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Aldehyde PEGyIation of laccase from Trametes
versicolor in route to mcrease its stability:
effect on enzymatic activity'
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Laccase is a multicopper oxidase that catalyzes the oxidation of phenolic compounds. Laccase can be used in biore-
mediation, beverage (wine, fruit juice, and beer) processing, ascorbic acid determination, sugar beet pectin gelation
baking, and as a biosensor. Recently, the antiproliferative activity of laccase toward tumor cells has been reported.
Because of the potential applications of this enzyme, the efforts for enhancing and stabilizing its activity have
increased. Thus, the PEGylation of laccase can be an alternative. PEGylation is the covalent attachment of one or
more molecules of methoxy poly(ethylene glycol) (mPEG) to a protein. Normally, during the PEGylation reaction, the
activity is reduced but the stability increases; thus, it is important to minimize the loss of activity. In this work, the effects
of molar ratio (1:4, 1:8, and 1:12), concentration of laccase (6 and 12 mg/ml), reaction time (4 and 17 h), molecular
weight, and type of mPEG (20, 30, 40 kDa and 40 kDa-branched) were analyzed. The activity was measured using three
substrates: ABTS, 2,6-dimethoxyphenol, and syringaldazine. The best conditions for laccase PEGylation were 12 mg/ml
of laccase, molar ratio 1:4, and 4 h reaction time. Under these conditions, the enzyme was able to maintain nearly 100%
of its enzymatic activity with ABTS. The PEGylation of laccase has not been extensively explored, so it is important to
analyze the effects of this bioconjugation in route to produce a robust modified enzyme. Copyright © 2015 John Wiley

& Sons, Ltd.
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INTRODUCTION

Laccase (EC 1.10.3.2, benzenediol : oxygen oxidoreductase) is one
of the few enzymes that have been studied since the 19th century
(Baldrian, 2006). These enzymes catalyze the one-electron oxida-
tion of a wide variety of organic and inorganic substrates, including
mono-, di-, and polyphenols, amino-phenols, methoxyphenols, ar-
omatic amines, and ascorbate, with the concomitant four-electron
reduction of oxygen to water (Madhavi and Lele, 2009). Laccases
are common in fungi. Actually, they have been found in higher
fungi. They occur in fungal causative agents of soft rots, in most
bracket fungi causing white rot, and in many agarics, including cul-
tivated edible fungi: champignon, pleurotus, and medicinal shiitake
Lentinula edodes. Other laccase producers are wood-degrading
fungi as Trametes versicolor (Morozova et al., 2007). Typical fungal
laccase is a protein of approximately 60-70 kDa with acid isoelec-
tric point around 4.0 (Baldrian, 2006). Potential uses of laccases in-
clude textile-dye bleaching, pulp bleaching, food improvement,
bioremediation of soils and water, polymer synthesis, the devel-
opment of biosensors and biofuel cells, chemical synthesis, and
as a tool for medical diagnostics (Rodriguez-Couto and Toca-
Herrera, 2006; Zou et al., 2012). Recently, the antiproliferative
activity against tumor cells of laccase from a white root fungus
Abortiporus biennis has been reported (Zhang et al.,, 2011). Be-
cause of the potential applications of this enzyme, the efforts
for enhancing and stabilizing its activity have increased.
PEGylation defines the modification of a protein or peptide by
the linking of one or more methoxy poly(ethylene glycol) (mPEG)
chains, a nontoxic and nonimmunogenic polymer (Veronese and

Pasut, 2005; Veronese and Mero, 2008). This strategy has been
mainly exploited in the pharmaceutical area. PEGylation changes
the physical and chemical properties of the biomolecule, such as
its conformation, electrostatic binding, size, and hydrophobicity;
resulting in an improvement in the pharmacokinetic behavior of
the protein (Fee and Van Alstine, 2006; Veronese and Mero,
2008). Most of these phenomena can be explained by the greatly
expanded hydrodynamic volume of the PEG-protein conjugate
as a result of the ability of mPEG to coordinate numerous water
molecules and of the high flexibility of the mPEG chain (Gaberc-
Porekar et al., 2008). Because of the versatility of this technique, its
application has been extended to areas other than therapeutics.

