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In the present study we show that recombinant bacterial CotA-laccase from Bacillus subtilis is able to
decolourise, at alkaline pH and in the absence of redox mediators, a variety of structurally different syn-
thetic dyes. The enzymatic biotransformation of the azo dye Sudan Orange G (SOG) was addressed in more
detail following a multidisciplinary approach. Biotransformation proceeds in a broad span of temperatures
(30-80°C) and more than 98% of Sudan Orange G is decolourised within 7 h by using 1UmL~! of CotA-
laccase at 37 °C. The bell-shape pH profile of the enzyme with an optimum at 8, is in agreement with the pH
dependence of the dye oxidation imposed by its acid-basic behavior as measured by potentiometric and
electrochemical experiments. Seven biotransformation products were identified using high-performance
liquid chromatography and mass spectrometry and a mechanistic pathway for the azo dye conversion
by CotA-laccase is proposed. The enzymatic oxidation of the Sudan Orange G results in the production
of oligomers and, possibly polymers, through radical coupling reactions. A bioassay based on inhibitory
effects over the growth of Saccharomyces cerevisiae shows that the enzymatic bioremediation process

reduces 3-fold the toxicity of Sudan Orange G.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Laccases are oxidoreductases that have a great potential in
various biotechnological processes mainly due to their high non-
specific oxidation capacity, the lack of a requirement for cofactors,
and the use of readily available oxygen as an electron acceptor (Xu,
1999; Riva, 2006). Laccases constitute a large subfamily of the mul-
ticopper oxidase family of enzymes and catalyze the four-electron
reduction of oxygen to water (at the T2-T3 trinuclear Cu centres) by
the sequential one-electron uptake from a suitable reducing sub-
strate (at the T1 mononuclear copper centre) (Solomon et al., 1996;
Stoj and Kosman, 2005). Most of the known laccases have fun-
gal (e.g. white-rot fungi) or plant origins although a few laccases
have recently been identified and isolated in bacteria (Gianfreda
et al., 1999; Claus, 2003). Laccases have been implicated in vari-
ous biological activities related with lignolysis, pigment formation,
detoxification and pathogenesis (Gianfreda et al., 1999). Chemically,
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all these functions are related to the oxidation of a range of aromatic
substrates such as polyphenols, diamines and even some inorganic
compounds.

Colour is usually the first contaminant to be recognized in a
wastewater, as very small amounts of synthetic dyes in water
(10-15mgL-1) are highly visible, affecting the aesthetic merit,
transparency and gas solubility of water bodies. Azo dyes account
for about 50% of all dyes in the textile, food, pharmaceutical, leather,
cosmetics and paper industries and are, along with anthraquinonic
dyes, the most common synthetic colourants released into the envi-
ronment (O'Neil et al., 1999). Dye removal from wastewaters with
traditional physicochemical processes, such as coagulation, adsorp-
tion and oxidation with ozone is expensive, can generate large
volumes of sludge and usually require the addition of environmen-
tal hazardous chemical additives (Robinson et al., 2001). On the
other hand, most of the synthetic dyes are xenobiotic compounds
which are poorly removed by the use of conventional biologi-
cal aerobic treatments (Chen, 2006). Through microbial anaerobic
reductions, compounds such as aromatic amines, known to be more
toxic than the original dye, are generally generated (Chen, 2006).
Fungal laccases have been confirmed for their ability to degrade
several azo dyes (Abadulla et al., 2000; Adedayo et al., 2004;
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Husain, 2006; Lépez et al., 2004; Tauber et al., 2005). The laccase
enzymatic processes are considered environmental friendly since
the degradation mechanisms proceeds through the release of
molecular nitrogen which prohibits aromatic amines formation
(Chivukula and Renganahathan, 1995).

This is the first study where a bacterial laccase was tested in
the biotransformation of synthetic dyes. We have used recom-
binant CotA-laccase, a bacterial thermoactive and intrinsically
thermostable enzyme from Bacillus subtilis, extensively studied at
the biochemical and structural level, which has the predictable
robustness for biotechnological applications (Martins et al., 2002;
Enguita etal.,2003; Durdo et al.,2006; Durdo et al., 2008). We found
that this bacterial enzyme does not require the addition of redox
mediators for the decolourisation of a wide range of structurally dif-
ferent dyes and presents optimal activity in the alkaline pH range,
distinctive features when compared with fungal laccases. The enzy-
matic oxidation of the azo dye Sudan Orange G (SOG) was studied
in more detail using a multidisciplinary approach that combined
enzymology, electrochemistry, mass spectrometry and microbiol-
ogy. The aim is to get mechanistic insight that could help us to
understand the enzymatic biotransformation process and could
guide us to further develop, by using protein engineering tools, a
useful enzymatic technology.

