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Abstract A laccase from the thermophilic fungus Melanocar-
pus albomyces was shown to bind to softwood and pure
microcrystalline cellulose. The binding isotherm fitted well the
Langmuir type one-site binding model. The adsorption param-
eters indicated that M. albomyces laccase binds with high affinity
to cellulose with a relatively low maximum binding capacity, as
compared to the values for various cellulases. The binding was
shown to be reversible and not influenced by non-specific protein
or 0.1-0.5 M Na,SO,. No binding was detected with laccases
from Trametes hirsuta or Mauginiella sp., which suggests that
binding to cellulose is typical for only some laccases.

© 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Laccases (EC 1.10.3.2) are multicopper oxidases catalyzing
oxidation of various phenolic compounds, aromatic amines,
and even certain inorganic compounds by a one-electron
transfer mechanism. The electron withdrawn from the sub-
strate is transferred via four copper atoms to molecular oxygen
[1]. Laccases are very common in nature, especially in plants
and fungi [2,3]. Fungal laccases participate in plant patho-
genesis, pigment production, and lignin biodegradation [2,4].
Mainly because of the broad substrate specificity range of
laccases, they possess great biotechnological potential. Prom-
ising applications for laccases include e.g., textile dye bleach-
ing, pulp bleaching and bioremediation [2,5].

We have recently purified and characterized from the ther-
mophilic fungus Melanocarpus albomyces a laccase, which has
high thermostability and a pH optimum at a neutral and
slightly alkaline pH range [6]. The three-dimensional structure
of M. albomyces laccase has been solved as one of the first
complete laccase structures including all four coppers [7]. In
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this article, a novel feature for M. albomyces laccase is dem-
onstrated: its effective binding to cellulose. Binding to cellulose
has been shown for many enzymes involved in modification of
lignocellulose, including various cellulases (for reviews, see
[8,9]), hemicellulases [10-12], a B-glucosidase [13], and some
cellobiose dehydrogenases [14-17]. In addition to cellulose-
binding enzymes, binding to solid substrates has been reported
with several chitinases [18,19] and glucoamylases [20,21]. We
demonstrate in this article for the first time that a laccase binds
to cellulose with high affinity.

2. Materials and methods

2.1. Enzymes and cellulosic materials

The enzymes used in this study were: recombinant M. albomyces
laccase purified from Trichoderma reesei [22], native M. albomyces
laccase [6], Trametes hirsuta laccase [23] and Mauginiella sp. laccase
[24]. Steam-pretreated softwood (SPS) from Picea abies [25], Avicel PH
101 (SERVA Electrophoresis) and bacterial microcrystalline cellulose
(BMCC) from Acetobacter xylinum [26] were used as cellulosic
adsorbents.

2.2. Adsorption studies with steam-pretreated softwood

Laccases were added into 1 ml of 10 g 1! steam-pretreated softwood
(SPS) suspension in 50 mM citrate buffer (pH 5) giving initial enzyme
dosages of 100 and 1000 nkat g~!. After gentle mixing in an end-over-
end rotary shaker at 22 °C for 1 h, the samples were centrifuged
(10000xg, 22 °C, 5 min). The remaining laccase activity in the super-
natant was measured spectrophotometrically with 2,2'-azinobis-(3-
ethylbenzthiazoline-6-sulphonate) [ABTS, Roche Diagnostics] as
substrate [27]. All measurements described in this study were repeated
two to four times and the results were calculated as mean values from
the parallel samples.

2.3. Adsorption of M. albomyces laccase on pure cellulose

Recombinant M. albomyces laccase (0.09-5 uM) was added into
0.25-1 ml of cellulose suspension containing 10 g 1! Avicel or 0.1 g1~
BMCC in 50 mM sodium citrate buffer (pH 5) at 22 °C. In order to
reduce non-specific adsorption of laccase, 0.5% of bovine serum al-
bumin (BSA; Sigma) was added to the BMCC-containing reaction
mixtures [28,29]. The remaining laccase activity in the supernatant was
measured after 1 h as described above. The corresponding protein
concentrations were calculated by using the specific activity of 600 nkat
mg~! (measured on ABTS in citrate buffer) and the molecular weight
of 71000 Da for recombinant M. albomyces laccase [22]. The amount
of bound laccase was calculated from the difference between the initial
and free enzyme concentrations. A control sample without cellulose
was also measured each time to ensure that the laccase remained active
during the treatment. The non-linear regression curves for binding
isotherms were calculated with GraphPad Prism 3.02 program
(GraphPad Software).