Although laccase is an enzyme widely studied, few reports
about its conjugation with mPEG are known. Up to now, the
PEGylation of laccase from Coriolopsis gallica, Trametes hirsuta,
Myceliophthora thermophila and T. versicolor have been reported.
In all cases, chemical conjugation of the lysine free amino groups
was carried out using mPEG of 5kDa. Under these conditions,
PEGylation slightly improved the thermostability of laccase from
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M.thermophila and decreases its inactivation rate in organic
solvents. While laccase from C.gallica conjugated with mPEG
had a higher catalytic activity on syringaldazine than the native
enzyme. In the case of laccase of T. hirsuta, the PEGylation re-
sulted in an enhanced enzyme stability while with increasing mo-
lecular weight of attached mPEG (5, 2 and 1.10 kDa) the substrate
affinity for the laccase conjugated decreased (Vandertol-Vanier
et al., 2002; Lopez-Cruz et al., 2006; Schroeder et al., 2006; Kim
et al, 2013). The PEGylation reaction used in the above men-
tioned reports is usually designated as random and results in
complex mixtures of conjugates with different numbers and
distributions of bound mPEG chains (Gaberc-Porekar et al., 2008).

During the PEGylation reaction, the activity is reduced but the
stability increases; thus, it is important to minimize the loss of
activity. In this work, the influence of time of the aldehyde
PEGylation reaction on the total enzyme activity of laccase was
analyzed after 4 and 17 h. The activity was measured using three
substrates: ABTS, syringaldazine, and 2,6-dimethoxyphenol.
Additionally, different molecular weights of mPEG were used:
20, 30, 40kDa and 40kDa-branched. The PEGylation of laccase
has not been extensively explored so it is important to analyze
the effects of this bioconjugation on the enzymatic activity using
laccase from T. versicolor as a model.

EXPERIMENTAL

Materials

Laccase from T. versicolor (catalogue number 51639), 2,2"-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2,6-dimethoxyphenol

(DMP) and 4-hydroxy-3,5-dimethoxybenzaldehyde azine (syringaldazine,
SYR) were purchased from Sigma-Aldrich (MO, USA). Methoxy
poly(ethylene glycol) propionaldehyde (mPEG) with nominal mo-
lecular weight of 20, 30, 40 lineal, and 40 kDa Y-shaped (branched)
came from JenKem Technology (Beijing, China). PEGylation reaction
buffer was prepared from sodium phosphate monobasic and diba-
sic salts (Mallinckrodt Baker, Mexico) and sodium cyanoborohydride
(Fluka, Switzerland).

Laccase PEGylation reaction

Laccase was PEGylated in triplicates according to the procedure
reported by Daly et al. and previous works of our group (Daly
et al.,, 2005; Cisneros-Ruiz et al.,, 2009; Gonzélez-Valdez et al, 2011;
Mayolo-Deloisa et al,, 2012). Briefly, 7.0 ml of 12 mg/ml (unless other-
wise specified) laccase from T. versicolor reacted with 20, 30, 40 lineal,
or 40 kDa-branched mPEG-propionaldehyde in a pH5.10, 100mM
sodium phosphate buffer with 20 mM sodium cyanoborohydride.
A 2ml control reaction without mPEG was also conducted in every
experiment. The reactions were stirred rapidly for 4 or 17 h at 4°C.
After 10 min of mixing, the reagents were completely dissolved,
and an aliquot (namely time 0h) was taken, as well as at the end-
point of the reactions (namely time 4 or 17 h, respectively). These
samples were centrifuged at 15000 x g and 4 °C for 5 min, and then
they were syringe-filtered (0.2 um) for future analyses.

SDS-PAGE analysis

The samples for the SDS-PAGE analysis were assembled as
follows: 0.012 ml of a 4X loading buffer were added to 0.036 ml

Table 1. Molar ratio effect (protein: 20 kDa mPEG) on the total activity recovery using ABTS

#Control reaction without mPEG.

