oxidize

typical laccase substrates extracellularly (La Russa et al.

2008; Otto et al. 2010; Chiaiese et al. 2011; Kılıç et al.

2011). Attempts to identify laccase-encoding genes in

green algae, by screening sequenced genomes or using

degenerate primers, have not been successful so far

(Richter et al. 2012; McCaig et al. 2005) except for one

report, where six metagenome-derived laccase-like

sequence reads are mentioned to be assigned to green algae

(Zakrzewski 2012). In a previous study, we have described

the production and some features of a laccase-like enzyme

in culture supernatants of the green soil alga Tetracystis

aeria (Otto et al. 2010). However, no algal phenol oxidase

has been purified and characterized to date and their

occurrence still appears enigmatic.

In order to address the remaining uncertainty about the

presence and nature of laccase-like phenol oxidases in

green algae, we aimed to purify the enzyme from T. aeria,

thus enabling the investigation of its basic structural and

kinetic properties. Furthermore, the degradation of syn-

thetic dyes by the algal enzyme in the presence of redox-

mediating compounds is firstly reported herein.

Materials and methods

Cultivation of algae and enzyme production

Tetracystis aeria SAG 89.80 [Culture Collection of Algae at

the University of Göttingen (SAG), Germany] was grown in

liquid mineral medium, as described previously (Otto et al.

2010). For enzyme production, 400-mL algal cultures were

supplemented with 20-lM CuSO4 at the beginning of culti-

vation (Otto et al. 2010) and cultures were harvested after

7 weeks of growth. The chlorophyll (a ? b) content, used as

an indicator for algal biomass, was determined after extrac-

tion with 80 % acetone according to Ziegler and Egle (1965)

and increased from 3.4 (±1.1) to 12.2 (±1.2) lg mL-1

(mean ± SD, n = 4) during that period.

Enzyme isolation and purification

Algal cultures were sequentially passed through filter

paper, 0.45-lm regenerated cellulose, and 0.2-lm cellulose

acetate membrane filters (Whatman No. 1, RC 55, and

OE 66, respectively; GE Healthcare; Little Chalfont, UK)

to remove algal cells and undissolved material. Proteins in

the obtained cell-free culture supernatants were concen-

trated and simultaneously exchanged to 25-mM Tris–HCl

(pH 7.5) by ultrafiltration on a 30-kDa cut-off PES mem-

brane connected to a 400-mL stirred cell (Amicon 8400;
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Millipore; Billerica/MA, USA). The concentrate was cen-

trifuged (10,0009g for 20 min) and the obtained superna-

tant was used for chromatographic enzyme purification.

All protein chromatographic separations were carried

out at room temperature on a BioLogic HR system (Bio-

Rad; Munich, Germany). For ion exchange chromatogra-

phy (IEC), concentrated culture supernatant (about 4–7 U

per run) was loaded onto three HiTrap Q HP columns

(5 mL each; GE Healthcare) connected in series, which had

been pre-equilibrated with 25-mM Tris–HCl (pH 7.5).

After washing with 100 mL of 30-mM NaCl, proteins were

separated within a 120-mL linear gradient of 30–150 mM

NaCl at a flowrate of 4 mL min-1. A bulk of brownish

material was eluted subsequently upon washing with a

20-mL linear gradient of 0.15–1 M NaCl (Fig. 1a). Frac-

tions of the major activity peak were pooled (Fig. 1a) and

re-concentrated, using the stirred cell mentioned above

followed by Vivaspin 15R centrifugal devices (30 kDa cut-

off; Sartorius; Göttingen, Germany). For size exclusion

chromatography (SEC), two Superdex 200 10/300 GL

columns (GE Healthcare) were connected in series (total

bed height 60–62 cm). Up to 0.75 mL of sample was

injected. Elution was performed using 25-mM Tris–HCl

plus 150-mM NaCl (pH 7.5) at a flowrate of

0.5 mL min-1. Fractions corresponding to the second

activity peak were narrowly pooled, as indicated in Fig. 1b,

and instantly re-concentrated (Amicon 0.5, 30 kDa cut-off;

Millipore). Thereafter, the obtained samples were sub-

jected to a second SEC separation under identical condi-

tions. Active fractions were narrowly pooled as before

(Fig. 1c). The SEC columns had been calibrated using

LMW and HMW Gel Filtration Calibration Kits (GE

Healthcare). Instantly after the second SEC, the obtained

samples were diluted with 4 volumes of 25-mM Tris–HCl

(pH 8.5) and loaded onto a Mono Q 5/50 GL column (GE

Healthcare) for a final IEC. A 15-mL linear gradient of

30–200 mM NaCl in 25-mM Tris–HCl (pH 8.5) was

employed at a flowrate of 0.5 mL min-1. Active fractions

were pooled (Fig. 1d), re-concentrated (Amicon 0.5,

30 kDa cut-off; Millipore), and stored at -80 �C. The

entire purification procedure took about 5–6 days.