The activity of bound laccase was measured with an end-point ac-
tivity assay after binding. The supernatant was removed and the cel-
lulose fraction containing the bound laccase was suspended in citrate
buffer to restore the initial volume. The cellulose suspension was
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Table 1

Melanocarpus albomyces, Mauginiella sp. and Trametes hirsuta laccase
activities in supernatant after mixing with 1% steam-pretreated soft-
wood (SPS) for 1 h at 22 °C, pH 5

Laccase Initial activity Activity in the supernatant after 1
(nkat mI™")  h treatment (nkat ml~")
Sample Control
with SPS without SPS
Melanocarpus 1 0.02+0.01 1.0+0.2
albomyces 10 0.14+0.01 10.0£0.8
Mauginiella sp. 1 0.74+0.01 <0.01
10 7.0+£0.6 6.3+0.6
Trametes hirsuta 1 0.9+0.1 <0.01
10 10.0+0.2 8+1

further diluted and ABTS (20 mM solution) was added to give a final
concentration of 5 mM [27]. The reaction was allowed to proceed for
exactly 2 min, after which the solution was filtrated through a 0.2 pm
sterile FP 30 filter (Scleicher and Schuell) and the absorbance at 436
nm was immediately measured.

Reversibility of binding was determined by dilution experiments.
M. albomyces laccase was first allowed to adsorb on BMCC for 1 h.
Subsequently, the mixture was diluted fivefold with the sample buffer.
Formation of a new equilibrium was monitored by removing small
samples from the mixture after 1, 15, 30, 60 and 120 min. The samples
were filtrated through a 0.2 pm GHP filter (Scleicher and Schuell), and
the concentration of laccase at the new equilibrium was determined by
activity measurements as described above.

The effect of non-specific adsorption on binding to BMCC was
studied by omitting BSA in the binding experiments and the role of
ionic interactions in adsorption was analyzed by adding 0.1 or 0.5 M
Na, S0y into the reaction mixture. The adsorption of 7. hirsuta laccase
on BMCC was studied at two protein concentrations (0.1 and 0.4 uM)
as described above.

3. Results

The adsorption of M. albomyces, T. hirsuta and Mauginiella
sp. laccases on steam-pretreated softwood was tested at two
enzyme concentrations, 1 and 10 nkat ml~!'. The difference in
binding between different laccases was very obvious; only M.
albomyces laccase showed extensive binding, whereas T. hirs-
uta and Mauginiella laccases did not adsorb on softwood
(Table 1). Interestingly, SPS seemed to stabilize Mauginiella
and T. hirsuta laccases, as it prevented significant loss of ac-
tivity that was detected in the control samples containing low
concentrations of these laccases in buffer without SPS. Steam-
pretreatment of softwood generates swollen wood fibers con-
sisting of cellulose (42%) and lignin (51%) [25]. The stabilizing
effect of SPS may be related to the exposed lignin, because
various lignin-derived phenolic compounds have been shown
to enhance the stability of Trametes versicolor laccase in citrate
buffer [30]. In the case of M. albomyces laccase, the loss
of activity was not observed even in very low protein
concentrations.

Binding of M. albomyces laccase was also analyzed on rel-
atively pure cellulose, Avicel, to elucidate whether the binding
to SPS was truly caused by cellulose present in wood fibres.
The adsorption studies with 1% Auvicel clearly indicated that
M. albomyces laccase was effectively bound to purified cellu-
lose (Table 2). Activity of the Avicel-bound laccase was also
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Table 2
Amount of Melanocarpus albomyces laccase in the supernatant and in
the solid fractions after mixing with 1% Avicel at 22 °C for 1 h at pH 5

Initial dosage Supernatant fraction Cellulose fraction

(nkat) (nkat) (nkat)
10 0.2+0.1 10+1
0.8 <0.01 0.8+0.1

determined in order to clarify whether the bound laccase was
still active. As shown from the results (Table 2), all laccase
activity could be recovered from the Avicel fraction, indicating
that binding does not inactivate the enzyme.