Molar ratio (protein-mPEG) Protein (mg/ml) mPEG (mg/ml) Recovery of enzymatic activity (%) SD
14 6 7.5 43.39 3.68
39.43? 2.73°
1:8 6 15.0 58.65 261
36.71° 1.47°
1:12 6 225 5291 4.86
35.01° 1.18°

mMPEG = methoxy poly(ethylene glycol); SD = standard deviation; ABTS = 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).

ratio

ABTS

Table 2. Effect of protein concentration and 20 kDa mPEG on the total enzyme activity recovery using three substrates. 1:4 molar

DMP SYR

Recovery of

Recovery of Recovery of

DMP = 2,6-dimethoxyphenol; SYR = syringaldazine.
@Control reaction without mPEG.

Protein (mg/ml) mPEG (mg/ml)  enzyme activity (%) SD enzyme activity (%) SD enzyme activity (%) SD

6 7.5 43.39 3.68 33.32 0.64 17.67 1.41
39.43? 2.74° 20.182 0.58% 5.66° 0.73°

12 15.0 65.92 3.89 40.89 1.27 36.11 3.62
57.87° 1.03° 37.16° 2.16% 20.03° 0.74°

mMPEG = methoxy poly(ethylene glycol); SD=standard deviation; ABTS = 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid);
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Figure 1. SDS-PAGE analysis of PEGylated laccase reaction at time 0 and 17 h with silver staining for protein detection (A) and 1,-BaCl; staining for
mPEG detection (B). The samples are: laccase standard 1.5 pg (lane 1), standard mPEG 20kDa 1.5 ug (lane 2), laccase reaction at Oh (lanes 3, 5 and
7), laccase reaction at 17 h (lanes 4, 6, and 8), and molecular weight marker precision plus protein all blue standards 1.5 ug (lane 9).

of the sample, mixed, and heated for 10 min at 99°C in a digital
heatblock. The gels, Mini-Protean TGX precast 10% gels (Bio-Rad
Laboratories, Inc., CA, USA), were run at 80V for 150 min and
were first silver-stained and then dyed with barium iodine to
visualize the mPEG as previously reported (Gonzalez-Gonzalez
et al, 2012).
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Figure 2. Effect of molecular weight and type of mPEG using three sub-
strates. Molar ratio = 1:4; time reaction = 17 h; mPEG = methoxy poly(ethylene
glycol); ABTS = 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); DMP =2,6-
dimethoxyphenol; SYR = syringaldazine. Controls are in blue and PEGylated
reactions are in red.

Laccase enzymatic activity determination

The activity was measured by monitoring the oxidation of three
substrates: ABTS ¢"=293x10°M 'cm ™' at 436nm (1 mM in
ethanol); DMP e¢"=275x10°M"ecm™" at 468nm (6mM in
ethanol) and syringaldazine ¢"=65x10*M~'cm™" at 526 nm
(1mM in ethanol) (Flores et al, 2009). The reaction mixture
consisted of 0.222ml of acetate buffer (0.1 M; pH4.0 for ABTS,
pH5.0 for DMP and syringaldazine), 0.025ml of substrate, and
0.003 ml of sample. One unit of enzyme activity was defined as the
amount of enzyme catalizing the formation of 1.0 uM of the reaction
product per minute (Mayolo-Deloisa et al., 2009). Results reported
are the average of at least three independent experiments.

Separation of PEGylated laccase

The reaction mixture of laccase (6.0 ml) was analyzed via size-
exclusion chromatography with an Akta Explorer 100 system
(GE Healthcare, Uppsala, Sweden) using a Sephacryl S-300 col-
umn (2.6 cm inner diameter, 60 cm length, Amersham Pharmacia,
Uppsala, Sweden) with an isocratic mobile phase of 10 mM
sodium phosphate buffer, pH 7.2, containing 150 mM potassium
chloride at a flow rate of 1.0ml/min. The column was pre-
equilibrated with one-half column volume of distilled water and
two column volumes of mobile phase (Cisneros-Ruiz et al., 2009).

