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ARTICLE INFO ABSTRACT

Keywords: Laccases are versatile biocatalysts with interest for various industrial applications. This study reports the
Laccase expression of Trametes versicolor laccase in Komagataella phaffii X33. The cultivation parameters (methanol and
Kf’magat‘IEZ_la phaffii CuSO4 concentration, and temperature) for recombinant laccase production were studied in an orbital shaker.
g;‘;%z‘;:;ﬁz Enhanced laccase production was achieved by adding 1 % (v/v) methanol daily, supplementing 0.1 mM CuSO4
Coating and incubating at 25 °C. Under these conditions, laccase production was scaled-up in a 4L stirred tank biore-

actor. Subsequently, laccase was concentrated and purified using a combined protocol of ultrafiltration and
acetone precipitation, achieving a purification factor of 3.02. The laccase produced exhibited robust stability
within a pH range from 4.0 to 8.0 and thermal stability up to 30 °C. Michaelis Menten kinetic revealed Michaelis
constant (Ky) and maximum rate of reaction (Vpax) values of 44.5uM and 110.9 uM/min, respectively. Finally,
laccase was employed as a biocatalyst to assist the polymerization of dopamine to polydopamine, allowing the
one-step coating of cellulose filter paper, as confirmed by diffuse reflectance spectroscopy (UV-Vis DRS) and
scanning electron microscopy (SEM). This work represents an advance in the field of laccase production in both
orbital shaker and bioreactor, while demonstrating, for the first time, the laccase-assisted polymerization of
dopamine for the coating of filter paper with polydopamine.

1. Introduction

Laccases (EC 3.10.3.2) are multi-copper oxidoreductases with cata-
lytic activity in the oxidation of a wide range of organic and inorganic
compounds (e.g., aromatic amines and phenolic compounds), by
reducing molecular oxygen to water [1,2]. Nowadays, laccases are used
as biocatalysts with multifaceted industrial applications, and are
extensively known for their application in the paper and pulp industry
and in wastewater treatment [3]. Due to their high specificity and effi-
ciency, novel and promising laccase applications are envisioned, such as
in biosensors, biofuels and polymer synthesis [1,4].

Under the framework of polymerization, particular interest has been
given to the laccase-mediated synthesis of polydopamine (PDA) [5], a
bioinspired biopolymer with unique adhesive and coating properties for
(nano)materials (ceramics, glass, among others) [6]. These coatings
exhibit exceptional properties such as biodegradation, biocompatibility,
and antioxidant activity. The biocompatible nature of PDA and its
enhanced ability to immobilize biomolecules renders it highly attractive
for enzyme immobilization [7], to improve materials adhesion for tissue
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engineering [8], or to enhance the corrosion resistance of biosensors [9].
PDA provides a one-step solution for surface functionalization and is
attractive as a coating material due to its chemical versatility and ease of
processing [10]. However, the conventional PDA synthesis typically
involves dopamine self-polymerization under alkaline conditions (pH >
8.5) [6]. In addition to being labor-intensive and time-consuming,
requiring at least 24 h of reaction, it can compromise the coating of
alkali-sensitive materials [11]. To overcome these issues,
laccase-assisted polymerization appears as an efficient and controlled
synthesis route for PDA coatings, enabling shorter reaction times and
higher versatility in coating various materials, including those sensitive
to alkaline conditions. To date, PDA coatings catalyzed by laccase have
been studied for different materials, such as carbon nanotubes [12] and
cotton [13]. Despite the promising potential of PDA coating in cellulose
paper for low-cost diagnostic sensors or microfluidic devices [14], to the
best of our knowledge, only non-enzymatic reactions have been studied
to this end so far.

Laccases are naturally produced by several organisms, with white-rot
fungi standing out as prominent laccase producers [1,2]. However, the
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Table 1

Culture media composition applied in different stages of this work for K. phaffi

X33 manipulation, transformation and laccase production.

Culture medium

Application

Composition

Yeast peptone
dextrose (YPD)

Yeast peptone
dextrose sorbitol
(YPDS)

Buffered Glycerol-
complex Medium
(BMGY)

Buffered Methanol-
complex Medium
(BMMY)

Growth and storage

Selection of
transformants

Biomass production
(inoculum
preparation)

Inducing secreted
expression
(fermentation)

1 % (w/v) yeast extract, 2 % (w/v)
peptone and 2 % (w/v) glucose

1 % (w/v) yeast extract, 2 % (w/v)
peptone, 2% (w/v) glucose, 2%
(w/v) agar and sorbitol (1 M)

1 % (w/v) yeast extract, 2 % (w/v)
peptone, 100 mM phosphate
buffer (pH 6.0), 1.34 % (w/v)
YNB, 4.00x10°° % (w/v) biotin
and 1 % (v/v) glycerol

1 % (w/v) yeast extract, 2 % (w/v)
peptone, 100 mM potassium
phosphate buffer (pH 6.0), 1.34 %

(w/v) YNB, 4.00%x10° % (w/v)
biotin and 1 % (v/v) methanol

use of native producers is usually associated with high production costs
and low productivity. In addition, it yields a mixture of isoenzymes that
is not desirable for large-scale applications and commercial purposes
[15,16]. So, heterologous expression of laccase is a viable strategy to
overcome these issues as it offers higher yields, better solvent tolerance,
and higher stability and catalytic efficiency over native enzymes
[16-18].

Among the hosts currently available, Komagataella phaffii (previously
described as Pichia pastoris) has emerged as an efficient and versatile
system for intra- and extracellular recombinant protein expression. With
well-characterized genetics facilitating subsequent genetic manipula-
tions [19], this yeast grows to high cell densities in minimal media,
representing a cost-effective strategy compared to other expression
systems. Adding to these advantages is the easy scalability of K. phaffii
bioprocesses, its capacity to carry out essential post-translational mod-
ifications for protein function, as well as an enhanced ability to secrete
proteins towards the extracellular medium [19,20]. The latter attracts
special interest as fewer endogenous proteins are in the extracellular
medium, streamlining the subsequent purification steps and saving time
[21,22]. Due to the presence of the alcohol oxidase (AOX 1) gene,
K. phaffii bioprocesses driven by the AOX promoter are strongly regu-
lated by methanol, allowing inducible expression with high protein
levels [19,20].

Over the years, K. phaffii has established itself as a productive in-
dustrial host capable to produce commercial proteins [22], including
several laccases [23-25]. Nonetheless, the established methods are still
limited by the low heterologous expression efficiency, inefficient
secretion, and the lack of scalable methodologies. To address these
challenges, the present study aims to achieve the heterologous produc-
tion of Trametes versicolor laccase (gene lcc2) in K. phaffii X33 under the
control of the AOX promoter. Firstly, the optimization of several vari-
ables (glycerol presence, methanol concentration, copper concentration
and temperature) was carried out in an orbital shaker. Then, under
optimized conditions, laccase production was performed in a 4 L stirred
tank bioreactor. The recombinant laccase produced was applied for the
first time to polymerize dopamine into PDA and to coat cellulose filter
paper with PDA.

2. Materials and methods
2.1. Materials, plasmids and strains

K. phaffii X33 strain and the recombinant plasmid pPICZB containing
the lcc2 gene from T. versicolor (GenBank Accession No. CAA77015.1, cf.
Fig. S1 in the Supplementary Material (SM) for further details) were
obtained from Invitrogen (Carlsbad, USA) and Genscript (Piscataway,
New Jersey, USA), respectively. The reagents used in the preparation of
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the culture medium (shown in Table 1) were peptone and agar from
Liofilchem (Teramo, Italy), yeast extract from Biokar (Cedex, France),
biotin from Fagron and yeast nitrogen base (YNB) with ammonium
sulfate (5 g/L) from Grisp (Porto, Portugal). Glycerol (analytical grade)
and methanol (HPLC grade) were acquired from Merck (Darmstadt,
Germany) and Fisher Scientific (Massachusetts, USA), respectively.
Copper sulfate pentahydrate (CuSO4.5H20) was obtained from Merck
(Darmstadt, Germany), biotin from Fagron (Rotterdam, Netherlands),
and zeocin was purchased from InvivoGen (California, USA). Glucose
was purchased from VWR (Pennsylvania, USA), while agar was obtained
from Liofilchem (Teramo, Italy). 2,2"-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS), dopamine hydrochloride and the laccase stan-
dard from T. versicolor (lot result 1.4 U/mg) were acquired from Sigma-
Aldrich (St. Louis, USA). Phosphate buffer was prepared using dipotas-
sium hydrogen phosphate trihydrate (KoHPO4.3 HoO, 98 % purity) and
potassium phosphate monobasic (KH2PO4, 98 % purity) acquired from
Scharlab (Barcelona, Spain). Total protein quantification was performed
using the Pierce BCA protein assay from Thermo Fisher Scientific
(Massachusetts, USA). NZYColour Protein Marker I was obtained from
NZYTech (Lisbon, Portugal), and the tris-glycine pre-casted poly-
acrylamide gels and Tris-Glycine SDS running buffer were acquired from
Invitrogen (Carlsbad, USA).