Protein concentrations were determined with the bi-

cinchoninic acid method, using the Novagen BCA Protein

b Fig. 1 Purification of the T. aeria laccase. a–d Chromatograms.

a IEC on HiTrap Q HP. b First SEC on Superdex 200. c Second SEC

(re-chromatography). d IEC on Mono Q. Enzyme activities (single

determinations) of pooled and non-pooled fractions, the UV absor-

bance at 280 nm, and the NaCl gradients (for a and d) are indicated.

Activity peaks in SEC (b and c) are labeled with the corresponding

apparent molecular masses. e The course of purification, as visualized

by silver-stained SDS–PAGE under reducing conditions. Concen-

trated culture supernatant obtained by ultrafiltration (lane 1), as well

as enzyme pools obtained from IEC on HiTrap Q HP (lane 2), the first

SEC on Superdex 200 (lane 3), the second SEC on Superdex 200

(lane 4), and IEC on Mono Q (lane 5) were applied on a 4–15 % Tris–

HCl gel. Sample amounts corresponded to 1 mU (lanes 1–2) and

4 mU (lanes 3–5) of enzyme activity. Apparent molecular masses of a

protein ladder and two protein bands obtained after enzyme purifi-

cation are indicated on the left and right, respectively
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Assay Kit (EMD Chemicals; Billerica/MA, USA) accord-

ing to the instructions of the supplier. Bovine serum

albumin served as a standard.

For SEC analysis of enzyme aggregation and chro-

matofocusing, partially purified enzyme preparations were

used, which had been obtained by IEC separations on Hi-

Trap Q and Mono Q columns. SEC was done as described

above, except that only one Superdex 200 10/300 GL

column was used and elution was carried out with 50 mM

Na–phosphate (pH 7.0) containing 0.15-M NaCl at a

flowrate of 0.75 mL min-1. For chromatofocusing, sam-

ples were loaded onto a Mono P 5/50 GL column (GE

Healthcare), which had been pre-equilibrated with 25-mM

Bis-Tris–HCl buffer (pH 6.5). A gradient of pH 6.5–4.0

was established using 7 % Polybuffer 74–HCl (pH 4.0) at a

flowrate of 0.5 mL min-1.

Structural enzyme characterization

Sodium dodecyl sulfate–polyacrylamide gel electrophoresis

(SDS–PAGE) was done following the method of Laemmli

(1970), using 4–15 % precast gels (10-well Tris–HCl Ready

Gel; Bio-Rad) in a Mini PROTEAN 3 cell (Bio-Rad).

Samples were routinely denatured by heating with 1 volume

of 29 Laemmli sample buffer (Bio-Rad), which contained

5 % b-mercaptoethanol, for 5 min at 95 �C. Where indi-

cated, samples were not heated and/or b-mercaptoethanol

was omitted. Gels were stained for protein using the Silver

Stain Kit (Bio-Rad). Glycoproteins were stained using the

Pro-Q Emerald 300 Gel Stain Kit (Molecular Probes;

Eugene/OR, USA). For enzyme activity staining, gels were

soaked in 0.1 M citrate–0.2 M phosphate buffer (pH 4.0)

containing 2-mM 2,20-azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) (ABTS; ultra pure; AppliChem; Darmstadt,

Germany) for about 10–15 min. Apparent molecular masses

were inferred by reference to a 10–250 kDa protein ladder

(NEB; Ipswich/MA, USA).

For chemical cross-linking of protein complexes with

glutaraldehyde, proteins were exchanged to 50-mM Na–

phosphate buffer (pH 7.0; protein concentration

*30 lg mL-1). Glutaraldehyde was added to a final

concentration of 0.01–0.1 %. After incubation at 25 �C for

5–20 min, the reaction was stopped by the addition of

sample buffer prior to SDS–PAGE.

Prior to enzymatic N-deglycosylation, proteins were

denatured with 0.02 % SDS and 10 mM b-mercap-

toethanol at 95 �C for 10 min. Peptide-N-glycosidase F

(PNGase F; Sigma–Aldrich; St. Louis/MO, USA) was

added to a final concentration of 50 U L-1 and allowed to

react for 2.5 h at 37 �C. The reaction was stopped by

heating with sample buffer prior to SDS–PAGE.

Two-dimensional (2D) SDS–PAGE was done following

the approach of Xia et al. (2007). In the first dimension of

SDS–PAGE, proteins were separated under zymogram

conditions, i.e., samples were not heated and b-mercap-

toethanol was omitted. Purified enzyme samples (0.5 lg of

protein) were mixed with sample buffer and loaded to one

well of a 10-well gel (4–15 %). After electrophoresis, the

corresponding lane was cut from the gel for further sepa-

ration in the second dimension of SDS–PAGE. Proteins

were fully denatured by boiling the gel strip in sample

buffer containing 5 % b-mercaptoethanol for 10 min.

Thereafter, the strip was horizontally placed onto a second

gel (4–15 %, preparative-well gel) and electrophoresed.