2. Materials and methods
2.1. Enzyme production and purification

Recombinant CotA-laccase from B. subtilis was produced and
purified as previously described (Martins et al., 2002). Enzyme
activity was determined by monitoring the oxidation of 2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS, Sigma)
as previously reported (Martins et al., 2002). One unit of activ-
ity was defined as the amount of enzyme that transformed
1 wmol of substrate per min. The protein concentration was mea-
sured by using the absorption band of CotA-laccase at 280 nm
(8280 =84,739 M-Tcm™! )

2.2. Dyes

Twenty two dyes were screened for decolourisation by using
CotA-laccase; three anthraquinone dyes, Acid Blue 62 (Yorkshire
Europe, Belgium), Reactive Blue 19 and Alizarin (Sigma-Aldrich)
and nineteen azo dyes, Acid Black 210, Acid Yellow 49, Acid Yel-
low 194, Acid Red 266, Direct Yellow 106, Direct Red 80, Reactive
Blue 222, Reactive Yellow 145, Reactive Red 195 (all from Town
End, Leeds, UK) and Acid Red 299, Direct Blue 1, Direct Black 38,
Direct Red R, Disperse Blue 1, Disperse Yellow 3, Reactive Black
5, Reactive Red 4, Reactive Yellow 81 and Sudan Orange G from
Sigma-Aldrich.

2.3. Dye decolourisation

Enzymatic reactions were followed at 37°C at a Molecular
Devices Spectra Max 340, 96-well microplate reader. Dye decolouri-
sation was monitored after 24h of reaction by measuring the
difference at the Apax absorbance for each dye as compared with
control experiments without enzyme. Assays were performed by
using 50 uM of dye in Britton-Robinson (B&R) buffer (100 mM
phosphoric acid, 100 mM boric acid and 100 mM acetic acid mix-
ture with 0.5M NaOH to the desired pH). The addition of the
redox mediator ABTS, 1-hydroxy-benzotriazole (HBT, Sigma) and
violuric acid (VA, Sigma) were tested at a final concentration of
10 M.

2.4. Enzymatic biotransformation studies of SOG

CotA-laccase activity towards Sudan Orange G dye (98%,
Sigma-Aldrich) was measured by using a discontinuous method
due to the high absorbance of the dye, even at low concentra-
tions. The assay mixtures in a total volume of 50 mL contained
0.5 mM of dye and 1 UmL~! of CotA-laccase in B&R buffer. Reactions
were conducted at 37 °C, with shaking (180 rpm) and at appropri-
ate time-points samples were withdrawn, diluted and analysed in
a spectrophotometer (430 nm) or in a HPLC (see below). Control
assays lacking enzyme were also carried out. The effect of increasing
concentrations of ABTS, VA and HBT (1-100 wM) as redox medi-
ators was evaluated. The effect of pH on the enzymatic activity
was examined at 37 °C in B&R buffer (pH 5-10). The optimal tem-
perature for activity was determined at values ranging from 30
to 80°C at pH 8. Kinetic parameters were measured using reac-
tion mixtures containing concentrations of SOG between 10 and
1000 wM. Kinetic constants K, and ke, were fitted directly to the
Michaelis—-Menten equation, taking into account substrate inhi-
bition (OriginLab, Northampton, MA, USA). The molar extinction
coefficients of SOG at 430 nm (&430) were estimated at different
pH values from calibration curves by using its molecular weight
and were as follows: 17,615M~1cm~! at pH 5, 18,385M~1cm~!
at pH 6, 30,154M-1cm~! at pH 7, 26,205M-'cm~! at pH 8,
39,077M-Tem~! at pH 9, 39,1779M~ ' cm~! at pH 10. The specific
activity was expressed in nmol of dye oxidized min—! mg~1 of pro-
tein. All enzymatic assays were performed at least in triplicate.

2.5. HPLC analysis

HPLC analyses were performed in a HPLC Merck Hitachi system,
using a reverse phase C-18 column (250 x 4 mm length, 5 .M par-
ticle size and pore of 100 A, from LiChrospher 100 RP-18, Merck).
Samples were diluted 1:1 in acetonitrile (99.9%, Lab-SCAN, Dublin,
Ireland) and centrifuged before injection. Compounds were sep-
arated using isocratic conditions over 30 min at a flow rate of
1mLmin~!, at 40°C. The mobile phase contained 60% acetonitrile
in 0.1% (v/v) of trifluoracetic acid. Compounds elution was moni-
tored at 430 and 254 nm.