The culture media composition used for the cell growth and routine
manipulation of K. phaffii X33, as well as those used during strain
transformation and for laccase production, are shown in Table 1.

2.2. K. phaffii X33cultivation and laccase production

K. phaffii X33 was routinely cultivated in YPD medium and trans-
formed by electroporation according to the manufacturer’s instructions
(cf. the SM for details). To confirm the expression of laccase in K. phaffii
X33, the yeast was grown on YPD agar (2 % (w/v)) plates supplemented
with 0.2 mM ABTS. Plates were incubated for 15 days at 30 °C.

2.2.1. Inoculum preparation

To prepare the K. phaffii X33 inoculum, yeast colonies were trans-
ferred from YPD agar plates (previously grown at 30 °C) to 250 mL
Erlenmeyer flasks containing 50 mL of BMGY medium and incubated at
30 °C under stirring at 250 rpm. After 24 h, cell growth was determined
by measuring the Optical Density at 600 nm (ODggo). Then, a deter-
mined volume was collected to achieve an initial ODggg of 1.0 Absor-
bance Unit (AU) in both fermentations. The sample was then centrifuged
at 1400 x g for 5min at 25 °C. The recovered cell pellet was directly
resuspended in the induction medium (BMMY) and used as the inoculum
for orbital shaker and bioreactor cultivations.

2.2.2. Laccase production in orbital shaker

Orbital shaker cultivations were performed in 250 mL Erlenmeyer
flasks containing 50 mL of BMMY medium, incubated at 250 rpm for 13
days. The standard control condition at 30 °C was applied for starting
the cultivation (addition of methanol 1% (v/v) + supplementation of
CuSO4 0.1 mM, both concentrations in the fermentation broth), as well
as for the daily feeding with only methanol, 1 % (v/v) [26,27]. Control
parameters were defined according to the yeast expression guide pro-
vided by the manufacturer for general yeast use [26] and the work of
Balakumaran et al. [27] on the effect of copper supplementation in
K. phaffii growth. Methanol feeding was performed on days 0, 1, 2, 3, 6,
7, 8, 9 and 10. Samples were collected to monitor cell growth, pH,
protein concentration and enzymatic activity. In the initial stage, laccase
production was assessed by measuring its bioactivity directly in the
extracellular and intracellular fractions, following the application of a
cell lysis and protein recovery protocol described in the SM. Since it was
found that laccase was being secreted into the extracellular medium, this
fraction was used throughout the entire work. Additional experiments to
determine the optimal cultivation conditions for laccase expression
encompassed the study of different concentrations of daily methanol



F.F. Magalhaes et al.

feedings (0-2.00 % (v/v)), CuSO4 concentration (0-0.5 mM) and three
temperatures (25.0, 30.0 and 32.5 °C). The relative laccase production
was determined based on its bioactivity, according to Eq. 1:

Enzymatic activity in the sample (U/L)
Engzymatic activity in the control (U/L)
x 100

Relative laccase production(%) =

(€Y

where the enzymatic activity in control corresponds to experiments
performed at 30 °C, with 1 % (v/v) methanol both in BMMY medium
and for the daily feeding, and with CuSO4 0.1 mM.

The effect of pH (3.0-8.0) and temperature (4, 25, 30, 40 and 50 °C)
on the laccase activity was also investigated according to the details
provided in the SM.

2.2.3. Laccase production in stirred tank bioreactor

Laccase production was carried out in a 6 L stirred tank bioreactor
Minifors II (Infors-HT) with a working volume of 4 L. This bioreactor is
equipped with oxygen and pH electrodes, and two Rushton impellers.
Culture conditions were 5 % (v/v) inoculum, 25 °C, 700 rpm, 1 vvm (air
volume/medium volume/min) for 7 days. The BMMY medium was
supplemented with 0.1 mM CuSO4 and 1 % methanol daily. Antifoam
was manually added when needed. Two strategies were investigated
after the preparation of the inoculum (cf. Fig S2 in the SM for a sche-
matic representation): I) the cultivation was initiated in a shake-flask
(25 °C and 250 rpm) using BMMY medium for 5 days, daily supple-
mented with 0.1 mM CuSO4 and 1 % (v/v) methanol, and later trans-
ferred to the bioreactor; II) the inoculum was directly transferred to the
bioreactor. Cell growth, enzymatic activity, alcohol concentration
(measured using an alcohol meter - Alcoholometer (Hydrometer) Gay
Lussac and Cartier 0-100 %) and cell viability were measured for both
strategies. The relative laccase production was determined according to
Eq. 1, while the enzymatic activity in the control corresponds to the
laccase activity detected on day 7 of strategy I.

2.2.4. Monitoring of cell growth and viability

Cell growth was determined by measuring the samples’ optical
density at 600 nm (ODggp) using a UV-Vis spectrophotometer (Shi-
madzu, UV-1280). In addition, cell viability was determined using the
trypan blue dye exclusion method. Yeast cells were exposed to trypan
blue dye (4 mg/mL) and subsequently counted using a Neubauer he-
mocytometer. Cell viability (%) was assessed through direct colony
counting, and cell density was calculated based on colony-forming units
(CFU/mL), according to Eq. 2.

__ number of viable cells

Loy
Cell viability(%) total number of cells x 100 2

2.3. Laccase purification and concentration by precipitation and
ultrafiltration

Laccase purification and concentration from the fermentation broth
were achieved by organic solvent precipitation and ultrafiltration. The
fermentation broth was incubated at —20 °C with cold methanol (2:1 v/
v solvent: sample) for 2 h and cold acetone (2:1 and 4:1 v/v solvent:
sample) for 1, 2 or 4 h, under continuous orbital stirring. After incuba-
tion, the sample was centrifuged at 9480 x g for 15 min, and the
resulting precipitate was dissolved in 400 uL of phosphate buffer
(50 mM, pH 6.0). Ultrafiltration was investigated using VivaSpin®
centrifugal concentrators (Sartorius, Gottingen, Germany, MWCO
20 kDa). Ultracentrifugation sample was used to perform protein pre-
cipitation with cold acetone (2:1 v/v solvent: sample) for 2h, as
described before.

To evaluate the purity of laccase during the purification process, the
specific activity was determined. Higher specific activity indicates a
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higher proportion of active enzyme in relation to other proteins present
in the fermentation broth [28,29]. Specific enzymatic activity was
calculated using Eq. 3, and the purification factor (fold) was determined
resorting to Eq. 4.

Enzymatic activity(U/L)

Specific enzymatic activity(U/g) = Total protein concentration(g/L) ®

. . __ Final specific enzymatic activity(U/g)
Purification factor (fold) = Initial specific enzymatic activity(U/g) @

2.4. Total protein profile and laccase enzymatic activity

2.4.1. Total protein

Total protein concentration was determined using the BCA (Bicin-
choninic acid assay) protein assay kit (Thermo-Scientific, Waltham,
USA) according to the manufacturer’s instructions and using bovine
serum albumin (BSA) as the protein standard (cf. Fig. S3 in the SM).

2.4.2. Polyacrylamide gel electrophoresis

The protein profile on the fermentation broth, K. phaffii lysates and
laccase concentrated samples, was evaluated through reducing sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). SDS-
PAGE gels were stained with BlueSafe from NZYtech (Lisbon, Portugal).
Semi-native PAGE was also applied to evaluate laccase enzymatic ac-
tivity using ABTS as the staining reagent. For additional details on the
experimental protocols for both techniques, please see the SM.

2.4.3. Laccase activity

To monitor the laccase activity, 300 pL of each sample was added to
700 pL of 1.7 mM ABTS dissolved in 150 mM citrate phosphate buffer
pH 4.5. The increase in absorbance at 420 nm was measured using a UV-
Vis spectrophotometer (Shimadzu, UV-1280) under kinetic mode. The
enzymatic activity was estimated using Eq. 5:

U, abs/min x fg x 10°

)

T : ©

Enzymatic activity(
where ¢ is ABTS molar extinction coefficient (36000 L/(mol.cm) at
420 nm), abs/min is the increase in absorbance per minute, fg; is the
sample dilution factor, and 10° is the conversion factor from M to pM.
One unit (U) of laccase activity is equivalent to the quantity of enzyme
required to oxidize one pmol of substrate (ABTS) per minute. Each
determination corresponds to the average of triplicates.