Substrate specificity and kinetic parameters

For routine determination of enzyme activity, the oxidation

of ABTS (2 mM) was monitored at 420 nm (e420 =

36 mM-1 cm-1; Childs and Bardsley 1975) in 0.1 M cit-

rate–0.2 M phosphate buffer (pH 4.0). One unit of enzyme

activity (U) corresponds to the oxidation of 1 lmol sub-

strate per minute.

The pH-activity profiles for the oxidation of ABTS

(2 mM), syringaldazine (C98 % purity; Sigma; St. Louis/

MO, USA; e530 = 65 mM-1 cm-1; Harkin and Obst 1973;

20 lM in 10 % ethanol) and 2,6-dimethoxyphenol (2,6-

DMP; 99 % purity; Aldrich, St. Louis/MO, USA; e470 =

27.5 mM-1 cm-1; Martı́nez et al. 1996; 2 mM) by the

purified enzyme were measured at 420, 530 and 470 nm,

respectively, in 0.1 M Britton and Robinson buffers (Xu

1997) of varied pH values. Kinetic parameters were

obtained by measuring the oxidation of 0.5–1,000 lM

ABTS (at pH 2.5), 1–50 lM syringaldazine (at pH 7.0),

and 10–5,000 lM 2,6-DMP (at pH 6.5). The obtained data

were fitted to the Michaelis–Menten kinetics model by

non-linear regression using SigmaPlot 11.0 (Systat Soft-

ware; Chicago/IL, USA).

Tyrosinase activity was measured with L-tyrosine

(C98 % purity; Sigma–Aldrich; 1 mM) as the substrate at

pH 4.0 and 7.0 in 0.1 M citrate–0.2 M phosphate buffers

by monitoring dopachrome formation at 475 nm (e475 =

3.7 mM-1 cm-1; Cabanes et al. 1987) for 15 min. Ferr-

oxidase activity was measured with ferrous ammonium

sulfate (0.2 mM; from a freshly prepared stock solution in

deaerated buffer) as the substrate in 0.1 M Na–acetate

buffer (pH 5.0). After 10 min of incubation at 25 �C,

remaining Fe2? was complexed by addition of ferrozine

(C97 % purity; Fluka; St. Louis/MO, USA) at 1.6 mM and

the absorption at 562 nm (e562 = 27.9 mM-1 cm-1;

Stookey 1970) was read in a Specord 250 plus spectro-

photometer (Analytik Jena; Jena, Germany).

The dyes Acid Blue 62 (ABu62; [98 % purity; York-

shire Chemicals; Tertre, Belgium), Remazol Brilliant Blue

R (RBBR; pure grade; Acros Organics; Geel, Belgium) and

Reactive Black 5 (RB5; 55 % purity; Sigma–Aldrich) were
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treated with partially purified enzyme (as obtained after the

HiTrap Q followed by one SEC separation). Final con-

centrations of 50 lM of dye and 50 mU mL-1 of enzyme

(as determined with ABTS as the substrate at pH 5.0) were

added to total assay volumes of 0.2 mL in 0.1 M citrate–

0.2 M phosphate buffer (pH 5.0). The potential redox

mediators ABTS and syringaldehyde (98 % purity;

Aldrich) were additionally included at 50 lM. Samples

were incubated in sealed 96-well microplates at room

temperature (*25 �C). Decolorization was monitored at

wavelengths of 590 nm (ABu62 and RBBR) and 600 nm

(RB5) by reference to controls where enzyme was omitted.

Except for the ferroxidase assay, all measurements were

done using a GENios ? microplate reader (Tecan; Crails-

heim, Germany) at 25 (±1) �C. Unless stated otherwise,

measurements were done in triplicates. Values were cor-

rected for blanks obtained without enzyme.

Results

Enzyme purification

Laccase-like enzyme activity was purified from culture

supernatants of T. aeria by employing a combination of

IEC and SEC separations (Fig. 1a–d). The enzyme was

purified 120-fold to finally yield a specific activity of

71 mU lg-1 (Table 1). Challenges of purifying and iden-

tifying the enzyme arose due to its low initial amount,

activity losses during purification, soluble aggregate for-

mation as well as certain structural features (i.e., a high

degree of glycosylation and a most probably hetero-olig-

omeric structure; see below).