2.6. Potentiometric measurements

The acid-base reaction of SOG (1 mM) was studied by poten-
tiometry at 25°C in a water-methanol (1:1 v/v) solution. The
equipment and conditions used were as described before (Marques
et al, 2006). The ionic strength of the solutions was kept at
0.10+£0.01 M KCI. The [H*] of the solutions was determined by
the measurement of the electromotive force of the cell, E=E°+Q
log[H*]+E;, E°, Q E; and Ky=([H*][OH"]) were obtained as
described previously (Costa et al., 2000). The value of K, was
found to be equal to 10-13-°1 mol2 dm~% under our experimental
conditions. Overall protonation (8H;L;) constants, were calculated
by fitting the potentiometric data obtained for all the performed
titrations with HYPERQUAD program (Gans et al., 1996), with
BHuL; = [Hy L /([[H]P[L]).

2.7. Electrochemical measurements

Cyclic voltammetry (CV) was used to investigate the redox
behavior of SOG in 0.1 M B&R buffer at different pH values.
Voltammetric experiments were performed using a potentio-
stat/galvanostat from ECO-CHEMIE, AUTOLAB/PSTAT 12 as the
source of applied potential and as a measuring device. The
whole system was controlled by the General Purpose Electro-
chemical System (GPES) software package from ECO-CHIMIE. The
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three-electrode system consisted of a carbon rod counter electrode,
a saturated Ag/AgCl reference electrode and a glassy carbon (BAS
MF-2012) working electrode. Typical cyclic voltammetry experi-
ments were performed in the potential range between —1.5 and
1.3V and the scan rate, v, was varied between 0.01 and 1Vs~.
Potential values are referred to a saturated Ag/AgCl electrode
(205 mV vs. Standard Hydrogen Electrode, SHE), unless otherwise
stated and are affected by an error of £10 mV. Measurements were
made in de-aerated solutions with high-purity type nitrogen and
at 20 + 2°C, whenever required.

2.8. LC-ESl-ion trap and MALDI-TOF analysis

The ESI-ion trap MS system was a LCQ ion trap mass spec-
trometer (Thermofinnigan) equipped with electrospray source and
run by Xcalibur software. The HPLC separation was performed
using the conditions described above. The injection volume was
100 pL. The following conditions were used in experiments with
ESI source in positive mode: temperature of the heated capillary,
350°C; source voltage, 4.5kV. Nitrogen was used as sheath gas
and auxiliary gas. The sheath and auxiliary gas flow rates were
80 and 20 arbitrary units, respectively. HPLC-MS was performed
in the full scan mode from m/z 50 to 1000. All the fragmen-
tation experiments utilized 35% collision energy. MALDI-time of
flight (TOF) mass spectra were obtained using a PerSeptive Biosys-
tems MALDI-time of flight MS Voyager-DE STR (Framingham, USA)
equipped with delayed extraction, and a 337-nm N, laser. Mass
spectra were acquired in reflectron delayed extraction mode using
an acceleration of 20kV and a low mass gate of 700 Da. The laser
power was set to just above the threshold of ionization. Spectra
were accumulated, averaging 500 shots taken across the width of
the sample spot for m/z values between 700 and 5000. Biotrans-
formation products co-crystallization was achieved by applying
0.5 L of the sample on plate and adding on top an equal vol-
ume of re-crystallized matrix consisting of 2,5-dihydrobenzoic acid
(10mgmL-1) prepared in acetonitrile (50%, v/v) with trifluoracetic
acid (0.1%, v/v). The mixture was allowed to air dry (dried droplet
method).

2.9. Toxicity analysis

A susceptibility toxicity assay based on the inhibitory effects
on the growth of the yeast Saccharomyces cerevisiae BY4741 was
used with minor adaptations from that described previously
(Papaefthimiou et al., 2004). The yeast cell suspension used as
inoculum was prepared from a mid-exponential phase culture,
which was centrifuged and suspended to ODg4g=0.10£0.02 in a
double strength minimal growth medium (MMB, Papaefthimiou et
al., 2004). For the toxicity tests, 75 L of the standardized yeast
cell suspension were mixed with 75 uL of test or control solu-
tions in 96-well polystyrene microplates (Greiner Bio-one) that
were sealed and incubated at 30°C for 24 h with constant agita-
tion. Growth of the yeast cell population was assessed by optical
density (ODgy4g) after 24 h of incubation. The toxicity was esti-
mated based on the percentage of inhibition of yeast growth
defined as (] —OD540X/OD6400) x 100, where 0D640X and 0D6400
are the ODgyg attained by the yeast cell population in the pres-
ence and in the absence of each test solution, respectively. The
no-observed-effect-concentration (NOEC) value is defined as the
maximum concentration of the dye that did not significantly affect
yeast growth (i.e. that leads to ratio ODg40%/ODg40? x 100% higher
or equal than 98 +2%). The 50%-inhibitory-concentration (ICsg)
value is defined as the concentration of dye at which toxic effects
produce 50% inhibition of growth. Data reported are average val-
ues with standard deviations of results from at least two toxicity