The Michaelis-Menten kinetic constants, Ky and V., Were deter-
mined for the recombinant produced laccase (recovered and purified by
Vivaspin® and acetone precipitation, diluted 1:10 v/v sample:water) as
well as for standard laccase (0.67 mg/mL). ABTS was used as the sub-
strate in concentrations ranging from 12 uM to 450 uM, prepared using
citrate phosphate buffer (150 mM, pH 4.5). Each kinetic assay used
50 pL of laccase sample mixed with 950 pL of buffer with different ABTS
concentrations at room temperature. All kinetic assays were conducted
in triplicate. To determine the kinetic parameters (Ky and Vp,ay), Curve
Expert V1.3 software was used to fit the experimental data (Fig. S11 in
the SM) to the Michaelis-Menten equation (Eq. 6):

Vimax X [S]

VT Ku+ S ©

where v is the rate of the reaction, Ky is the Michaelis constant, V,ay is
the maximum reaction rate and [S] is the ABTS concentration.

2.5. Polydopamine coating of cellulose paper

The polymerization of dopamine for the coating of filter paper with
PDA was performed using three different methods: without enzyme (as
control), with commercial laccase, and with produced laccase
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Fig. 1. Growth of the parental K. phaffii X33 strain (I and II) and the recom-
binant strain transformed with the plasmid containing the lcc2 gene (III) in
YPD-agar plates supplemented with 0.2 mM ABTS.

(recovered and purified by Vivaspin® and acetone precipitation).
Enzymatic polymerization reactions were carried out by mixing 5 mL of
dopamine solution (2 mg/mL in phosphate buffer (50 mM, pH 7.0))
with 1 mL of each laccase solution (previously prepared to achieve an
enzymatic activity of approximately 130 U/L), and 1.5 mL of distilled
water. For the autooxidation reaction without enzyme, the volume of
laccase was replaced by distilled water.

All dopamine polymerization reactions for the PDA coating were
carried out in triplicates by immersing filter papers in the previous
mixture reactions at room temperature under continuous magnetic
agitation. After 18 h (overnight), the coated filter papers were gently
immersed in water to remove excess PDA precipitates and then dried at
room temperature.

The coated samples were analyzed by UV-Vis diffuse reflectance
spectroscopy (UV-Vis DRS) and scanning electron microscope (SEM) to
assess the polymerization efficiency and morphology of the PDA-coated
surfaces. UV-Vis DRS spectra of uncoated and coated filter paper were
recorded using a JASCO V-780 equipped with a JASCO ISN-901i inte-
grating sphere (scanning speed of 100 nm/min), in the interval ranging
between 200 and 800 nm. The Kubelka-Munk light absorption coeffi-
cient (k/s) was used to determine the quantity and type of light-
absorbing materials at various wavelengths. SEM analysis resorted to
Hitachi SU-70 microscope operating at 15 kV. Prior to analysis, all
samples were coated with a carbon thin film.

M
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3. Results and discussion
3.1. Development of the recombinant K. phaffii strain expressing laccase

A recombinant plasmid containing the lcc2 gene from T. versicolor
was used to express a recombinant laccase by K. phaffii X33 using the
native secretion signal (cf. the SM) and under the control of the AOX
promoter. Initially, to confirm the successful transformation of K. phaffii
X33 with the target plasmid, while qualitatively determining the pres-
ence of the target enzyme, both the recombinant and parental strain
(control) K. phaffii X33 strains were grown in agar plates enriched with
the laccase substrate ABTS. As expected, the parental K. phaffii X33
strain had a yellowish color (Fig. 1I and II), while a purple halo was
observed in the recombinant K. phaffii X33 strain (Fig. 1III). While the
usually green color is characteristic of the first oxidation state of ABTS
(ABTSH), the purple color is characteristic of the second oxidation state
of ABTS (ABTSZ+) [30]. The purple color in Fig. 1III indicates the
presence of laccase production by the recombinant K. phaffii X33 strain.
Overall, these results confirm the successful transformation of K. phaffii
X33 with the target plasmid and that the recombinant laccase was
expressed in a bioactive form since it was able to oxidize the ABTS
substrate. Following these results, working cell banks were created with
the isolated recombinant strain, and laccase expression was investigated
first in shake-flask and then in bioreactor.

3.2. Laccase production by K. phaffii X33 in shake-flask

The standard cultivation conditions were selected as a control to
evaluate the performance of the recombinant laccase production by
K. phaffii X33. These conditions comprise inoculum preparation in the
BMGY medium, followed by cultivation in BMMY medium supple-
mented with 0.1 mM CuSO4 and daily addition of 1 % (v/v) methanol at
30 °C [26,27]. During production time, cell viability was evaluated and,
after 13 days, it had 96.1 + 0.5 % of viable cells (Fig. S4 in the SM for
details). After the cultivation process, cells were separated from the
broth by centrifugation and cell lysis was accomplished using a me-
chanical method involving glass beads. The broth and the corresponding
lysate were analyzed by SDS-PAGE and semi-native PAGE to evaluate if
the target protein was intracellularly produced or secreted to the culture
broth. Fig. 2 shows the total protein profile evaluated by SDS-PAGE
(Fig. 2A) and the enzymatic activity pattern assessed by semi-native
PAGE (Fig. 2B) of the fermented broth and the cell lysate.

The protein profile of the lysate sample (L) obtained by SDS-PAGE
(Fig. 2A) shows a wide range of proteins with different molecular
weights and in high quantities. On the other hand, fewer bands and less
intense are seen in the fermentation broth (B), including a band close to
the molecular weight of the laccase standard (circa 63 kDa), indicating

s

Fig. 2. SDS-PAGE (A) and semi-native PAGE (B) analysis of the fermentation broth and cell lysates obtained from recombinant K. phaffii X33 cultivated in standard
conditions in orbital shaker. SDS-PAGE and semi-native PAGE gels were stained with BlueSafe and ABTS, respectively. Samples: M — Molecular weight marker; C —

Commercial laccase standard; L — Lysate; B — Fermentation broth.
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Fig. 3. Effect of the type and concentration of carbon source on relative laccase production levels, relative (%) to standard conditions: daily feeding of 1 % (v/v)
methanol, supplementation of 0.1 mM CuSO,4 and 30 °C. A) Effect of carbon source: glycerol 1 % (v/v), methanol 1 % (v/v) (daily feeding), and glycerol 1 % (v/v) +
daily feeding of methanol 1 % (v/v). B) Effect of the methanol daily feeding (0-2.00 % (v/v)) in cultures solely grown in methanol. Laccase activity was determined

at the end of each experiment.

that the recombinant laccase was secreted to fermentation broth by re-
combinant K. phaffii X33 cells. This result was then confirmed by semi-
native PAGE (Fig. 2B), where a green band near 60 kDa was identified.
This band corresponds to the expected molecular weight of the laccase,
and the green color indicates the oxidation of ABTS by laccase. This
proves that laccase was successfully secreted into the fermented broth
using its native secretion signal, and, most importantly, it is biologically
active. Moreover, no enzymatic activity was detected in the lysate (L),
further confirming that the active enzyme is being secreted to the culture
medium. However, if some laccase is intracellular, it is biologically
inactive, probably due to an unfolding state and/or without enzymatic
activity. Overall, it was possible to target laccase toward the K. phaffii
X33 secretory pathway with its native secretion signal. By rendering
unnecessary a cell lysis step and due to the low amount of secreted
endogenous proteins by the host, this approach contributes to reducing
the number of required purification steps and, consequently, in laccase
production costs.

3.2.1. Improvement of laccase production

After confirming that laccase was successfully secreted to the broth,
several parameters were evaluated for enhancing laccase production
levels. It is known that the medium composition and temperature are
crucial factors affecting cell growth and heterologous protein expression

120

100 A
80 4
60
40 A
20 - I
0

0 0.10 0.25 0.50

[CusO,] (mM)

Relative laccase production (%)

Fig. 4. Effect of CuSO4 on relative laccase production (%). Control fermenta-
tion (daily feeding of 1 % (v/v) methanol, supplementation of 0.1 mM CuSO4
and 30°C) was considered 100 %.