Following an initial IEC step (Fig. 1a), SEC separation

gave two peaks of enzyme activity, which corresponded to

apparent molecular masses of *410 and *220 kDa

(Fig. 1b). Only fractions of the latter activity peak of

*220 kDa were used for further enzyme purification as

this peak is suggested to correspond to the native state of

the enzyme, in accordance with the previous estimation of

about 212 kDa (Otto et al. 2010). The higher molecular

mass activity peak of *410 kDa apparently represented

soluble aggregates artificially formed during initial puri-

fication steps, as was suggested by SEC separations at

various stages of purification during the method devel-

opment. The formation of enzyme aggregates presumably

involved hydrophobic interactions among proteins, as

SEC activity peaks of around 400 kDa were found to be

particularly pronounced when hydrophobic interaction

chromatography in the presence of the anti-chaotropic salt

ammonium sulfate had been employed during earlier

attempts to purify the enzyme (data not shown). Fur-

thermore, enzyme aggregation was superficially induced

by incubation of partially purified enzyme with 1-M

ammonium sulfate (Fig. 2a). Increased aggregation was

also observed after chromatofocusing of partially purified

enzyme preparations, where a single activity peak eluted

around pH 5.0 (Fig. 2b) in accordance with an isoelectric

point of 4.8 previously determined by isoelectric focusing

(Otto et al. 2010). The use of hydrophobic interaction

chromatography and chromatofocusing for enzyme puri-

fication was finally avoided therefore. Some inevitable

aggregates, formed during initial purification steps, were

effectively removed by employing the two-step high res-

olution SEC (Fig. 1b, c). Furthermore, the SEC separation

enhanced the purity of the enzyme by roughly one order

of magnitude, as compared to the preceding IEC step

(Table 1; Fig. 1e). Final polishing was done by IEC on a

Mono Q column (Fig. 1d). SEC analysis confirmed that

no further enzyme aggregates were formed during the

final purification steps (data not shown). A pattern of two

enzyme activity bands of *220 and *110 kDa was

likewise obtained in zymograms of the non-purified con-

centrated culture supernatant (data not shown) as well as

with the purified enzyme (Fig. 3a, lane 4; see below).

When samples were acetone precipitated prior to zymo-

gram analysis, the activity band of *220 kDa tended to

become predominating (data not shown). Considering this

observation, the previously observed predominance of a

[200 kDa zymogram activity band (Otto et al. 2010) was

apparently due to protein aggregation induced by the

acetone precipitation step.

Table 1 Purification of the T.

aeria laccase

a The shown data refer to the

re-concentrated samples
b blq—below the limit of

quantification

Purification

step

Volume

(mL)

Protein

(lg)

Total activity

(U)

Specific activity

(mU lg-1)

Purification

(-fold)

Yield

(%)

Culture supernatant 931 40,100 23.6 0.6 1.0 100

Ultrafiltration 33.0 25,400 24.3 1.0 1.6 103

IEC (HiTrap Q)a 1.35 2,230 7.96 3.6 6.1 34

SEC (1)a 0.30 56 1.51 27 46 6.4

SEC (2) 2.00 (blq)b 0.95 – – 4.0

IEC (Mono Q)a 0.11 8.4 0.60 71 120 2.5
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Two polypeptides were always co-purified by the puri-

fication procedure, which appeared as a rather diffuse band

of *110 kDa (hereafter referred to as A) and a band of

71 kDa (hereafter referred to as B) in SDS–PAGE under

reducing conditions (Fig. 1e). The identity and quaternary

structure of the enzyme protein hence needed to be further

elucidated.

Structural enzyme characterization

In order to gather structural information about the proteins

of the obtained enzyme preparation, the effect of varied

treatments was analyzed by SDS–PAGE (Fig. 3a). Possible

disulfide linkages among the polypeptides A and/or B were

investigated using SDS–PAGE under reducing and non-

reducing conditions (i.e., heating of samples to 95 �C with

and without b-mercaptoethanol) (Fig. 3a, lanes 1–2). Zy-

mograms were obtained by omitting the heating step prior

to SDS–PAGE under non-reducing conditions, thus

allowing a ‘‘semi-native’’ separation and subsequent

staining for enzyme activity with the chromogenic laccase

substrate ABTS (Fig. 3a, lanes 3–4). A broad protein band

of *110 kDa (polypeptide A) was consistently observed

under reducing, non-reducing, as well as zymogram con-

ditions (Fig. 3a, lanes 1–3) and also coincided with an

enzyme activity band of *110 kDa (Fig. 3a, lane 4). The

polypeptide A is therefore supposed to be a catalytically

active subunit of the enzyme. Another protein band of

71 kDa (polypeptide B), which appeared under reducing

conditions (Fig. 3a, lane 1), diminished under non-reduc-

ing conditions and a new band of *140 kDa appeared

instead (Fig. 3a, lane 2). This observation suggests that the

polypeptide B forms a disulfide-linked homo-dimer B2.

Under zymogram conditions, the protein staining of around

*140 kDa appeared less distinct (Fig. 3a, lane 3). Addi-

tionally, both a protein and a corresponding activity band

of *220 kDa were obtained in zymograms (Fig. 3a, lanes

3–4), apparently representing the intact enzyme.

In order to further characterize the putative oligomeric

protein complexes, proteins were chemically cross-linked

using glutaraldehyde prior to SDS–PAGE analysis. In

addition to the still remaining bands of *110 (A) and

71 kDa (B), two new bands of 240 and 170 kDa were

formed upon treatment with glutaraldehyde (Fig. 3b), thus

confirming the presence of some kind of protein com-

plexes. The values of 240 and 170 kDa most closely match

molecular masses of *250 and *180 kDa that would

approximately be expected for the putative cross-linking

products AB2 and AB, respectively. Other putative associ-

ations, namely, A2 (expected molecular mass of

*220 kDa) or B2 (expected molecular mass of

*140 kDa), could also not be excluded. Nevertheless, a

heteromeric structure of the native enzyme with the com-

position AB2 (wherein B2 apparently was not cross-linked

intramolecularly by glutaraldehyde) appeared to be more

likely.

