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Abstract Colored wastewater from textile industries is a
consequence of dye manufacturing processes. Two percent
of dyes that are produced are discharged directly in aqueous
effluent and more than 10% are subsequently lost during the
textile coloration process. It is not surprising that these
compounds have become a major environmental concern.
In that context, we have evaluated the potential use of
Streptomyces coelicolor laccase for decolourization of vari-
ous dyes with and without a mediator. Results showed that
in all cases the combination of laccase and the mediator
acetosyringone was able to rapidly decolourize, to various
degrees, all the dyes tested. In 10 min, decolourization was
achieved at 94% for acid blue 74, 91% for direct sky blue
6b and 65% for reactive black 5. Furthermore, decolouriza-
tion was achieved at 21% for reactive blue 19 and at 39%
for the direct dye Congo red in 60 min. These results dem-
onstrate the potential use of this laccase in combination
with acetosyringone, a natural mediator, for dye decolouri-
zation.
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Introduction

The first laccase studied was from Rhus vernicifera in 1883,
a Japanese lacquer tree, from which the designation laccase
was derived [1]. Laccases are defined in the Enzyme Com-
mission nomenclature as oxidoreductases acting on diphe-
nols and related substances using molecular oxygen as
acceptor (EC 1.10.3.2). They are multicopper proteins
found mostly in plants and fungi but also in some bacteria
[2—4]. The protein structure acts as an intricate ligand for
the catalytically active coppers, providing them with a
coordination sphere where changes between the reduction
states are thermodynamically possible. They contain at
least one type-1 (T1) copper, which is associated to the oxi-
dation site, and typically harbor at least three additional
coppers: one type-2 (T2) and two type-3 (T3) coppers
arranged in a trinuclear cluster. This cluster is associated
with the site where reduction of molecular oxygen occurs
[5-8].

Laccases are of particular interest with regard to various
commercial applications because of their ability to oxidize
a wide range of relevant substrates. Thus, research is being
carried out in various fields of interest: textile, pulp and
paper, food and cosmetics industries, as well as in bioreme-
diation, biosensor, biofuel and organic synthesis applica-
tions [3, 9-13]. Few commercialized laccase products are
already available: Denilite I and II from Novozymes (Den-
mark) and Zylite from Zytex (India). These products are
used in the textile industry for denim bleaching. Usually,
mediators are used with laccase in order to optimize the
process. Once oxidized by the enzyme, these molecules act
as electron scavenger and attack the dye, which eventually
results in bleaching in the end [14, 15].

Dyes are used in numerous industries. While textile
mills predominantly use them, dyes can also be found in the
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food, pharmaceutical, paper printing and cosmetics indus-
tries. These compounds retain their color as well as their
structural integrity under exposure to sunlight and they
exhibit a high resistance to microbial degradation [16, 17].
Because of these properties many of them find their way
into the environment via wastewater treatment facilities. It
is not surprising that these compounds have become a
major environmental concern.

Recently, we have cloned a laccase gene from Strepto-
myces coelicolor and expressed the protein with the goal of
investigating its potential uses for industrial applications
[18]. Using an efficient bacterial expression system, large
quantities of this laccase (SLAC) could be produced with a
high purity yield and no extensive purification steps were
required. The enzyme produced possesses a broad pH
working range and has a high thermostability. This enzyme
also showed a good potential for rapid decolourization of
Indigo carmine, with syringaldehyde as redox mediator, at
pH 9.0 [18]. Since most wastewaters from textile industries
are characterized by a neutral to alkaline pH (around 7-11)
[19, 20], the potential use of SLAC could be advantageous
compared to typical fungal laccases which are generally
acidic by nature and are not active in this pH range. The
decolourization properties of this bacterial laccase have
never been extensively studied before. Therefore, the main
objective of this work was to determine if this enzyme was
able to oxidize various dyes, with and without a mediator,
to help in the reduction of their environmental impact.

Materials and methods
Substrates and chemicals

Unless specified otherwise, all substrates and chemicals
were of analytical grade or better and purchased from
Sigma-Aldrich.

Organisms and vectors

Streptomyces lividans 1AF10-164 (msiK—), a xylanase-
and cellulase-negative mutant, served as host strain for the
recombinant plasmid [21]. Plasmid pIAFD95A was used
for gene expression.