[31]. The K. phaffii bioprocess driven by the methanol-inducible AOX
promoter can use both glycerol and methanol as carbon and energy
sources; however, this strategy significantly impacts recombinant pro-
tein production levels [32,33]. Although mixed-feeding strategies using
glycerol and methanol provide an opportunity to increase cell growth
and protein expression, conflicting results have been reported, and such
approaches can either increase [34] or decrease [35] the levels of re-
combinant proteins in AOX-driven K. phaffii X33 processes. To better
understand the impact of glycerol and methanol on laccase production,
experiments were performed evaluating solely glycerol as carbon source
(glycerol 1 % (v/v)), mixed-feeding strategies with glycerol-methanol
(glycerol 1 % (v/v) + daily feeding of methanol 1 % (v/v)) and solely
methanol (daily feeding of methanol 1 % (v/v)). The obtained results
are depicted in Fig. 3 A (Table S1 in the SM for details) and Fig. S4A in
the SM for relative laccase production levels and cell growth, respec-
tively. Fig. 3A depicts the effect of glycerol addition on the relative
laccase production by K. phaffii X33 relative to control cultivation
conditions (daily feeding of 1 %(v/v) methanol, initial supplementation
of 0.1 mM CuSO4 and 30 °C). In comparison with cultures solely grown
in glycerol or methanol, the mixed-feeding strategy promoted an
enhanced growth of the recombinant K. phaffii X33 strain. This trend
was expected due to the higher access to additional carbon and energy
sources. As shown in Fig. 3A, no enzymatic activity was observed in the
culture medium supplemented solely with glycerol. Without methanol,
the promotor AOX remain inactive, and recombinant protein production
does not occur [36]. The highest laccase production levels were
observed when methanol was applied as the sole carbon source, while
promoter depression was partially observed in mixed-feeding strategies
with relative laccase production levels close to 11 %. Thus, methanol
was used as carbon source during the induction phase in the following
experiments, which focused on determining the optimal methanol
concentration for daily feeding.

Fig. 3B (Table S2 in the SM for details) shows the effect of the daily
addition of different methanol concentrations (0 and 2.00 %(v/v)) on
relative laccase production levels, while the effect on cell growth is
displayed in Fig. S5 (SM). In general, the absence of methanol in daily
feeding leads to poor growth of the recombinant yeast strain, while for
methanol concentrations of 2.00 % (v/v), a decrease in cell growth was
observed. This trend is in agreement with the literature, demonstrating
that an excess of methanol can affect yeast metabolism and compromise
the cell integrity [37]. In what concerns laccase production levels
(Fig. 3B), the absence of methanol in daily feeding impairs laccase
production. As the methanol concentrations increased from 0.25 % to
1.00 % (v/v), the relative laccase production levels increased from
4.24% to 100 %, respectively, representing a 24-fold increase.
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Fig. 5. Effect of incubation temperature on relative laccase production (%).
Control fermentation (daily feeding of 1 % (v/v) methanol, supplementation of
0.1 mM CuSO,4 and 30 °C) was considered 100 %.

However, the addition of higher methanol concentrations (above
1.00 % (v/v)) exerts a negative effect on laccase production, probably
due to methanol toxic effect on K. phaffii X33, as evidenced by the
compromised cell growth (Fig. S5B in the SM). Tiilek et al. [25] worked
on process optimization for laccase production from Madurella myceto-
matis in K. phaffii X33 and studied the effects of methanol concentration
on laccase production (0.1-3 %). Similar to our results, laccase pro-
duction increased with methanol concentration up to 1 % and decreased
above this level, with no laccase detection with 3 % methanol in the
medium. From these results, the daily addition of 1 % (v/v) methanol
during fermentation was adopted throughout this work.

As multicopper oxidases, laccase relies on copper as an essential
cofactor for its catalytic activity at the active site [2]. Therefore, an
adequate copper content in the culture medium is vital for proper
folding and activity of laccase, justifying further investigations of the
optimal copper concentration in the culture medium. The effect of
CuSO4 concentrations, ranging from O to 0.5 mM, on recombinant
K. phaffii X33 cell growth (Fig. S6 in the SM) and laccase relative activity
(Fig. 4 and Table S3 in the SM) was investigated. The different con-
centrations of CuSO4 had a negligible effect on cell growth, despite
having a pronounced influence on laccase production levels. Although
the YNB present in the BMMY medium already contains 0.25 uM CuSOy,
laccase was produced at low levels, requiring additional supplementa-
tion. In the culture medium supplemented with 0.10 mM of CuSOy, the
relative laccase production was 6 times higher than in the culture
without supplementation, decreasing, however, for higher concentra-
tions. The excess of copper can inhibit yeast metabolism, thereby
reducing enzyme production, as reported by Balakumaran et al. [27],
where a concentration above 0.2 mM was inhibitory for laccase pro-
duction. A similar concentration of 0.1-0.2 mM was found to be best for
laccase production from M. mycetomatis in K. phaffii [25], while the
enzyme activity decreased above 0.4 mM. The results obtained in our
work are in agreement with previously published data, as the best result
for laccase production is 0.1 mM of CuSO4 supplementation. In contrast,
the work by Li et al. [38] showed that 0.5 mM of copper was the best
concentration for laccase from T. versicolor in K. phaffii X33 production.
According to our results, supplementation of 0.1 mM of CuSO4 was
selected for further experiments.

Even though the ideal temperature for K. phaffii X33 growth and
heterologous protein expression can vary, it is usually below 30 °C [21,
39,40]. Accordingly, we evaluated the effect of three different incuba-
tion temperatures: 25.0, 30.0 and 32.5 °C on recombinant K. phaffii X33
growth (Fig. S7 in the SM) and laccase relative production levels (Fig. 5
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bioreactor in two different strategies: Strategy I) Start methanol adaptation in a
shaker cultivation in bioreactor; Strategy II) Inoculate the bioreactor directly
with inoculum growth in BMGY medium.

and Table S4 (SM)). While temperature changes did not affect yeast
growth, a clear improvement in laccase production at 25.0°C (3-fold
increase) was observed compared to 30 and 32.5 °C. At 32.5 °C, how-
ever, the relative laccase production drops from 100 % to 13 %
(compared to 30.0 °C). These results are confirmed by SDS-PAGE gel
(Fig. S8 in the SM), where a higher protein content can be observed,
including a band close to 60 kDa (laccase molecular weight) in the 25 °C
sample, compared with the other temperatures evaluated. These results
agree with those previously reported by Tiilek et al. [25], who investi-
gated the effects of temperature on laccase production by M. mycetomatis
in K. phaffii X33 and reached similar conclusions. Other works suggest
that the improvement in protein production at temperatures below 30 °C
is due to reduced protease activity, which reduces folding stress, im-
proves cell viability [20,37], and increases oxygen solubility in the
medium [41]. Temperatures above 30 °C, on the other hand, create an
inhospitable environment for laccase production, as protein expression
in the yeast is suppressed above 32 °C [39]. Following the optimization
of several parameters, we found that laccase production levels are
maximized using methanol as the sole carbon source, a methanol daily
feeding of 1% (v/v), supplementation with CuSO4 0.1 mM, and a
temperature of 25 °C. These correspond to the operational parameters
studied during the stirred tank bioreactor production addressed in the
next section.

3.3. Production of laccase in bioreactor

Changing the production from orbital shaker to bioreactor is a
complex process that requires a prior systematic optimization of various
parameters, such as methanol addition and temperature. The laccase
production in bioreactor was performed in a 6 L stirred tank bioreactor
with a working volume of 4 L, using the conditions previously defined in
shake-flash cultivations: 1 % (v/v) of methanol daily feeding, supple-
mentation with 0.1 mM CuSO4 and a temperature of 25 °C, as illustrated
in Fig. S2 in the SM. Two cultivation strategies were applied: (I) After
inoculum growth in BMGY medium, the yeast was adapted to methanol
(present in BMMY medium) in shake-flask conditions for 5 days, and the
fermentation mixture then transferred to the bioreactor; and (II) Inoc-
ulum grown in BMGY medium and directly transferred to the bioreactor.

The results for both approaches are presented in Fig. 6 and Fig. S9
(SM). In strategy I, where the yeast was adapted to the methanol before
inoculation in the bioreactor, the enzyme was detected in the fermented
broth one day earlier than in strategy II. At the end of the 7-day culti-
vation period, the levels of relative laccase production were higher in
strategy I than in strategy II. The recombinant K. phaffii X33 growth
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profile was similar in both strategies, with ODgoo values reaching
approximately 38.8 AU at the end of the experiments. In addition, the
cell viability in the bioreactor after 7 days was 98.4 4+ 1.0 % (Fig. S10 in
the SM for details).

The addition of methanol increases the oxygen demand in K. phaffii
[37]; this effect was detected in both strategies (Fig. S11A in the SM).
The DO rate decreases abruptly when methanol was added, and it takes
several hours for the rates to normalize to 100 %. For both strategies, the
recovery time of DO levels in the medium decreased after each methanol
feeding. However, the recovery was slightly faster with strategy I. This
difference in the methanol metabolism of K. phaffii X33 could be one of
the reasons for the higher laccase production when the yeast was pre-
viously adapted to a methanol-containing medium (strategy I). The
presence of methanol in the medium was monitored each day before
methanol feeding using an alcohol meter. No methanol was detected in
the fermented medium, indicating that it is all consumed between the
daily methanol feedings.