Additional information on the quaternary structure of

the assumed complexes was intended to be gained by a 2D

SDS–PAGE approach. Proteins were separated under

zymogram conditions in the first dimension, followed by

fully denaturing conditions (i.e., sample heating and b-

mercaptoethanol application) in the second dimension of

SDS–PAGE. The two activity bands of about 220 and

110 kDa as well as protein patches of about 220 and

around 110–140 kDa, as already observed with one-

dimensional SDS–PAGE under zymogram conditions

(Fig. 3a, lanes 3–4), were accordingly detected in the first

dimension of the 2D SDS–PAGE (Fig. 3c). Applying fully

denaturing conditions for the second dimension of SDS–

PAGE, both the *110 (A) and the 71 kDa (B) polypeptides

appearing after regular one-dimensional SDS–PAGE

(Fig. 3a, lane 1) were retrieved at positions of about

100–140 and 70–80 kDa within the second dimension,

a

b

Fig. 2 Enzyme aggregation in presence of ammonium sulfate (a) and

chromatofocusing (b) of partially purified T. aeria laccase. a Samples

were supplemented with 1 M of ammonium sulfate (AS), incubated at

room temperature and subjected to SEC after the indicated incubation

times. Identical samples without AS served as controls. Enzyme

activities in eluted fractions are calculated relative to the total eluted

activity of the respective run. Apparent molecular masses corre-

sponding to activity peaks are indicated as an approximation. Data

represent means ± absolute deviations from duplicate determina-

tions. b Chromatofocusing on Mono P within a gradient of pH

6.5–4.0. Enzyme activities (from single determinations) and pH

values of eluted fractions are indicated
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respectively (Fig. 3c). One spot of A was found to appar-

ently derive from the *110 kDa activity band of the first

dimension of SDS–PAGE (Fig. 3c), which accordingly

represented monomeric A as the catalytically active sub-

unit. One spot of B derived from a position of roughly

120–140 kDa within the first dimension, apparently rep-

resenting the disulfide-linked homo-dimer B2 as already

observed in one-dimensional SDS–PAGE under non-

reducing conditions (Fig. 3a, lane 2; see above). A second,

weakly stained spot of A and a second spot of B apparently

both derived from the *220 kDa activity and protein band

of the first dimension (Fig. 3c), suggesting that polypep-

tides A and B both are subunits of the intact protein com-

plex. Therefore, a hetero-oligomer with the composition

AB2 finally is assumed to be the most probable quaternary

structure.

A possible glycosylation of the two polypeptides A and

B was investigated using enzymatic N-deglycosylation and

SDS–PAGE (Fig. 3d). Prior to deglycosylation, the two

silver-staining protein bands of *110 and 71 kDa (Fig. 3d,

lane 1) stained for carbohydrate as well (Fig. 3d, lane 4),

thus confirming their glycosylation. After deglycosylation,

a protein band of 52 kDa and a doublet band of 40/38 kDa

were obtained (Fig. 3d, lane 2). No staining for carbohy-

drate was detected after deglycosylation (Fig. 3d, lane 5),

indicating complete deglycosylation. The bands of the

deglycosylated polypeptides could not unambiguously be

assigned to the corresponding bands of the glycosylated

Fig. 3 Structural characterization of T. aeria laccase-associated

proteins by SDS–PAGE analyses. a SDS–PAGE under varied

conditions. Samples were heated (95 �C for 5 min) with b-mercap-

toethanol (b-ME) (i.e., standard conditions) (lane 1), heated without

b-ME (lane 2), and non-heated without b-ME (lanes 3, 4). Gel

sections were silver-stained for protein (lanes 1–3) or stained with

ABTS for laccase activity (lane 4). b Chemical cross-linking of

protein complexes. Untreated control (lane 1), samples treated with

0.01 % glutaraldehyde for 5 min (lane 2), with 0.1 % glutaraldehyde

for 5 min (lane 3), and with 0.1 % glutaraldehyde for 20 min (lane 4)

were subjected to standard SDS–PAGE. The gel was silver-stained.

c 2D SDS–PAGE. Samples were applied non-heated and without b-

ME for the first dimension of SDS–PAGE. The resulting lane was cut

from the gel, heated in presence of b-ME, and horizontally placed

onto a second gel for the second dimension of SDS–PAGE. Reference

lanes of the first dimension of SDS–PAGE were either silver-stained

for protein or stained for laccase activity with ABTS as indicated, and

the resulting 2D gel was silver-stained. Protein spots are assigned to

the corresponding polypeptides of *110 kDa (A) and 71 kDa (B), as

indicated on the right. The spots are suggested to be derived from the

subunit associations AB2 and B2 and monomeric A, separated in the

first dimension (see ‘‘Results’’), as indicated below d Glycosylation

analysis. Untreated sample (lanes 1, 4), sample digested with PNGase

F (lanes 2, 5), and PNGase F as control (lane 3) were subjected to

standard SDS–PAGE. The gel was silver-stained (lanes 1–3), after

being previously stained for carbohydrate using Pro-Q Emerald 300

(lanes 4–5). Apparent molecular masses of the protein ladder (in

italics) and protein bands are indicated
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polypeptides. However, taking the largest deglycosylated

polypeptide of 52 kDa as a basis, glycan contents of *53

and 27 % at the minimum could be estimated for the

polypeptides A and B, respectively.