tests (in triplicate) from two independent biotransformation exper-
iments.

3. Results and discussion
3.1. Dye decolourisation

All azo and anthraquinonic dyes tested, with the exception of
Reactive yellow 81, were, at a different extent, oxidatively bleached
by 1UmL-! of CotA-laccase in the absence of redox mediators
(Fig. 1). Addition of redox mediators (ABTS, VA and HBT) to the assay
mixtures resulted in similar final values of decolourisation for all
the dyes tested. The lack of a strict requirement for redox mediators
exhibited by CotA-laccase, presents, under a technological perspec-
tive, a benefit of this enzyme, as these molecules are expensive
and need many times to be present in a large excess or, at least,
a stoichiometric amount compared to the substrate is required
(Bourbonnais et al., 1998). Moreover, some mediators give raise
to highly unstable radical intermediates that can lead to enzyme
inactivation and that are toxic upon release to the environment (Xu
et al,, 2000). Optimal pH for decolourisation occurred at pH 8-9
and no decolourisation was observed below pH 5 (data not shown).
These results contrast strongly with data obtained with fungal lac-
cases that shows optimal pH for dye degradation in the acidic range
of pH (Abadulla et al., 2000; Almansa et al., 2004; Camarero et
al., 2005; Couto et al., 2005; Kandelbauer et al., 2004a,b; Zille et
al., 2005a,b; Pogni et al., 2007). Interestingly, CotA-laccase a low
redox potential laccase (455 mV vs. NHE, Durdo et al., 2006) is able
to decolourise in a higher extension the Reactive Black 5 dye (E°
742 mV, unpublished data) in the absence of redox mediators, in
contrast to what happen with the high-redox potential fungal lac-
cases Pycnoporus cinnabarinus, Trametes villosa (E° 780 mV vs. SHE)
(Camarero et al., 2005; Zille et al., 2004), Tr. hirsuta (Abadulla et al.,
2000) or Tr. modesta (Tauber et al., 2005) that degrade this dye only
in the presence of redox mediators. In laccases the substrate oxida-
tion involves the Marcus “outer-sphere” mechanism in which the
redox potential difference between the substrate and the T1 Cu site
(together with the reorganization energy and transmission coeffi-
cient) determines the electron transfer and thus, the oxidation rate
(Solomon et al., 1996). Nevertheless, other factors as for example,
the composition, structure or pg, of substrates affecting, for exam-
ple, the proper docking of compounds to the enzyme substrate
pocket, are also known to play an important role in determining
the oxidation rates (Xu et al., 2000; Tadesse et al., 2008; Chivukula
and Renganahathan, 1995; Almansa et al., 2004; Kandelbauer et al.,
2004b).

3.2. SOG oxidation as monitored by absorbance and HPLC

Sudan Orange G was chosen as a substrate due to its simple
chemical structure with two hydroxyl groups, in the ortho and para
positions relative to the azo group (see Fig. 8). Optical absorption
and HPLC were used to detect and monitor the time course for the
enzymatic biotransformation of 0.5 mM of SOG at 37°C and pH 8
(the optimal pH for enzymatic activity, see below) (Fig. 2A, B). A
decrease in the intensity of the 430 nm absorption band of SOG was
observed during the enzymatic process, indicating the vanishing of
the aromatic azo groups (Fig. 2A). Concomitant with this decrease
at 430 nm, increased absorption intensities at ca. 325 nm and ca.
530 nm are observed, indicating the generation of biotransforma-
tion products. After 60 min of reaction, 50% of SOG was transformed
and a rate of biotransformation of 23 =2 nmol min—! mg~! protein
was calculated.