The pH value (Fig. S11B in the SM) remained stable throughout the
cultivation in both strategies, with a value of 6.09 £ 0.29. This constant
pH during cultivation is advantageous for the process, as it eliminates
the need to add a buffer to maintain proper pH levels. Considering these
results, adapting the yeast to the culture medium could be an asset to
improve the fermentation process. This adaptation leads to faster and
higher production compared to cultivation inoculated with an inoculum
without prior adaptation to the culture medium and methanol. More-
over, our results show that the change of scale from shake-flasks to 6 L
bioreactors (working volume 4 L) was successfully achieved without
imparting cell viability.
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3.4. Laccase recovery from fermentation broth

Laccase was extracted from the fermentated broth by precipitation
with either methanol or acetone. The purification factors of the laccase
obtained using both solvents are shown in Fig. 7. The values for the
enzymatic activity, the protein concentration, the specific enzymatic
activity and the purification factor are listed in Table S5 in the SM. While
methanol precipitation was ineffective, laccase was extracted with
detectable activity using acetone precipitation. So, the use of acetone for
laccase precipitation was evaluated at three incubation times (1, 2 and
4 h) and two concentrations (2:1 and 4:1 v/v solvent: sample). An initial
SDS-PAGE analysis (Fig. S12 in the SM) shows that acetone precipitation
allows the recovery of the target laccase in the precipitate, but also some
low molecular weight protein contaminants. The purification factors
shown in Fig. 7 indicate that the purification factor increases with
increasing incubation time. In particular, a purification factor of 1.16
was achieved after 4 h. The comparison of different acetone concen-
trations reveals that a higher acetone concentration negatively in-
fluences the laccase purification factor. On the other hand, a higher
acetone concentration leads to a higher total protein concentration in
the sample and to a lower specific activity. This indicates that a higher
acetone concentration leads to the precipitation of other proteins, which
has a negative effect on the laccase purity. Sondhi et al. [42] produced
laccase from Bacillus sp. MSK-0 and purified it by precipitation with
acetone at 70 % (v/v), achieving a 1.44-fold purification factor. Younes
and Sayadi [43] produced laccase from Scytalidium thermophilum and
employed multiple purification techniques, starting with acetone pre-
cipitation (2:1 v/v, 30 min), resulting in a purification factor of 1.1-fold.
Sadhasivam et al. [44] produced laccase from Trichoderma harzianum
and purified it by using as a first step acetone precipitation (66 % (v/v)
for 6 h at —20 °C), yielding a purification factor of 1.51-fold. Therefore,
our laccase purification factor of 1.15 obtained by resorting to acetone
precipitation closely matches the values previously reported in the
literature.

Ultrafiltration (Vivaspin®, MWCO 20 kDa) was also applied to
concentrate the enzyme from the fermented broth in order to improve
the purification step. By removing some low-molecular weight con-
taminants, an increased purification factor of 2.51 was obtained. When
acetone precipitation follows the ultrafiltration step, the purification
factor increases to 3.02. In contrast, the direct precipitation from the
fermented broth (under the same conditions: incubation time and sol-
vent concentrations (2 h and 2:1 v/v solvent: sample) showed a signif-
icant difference (purification factor of 0.89). This result indicates that
the direct acetone precipitation leads to the precipitation of many low
molecular weight proteins from the broth sample. Thus, removing small
proteins in the first step by ultrafiltration, followed by induced precip-
itation with acetone, allowed high laccase purification values.

An effective method to concentrate and purify laccase was achieved
by combining an ultrafiltration step with acetone precipitation,
achieving a purification factor of 3.02. Using the enzyme recovered by
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Fig. 8. Effect of pH (A) and temperature (B) on the laccase activity in two incubation times: 15 min (blue) and 24 h (orange). The initial enzymatic activity of the

laccase solution in water was considered the control (100 %).
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Fig. 9. PDA polymerization and coating of filter paper using the recombinant laccase, commercial laccase, and the auto-oxidation (without laccase) process. A blank
consisting of uncoated filter paper is included for comparison purposes. A) Photographs; B) UV-Vis DRS spectra of all samples obtained from the average of

three replicates.

this methodology, the effect of pH and temperature on the activity of the
recombinant enzyme and their application for the PDA coating of filter
paper was then addressed.

3.5. Effect of temperature and pH on laccase activity

The effect of the pH and temperature on the enzymatic activity of the
enzyme produced and purified in this work using the optimized pro-
tocols was evaluated, being the results shown in Fig. 8 A and B,
respectively.

The pH stability of the enzyme was analyzed between pH values of
3.0 and 8.0 (Fig. 8A). Except at pH 3.0, the relative laccase activity was
above 100 at all pH values after 15 min. These results indicate that the
laccase presents robust stability over a wide pH range. However, the
enzyme incubation after 24 h at pH 3.0 decreased enzyme activity by
about 30 %, which is the greatest loss of activity within the studied pH
range. At pH values of 4.0-8.0, there was a slight loss of activity ranging
from 6.8 % (at pH 4.0 and 6.0) to 13.4 % (at pH 5.0), showing good
enzyme stability in this pH range. Among all pH values, the highest
activity was obtained at pH 7.0 and 8.0. It is important to note that the
optimal pH depends on the source of the genetic information. Laccases
from T. versicolor typically exhibit optimal activity at acidic pH levels
[45,46]. For example, laccases from T. versicolor ATCC20869 present the
optimal pH of 4.0 [47]. Similarly, Li et al. [48] produced several laccase
isozymes from T. versicolor in K. phaffii, and the highest enzymatic ac-
tivity achieved was between pH 3.0 and 3.5, with a residual activity of
more than 80 % after 24 h of incubation. Unlike other laccases from
T. versicolor, the recombinant laccase produced in the present work has a
wide pH stability range (4.0-8.0), keeping as much as 84 % of its activity
after an incubation of 24 h at pH 7. This opens up a wide range of po-
tential applications for this enzyme.

The temperature stability of the laccase was investigated between 4
and 50 °C for 24 h (Fig. 8B). Notably, laccase exhibited higher activity
after 15 min when incubated at 30 °C. When incubated at 4, 25 and 30
°C, the enzyme retains 99.6, 90.0 and 88.0 % of its activity for 24 h,
respectively, which means robust stability. However, an increase in
temperature to 50 °C reduced the enzyme’s activity, with only 5 % of the
enzyme activity remaining after 24 h, probably due to enzyme dena-
turation. Like pH, the optimal temperature of the enzyme may also
depend on the source of the genetic information. For example, laccases
produced by T. versicolor are more active at 30-40 °C. In a study in which
laccase was produced from T. versicolor ATCC20869 and two mutant
variants, the optimal temperature was 40 °C [47]. Li et al. [48] produced
several laccase isoenzymes from T. versicolor in K. phaffii and determined
the optimal temperature. The optimum temperature for all isozymes was
between 50 and 60 °C [48]. In the present work, the produced enzyme

shows good stability under milder conditions, which is consistent with
some previous studies. The thermostability of laccase under milder
conditions (25 - 30 °C) is essential for some enzyme applications (e.g.,
the ideal temperature for PDA synthesis using laccase is 30 °C [5]).

3.6. Kinetic parameters

To determine the kinetic parameters of laccase, different ABTS
concentrations were used to measure laccase activity. The experimental
data were fitted to the Michaelis-Menten equation, from which Ky and
Vmax Were calculated (Fig. S13 in the SM for details). The Ky, values for
the laccase produced in this work and the commercial laccases were 44.5
and 30.0 uM, respectively. This lower Ky value indicates that our pro-
duced laccase has a lower affinity for ABTS compared to the commercial
laccase. The Vpax values for the recombinant laccase produced in this
work and the commercial (standard) laccase were 110.9 and
125.20 uM/min, respectively. Overall, the enzyme produced in this
work has catalytic activity profiles similar to the investigated commer-
cial laccase, with affinity constants for substrate in the same order of
magnitude as other laccases previously reported in the literature [49,
501].

3.7. Cellulose filter paper coating with polydopamine

The laccase-assisted PDA polymerization for coating filter paper was
investigated with the laccase produced in this work as well as with
commercial laccase, used for comparison purposes. The filter paper was
brought into contact overnight with a dopamine solution and laccase at
pH 7.0, selected based on previous results for which the enzymatic ac-
tivity is maximized. As a control, the filter paper was immersed in a
dopamine solution without laccase under the same conditions. Fig. 9A
shows pictures of the uncoated filter paper (blank) and filter paper
coated with PDA. Fig. 9B presents the UV-Vis DRS spectra of the un-
coated filter paper and filter paper coated with PDA without laccase,
with commercial laccase and the laccase produced in the present work.