Substrate specificity and kinetic parameters

The pH-dependence and kinetic parameters for the oxida-

tion of three canonical laccase substrates, ABTS, syring-

aldazine, and 2,6-DMP, were determined with the purified

enzyme. ABTS was increasingly oxidized with decreasing

pH values in the range of pH 2.5–8.5 (Fig. 4). For sy-

ringaldazine and 2,6-DMP, bell-shaped profiles with

optima around neutral pH (pH 7.0 and 6.5, respectively)

were obtained (Fig. 4). The kinetic parameters for the

oxidation of ABTS, syringaldazine and 2,6-DMP are given

in Table 2. The oxidation of all substrates followed

Michaelis–Menten kinetics. The affinity of the enzyme was

high for ABTS (Km = 28.8 lM) and syringaldazine

(Km = 40.5 lM) and rather weak for 2,6-DMP

(Km = 1,830 lM) (Table 2). The rank order of catalytic

efficiencies (Vmax/Km) was ABTS [ syringaldazine [ 2,6-

DMP (Table 2). Neither L-tyrosine nor Fe2? was oxidized

by the enzyme.

The decolorization of synthetic dyes in the presence of

the putative redox-mediating compounds ABTS and sy-

ringaldehyde was investigated using partially purified

enzyme (Fig. 5). In the absence of mediators, only ABu62

was substantially decolorized (60 % decolorization after

4 days; Fig. 5). ABu62 decolorization was initially delayed

in the presence of mediators, but finally decolorization in

presence of syringaldehyde exceeded that observed in its

absence (72 % after 4 days; Fig. 5). Decolorization in

presence of ABTS was less effective (48 % after 4 days;

Fig. 5). In the ABTS-containing samples of all three dyes,

absorption values increased by about 0.15 absorbance units

within the first hour of incubation, which was obviously

due to an interference of the absorbance of oxidized ABTS

with that of the respective dye. Hence, formally negative

values of decolorization were initially obtained (not shown

in Fig. 5 for clarity). However, as was clearly observed

later on, RBBR and RB5 were effectively decolorized in

the presence of ABTS (53 and 44 % after 4 days, respec-

tively; Fig. 5). Only slight decolorization of RBBR and

RB5 was obtained in presence of syringaldehyde (8 and

6 % after 4 days, respectively; Fig. 5).

Discussion

Within this study, we established a purification procedure

for the laccase-like enzyme from T. aeria culture super-

natants, which enabled the subsequent investigation of

basic structural and functional characteristics of the

enzyme.

High affinities of the purified enzyme towards the sub-

strates ABTS and syringaldazine, indicated by Km values in

the two-digit lM range (Table 2), and a rather low affinity

towards 2,6-DMP resemble the typical kinetic properties of

laccases (Baldrian 2006; Frasconi et al. 2010). Similar

kinetic features were also observed with the concentrated

culture supernatant of T. aeria (Otto et al. 2010). ABTS

was by far the most efficient substrate in terms of the Vmax/

Km ratio as compared to syringaldazine and 2,6-DMP

(Table 2). Plant laccases often show a low or even no

activity towards syringaldazine (Joel et al. 1978; Sterjiades

et al. 1993; Frasconi et al. 2010). A possible oxidation of

syringaldazine according to the Hill model, as assumed

previously (Otto et al. 2010), is not confirmed with the pure

enzyme, as all substrates are oxidized according to simple

Michaelis–Menten kinetics. Along with the absence of

tyrosinase activity, the oxidation of syringaldazine in the

absence of hydrogen peroxide is considered to be a truly

unique feature of laccases (Harkin et al. 1974; Baldrian

2006). Some laccase-like enzymes are known to act as

ferroxidases (De Silva et al. 1997; Hoopes and Dean 2004).

In the green alga Chlamydomonas reinhardtii, a

Fig. 4 pH-activity profiles for the oxidation of ABTS, syringaldazine

(SGZ) and 2,6-DMP by the purified T. aeria laccase in 0.1 M Britton

and Robinson buffers. Data represent mean ± SD from triplicate

determinations

Table 2 Kinetic parameters of the purified T. aeria laccase

Substrate Km (lM) Vmax (U mg-1) Vmax/Km

(h-1 g-1 L)

ABTS 28.8 ±2.2 22.5 ±0.3 46,900

Syringaldazine 40.5 ±3.8 0.386 ±0.020 572

2,6-DMP 1,830 ±170 0.313 ±0.012 10.3

Data fitting according to Michaelis–Menten kinetics yielded

R2 C 0.99 for all substrates
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multicopper ferroxidase was described by La Fontaine

et al. (2002). However, the T. aeria enzyme shows no

ferroxidase activity and hence behaves like a typical

laccase.