RESULTS AND DISCUSSION

The location where the mPEG attaches to the protein surface has
a large effect on the bioactivity of the PEG-protein conjugate. A
common approach to the site-direct PEGylation is the attachment
of the mPEG to the N-terminal of a protein (Payne et al., 2010). The
reaction products depend on the reaction conditions: pH, molar
ratio, protein concentration, reaction time, and temperature. Thus,
in this work, an N-terminal PEGylation reaction previously
reported by the group, with 20kDa mPEG and a reaction time of
17h, was used (Gonzélez-Valdez et al, 2011; Mayolo-Deloisa
et al.,, 2012). The reaction was conducted at pH 5.10. This strategy
is based on the fact that primary amine residues in protein have
different pKa values: pKa 7.8 for N-terminal a-amino groups and
10.1 for e-amino groups in lysine residues (Lee et al., 2003).

Molar ratio

The first step was to evaluate the effect of the molar ratio
(protein: 20 kDa mPEG) on the total enzymatic activity recovery
with ABTS as substrate. For this, three molar ratios were used:
1:4, 1:8, and 1:12. The results are shown in Table 1. The highest
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enzymatic activity recovery was observed with a molar ratio of 1:8
(58.65%), when the molar ratio was increased up to 1:12 (52.91%)
the recovery decreased. The typical recommended ratio for this
type of reaction is 1:4; thus, that proportion was challenged by
doubling the concentration of enzyme and 20 kDa mPEG. This
approach was pursued in an attempt to increase the percentage
recovery of activity obtained with the ratio of 1:8. Additionally,
DMP and syringaldazine were used as substrate. As a result, a
positive effect in the recovery of activity with all substrates was
observed (Table 2). When ABTS was used, the recovery increased
from 43.39% to 65.92%, thus obtaining a higher percentage com-
pared with the molar ratio of 1:8 (Table 1). Furthermore, when the
concentration of laccase and mPEG was doubled, the recovery
was also higher for DMP and syringaldazine. However, a greater
loss of enzymatic activity was obtained with the DMP and
syringaldazine; apparently, the PEGylation reaction has a nega-
tive effect with these two substrates. This decrease in activity

650 -|
550 -|
450 -
350 |

250

Absorbance 210nm (mAU)

150 -

50 -

may be attributed to the large mPEG 20 kDa used, which could
mask the active site (Huang et al, 2009). Usually, PEGylation
process affects the activity of a protein but increases its stability.
This phenomenon has been extensively studied with therapeutic
proteins, which show a reduction of their in vitro biological
activity after PEGylation. Nevertheless, the in vivo pharmacologi-
cal effects are usually enhanced (Jevsevar et al., 2010). From the
results obtained, reaction conditions involving molar ratio of 1:4
with 12 mg/ml of laccase and 15mg/ml of 20 kDa mPEG were
selected.

In order to confirm the presence of PEGylated proteins, the
products from the reactions were analyzed using SDS-PAGE.
The same gel was stained with silver for protein detection and
I,-BaCl, for mPEG detection. The reactions at 0 and 17 h are
shown in Figure 1. The silver staining shows the presence of
PEGylated laccase at about 100kDa (Figure 1A, lanes 3-8),
the bands are more intense at 17 h, but PEGylated proteins can

20 kDa

30 kDa
40 kDa

40 kDa (branched)

" Laccase

50 0 50 100 150

200 250 300 350 400

Volume (mL)

Figure 3. Size exclusion chromatography profile of PEGylation reactions with different molecular weights of mPEG and laccase standard. Molar ratio:

1:4; reaction time: 17 h.
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Figure 4. SDS-PAGE analysis of the laccase PEGylation reaction with mPEGs of different molecular weights (A and B) and mPEGs standards (C). Silver
staining for protein detection (A) and I,-BaCl; staining for PEG detection (B and Q).
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also be observed at 0 h, which means that the PEGylation reaction
is performed promptly. It is important to note that time 0 is a
PEGylation reaction aliquot after 10 min of agitation to guarantee
that all the reaction components are completely dissolved.
The molecular weight corresponding to the PEGylated laccase
seemed larger than the theoretical molecular size (approximately
86 kDa). This phenomenon has been explained by the lower
mobility of the PEGylated proteins during electrophoresis on
SDS-PAGE (Kurfirst, 1992; Huang et al., 2009). The standard of
20 kDa mPEG (Figure 1B, lane 2) appears at 50 kDa. It is important
to mention that the molecular weight of the bands of mPEG read
with respect to the Precision Plus Protein Kaleidoscope (lane 9)
will not correspond to the real weight of the mPEG (Gonzélez-
Gonzalez et al., 2012). Based upon these results, it is clear that
at least one monoPEGylated protein is being produced.
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Effect of molecular weight and type of mPEG