The photographs depicted in Fig. 9A demonstrate that the color of
filter papers coated with PDA change from white to brown/black, being
more pronounced as dopamine polymerization becomes more efficient.
The higher absorbance across the investigated wavelengths indicates the
successful modification of the material with PDA (Fig. 9B). Three peaks
can be observed in the spectrum of the three samples with PDA that were
not found in the uncoated filter paper spectrum: 208, 233 and 290 nm,
similar to other works in the literature [51,52]. Notably, the PDA pro-
duced using the recombinant laccase displayed higher signal intensity,
demonstrating the recombinant laccase has a high potential to assist the
dopamine polymerization process. This result was probably due to the
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Fig. 10. SEM images of the surface morphologies of the uncoated filter paper (blank), filter paper coated with PDA without laccase, and coated filter paper with PDA

(assisted by commercial and recombinant laccase).

use of optimal pH 7.0 for recombinant enzyme in this assay, whereas the
optimal pH for the commercial laccase is usually around 5.0 [45,46].

Surface morphologies of the uncoated filter paper, filter paper coated
with PDA without laccase, filter paper coated with PDA using the re-
combinant laccase and with commercial laccase were observed using
SEM (Fig. 10). SEM images show a smoothed surface before polydop-
amine coating, while a rough morphology appearance can be observed
after recombinant laccase-assisted coating. In conclusion, UV-VIS DRS
and SEM results showed that laccase assists the PDA coating of filter
papers, supporting this enzyme potential in polymerization. For the first
time we show the enzyme-assisted PDA coating of paper, while using a
recombinant laccase produced by K. phaffii X33.

4. Conclusion

This study demonstrated the successful expression of T. versicolor
laccase in K. phaffii X33 cells using the AOX promoter. The enzyme was
secreted into the fermentation broth, purified with biological activity,
and used for coating filter papers with PDA. After optimizing several
parameters, laccase production was enhanced with 1 % (v/v) daily
methanol feeding, 0.1 mM CuSO4 media supplementation, and cultiva-
tion at 25 °C. These laccase production conditions were scalable to
stirred tank bioreactor with minimal loss of enzyme activity. A purifi-
cation protocol combining acetone precipitation and ultrafiltration
yielded a purification factor of 3.02. The produced laccase exhibited
stability across pH 4.0-8.0 and up to 30 °C. Kinetic constants were
determined, showing affinity values for ABTS comparable to previous
reports. For the first time, recombinant laccase successfully polymerized
dopamine, allowing to efficiently coat filter papers. This work contrib-
utes to advances in recombinant laccase production and its application
in material coatings.

CRediT authorship contribution statement

Valéria Santos-Ebinuma: Writing — review & editing, Validation,
Supervision, Resources, Methodology, Conceptualization. Ana P. M.
Tavares: Writing — review & editing, Validation, Supervision, Re-
sources, Methodology, Funding acquisition, Conceptualization.
Augusto Q. Pedro: Writing - review & editing, Validation, Supervision,
Methodology, Investigation, Funding acquisition, Conceptualization.
Mara G. Freire: Writing — review & editing, Conceptualization, Vali-
dation, Funding acquisition, Supervision, Resources. Flavia F. Mag-
alhaes: Writing - original draft, Visualization, Methodology,

Investigation, Formal analysis, Data curation, Conceptualization.
Marcia C. Neves: Writing — review & editing, Resources, Funding
acquisition, Formal analysis.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This work was developed within the scope of the project CICECO-
Aveiro Institute of Materials, UIDB/50011,/2020 (DOI 10.54499/
UIDB/50011/2020), UIDP/50011,/2020 (DOI 10.54499/UIDP/50011/
2020) & LA/P/0006/2020 (DOI 10.54499/LA/P/0006/2020), financed
by national funds through the FCT/MCTES (PIDDAC). Ana Tavares,
Augusto Pedro and Marcia Neves acknowledge FCT for the research
contracts CEECIND/01867/2020 (DOI 10.54499,/2020.01867.CEE-
CIND/CP1589/CT0013), CEEC-IND/02599/2020 (DOI 10.54499/
2020.02599.CEECIND/CP1589/CT0023) and CEECIND,/00383/2017/
CP1459/CT0031 (DOI 10.54499/CEECIND/00383/2017/CP1459/
CT0031) under the Scientific Employment Stimulus - Individual Calls,
respectively. Flavia F. Magalhaes acknowledges the SPQ/FCT PhD grant
SFRH/BD/150669,/2020 (DOI 10.54499/SFRH/BD/150669/2020).

This study was financially supported by Fundagao de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP) Process numbers 2021/
06686-8 and 2023/01368-3. Valeria C. Santos-Ebinuma thanks the
CNPq — grant no. 312463/2021-9.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.bej.2024.109483.

References

[1] T. Brugnari, D.M. Braga, C.S.A. dos Santos, B.H.C. Torres, T.A. Modkovski, C.W.
I. Haminiuk, G.M. Maciel, Laccases as green and versatile biocatalysts: from lab to


https://doi.org/10.1016/j.bej.2024.109483

F.F. Magalhaes et al.

[2

—

[3]

[4]

[5

fad}

[6

[}

[7]

[8

—

[9

[}

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

enzyme market—an overview, Bioresour. Bioprocess. 8 (2021) 131, https://doi.
org/10.1186/540643-021-00484-1.

F.F. Magalhaes, A.F. Pereira, R.O. Crist6vao, R.A.M. Barros, J.L. Faria, C.G. Silva,
M.G. Freire, A.P.M. Tavares, Recent developments and challenges in the
application of fungal laccase for the biodegradation of textile dye pollutants, Mini.
Rev. Org. Chem. 21 (2024) 609-632, https://doi.org/10.2174/
1570193X20666221104140632.

S. Sondhi, N.K. Chopra, A. Kumar, N. Gupta, Laccase: a green solution for
environmental problems, Adv. Environ. Eng. Res. 04 (2023) 1-32, https://doi.org/
10.21926/aeer.2302030.

N. Li, J. Noro, J. Su, H. Wang, C. Silva, A. Cavaco-Paulo, Enhancing laccase-assisted
polymerization reactions with perfluorinated compounds, Biochem. Eng. J. 189
(2022) 108736, https://doi.org/10.1016/j.bej.2022.108736.

F.F. Magalhaes, A.F. Pereira, M.G. Freire, A.P.M. Tavares, New liquid supports in
the development of integrated platforms for the reuse of oxidative enzymes and
polydopamine production, Front. Bioeng. Biotechnol. 10 (2022), https://doi.org/
10.3389/fbioe.2022.1037322.

J.H. Ryu, P.B. Messersmith, H. Lee, Polydopamine surface chemistry: a decade of
discovery, ACS Appl. Mater. Interfaces 10 (2018) 7523-7540, https://doi.org/
10.1021/acsami.7b19865.

A. Popkov, Z. Su, S.B. Sigurdardéttir, J. Luo, M. Malankowska, M. Pinelo,
Engineering polyelectrolyte multilayer coatings as a strategy to optimize enzyme
immobilization on a membrane support, Biochem. Eng. J. 193 (2023) 108838,
https://doi.org/10.1016/j.bej.2023.108838.

S. Sarkari, M. Khajehmohammadi, N. Davari, D. Li, B. Yu, The effects of process
parameters on polydopamine coatings employed in tissue engineering applications,
Front. Bioeng. Biotechnol. 10 (2022), https://doi.org/10.3389/
fbioe.2022.1005413.

N. Bisht, N. Dwivedi, A. Khosla, D.P. Mondal, A.K. Srivastava, C. Dhand,
Review—recent advances in polydopamine-based electrochemical biosensors,

J. Electrochem. Soc. 169 (2022) 107505, https://doi.org/10.1149/1945-7111/
ac9b9os.

S. El Yakhlifi, V. Ball, Polydopamine as a stable and functional nanomaterial,
Colloids Surf. B Biointerfaces 186 (2020), https://doi.org/10.1016/j.
colsurfb.2019.110719.

F. Li, Y. Yu, Q. Wang, J. Yuan, P. Wang, X. Fan, Polymerization of dopamine
catalyzed by laccase: comparison of enzymatic and conventional methods, Enzym.
Microb. Technol. 119 (2018) 58-64, https://doi.org/10.1016/j.
enzmictec.2018.09.003.

Y. Tan, W. Deng, Y. Li, Z. Huang, Y. Meng, Q. Xie, M. Ma, S. Yao, Polymeric
bionanocomposite cast thin films with in situ laccase-catalyzed polymerization of
dopamine for biosensing and biofuel cell applications, J. Phys. Chem. B 114 (2010)
5016-5024, https://doi.org/10.1021/jp100922t.

N. Zhang, F. Li, Y. Yu, P. Wang, M. Zhou, Q. Wang, Surface hydrophobization of
cotton via laccase-mediated polydopamine deposition and dodecyl gallate grafting,
Surf. Interface Anal. 54 (2022) 246-253, https://doi.org/10.1002/sia.7048.

P. Samyn, Polydopamine and cellulose: two biomaterials with excellent
compatibility and applicability, Polym. Rev. 61 (2021) 814-865, https://doi.org/
10.1080/15583724.2021.1896545.