An increasing oxidation of the non-phenolic substrate

ABTS with decreasing pH values and bell-shaped pH-

activity profiles toward the phenolics syringaldazine and

2,6-DMP reflect the typical behavior of laccases as well

(Baldrian 2006) and confirm earlier observations obtained

with concentrated culture supernatants of T. aeria (Otto

et al. 2010). The oxidation of syringaldazine with a pH

optimum of pH 7.0 by the purified enzyme is consistent

with earlier findings (Otto et al. 2010), while the optimum

of pH 6.5 toward 2,6-DMP is lower than the value of pH

8.0–8.5 previously reported for the concentrated culture

supernatant (Otto et al. 2010). The pattern of zymogram

activity bands remained unchanged before and after

enzyme purification, indicating that the purified laccase is

the sole phenol oxidase excreted by the algae. However,

possibly other enzymes or, e.g., redox-mediating com-

pounds released by the algae might have affected the oxi-

dation of 2,6-DMP by culture supernatants at alkaline pH.

Most fungal laccases have acidic pH optima (Baldrian

2006), while neutral to alkaline pH optima toward phenolic

substrates are reported for the plant laccase from R. ver-

nicifera (Omura 1961; Shiba et al. 2000).

The potential of the enzyme to attack recalcitrant

organic compounds, either directly or with the involvement

of redox-mediating compounds, was exemplarily studied

by assessing the decolorization of two anthraquinone dyes,

ABu62 and RBBR, and the diazo dye RB5. ABu62 is

already substantially decolorized by the laccase alone, as

also recorded earlier when concentrated culture supernatant

of the algae was employed (Otto et al. 2010). An initial

delay of decolorization in the presence of mediators, ABTS

and syringaldehyde (Fig. 5), is possibly due to competitive

inhibition during the concurrent oxidation of dye and

mediator. However, finally the decolorization is enhanced

in the presence of syringaldehyde. A less effective decol-

orization in presence of ABTS might be caused by the

interference of oxidized ABTS in the absorbance mea-

surement. Like many fungal laccases (Soares et al. 2001;

Zille et al. 2004; Pereira et al. 2009; Camarero et al. 2005),

the T. aeria laccase is unable to effectively decolorize the

highly recalcitrant dyes RBBR and RB5 in the absence of

redox mediators, but substantial decolorization of these

dyes is achieved in the presence of ABTS (Fig. 5)

(Moilanen et al. 2010; Tavares et al. 2008). Some algae can

degrade several azo dyes by the enzyme azo reductase

(Jinqi and Houtian 1992). Kılıç et al. (2011) already sug-

gested a possible role of a laccase in the removal of RBBR

by cultures of the green alga Gonium sp., where dye

removal coincided with extracellular ABTS oxidation

activity. Our results confirm the potential of algal laccase

in the decolorization of synthetic dyes and furthermore

demonstrate the operation of the laccase-mediator system

in algae for the first time.

An apparent molecular mass of *220 kDa for the

native enzyme, as indicated by SEC and zymogram anal-

yses, is basically in accordance with a previous estimation

of about 212 kDa (Otto et al. 2010). Two polypeptides

A (*110 kDa) and B (71 kDa), as co-purified by our

purification procedure, most probably constitute a hetero-

meric quaternary structure of the native enzyme with the

subunit composition AB2, wherein B forms a disulfide-

linked homo-dimer B2 of *140 kDa. The catalytically

active polypeptide A resembles the molecular masses of

90–130 kDa reported for most (monomeric) laccases from

plant origin (Morozova et al. 2007a). It should be noted

that, especially for glycoproteins, apparent molecular

masses obtained by SEC may differ considerably from

their actual molecular masses (Beeley 1985). Furthermore,

values may be underestimated by zymograms, due to a

rather compact shape of not fully denatured proteins

(Thurston 1994). The actual molecular mass of the intact

enzyme might therefore rather be around 240–250 kDa, as

Fig. 5 Decolorization of synthetic dyes by T. aeria laccase and

putative redox mediators. Dyes (50 lM) were treated either with the

partially purified enzyme alone or additionally including ABTS or

syringaldehyde (SGD) in 0.1 M citrate–0.2 M phosphate buffer

(pH 5.0) (see ‘‘Materials and methods’’ for details). Decolorization

is given by reference to controls without enzyme. Apparently negative

decolorization values (see ‘‘Results’’) are not depicted for clarity.

Data represent mean ± SD from triplicate experiments
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would be expected by summing the apparent molecular

masses of the comprised polypeptides (*250 kDa for AB2)

and as indicated by a cross-linking protein band of

240 kDa.