The time course of the enzymatic reaction was also monitored
by HPLC where SOG was chromatographically separated from
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Acid Blue 62
Direct Blue 1
Reactive Black 5
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Acid Red 266
Reactive Blue 19
Direct Red R
Direct Black 38
Reactive Red 4
Acid Black 210
Acid Yellow 194
Dispersed Blue 1
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Reactive Yellow 145
Reactive Red 195
Direct Yellow 106
Direct Red 80
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Acid Yellow 49
Acid Red 299
Reactive Yellow 81
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Fig. 1. Decolourisation of several anthraquinonic and azo dyes after 24 h of reaction in the absence of redox mediators by using CotA-laccase (1UmL™").

products of the enzymatic reaction. A major peak with retention
time of 5min, corresponding to the substrate, decreased over the
course of reaction and disappeared (<2%) after 7h of reaction
(Fig. 2B). The emergence of two major peaks corresponding to
reaction products is observed, with R; of 2.2 min and 15 min (minor
peaks with R; of 2.6, 3.4 and 8 min are also observed upon amplifi-
cation of the chromatograms). The assay mixtures became browner
in colour over the course of reaction, presumably due to products
formation. After centrifugation of the final reaction mixture, the
supernatant contained the compounds corresponding to the major
peak with R of 2.2 min and the three minor peaks. Therefore, this
will be subsequently referred as the soluble (S) product fraction.
The pellet contained the major product with R; of 15 min, which is
subsequently referred as the insoluble (I) product fraction.

The addition of redox mediators, ABTS, HBT and VA, to the
reaction mixtures was tested and a two-fold increase in the rate
of biotransformation (44 + 4 nmol min—! mg-1) in the presence of
10 M of ABTS was observed. The products obtained have similar
retention times, as monitored by HPLC, and identical biotransfor-
mation yields were calculated, at the reaction equilibrium, to those
obtained in the absence of ABTS. The presence of HBT and VA in
the enzymatic assays was shown not to affect the reaction rates
and yields (data not shown). This was correlated to the inability of
CotA-laccase to oxidize these compounds (data not shown) prob-
ably due to the large difference between the redox potentials of
CotA-laccase (455 mV vs. NHE) and of these mediator molecules
(near 1000 mV vs. NHE, whereas ABTS has a Ey of 670 mV vs. NHE
(Bourbonnais et al., 1998).

3.3. Steady-state kinetics of SOG oxidation

The steady-state kinetic constants of the enzyme at 37°C
towards SOG oxidation were obtained following the equation
v=Vmax/(1+Kn[S]+[S]/K;) (Fig. 3). The function that relates the
enzyme rate vs. the concentration of substrate is a non-hyperbolic
curve, indicating enzyme inhibition at high substrate concentra-

tions. This behavior is clearly detected by the nonlinearity in the
Lineweaver-Burk reciprocal plot, where a sudden and dramatic
up-curving near the y-intercept could be observed (see insert of
Fig.3).AK; of 474 £ 77 p.M was calculated. The calculated K;;, value is
44 + 7 pM and Vimax and keat values are 57 nmol min—! mg protein—!
and 0.05s~1, respectively. These shows that CotA-laccase presents
a lower catalytic specificity (kcat/Km) towards SOG oxidation
(0.008s~! wuM~1) when compared with its specificity to oxidize
the classical substrates ABTS (0.25s~! wM~1) and syringaldazine
(1.84s~1 uM~1) (Durdo et al., 2006). The lower reactivity of the
azo dye is attributed to differences in the k¢ term (related to the
substrate ability of surrendering electrons to the T1 copper cat-
alytic site of CotA-laccase), as similar K, values were measured for
the different substrates (87 and 10 wM for ABTS and SGZ, respec-
tively). The catalytic constants determined for SOG have broadly
the same order of magnitude of those calculated for fungal lac-
cases (Chivukula and Renganahathan, 1995; Kandelbauer et al.,
2004a,b) but naturally, these values are highly dependent on the
dye and on the enzyme under study. The optimal temperature for
the SOG biotransformation reaction, 75 °C, is identical for ABTS oxi-
dation, but an activation energy of 14.8 kcal mol—! K was calculated
for this dye oxidation, 3-fold higher then the calculated for ABTS
(5.2 kcal mol~! K) (Martins et al., 2002).