J. Yang, W. Li, T.B. Ng, X. Deng, J. Lin, X. Ye, Laccases: production, expression
regulation, and applications in pharmaceutical biodegradation, Front. Microbiol. 8
(2017), https://doi.org/10.3389/fmicb.2017.00832.

P.S. Preethi, A. Gomathi, R. Srinivasan, J.G.S. Pavan Kumar, K. Murugesan, G.
Kodiveri Muthukailannan, Laccase: Recombinant Expression, Engineering and Its
Promising Applications, in: 2020: 63-85. (https://doi.org/10.1007/978-981
-15-1710-5_3).

S. Zhao, R. Feng, Y. Gu, L. Han, X. Cong, Y. Liu, S. Liu, Q. Shen, L. Huo, F. Yan,
Heterologous expression facilitates the discovery and characterization of marine
microbial natural products, Eng. Microbiol. (2023) 100137, https://doi.org/
10.1016/j.engmic.2023.100137.

E. Rivera-de-Torre, C. Rimbault, T.P. Jenkins, C.V. Sgrensen, A. Damsbo, N.J. Saez,
Y. Duhoo, C.M. Hackney, L. Ellgaard, A.H. Laustsen, Strategies for heterologous
expression, synthesis, and purification of animal venom toxins, Front. Bioeng.
Biotechnol. 9 (2022), https://doi.org/10.3389/fbioe.2021.811905.

Y. Pan, J. Yang, J. Wu, L. Yang, H. Fang, Current advances of Pichia pastoris as cell
factories for production of recombinant proteins, Front. Microbiol. 13 (2022),
https://doi.org/10.3389/fmicb.2022.1059777.

A.M. Gongalves, A.Q. Pedro, C. Maia, F. Sousa, J.A. Queiroz, L.A. Passarinha,
Pichia pastoris: a recombinant microfactory for antibodies and human membrane
proteins, J. Microbiol. Biotechnol. 23 (2013) 587-601, https://doi.org/10.4014/
jmb.1210.10063.

M. Karbalaei, S.A. Rezaee, H. Farsiani, Pichia pastoris: a highly successful
expression system for optimal synthesis of heterologous proteins, J. Cell. Physiol.
235 (2020) 5867-5881, https://doi.org/10.1002/jcp.29583.

M.W.T. Werten, G. Eggink, M.A. Cohen Stuart, F.A. de Wolf, Production of protein-
based polymers in Pichia pastoris, Biotechnol. Adv. 37 (2019) 642-666, https://
doi.org/10.1016/j.biotechadv.2019.03.012.

B. Caloglu, B. Binay, Utilization potential of agro-industrial by-products and waste
sources: laccase production in bioreactor with Pichia pastoris, Biochem. Eng. J. 193
(2023) 108854, https://doi.org/10.1016/j.bej.2023.108854.

J. Yang, Q. Lin, T.B. Ng, X. Ye, J. Lin, Purification and characterization of a novel
laccase from Cerrena sp. HYB07 with dye decolorizing ability, PLoS One 9 (2014)
€110834, https://doi.org/10.1371/journal.pone.0110834.

A. Tiilek, E. Karatas, M.M. Gakar, D. Aydin, 0. Yilmazcan, B. Binay, Optimisation of
the production and bleaching process for a new laccase from Madurella

10

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Biochemical Engineering Journal 212 (2024) 109483

mycetomatis, expressed in Pichia pastoris: from secretion to yielding prominent,
Mol. Biotechnol. 63 (2021) 24-39, https://doi.org/10.1007/512033-020-00281-9.
EasySelectTM Pichia Expression Kit, Invitrogen2010..

P.A. Balakumaran, J. Forster, M. Zimmermann, J. Charumathi, A. Schmitz,

E. Czarnotta, M. Lehnen, S. Sudarsan, B.E. Ebert, L.M. Blank,

S. Meenakshisundaram, The trade-off of availability and growth inhibition through
copper for the production of copper-dependent enzymes by Pichia pastoris, BMC
Biotechnol. 16 (2016) 20, https://doi.org/10.1186/512896-016-0251-3.

A. Pessoa, B.V. Kilikian, P. Long, Purification of Biotechnological Products: a Focus
on Industrial Applications, CRC Press, 2024. (https://books.google.pt/books?
id=SKUIEQAAQBAJ).

D.M. Himmelblau, J.B. Riggs, Basic Principles and Calculations in Chemical
Engineering, Pearson Education, 2022. (https://books.google.pt/books?id=XvXOE
AAAQBAJ).

D. Fernandez-Remacha, C. Gonzalez-Riancho, M. Lastra Osua, A. Gonzalez Arce,
1. Montéanchez, J.M. Garcia-Lobo, R. Estrada-Tejedor, V.R. Kaberdin, Analysis of
laccase-like enzymes secreted by fungi isolated from a cave in northern Spain,
Microbiologyopen 11 (2022), https://doi.org/10.1002/mbo3.1279.

Z. Yang, Z. Zhang, Engineering strategies for enhanced production of protein and
bio-products in Pichia pastoris: a review, Biotechnol. Adv. 36 (2018) 182-195,
https://doi.org/10.1016/j.biotechadv.2017.11.002.

A. Tiirkanoglu Ozcelik, S. Yilmaz, M. Inan, Pichia pastoris promoters, Recomb.
Protein Prod. Yeast (2019) 97-112, https://doi.org/10.1007/978-1-4939-9024-5_
3.

A.Q. Pedro, L.M. Martins, J.M.L. Dias, M.J. Bonifacio, J.A. Queiroz, L.

A. Passarinha, An artificial neural network for membrane-bound catechol-O-
methyltransferase biosynthesis with Pichia pastoris methanol-induced cultures,
Microb. Cell Fact. 14 (2015) 113, https://doi.org/10.1186/512934-015-0304-7.
C. Jungo, I. Marison, U. von Stockar, Mixed feeds of glycerol and methanol can
improve the performance of Pichia pastoris cultures: A quantitative study based on
concentration gradients in transient continuous cultures, J. Biotechnol. 128 (2007)
824-837, https://doi.org/10.1016/j.jbiotec.2006.12.024.

S. Hellwig, F. Emde, N.P.G. Raven, M. Henke, P. van der Logt, R. Fischer, Analysis
of single-chain antibody production in Pichia pastoris using on-line methanol
control in fed-batch and mixed-feed fermentations, Biotechnol. Bioeng. 74 (2001)
344-352, https://doi.org/10.1002/bit.1125.

V.E. Vijayakumar, K. Venkataraman, A Systematic Review of the Potential of
Pichia pastoris (Komagataella phaffii) as an Alternative Host for Biologics
Production, Mol. Biotechnol. (2023), https://doi.org/10.1007/s12033-023-00803-
1.

Y. Guo, Y. Liao, J. Wang, C. Ma, J. Qin, J. Feng, Y. Li, X. Wang, K. Chen,
Methylotrophy of Pichia pastoris: current advances, applications, and future
perspectives for methanol-based biomanufacturing, ACS Sustain. Chem. Eng. 10
(2022) 1741-1752, https://doi.org/10.1021/acssuschemeng.1c07755.

Q. Li, J. Pei, L. Zhao, J. Xie, F. Cao, G. Wang, Overexpression and characterization
of laccase from Trametes versicolor in Pichia pastoris, Appl. Biochem. Microbiol.
50 (2014) 140-147, https://doi.org/10.1134/S0003683814020124.

M.A. Nieto-Taype, X. Garcia-Ortega, J. Albiol, J.L. Montesinos-Segui, F. Valero,
Continuous cultivation as a tool toward the rational bioprocess development with
Pichia pastoris cell factory, Front. Bioeng. Biotechnol. 8 (2020), https://doi.org/
10.3389/fbioe.2020.00632.

G. Potvin, A. Ahmad, Z. Zhang, Bioprocess engineering aspects of heterologous
protein production in Pichia pastoris: a review, Biochem. Eng. J. 64 (2012)
91-105, https://doi.org/10.1016/j.bej.2010.07.017.

P. Galik, O. Ata, H. Giines, A. Massahi, E. Boy, A. Keskin, S. Oztiirk, G.H. Zerze, T.
H. Ozdamar, Recombinant protein production in Pichia pastoris under
glyceraldehyde-3-phosphate dehydrogenase promoter: from carbon source
metabolism to bioreactor operation parameters, Biochem. Eng. J. 95 (2015) 20-36,
https://doi.org/10.1016/j.bej.2014.12.003.

S. Sondhi, R. Kaur, J. Madan, Purification and characterization of a novel white
highly thermo stable laccase from a novel Bacillus sp. MSK-01 having potential to
be used as anticancer agent, Int. J. Biol. Macromol. 170 (2021) 232-238, https://
doi.org/10.1016/j.ijbiomac.2020.12.082.