Though most laccases are monomeric enzymes, several

homo- and some hetero-oligomeric laccases are known in

fungi (Giardina et al. 2010) and bacteria (Diamantidis

et al. 2000). The most intensively studied heteromeric

laccases are POXA3a and POXA3b from the white-rot

fungus Pleurotus ostreatus (Palmieri et al. 2003; Giardina

et al. 2007; Ferraroni et al. 2014), which are hetero-

dimers comprising a large (61 kDa) and a small (16 or

18 kDa) subunit. While the large subunit is homologous

to laccases, the function of the small subunits still remains

uncertain and may be related to the stabilization and

activation of the heteromer (Faraco et al. 2008) and fur-

thermore appears to exert a physiological role during

fructification (Pezzella et al. 2013). Enzyme stabilizing or

regulatory roles conferred by quaternary structure have

likewise been suggested for other oligomeric fungal and

bacterial laccases (Xu et al. 1996; Diamantidis et al.

2000). There is no indication for the function of the

assumed subunit B2 of the T. aeria enzyme so far. A role

in enzyme stabilization or regulation may also apply here.

Conceivably, B2 might also act as a dirigent protein

(Pickel and Schaller 2013). Dirigent proteins are

homodimeric extracellular glycoproteins known to direct

the regio- and stereospecific product formation of phen-

oxy radical coupling reactions and have been implicated

with laccase-catalyzed reactions in lignan synthesis in

higher plants (Pickel and Schaller 2013).

Both polypeptides A and B are highly N-glycosylated.

Glycan contents of *53 and 27 % are estimated for A and

B, respectively, at the minimum. Protein microhetero-

geneity due to a high degree of glycosylation explains the

appearance of the polypeptide A as a diffuse smear rather

than a sharp band in SDS–PAGE. High glycosylation

degrees of around 45 % are often observed in plant lac-

cases, while fungal laccases usually show lower glycan

contents of 10–20 % (Morozova et al. 2007a).

Conclusions

The extracellular phenol oxidase from T. aeria is confirmed

to be a laccase according to the substrate specificity of the

purified enzyme. It is suggested to be a hetero-oligomeric

complex with the composition AB2. Regarding the molec-

ular mass and glycan content of the catalytic subunit (A),

the neutral pH optima toward phenolic substrates and the

rather low activity toward syringaldazine, the enzyme

resembles typical features of laccases from higher plants.

Putative natural functions of algal laccases may com-

prise the detoxification of phenolic compounds present in

terrestrial and aquatic environments, a role related to the

synthesis of complex compounds such as cell wall-asso-

ciated polymers (Dean and Eriksson 1994) and UV-

absorbing compounds (Pichrtová et al. 2013), or possibly

the acquisition of nutrients through the transformation of

lignocellulosic substrates, as discussed previously (Otto

et al. 2010; Blifernez-Klassen et al. 2012). Apart from that,

in the presence of suitable redox-mediating compounds,

algal laccases may significantly contribute to the bio-

transformation of a wide spectrum of natural and xenobi-

otic aromatic compounds.
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(2005) Tissue localization of cytokinin dehydrogenase in maize:

possible involvement of quinone species generated from plant

phenolics by other enzymatic systems in the catalytic reaction.

Plant Cell Physiol 46:716–728. doi:10.1093/pcp/pci074

Ghasemi Y, Rasoul-Amini S, Fotooh-Abadi E (2011) The biotrans-

formation, biodegradation, and bioremediation of organic com-

pounds by microalgae. J Phycol 47:969–980. doi:10.1111/j.

1529-8817.2011.01051.x

Giardina P, Autore F, Faraco V, Festa G, Palmieri G, Piscitelli A,

Sannia G (2007) Structural characterization of heterodimeric

laccases from Pleurotus ostreatus. Appl Microbiol Biotechnol

75:1293–1300. doi:10.1007/s00253-007-0954-4

Giardina P, Faraco V, Pezzella C, Piscitelli A, Vanhulle S, Sannia G

(2010) Laccases: a never-ending story. Cell Mol Life Sci

67:369–385. doi:10.1007/s00018-009-0169-1

Harkin JM, Obst JR (1973) Syringaldazine, an effective reagent for

detecting laccase and peroxidase in fungi. Experientia

29:381–387. doi:10.1007/BF01926734

Harkin JM, Larsen MJ, Obst JR (1974) Use of syringaldazine for

detection of laccase in sporophores of wood rotting fungi.

Mycologia 66:469–476

Hoopes JT, Dean JF (2004) Ferroxidase activity in a laccase-like

multicopper oxidase from Liriodendron tulipifera. Plant Physiol

Bioch 42:27–33. doi:10.1016/j.plaphy.2003.10.011

Jinqi L, Houtian L (1992) Degradation of azo dyes by algae. Environ

Pollut 75:273–278. doi:10.1016/0269-7491(92)90127-V

Joel DM, Marbach I, Mayer AM (1978) Laccase in Anacardiaceae.

Phytochemistry 17:796–797. doi:10.1016/S0031-

9422(00)94231-6
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