3.4. Dependence on pH and E°

For the transformation of SOG by CotA-laccase, a bell-shape
pH activity profile was found with an optimum at pH 8 (Fig. 4B).
pH activity bell-shape profiles for phenolic substrates have been
related with the opposite effects of the higher oxidation suscep-
tibility of these substrates and the OH~ enzyme inhibition as
pH increases (Xu, 1996). The UV-vis spectra of SOG was shown
to be pH dependent (Fig. 5) and this dependence was corre-
lated with changes in the dye structure, in particular, with its
protonation/deprotonation equilibria. In fact, potentiometric mea-
surements revealed two pg, values for SOG, at 6.90+0.02 and
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A
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-0.5 0.0 0.5 1.0 1.5
E/V

Fig. 6. (A) Cyclic voltammograms of SOG (1 mM) in 0.1 M B&R buffer, pH 8 in the
potential range between —1.5 and 1.3V at a scan rate of 0.1 Vs~ and (insert) from
—0.5to 1.3mV at 0.1,0.2 and 0.5 Vs~1. (B) Cyclic voltammograms at pH values from
6 to 10, from 0 to 1.3V at a scan rate of 0.3Vs~'.

11.74 +0.02, which were attributable to its ortho and para hydroxyl
groups (data not shown) and thus, the higher rates of enzymatic
oxidation measured at pH 8 implies that the dye is more prone
to enzymatic oxidation after deprotonation of the more acidic
hydroxyl group. Further electrochemistry studies were done to
analyse the pH effect on the oxidation of SOG. Fig. 6A shows a cyclic
voltammogram for SOG at pH 8. Two oxidation peaks are clearly
seen, I and II, with peak potentials, Ep, close to 0.490 and —0.130V,
respectively, while a reduction peak exists with Ep close to -1V
(IT). A closer inspection reveals in the positive scan a shoulder at
potentials more positive than peakI(Is) and in the reverse scan, two
reduction peaks, I;, and Il;, that became more apparent for highest
scan rates. No oxidation peak could be associated with peak IIl. As
to peak I, current intensity increases considerably in comparison
to that of peak I while increasing the scan rate (data not shown) and
this is due to adsorption phenomena that becomes more relevant
at higher scan rates (Bard and Faulkner, 2001). In CV in the poten-
tial range between —0.5 and 1.3V, peak I remain while peak Il does
not appear, no matter the direction of the scan (insert of Fig. 6A).
These shows that peaks Il and I}, are associated with electroactive
species formed only after the irreversible process occurring at peak
III. Considering the mechanism of azo dye reduction, peak Il is asso-
ciated with the four-electron reduction leading to the cleavage of
the N=N bond (Lund, 1991), and peaks II and II, with the forma-
tion of unstable amine products (Chen, 2006). We have observed

that for peak I;, current intensity increases with increasing v (insert
of Fig. 6A) and this behavior points out to the reduction of a non-
stable product formed after oxidation of peak I at E, =0.490V and
therefore I and I;, were associated. A good linear relationship with a
null intercept were obtained for peak I current with the square root
of scan rate corresponding to one electron transferred during oxi-
dation. The difference Ep — Epj, =0.062, where Ep, is the half peak
potential, also compares with the theoretical value of 0.057V for a
reversible one-electron reaction. Taken together, these results show
that the oxidation process at peak I is the one which can be asso-
ciated with the enzymatic biotransformation of SOG (mechanism
proposed below) and therefore the most important for this study.
A formal redox potential for SOG at pH=8, E>' =0.70V vs. SHE, was
estimated from the oxidation peak potential using the relationship
E' = Eqjp =Ep — 1.109 RT/nF (Bard and Faulkner, 2001). Electrochem-
ical studies are consistent with the determined py, values of 6.9
and 11.7 of the two oxidizable centres in SOG. The oxidation peak
detected in the voltammetric experiments (peak I) should most
probably correspond to the SOG more acidic group, i.e., the ortho
hydroxyl group with py, 6.9. Indeed, as can be seen in Fig. 6B, at pH
6 no oxidation signal could be detected up to potentials as positive
as 1.3V (close to the upper limit imposed by water oxidation), at pH
7, ill-defined peak appears for the highest scan rates at potentials
more positive than 0.490V and for pH 8, 9 and 10 peak 1 is clearly
seen and its potential revealed to be pH independent.

3.5. Identification of products and proposed mechanism for SOG
biotransformation

The identification of biotransformation products present in the
aqueous soluble (S) and insoluble (I) fractions was performed by
LC-MS and MALDI-TOF MS. The full identification of I fraction was
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Fig. 7. Proposed mechanism for the biotransformation of SOG by the CotA-laccase.
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Table 1
Mass spectra of SOG biotransformation products.
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Mass spectrometry method Fraction R: (min) m/z quasi molecular ions MS/MS product ions
LC-ESI-ion trap Soluble 2.2 148 130; 112

189 (1)

321 (1)