The macroscopic structure of cellulose in Avicel prepara-
tions is relatively heterogeneous [26,31], therefore more thor-
ough binding analyses were conducted with bacterial
microcrystalline cellulose (BMCC). The adsorption isotherm
of M. albomyces laccase on BMCC is shown in Fig. 1. In
comparison, the adsorption of T. hirsuta laccase was studied at
two points on the isotherm. No adsorption of T. hirsuta lac-
case occurred, since all laccase activity was detected in the
supernatant after 1 h mixing with BMCC (Fig. 1).

The data points on the binding isotherm of M. albomyces
laccase fitted well the classical Langmuir-type binding model
represented by the Eq. (1)

Y:BmHX[LV(Kd"‘[L})v (1)

where [L] is the concentration of free enzyme in equilibrium,
Bax 1s the maximum binding capacity and Ky is the disso-
ciation constant (= the reciprocal of the association constant
K,) [32]. Bmax and Ky were solved by non-linear regression,
and the curve fit yielded values of 1.94 4 0.05 umol g~!' and
0.006 £0.001 pM, respectively. The relative partition coeffi-
cient (K,,) was calculated using the slope of the isotherm in
low enzyme concentrations. The slope was calculated from
the first derivative of the isotherm Eq. (1) as the concen-
tration of free enzyme approaches zero [33]. Thus, K, was
calculated by substituting the values for B,z and Ky into
the Eq. (2)

Ky = Jim Y/(L]) = B /K 2)

Eq. (2) yielded K, = 320 =80 1 g
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Fig. 1. The adsorption isotherm of Melanocarpus albomyces (B) and
Trametes hirsuta (A) laccases obtained with bacterial microcrystalline
cellulose at 22 °C, pH 5.
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Fig. 2. Reversibility of Melanocarpus albomyces laccase by dilution
when bound to bacterial microcrystalline cellulose at 22 °C, pH 5. (H)
isotherm points, (O) dilution studies.

Data points on the isotherm were also measured with higher
enzyme concentrations than presented in Fig. 1 to ensure that
the saturation level evident in Fig. 1 was truly valid [34]. No
increase in the amount of bound enzyme per gram of cellulose
was seen with data points of up to free enzyme concentration
of 4.3 uM (data not shown). In high enzyme concentrations
(>1 uM) the random error of data points substantially in-
creased, when the relative proportion of bound enzyme versus
free enzyme decreased, as has previously been discussed by
Bothwell and Walker [32].

The reversibility of binding was determined by dilution
experiments. The equilibrium between laccase and cellulose
was unbalanced by adding buffer, and the desorption of
laccase was monitored by activity measurements of the su-
pernatant fraction. The desorption data showed that a new
equilibrium was established on the same isotherm (Fig. 2).
In order to elucidate the nature of interactions affecting the
adsorption of M. albomyces laccase on BMCC, the effect of
non-specific protein (BSA) and ionic strength on binding
were studied. BSA was added to the reaction mixtures in
adsorption studies to prevent non-specific adsorption of the
laccase [28,29], and the effect of non-specific adsorption was
studied by omitting BSA in the binding experiments at three
points on the isotherm. Omission of BSA did not cause

3.0

Bound (pmol g‘1)

0.0 T T 1
0.00 0.25 0.50 0.75

Free (uM)

Fig. 3. The effect of 0.1 M (O) or 0.5 M (V) Na,SO4 or omission of
bovine serum albumin (BSA) (X) on binding of Melanocarpus alb-
omyces laccase to bacterial microcrystalline cellulose. (M) isotherm
points with BSA and without salt.
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changes in the adsorption behaviour of M. albomyces laccase
(Fig. 3). In addition, the effect of 0.1 and 0.5 M Na,SO4 on
adsorption was studied at three points on the isotherm. The
results showed that the addition of salt did not alter the
adsorption of M. albomyces laccase on BMCC (Fig. 3).

4. Discussion

The adsorption of a laccase on cellulose was demonstrated
for the first time in this study; laccase from the ascomycete M.
albomyces was shown to effectively bind to steam-pretreated
softwood, Avicel and bacterial microcrystalline cellulose.
Furthermore, it was demonstrated that the cellulose-bound
laccase retained its full activity. The adsorption on cellulose
was also studied with two other fungal laccases from 7. hirsuta
and Mauginiella sp. The results clearly indicated that neither of
these laccases were able to bind to cellulose. These results thus
suggest that laccases can be divided into two groups based on
their affinity for cellulose.