Cloning of the laccase gene

The coding sequence for the laccase of S. coelicolor A3(2)
was available from Genbank (accession number CAB45586).
The structural gene was amplified from total DNA of
S. coelicolor A3(2) by PCR using the following primers:
5-GAAACGCATGCACAGGCGAG-GCTTTAACCG-3 (F)
and 5-CCTGGAGCTCAGTGCTCGTGTTC-GTGTGCG-3
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(R). The forward primer (F) introduced a Sphl site (under-
lined) at the start codon (italic) and the reverse primer (R)
introduced a Sacl (underlined) after the stop codon (italic).
The amplification product was digested with Sphl-Sacl and
cloned into plasmid pIAFD95A. Protoplasting, transforma-
tion of the mutant IAF10-164 and spore preparations were
performed as described by Kieser et al. [22]. Screening of
Streptomyces transformants was carried out using the col-
ony-PCR technique [23]. DNA extracts were sequenced
and analyzed with an ABI Prism 3100 to confirm the
sequence of the cloned gene.

Culture conditions

The strain was maintained on a 7-day-old fresh Bennett
agar containing a modified yeast-extract malt-extract
medium, in which 0.4% maltose was substituted for glu-
cose. Spore suspensions prepared from such slants were
used as inocula for vegetative cultures in 100 mL trypticase
soy broth (TSB) with glass beads. Incubation was carried
out at 34 °C on a rotary shaker at 240 rpm for a period of
24 h. Enzyme production was carried out in 1 L Erlenmeyer
flasks containing 80 ml of M,, medium, as previously
described by Kluepfel et al. [24], using 1% (v/v) of p-
xylose as main carbon source. The flask cultures were incu-
bated at 34 °C on a rotary shaker at 240 rpm for 72 h.

Protein purification

The fermentation broth was recovered by centrifugation at
11,000x g for 30 min at 4 °C. Prior to protein purification,
the laccase supernatant was incubated overnight with
25 pm of CuSO, to restore the enzymatic activity. The
supernatant was then filtered on a 0.2 um membrane to
retain any floating particles and concentrated fivefold by
ultrafiltration with an Amicon system (Millipore) using a
10 kDa cut-off membrane.

Enzymatic activity and protein determination

Laccase activity was determined at 25 °C using 2,2'-azino-
bis(3-ethylbenzthiazoline-6-sulfonate) (ABTS) or 2,6-
dimethoxyphenol (DMP) as the substrate. The oxidation of
the substrate was detected by measuring the absorbance at
420 nm for ABTS (¢=36,000M'cm™") [25] and at
470 nm for DMP (¢ = 27,500 M~! cm™!) [26]. The reaction
mixture (300 pl) contained 5 pl of appropriately diluted
enzyme sample, 150 pl of MES—glycine buffer (0.1 M, pH
4.0), 20 pl of 60 mM ABTS or DMP and 125 pl of H,Odd.
Activity was calculated in international unit (IU) which is
the amount of laccase that oxidizes 1 pmol of substrate per
min. The protein content was determined at 595 nm using
the Pierce Coomassie Plus protein assay reagent [27] with
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bovine serum albumin as a standard. The absorbance was
measured with a Multiskan Ascent spectrophotometer
(Thermo electron, Inc., USA).

Screening of mediators

Screening of mediators was done via the decolourization of
acid blue 74 by SLAC with the various mediators (Fig. 1).
The mediators selected were 1-hydroxybenzotriazole
(HBT), 4-hydroxybenzoic acid (HBA), 4-acetamido-
TEMPO (TEMPO), syringaldehyde and acetosyringone
(60 mM solution prepared with ethanol). Those compounds
are typical laccase mediators used for dye decolourization
[14, 15, 28]. The reaction mixture (300 pl) contained
50 mM MES-glycine buffer (pH 9.0), dye (final concentra-
tion 25 pM), concentrated enzyme (100 mU) and mediator
solution (final concentration 1 mM). Reactions were initi-
ated by enzyme addition and incubated at 45 °C for 60 min.
Control samples were run in parallel with a deactivated
enzyme (boiled for 20 min) under identical conditions. Dye
decolourization was determined by measuring the absor-
bance at 595 nm. The results are expressed in percentage of
decolourization.

Effect of pH on decolourization

The effect of pH on decolourization was evaluated via the
same method used for the mediators screening except that
the tests were run for 10 min. The pH range tested was from
3.0 to 11.0 in 50 mM MES-glycine buffer. Only syringal-
dehyde and acetosyringone were evaluated.

Mediators concentration

For mediator concentration evaluation, we used the same
method as in the mediators screening except that the tests
were run for 10 min. The concentration range tested was
from O to 2 mM. Only syringaldehyde and acetosyringone
were evaluated.

Dyes decolourization by laccase

For this study five dyes with different chemical structures
were selected (Fig. 2). The decolourization of reactive blue
19 (RB19), direct sky blue 6b (DSB6b), acid blue 74
(AB74), reactive black 5 (RB5) and congo red (CR) by
laccase were tested with and without a mediator. The

mediators selected were syringaldehyde and acetosyrin-
gone. The reaction mixture (300 pl) contained 50 mM
MES—glycine buffer (pH 9.0), dye (final concentration 10,
15 or 25 uM depending on the dye), purified enzyme
(100 mU) and mediator solution (final concentration
I mM). Reactions were initiated by enzyme addition and
incubated at 45 °C for 60 min. Control samples were run in
parallel with a deactivated enzyme (boiled for 20 min)
under identical conditions. Dye decolourization was deter-
mined by measuring the absorbance at 595 nm for RB19,
DSB6b, AB74, RB5 and 492 nm for CR. The results are
expressed in percentage of decolourization.