S. Ben Younes, S. Sayadi, Purification and characterization of a novel trimeric and
thermotolerant laccase produced from the ascomycete Scytalidium thermophilum
strain, J. Mol. Catal. B Enzym. 73 (2011) 35-42, https://doi.org/10.1016/j.
molcatb.2011.07.014.

S. Sadhasivam, S. Savitha, K. Swaminathan, F.-H. Lin, Production, purification and
characterization of mid-redox potential laccase from a newly isolated Trichoderma
harzianum WL1, Process Biochem. 43 (2008) 736-742, https://doi.org/10.1016/j.
procbio.2008.02.017.

Y. Zhu, H. Zhang, M. Cao, Z. Wei, F. Huang, P. Gao, Production of a thermostable
metal-tolerant laccase from Trametes versicolor and its application in dye
decolorization, Biotechnol. Bioprocess Eng. 16 (2011) 1027-1035, https://doi.org/
10.1007/s12257-011-0129-0.

N.K. Pazarlioglu, M. Sariisik, A. Telefoncu, Laccase: production by Trametes
versicolor and application to denim washing, Process Biochem. 40 (2005)
1673-1678, https://doi.org/10.1016/j.procbio.2004.06.052.

C. Zhang, Z. Yan, X. Li, J. Wang, X. Ren, X. Liu, Comprehensive analysis of catalytic
characteristics and molecular mechanisms in mutant Trametes versicolor strains
with enhanced laccase activities, Fermentation 9 (2023) 995, https://doi.org/
10.3390/fermentation9120995.

Q. Li, C. Chai, L. Zhao, Biodegradation of endocrine disrupting chemicals with
laccase isozymes from recombinant Pichia pastori, Catal. Lett. 152 (2022)
2625-2636, https://doi.org/10.1007/510562-021-03870-8.


https://doi.org/10.1186/s40643-021-00484-1
https://doi.org/10.1186/s40643-021-00484-1
https://doi.org/10.2174/1570193X20666221104140632
https://doi.org/10.2174/1570193X20666221104140632
https://doi.org/10.21926/aeer.2302030
https://doi.org/10.21926/aeer.2302030
https://doi.org/10.1016/j.bej.2022.108736
https://doi.org/10.3389/fbioe.2022.1037322
https://doi.org/10.3389/fbioe.2022.1037322
https://doi.org/10.1021/acsami.7b19865
https://doi.org/10.1021/acsami.7b19865
https://doi.org/10.1016/j.bej.2023.108838
https://doi.org/10.3389/fbioe.2022.1005413
https://doi.org/10.3389/fbioe.2022.1005413
https://doi.org/10.1149/1945-7111/ac9b95
https://doi.org/10.1149/1945-7111/ac9b95
https://doi.org/10.1016/j.colsurfb.2019.110719
https://doi.org/10.1016/j.colsurfb.2019.110719
https://doi.org/10.1016/j.enzmictec.2018.09.003
https://doi.org/10.1016/j.enzmictec.2018.09.003
https://doi.org/10.1021/jp100922t
https://doi.org/10.1002/sia.7048
https://doi.org/10.1080/15583724.2021.1896545
https://doi.org/10.1080/15583724.2021.1896545
https://doi.org/10.3389/fmicb.2017.00832
https://doi.org/10.1007/978-981-15-1710-5_3
https://doi.org/10.1007/978-981-15-1710-5_3
https://doi.org/10.1016/j.engmic.2023.100137
https://doi.org/10.1016/j.engmic.2023.100137
https://doi.org/10.3389/fbioe.2021.811905
https://doi.org/10.3389/fmicb.2022.1059777
https://doi.org/10.4014/jmb.1210.10063
https://doi.org/10.4014/jmb.1210.10063
https://doi.org/10.1002/jcp.29583
https://doi.org/10.1016/j.biotechadv.2019.03.012
https://doi.org/10.1016/j.biotechadv.2019.03.012
https://doi.org/10.1016/j.bej.2023.108854
https://doi.org/10.1371/journal.pone.0110834
https://doi.org/10.1007/s12033-020-00281-9
https://doi.org/10.1186/s12896-016-0251-3
https://books.google.pt/books?id=SKUIEQAAQBAJ
https://books.google.pt/books?id=SKUIEQAAQBAJ
https://books.google.pt/books?id=XvXOEAAAQBAJ
https://books.google.pt/books?id=XvXOEAAAQBAJ
https://doi.org/10.1002/mbo3.1279
https://doi.org/10.1016/j.biotechadv.2017.11.002
https://doi.org/10.1007/978-1-4939-9024-5_3
https://doi.org/10.1007/978-1-4939-9024-5_3
https://doi.org/10.1186/s12934-015-0304-7
https://doi.org/10.1016/j.jbiotec.2006.12.024
https://doi.org/10.1002/bit.1125
https://doi.org/10.1007/s12033-023-00803-1
https://doi.org/10.1007/s12033-023-00803-1
https://doi.org/10.1021/acssuschemeng.1c07755
https://doi.org/10.1134/S0003683814020124
https://doi.org/10.3389/fbioe.2020.00632
https://doi.org/10.3389/fbioe.2020.00632
https://doi.org/10.1016/j.bej.2010.07.017
https://doi.org/10.1016/j.bej.2014.12.003
https://doi.org/10.1016/j.ijbiomac.2020.12.082
https://doi.org/10.1016/j.ijbiomac.2020.12.082
https://doi.org/10.1016/j.molcatb.2011.07.014
https://doi.org/10.1016/j.molcatb.2011.07.014
https://doi.org/10.1016/j.procbio.2008.02.017
https://doi.org/10.1016/j.procbio.2008.02.017
https://doi.org/10.1007/s12257-011-0129-0
https://doi.org/10.1007/s12257-011-0129-0
https://doi.org/10.1016/j.procbio.2004.06.052
https://doi.org/10.3390/fermentation9120995
https://doi.org/10.3390/fermentation9120995
https://doi.org/10.1007/s10562-021-03870-8

F.F. Magalhaes et al.

[49]

[50]

N. Gaur, K. Narasimhulu, P. Y, Biochemical and kinetic characterization of laccase
and manganese peroxidase from novel Klebsiella pneumoniae strains and their
application in bioethanol production, RSC Adv. 8 (2018) 15044-15055, https://
doi.org/10.1039/C8RA01204K.

M. Asgher, H.M.Nasir Igbal, M.J. Asad, Kinetic characterization of purified laccase
produced from Trametes versicolor IBL-04 in solid state bio-processing of corncobs,
BioResources 7 (2012) 1171-1188, https://doi.org/10.15376/biores.7.1.1171-
1188.

11

[51]

[52]

Biochemical Engineering Journal 212 (2024) 109483

N. Rahoui, M. Hegazy, B. Jiang, N. Taloub, Y.D. Huang, Particles size estimation of
polydopamine based polymeric nanoparticles using near-infrared spectroscopy
combined with linear regression method, Am. J. Anal. Chem. 09 (2018) 273-285,
https://doi.org/10.4236/ajac.2018.95021.

H.J. Cox, J. Li, P. Saini, J.R. Paterson, G.J. Sharples, J.P.S. Badyal, Bioinspired and
eco-friendly high efficacy cinnamaldehyde antibacterial surfaces, J. Mater. Chem.
B 9 (2021) 2918-2930, https://doi.org/10.1039/DOTB02379E.


https://doi.org/10.1039/C8RA01204K
https://doi.org/10.1039/C8RA01204K
https://doi.org/10.15376/biores.7.1.1171-1188
https://doi.org/10.15376/biores.7.1.1171-1188
https://doi.org/10.4236/ajac.2018.95021
https://doi.org/10.1039/D0TB02379E

	Recombinant laccase biosynthesis for efficient polydopamine coating
	1 Introduction
	2 Materials and methods
	2.1 Materials, plasmids and strains
	2.2 K. phaffii X33cultivation and laccase production
	2.2.1 Inoculum preparation
	2.2.2 Laccase production in orbital shaker
	2.2.3 Laccase production in stirred tank bioreactor
	2.2.4 Monitoring of cell growth and viability

	2.3 Laccase purification and concentration by precipitation and ultrafiltration
	2.4 Total protein profile and laccase enzymatic activity
	2.4.1 Total protein
	2.4.2 Polyacrylamide gel electrophoresis
	2.4.3 Laccase activity

	2.5 Polydopamine coating of cellulose paper

	3 Results and discussion
	3.1 Development of the recombinant K. phaffii strain expressing laccase
	3.2 Laccase production by K. phaffii X33 in shake-flask
	3.2.1 Improvement of laccase production

	3.3 Production of laccase in bioreactor
	3.4 Laccase recovery from fermentation broth
	3.5 Effect of temperature and pH on laccase activity
	3.6 Kinetic parameters
	3.7 Cellulose filter paper coating with polydopamine

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supporting information
	References