8 637 544; 518; 502; 423
Insoluble 15 319 301; 248; 226; 208; 198

533 515; 440; 422; 395; 379; 335
MALDI-TOF Insoluble 737

765

841

860

890

1036

(1) No fragmentation ions were observed.
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Fig. 8. Proposed structures (1)-(7) for the biotransformation products obtained from the oxidation of SOG by the CotA-laccase.

m/z = 765



L. Pereira et al. / Journal of Biotechnology 139 (2009) 68-77 75

impaired by its low solubility in several solvents: acetone, ethanol,
methanol, chloroform, dichloromethane, ethyl ether, toluene, hex-
ane and tetrahydrofuran. A partial solubility (25%) was found on
acetonitrile and thus, the identification of products in I fraction was
performed in the soluble part of acetronitrile-dissolved I fraction.
Positive ion mode MS analysis has shown to be more sensitive than
the negative ion mode and was used for the MS analysis of SOG and
its biotransformation products. Using positive mode ESI-MS and
MALDI-TOF MS 12 SOG biotransformation products were detected.

The reaction pathways described in the literature for the enzy-
matic degradation of dyes could assist the process of identification
of the biotransformation products. Therefore, we propose herein a
mechanistic pathway for SOG biotransformation by CotA-laccase
(Fig. 7) based on the accepted model for azo dye degradation by
laccases (Chivukula and Renganahathan, 1995; Zille et al., 2005a).
In these enzymatic pathways, azo dyes are oxidized without the
cleavage of the azo bond, through a highly non-specific free radical
mechanism, forming phenolic type compounds. This mechanism
avoids the formation of toxic aromatic amines, obtained under
reductive conditions (Chen, 2006). According to the described
mechanisms, CotA-laccase oxidizes, in an one-electron transfer
reaction, a hydroxyl group of SOG azo dye (presumably in the
deprotonated form at pH 8) generating the phenoxyl radical A, that
will be sequentially oxidized to a carbonium ion (B). The water
nucleophilic attack on the phenolic carbonium, bearing the azo
linkage, followed by N-C bond cleavage, produces diazenylbenzene
(C) and 4-hydroxy-1,2-benzoquinone (D). The diazenylbenzene (C)
can lead to radical (E) and then, to a benzene radical (F) upon loss
of a nitrogen molecule. This benzene radical can undergo hydro-
gen radical addition or get involved in further coupling reactions.
The free radicals resulting from the biotransformation process have
a high reactivity and all species can participate in coupling reac-
tions with intact dye and/or intermediate product molecules. The
formation of oligomeric or polymeric condensation products as a
result of coupling reactions between intermediates of a dye laccase-
oxidative process have been described earlier (Moldes et al., 2004;
Kandelbauer et al., 2004b; Zille et al., 2005a).

Considering the proposed mechanistic pathway for SOG degra-
dation, we identified seven biotransformation products (see
Table 1 and Fig. 8). The molecular ion 319 was attributed to
2,4-fenilazoresorcinol (1). This molecule can be formed through
coupling between radical E and an intact SOG molecule. The frag-
mentation pattern found for this ion confirmed the presence of one
azo, one hydroxyl and one benzene groups by the loss of 28, 18
and 77 amu, respectively. Moreover, the pattern is similar to that
obtained for a 2,4-fenilazoresorcinol standard sample assayed in
the same conditions. MALDI-TOF MS spectrum of the acetonitrile
solubilised I fraction shows the presence of molecular ions 737, 765
and 841 which were identified as sodium adducts of compounds (5)
(M=714), (6) (M=742) and (7) (M=818), respectively (Fig. 8). The
structures for compounds (5), (6) and (7) are proposed based on
the possible successive coupling reactions between intermediates
radicals A, E and F (for the (5) and (7) structures) and between rad-
icals A and a diazenylbenzene molecule C in the case of structure
(6). Considering the combination of radicals formed, as proposed in
the SOG biotransformation mechanism, and the fragmentation pat-
terns found, the molecular ions 533 from I fraction and 321 and 637
from the S fraction have been tentatively identified as compounds
(3) (M=534), (2) (M=322) and (4) (M=638). In fact, the analysis
of fragmentation patterns obtained for products with m/z 533 and
637 confirmed the presence of azo and hydroxyl groups as well as
one benzene group by the loss of 28, 18 and 77 amu, or through the
combination of these values, which are in agreement with the pro-
posed identification. However, their identification cannot be stated
unambiguously mainly due to their unusual ionization process that

seems to be achieved by the loss of an H~. The proposed structures
can be achieved by the coupling between radicals of A type (com-
pound 4) or through nucleophilic attack to an intermediate B with
the posterior loss of the azobenzene group by cleavage of the C-N
bond.