Data analysis

Enzymatic activity, protein determination, mediator screen-
ing and decolourization assays were performed in triplicate.
All standard deviations were below 10% of the mean values
presented.

Results
Mediator screening and dye decolourization conditions

Among the five phenolic compounds screened as laccase
mediators, two allowed a high decolourization of AB74
(indigo carmine) with the use of SLAC (Fig. 3). While
HBT, HBA and TEMPO did not give a better decolouriza-
tion than laccase alone, syringaldehyde and acetosyringone
produced decolourization of 89 to 95%, respectively, in
20 min. Since they yielded the highest decolourization as
rate means per min, they were selected for additional stud-
ies with different types of dyes.

The optimum pH for phenolic compound oxidation by a
laccase may vary depending on the substrate used. For
instance, the optimal pH for ABTS and DMP oxidation by
SLAC was pH 4.0 and 9.0, respectively (Fig.4). With
syringaldehyde or acetosyringone the best decolourization
results in 10 min, for AB74, were obtained between pH
7.0-9.0 (Fig.5). Thus, subsequent decolourization assays
were performed at pH 9.0.

For economical purposes, the concentration of various
mediators was determined for the assays. The lowest medi-
ator concentration used, for syringaldehyde or acetosyrin-
gone, to reach the highest decolourization of AB74 in
10 min, was achieved at 1.0 mM (Fig. 6). Thus, subsequent
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Fig. 3 Mediators screening via the decolourization of AB74 with
SLAC. SLAC alone (open circle), SLAC with TEMPO (closed circle),
SLAC with HBT (closed triangle), SLAC with HBA (open triangle),
SLAC with syringaldehyde (closed square) and SLAC with acetosy-
ringone (open square) after 60 min at 45 °C, pH 9.0. No decolouriza-
tion was achieved when mediators were used without SLAC (data not
shown). All standard deviations were below 10% of the mean values
presented

decolourization assays were performed with a mediator
concentration of 1.0 mM.

Decolourization of different types of dyes
The enzyme SLAC alone or in combination with a mediator
was used to evaluate the oxidation of the various dyes.

Syringaldehyde or acetosyringone were used as laccase medi-
ator. Table 1 show that SLAC alone was able to decolourize

@ Springer

Fig. 4 Effect of pH on the activity of SLAC. Activity was measured in
the presence of 6 mM ABTS (closed circle) or DMP (open circle). Rel-
ative activity was normalized to the maximal activity achieved when
using either substrate at the optimal pH. All standard deviations were
below 10% of the mean values presented

all the dyes tested but the process is not efficient and needs
a longer time treatment. Almost no decolourization was
observed after 1 h. After 5 h, a decolourization of 11-40%
was achieved for the different dyes tested. The addition of
syringaldehyde or acetosyringone provided better results
than the laccase treatment alone. The combination SLAC-
syringaldehyde efficiently decolourized the diazo dye
DSB6b and the indigoid dye AB74 by 81% or more after
1 h. However, this combination was inefficient for the deco-
lourization of the anthraquinoid dye RB19 and the azo dye
CR. No decolourization was achieved. Our results also
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Fig. 5 Effect of pH on mediator oxidation of AB74. SLAC with sy-
ringaldehyde (closed circle) and SLAC with acetosyringone (open cir-
cle) in MES—glycine buffer pH 3.0-11.0 after 10 min at 45 °C. All
standard deviations were below 10% of the mean values presented
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Fig. 6 Effect of mediator concentration on the oxidation of AB74.
SLAC with syringaldehyde (closed circle) and SLAC with acetosyrin-
gone (open circle) in MES—glycine buffer pH 9.0 after 10 min at45 °C.
All standard deviations were below 10% of the mean values presented

demonstrated that the combination SLAC-acetosyringone
gave better results than the combination SLAC-syringalde-
hyde. In 1h, this combination could decolourize all the
dyes evaluated in this study. RB19 and CR were the most
resistant to oxidation by the treatment. They were decolou-
rized by 21 and 39%, respectively, in 1 h. This treatment
has a better efficiency toward DSB6b, AB74 and the diazo
dye RB5. DSB6b and AB74 were decolourized by 91% or
more and RB5 by 65% in only 10 min.