The adsorption isotherm of M. albomyces laccase on
BMCC was found to fit the Langmuir model, which is
commonly used to describe the binding of cellulases to cel-
lulose [35-38]. The curve fitting facilitated the calculation of
the adsorption parameters for maximum binding capacity
and binding affinity. The maximum binding capacity of M.
albomyces laccase (1.94 pmol g=!) was relatively low as
compared to the values for various cellulases with binding
capacities for BMCC ranging from 6 to 20 pmol g~! [39,40].
However, similar binding capacity of 2.1 pmol g~! has
previously been reported for a cellobiose dehydrogenase
from Phanerochaete chrysosporium [14]. On the other hand,
the affinity of M. albomyces laccase represented by the
partition coefficient of 320 1 g~! was clearly higher than
reported for cellulases. For example, the partition coeffi-
cients of cellobiohydrolases Cel6A and Cel7A from Tricho-
derma reesei were 3.4 and 18 1 g~!, respectively [29], and of
the cellulases CenA and Cex from Cellulomonas fimi 40.5
and 33.3 1 g1, respectively [26]. The combination of high
affinity and relatively low capacity of binding suggests that
M. albomyces laccase is able to bind very effectively to
BMCC, but only on relatively few binding sites.

The differences in binding parameters between cellulases and
M. albomyces laccase may be related to the absence of a cel-
lulose-binding domain (CBD) in the latter. A separate CDB,
which in most cellulases dominates the binding characteristics,
cannot be located either in the amino acid sequence [41] or the
crystal structure of M. albomyces laccase [7]. In the case of
cellulases, the available structures suggested specific sites on
the protein that putatively interact with cellulose [42]. These
were subsequently confirmed by experimental mutagenesis
studies, which showed that the binding of CBDs is mediated by
several aromatic amino acids forming a planar surface on the
binding face of the domain [42,43]. An analysis of the M.
albomyces laccase structure did not, however, reveal any hy-
drophobic surface patches on the protein that could obviously
be assigned as the cellulose-binding site. Similarly to other
laccases, the crystal structure of M. albomyces showed three
cupredoxin-like domains, none of which contained regions
with increased hydrophobicity on the outer surfaces. These
observations are consistent with the results obtained with P.
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chrysosporium cellobiose dehydrogenase, which binds effec-
tively to cellulose but does not contain a separate CBD or any
other evident cellulose-binding substructure [14,44].

One of the assumptions in a Langmuir-type binding model is
full reversibility of adsorption. Our results from dilution
studies of bound M. albomyces laccase showed that the bind-
ing was fully reversible, thus reinforcing the applicability of a
Langmuir-type binding model for calculating binding con-
stants from our data. Reversibility of binding is not a
straightforward issue among enzymes adsorbing on cellulose,
as both reversible and irreversible binding have been demon-
strated [29,35,39,45,46]. The observed irreversible binding of
cellulases may be related to their two-domain structure, be-
cause both domains participate in the binding [28,45]. Ad-
sorption of M. albomyces laccase on cellulose was not affected
by non-specific protein (BSA), which indicated that binding
was not due to unspecific protein binding to solid substrate. In
addition, the binding was unaltered by the presence of 0.1-0.5
M salt. As ionic interactions are weakened by increasing ionic
strength, it can be concluded that electrostatic forces are not
the main cause for the observed binding [46].

Interestingly, Paice et al. [47] reported a preliminary ob-
servation of Myceliophthora thermophila laccase adsorption
on Kraft pulp that is mostly composed of cellulose.
Mt. thermophila laccase is highly homologous to M. alb-
omyces laccase, having a level of amino acid sequence identity
of 73% [41]. The result suggests that the adsorption on cel-
lulose might be a common feature among some fungal lac-
cases. The role of the binding of M. albomyces laccase to
cellulose may be related to total hydrolysis of lignocellulose,
because M. albomyces is also known to produce several
cellulose- and hemicellulose-degrading enzymes [48,49].
However, the detailed binding mechanism as well as the
possible role of the binding need to be further elucidated. The
ability of a laccase to bind to cellulose might be exploited in
applications. It would be interesting, for example, to analyze
whether the dosage of the enzyme can be decreased in textile
or pulp applications, when a laccase that adsorbs on cellulose
is used. On the other hand, the adsorption on inexpensive
cellulosic materials could possibly be utilized for immobili-
zation and recycling purposes.
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