The effect of molecular weight and type of mPEG on the enzy-
matic activity is reported in Figure 2. For this purpose, mPEG of
20, 30, 40kDa and 40kDa Y-shaped (branched) were used. The
concentration of laccase (12mg/ml) and the 1:4 molar ratio
(protein : mPEG) were kept constant, and enzymatic activity was
measured using the three selected substrates. In general, the
behavior of enzymatic activity was the same as shown in the
Table 2; the highest recovery was with ABTS, and it decreases
with DMP and syringaldazine. The recovery with ABTS varied
between 63.16 and 72.51% (maximum value was achieved using
30kDa mPEG). In the case of DMP, the enzymatic activity recovery
was almost constant (40.89-43.97%). For syringaldazine, a positive
effect was observed using a molecular weight of 30kDa mPEG,

ABTS

40 40 (branched)
DMP

40 | 40 (branched)
SYR

40 40 (branched)

mPEG (kDa)

Figure 5. Effect of time of reaction on enzyme activity. Molar ratio = 1:4; time of reaction =4 h; mPEG = methoxy poly(ethylene glycol); ABTS = 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid); DMP = 2,6-dimethoxyphenol; SYR = syringaldazine. Controls are in blue and PEGylated reactions are in red.
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where the percentage of recovery reached a value of 55.28%.
When comparing the type of mPEG with linear or branched
40kDa mPEG, no marked effect on the enzyme activity was
observed. This last result is interesting because the branched
mPEG was expected to cause a steric effect, which would signifi-
cantly decrease the activity of the laccase. There are no rules for
selecting the most suitable molecular weight for linking to a
protein, or a ratio of protein molecular weight with respect to
the molecular weight of mPEG. But it is important to mention that
mMPEG has different properties as high solubility in water and in
many organic solvents, high hydration and flexibility of the chain
(Pasut and Veronese, 2007). From the results reported in Figure 2,
it can be concluded that the recovery of activity is higher using
30 kDa mPEG for all substrates.

Size exclusion chromatography (SEC) has been widely used for
separation of PEG-protein conjugates. This particular type of
chromatography exploits the increase in molecular weight of
the protein caused by PEGylation (Jevsevar et al., 2010). In this
work, SEC was used to confirm the formation of PEGylated
laccase and to explore its potential as a purification method.
Figure 3 illustrates the SEC profile of the products of the
PEGylation reactions and standard laccase. Peaks between 100
and 150 ml can be observed in the chromatography profile of
the samples from the PEGylated reactions; nevertheless, the
laccase standard is free of any sign of absorbance in this same
zone. Noticeably, the resolution of PEGylated proteins is very
poor, leaving an area of opportunity to explore alternative puri-
fication techniques, which could be more effective. However,
the distinctions in the signal due to the different molecular
weights of MPEG may be noted and PEGylated proteins can be
separated from the unreacted laccase; but the retention times
cannot be accurately determined. The presence of PEGylated
proteins with different molecular weights of mPEG was con-
firmed by SDS-PAGE (Figure 4). In this gel, a reaction control
(without mPEG) was included (Part A and B, lane 2); the control pro-
file is almost equal to the standard laccase (Part A and B, lane 1). In
part B, it can be seen that there is no band indicating the presence
of mPEG in lanes 1 and 2. However, it can be clearly seen the
presence of mPEG in excess and the PEGylated laccase (Figure 4A
and B; lanes 3, 5, 7, and 9). Figure 4C shows the mPEG controls.