3.6. Toxicity of SOG and biotransformation products

A yeast-based bioassay was used to compare the potential
cytotoxicity of the Sudan Orange G with its enzymatic biotransfor-
mation products (Fig. 9). This is the first report of the toxicological
properties of SOG as far as we are aware. We found that SOG has
a significant cytotoxic effect on yeast cells growth and 24h-NOEC
and 24h-1Cs values of approximately 90 and 300 M, respectively,
were estimated (Fig. 9A). The initial reaction mixture containing
300 wM of SOG exerted an inhibition of 65 + 9 (in %) on yeast growth
(Fig. 9B). Importantly, the final reaction mixture containing the bio-
transformation products is significantly less toxic to the yeast cell
population (near 20% of inhibition of growth) than the untreated
dye solution (Fig. 9B). The toxicity of the soluble (S) and insoluble
(I) product fractions, 27 +5 and 20 + 9%, respectively, were sim-
ilar to that estimated for the total reaction mixture. The results
obtained allowed us to estimate that the enzymatic treatment of
the SOG solution leads to a final detoxification of 67 & 6% (Fig. 9B).
The information available in the literature regarding the detoxifi-
cation of textile effluents with enzymes, namely fungal laccases, is
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Fig. 9. (A) Toxicity of SOG to S. cerevisiae BY4741 assessed by growth inhibitory
effect after 24h at 30°C in MMB medium (pH 6.5); NOEC, no-observed-effect-
concentration and ICsg, 50%-inhibitory-concentration. (B) Comparison of the
inhibition on yeast growth (O) exerted by 300 uM of SOG in B&R buffer, pH 6.5
(D) and the biotransformation products formed after 24 h of enzymatic reaction:
total reaction mixture (T) and product soluble (S) and insoluble (I) fractions in B&R
buffer, pH 6.5. The level of detoxification (%) is also indicated (m).
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scarce and no strict correlation was found between decolourisation
and detoxification, indicating that dye degradation products were
still toxic in some cases (Abadulla et al., 2000; Adedayo et al., 2004,
Lépez et al., 2004; Tauber et al., 2005). The results obtained shows
that the CotA-laccase enzymatic remediation process is effective
in reducing the toxicity of dyeing effluents containing SOG, even
if a more real picture of the environmental impact may be only
obtained with additional toxicity tests using ecologically represen-
tative organisms of different taxonomic ranks.

4. Concluding remarks

Modern biocatalysis is achieving new advances in environ-
mental fields, from enzymatic bioremediation to the synthesis of
renewable and clean energies (Alcalde et al., 2006). From an envi-
ronmental point of view, the use of enzymes instead of chemicals or
microorganisms presents several advantages including the poten-
tial for their production at a higher scale, with enhanced stability
and/or activity and at a lower cost by using recombinant-DNA tech-
nology. In the present work we show that bacterial CotA-laccase
exhibits an optimum at pH 8 for the oxidation of a broad array
of dyes in clear contrast with the vast majority of fungal laccases
that show an optimal pH for dye decolourisation at the acidic range
of pH. Moreover, CotA-laccase does not require the presence of
redox mediators for dye decolourisation which represents another
advantage of this enzyme under a technological perspective. The
biotransformation of the azo dye Sudan Orange G by the recom-
binant bacterial CotA-laccase was studied in detail. The oxidation
of SOG by CotA-laccase proceeds in a broad range of temperatures
(30-80°C) as this enzyme is robust and thermoactive with an opti-
mum at 75 °C The acid-basic behavior of the electroactive groups
of the SOG dye (pgq values of 6.9 and 11.7) was shown to affect its
susceptibility towards enzymatic oxidation. Optimal for enzyme
activity occurs at pH 8, when SOG ortho hydroxyl group is deproto-
nated. The one-electron oxidation of SOG molecule by the enzyme
results therefore, in the formation of unstable radical molecules
and in the concomitant destruction of the dye chromophoric struc-
ture. The radical products can undergo coupling reactions between
themselves or with un-reacted dye molecules, to produce a large
array of oligomeric products. This is in agreement with structures
of final enzymatic products identified by LC-MS and MALDI-TOF
analyses and foreseen from the mechanistic pathway proposed
for SOG dye biotransformation. In addition, the presence of these
compounds is in accordance with the darkening of the enzymatic
treated solution and the high insolubility of products formed. This
may explain the reduced toxicity of the final reaction mixture as
compared with solutions of intact SOG and highlights the poten-
tial for the application of this bioremediation friendly system, as
products can be removed from effluents in the form of a precipitate.
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