Discussion

Colored wastewater is a consequence of batch processes
both in the dye manufacturing industries and in the

Table 1 Decolourization of five dyes by SLAC without or with medi-
ators, for different time treatment, at pH 9.0, 45 °C

Decolourization of dye (%)

RB19 DSB6b AB74 RB5 CR

SLAC

10 min 0 0 0 0 0
60 min 0 4 8 0 0
5h 23 20 40 11 13
SLAC + SYR

10 min 0 64 66 2 0
60 min 0 81 89 17 0
SLAC + ACE

10 min 1 91 94 65 3
60 min 21 92 95 89 39

SYR Syringaldehyde, ACE acetosyringone, concentration of 1 mM

All standard deviations were below 10% of the mean values presented

dye-consuming industries. Two percent of dyes that are
produced are discharged directly in aqueous effluent, and
10% are subsequently lost during the textile coloration pro-
cess [29]. Since there are thousands of commercially avail-
able dyes with over 7 x 10° tons of dye-stuff produced
annually [30], it is not surprising that these compounds
have become a major environmental concern. The ability of
laccase enzymes to degrade different varieties of dyes such
as azo, anthraquinoid, triarylmethane and indigoid implies
that it offers potential application in textile dye bleaching
processes [14, 28]. A study from Claus et al. has demon-
strated that a laccase from Trametes versicolor was able to
decolourize 3% of RB5, 82% of AB74 and 63% of RB19 in
16 h [28]. In comparison, under the conditions used our
results showed that SLAC alone was able to decolourize
11% of RBS5, 40% of AB74 and 23% of RB19 in only 5 h at
pH 9.0.

Until recently, the development of a successful enzy-
matic solution for the textile industry has been hindered by
poor kinetics between the enzyme and various dyes. The
use of small molecules that are able to act as electron trans-
fer mediators between the enzyme and the dye has opened
up new possibilities in this field of research [14, 28]. A pre-
vious study suggested that syringaldehyde and acetosyrin-
gone were two of the best redox mediators to use for dye
decolourization [14]. In this study, we tested the decolouri-
zation of Indigo carmine with SLAC and different synthetic
and natural mediators (HBT, HBA, TEMPO, syringalde-
hyde and acetosyringone). Our results did not show higher
decolourization rate with HBT, HBA and TEMPO than lac-
case alone. These poor results could be attributed to bad
kinetics between the enzyme and these mediators since
SLAC is described as a low redox potential laccase [31]. Nev-
ertheless, our results also demonstrated that syringaldehyde
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and acetosyringone were the best redox mediators to use for
dye decolourization. Since these compounds are involved
in the degradation of lignin by white-rot fungi in the envi-
ronment; they are therefore naturally occurring laccase
mediators [32]. The use of natural mediators will present
environmental and economic advantages for future indus-
trial applications.

The main reason for dye loss is the incomplete exhaus-
tion of dyes on to the fiber. This loss varies from one dye to
the other and depends on the classification of the dye [33].
Up to 20% of the initial dye mass used in the dyeing pro-
cess is lost in the effluent for acid dyes, up to 30% for direct
dyes and up to 50% for reactive dyes. Reactive dyes make
up approximately 30% of the total dye market [29]. This
impact is considerable for the environment and needs to be
addressed.

While laccase alone has a limited potential for dye deco-
lourization, the LMS (laccase-mediator system) can
improve significantly the decolourization properties of lac-
case toward various dye class [14, 15, 28]. In a previous
study, the addition of HBT as mediator increased the lac-
case decolourization level of RB5 from 3 to 70% [28].
Under the conditions used, our results showed that in all
cases decolourization with the combination SLAC-acetosy-
ringone was better than with laccase alone. This combina-
tion rapidly decolourized all the dyes tested to various
degrees. In 10 min, decolourization was achieved at 94%
for AB74, 91% for DSB6b and 65% for RB5. In compari-
son, using fungal laccases from Pycnoporus cinnabarinus
and Trametes villosa, with acetosyringone as mediator,
other researchers achieved a decolourisation level of 100%
for AB74 and of 84% for RB5 in less than 10 min at pH 5.0
[14]. As stated before, most wastewaters from textile indus-
tries are characterized by a neutral to alkaline pH (around
7-11) [19, 20]. For this application, SLAC offers an impor-
tant advantage compared to typical acidic fungal laccases
which are not active in this pH range.

Conclusion

This study confirms that the particular laccase investigated
here, SLAC, can use natural mediators and decolourize
dyes under alkaline conditions. Because of practical appli-
cations in the textile industry for denim bleaching and
wastewaters treatment at a neutral to alkaline pH, the
potential use of this alkaline laccase opens up new possibil-
ities for the development of green technology alternatives
to existing chemical treatment. Future work is under way
that will examine decolourization potential of this laccase
toward others dyes and also investigates whether or not the
resulting products from the dye oxidation are toxic in any
way.
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