The results showed that 72.51% was the best recovery percent-
age of enzyme activity, which was obtained using 30 kDa mPEG
and ABTS as substrate. Reports on the amount of activity lost by
the laccase during the N-terminal PEGylation reaction are not
known, but there are reports for other proteins in which the reduc-
tion of activity can reach up to 60% (Huang et al., 2009). It is note-
worthy that in all PEGylation reaction experiments, a control
without mPEG was considered. The reduction of the activity ob-
served from this control was higher than that obtained from the
PEGylation reactions. Thus, the loss of activity can be attributed to
the presence of sodium cyanoborohydride in the reaction buffer.

Effect of time of reaction

In an attempt to further optimize the conditions for the
PEGylation of laccase, which minimizes the loss of its activity, it
was decided to reduce the PEGylation reaction time to 4 h. The
experiments were performed using the different molecular
weights of mPEG previously tested (Figure 5). In general, a reduc-
tion in reaction time resulted in an increase in enzymatic activity
recovery. The percentages of recovery varied between 93.45%
and 105% with ABTS. The behavior is similar to preliminary
experiments (Table 2); laccase shows more affinity for ABTS.
However, the recovery of activity with DMP (78.08-83.90%) and
syringaldazine (81.22-92.53%) was also higher than the ones
obtained at 17 h. The reactions were analyzed by SEC to confirm
evidence of the PEGylation (Figure 6). PEGylated proteins can be
observed between 100 and 150 ml (as in Figure 3). In these
chromatograms, the peaks are sharper; thus, they have higher
resolution than those obtained at 17 h. This may be because the
short reaction time increases the production of monoPEGylated
protein. Prolonging the reaction time usually leads to the produc-
tion of other PEGylated proteins (di- or tri-PEGylated).

Until now, PEGylation processes have been focused on
the modification of therapeutic proteins because of their high
value. Nevertheless, the application of this type of process to
multifunctional proteins as laccase is very interesting. In this
study, an attempt to reduce the impact of PEGylation on the
enzymatic activity of laccase was pursued. However, although
the reaction conditions under which the enzymatic activity was
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Figure 6. Size exclusion chromatography profile of PEGylation reactions with different molecular weights of mPEG and standard laccase. Molar ratio = 1:4;

reaction time=4h.
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preserved were obtained, important questions were raised. Such
questions involve the potential role of PEGylation to change the
affinity of the enzyme for a specific substrate. It is clear that this
is an issue that needs to be addressed in future research.

The modification of enzymes has been used for a long time;
the interest in preserving and/or increasing the enzyme activity
is a subject that will be relevant in any process. PEGylation has
been little explored to modify nontherapeutic enzymes. How-
ever, this work shows that it is possible to produce ‘improved
enzymes’ without affecting enzyme activity. The potential ge-
neric application of this approach to other enzymes of industrial
interest opens a line of research that can be widely exploited.

CONCLUSIONS

Selecting the laccase PEGylation reaction conditions is not a trivial
task. Site-specific modification of N-terminal was selected in order
to preserve the activity of the native protein in the conjugate. The
effects of molar ratio (laccase : mPEG), concentration, time of reac-
tion, molecular weight, and type of mPEG were evaluated. The fac-
tors that had more impact on the recovery of activity were the
concentration of laccase and the time of reaction. The molecular

weight of mPEG had not significant impact in the laccase activity.
The best conditions for laccase PEGylation were 12mg/ml of
laccase, molar ratio 1:4, and 4 h of time of reaction. Under these
conditions, the enzyme is able to maintain nearly 100% of its enzy-
matic activity with ABTS; whereas with DMP and syringaldazine,
the loss of activity is on average 19% and 13%, respectively. In all
experiments, the recovery of activity increased with ABTS. As it
can be observed in controls, sodium cyanoborohydride affects
the laccase activity. However, mPEG provides stability to the pro-
tein during aldehyde PEGylation reaction. Determine the reaction
conditions is the first stage in PEGylation process design. ldenti-
fying at early stage the parameters that affect the product activity
is crucial. Because once the conditions are optimized, PEGylated
protein can be obtained and the degree of PEGylation determined.
If it is necessary, the purification process can be designed.
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