Journal Pre-proof

ENZYME AND
MICROBIAL
TECHNOLOGY

Saturation mutagenesis to improve the degradation of azo dyes by
versatile peroxidase and application in form of VP-coated yeast cell walls

Karla lli¢ burdi¢ (Conceptualization) (Investigation) (Writing -
original draft), Raluca Ostafe (Methodology) (Validation),
Aleksandra Burdevi¢ belmas (Methodology) (Investigation), Nikolina
Popovi¢ (Validation) (Visualization), Stefan Schillberg (Writing -
review and editing) (Resources), Rainer Fischer (Writing - review
and editing) (Resources), Radivoje Prodanovi¢ (Conceptualization)
(Supervision) (Project administration) (Writing - review and editing)

PII: S0141-0229(20)30002-8

DOI: https://doi.org/10.1016/j.enzmictec.2020.109509
Reference: EMT 109509

To appear in: Enzyme and Microbial Technology

Received Date: 6 October 2019

Revised Date: 25 December 2019

Accepted Date: 11 January 2020

Please cite this article as: lli¢ burdi¢ K, Ostafe R, burdevi¢ Delmas A, Popovi¢ N, Schillberg
S, Fischer R, Prodanovi¢ R, Saturation mutagenesis to improve the degradation of azo dyes
by versatile peroxidase and application in form of VP-coated yeast cell walls, Enzyme and

Microbial Technology (2020), doi: https://doi.org/10.1016/j.enzmictec.2020.109509


https://doi.org/10.1016/j.enzmictec.2020.109509
https://doi.org/10.1016/j.enzmictec.2020.109509

This is a PDF file of an article that has undergone enhancements after acceptance, such as
the addition of a cover page and metadata, and formatting for readability, but it is not yet the
definitive version of record. This version will undergo additional copyediting, typesetting and
review before it is published in its final form, but we are providing this version to give early
visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal
pertain.

© 2020 Published by Elsevier.



Research article

Saturation mutagenesis to improve the degradation of azo dyes by versatile

peroxidase and application in form of VP-coated yeast cell walls

Karla lli¢ Durdi¢!, Raluca Ostafe?3, Aleksandra Burdevi¢ Delmas?, Nikolina Popovi¢!, Stefan Schillberg?, Rainer

Fischer®5, Radivoje Prodanovié¢!*

tUniversity of Belgrade-Faculty of Chemistry, Studentski trg 12-16, 11000 Belgrade, Serbia

2Purdue Institute of Inflammation, Immunology and Infectious Disease; Molecular Evolution, Protein Engineering

and Production; Purdue University, 207 S. Martin Jischke Dr., West Lafayette, IN 47907, USA
3Institute of Molecular Biotechnology, RWTH Aachen University Worringerweg 1, 52074 Aachen, Germany

“Fraunhofer Institute for Molecular Biology and Applied Ecology IME, Forckenbeckstrasse 6, 52074 Aachen,

Germany

SDepartments of Biological Sciences and Chemistry, Purdue University, 207 S. Martin Jischke Dr., West Lafayette,

IN 47907, USA

Correspondence: Prof. Radivoje Prodanovi¢, Faculty of Chemistry, University of Belgrade, Studentski trg 12-16,

11000 Belgrade, Serbia.

E-mail: rprodano@chem.bg.ac.rs

Graphical abstract



Saturation mutagenesis

Versatile

Aga2 peroxidase ,
| ] Screening

Agal

7

N
. )
1

)

000

S. cerevisiae

Selection

Multiple dye degradation cycles

Highlights

Azo dyes are toxic and carcinogenic synthetic pigments which accumulate as pollutants
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ABSTRACT



Azo dyes are toxic and carcinogenic synthetic pigments that accumulate as pollutants in aquatic
bodies near textile factories. The pigments are structurally diverse, and bioremediation is mostly
limited to single dye compounds or related groups. Versatile peroxidase (VP) from Pleurotus
eryngii is a heme-containing peroxidase with a broad substrate spectrum that can break down
many structurally distinct pollutants, including azo dyes. The utilization of this enzyme could be
facilitated by engineering to modify its catalytic activity and substrate range. We used saturation
mutagenesis to alter two amino acids in the catalytic tryptophan environment of VP (V160 and
A260). Library screening with three azo dyes revealed that these two positions had a significant
influence on substrate specificity. We were able to isolate and sequence VP variants with up to
16-fold higher catalytic efficiency for different azo dyes. The same approach could be used to
select for VP variants that catalyze the degradation of many other types of pollutants. To allow
multiple cycles of dye degradation, we immobilized VP on the surface of yeast cells and used
washed cell wall fragments after lysis. VP embedded in the cell wall retained ~70% of its initial
activity after 10 cycles of dye degradation each lasting 12 h, making this platform ideal for the

bioremediation of environments contaminated with azo dyes.
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1. INTRODUCTION



Natural dyes have been used for centuries to alter the color of textiles and materials such as paper
and leather [1]. During the twentieth century, natural dyes (mostly from plants) were replaced
with synthetic alternatives [2]. The textile industry now utilizes more than 7x10° tons of synthetic
dyes and pigments every year [3]. During the coloring process, 10-15% of the dye compounds
are released into wastewater, which is often discharged directly into the environment, causing

pollution that can be readily observed near areas with many textile factories [4-7].

Azo dyes are one of the most common types of synthetic pigment, and most have multiple azo
structures linked to phenyl and naphthyl radicals substituted with different functional groups [1].
These dyes are affordable and sustainable for industrial processes [8], but they have a negative
impact on public health when they accumulate in aquatic bodies [9]. Multiple studies have shown
that azo dyes released into the environment are toxic, and even carcinogenic [10-14]. Strategies
to remove such dyes from water include adsorption on activated charcoal or silica gel, UV
degradation, ion exchange and ozonization, but this often leads to the accumulation of
degradation products that trigger secondary pollution [15,16]. Another promising strategy is
biodegradation, but some of the enzymes used for this purpose achieve only partial degradation
due to the complex chemical structure of the dyes [17-20]. Given the wide distribution and
toxicity of azo dyes and the lack of an efficient removal system, the development of improved
enzymes and new biodegradation platforms is important for both environmental preservation and

public health.

Versatile peroxidase (VP) is a lignin-degrading heme-containing oxidoreductase classified as a
class Il peroxidase [21], which is secreted by several species of basidiomycetes, mostly from the
genera Pleurotus and Bjerkandera [22,23]. In natural scenarios, VP cooperates with lignin

peroxidase (LiP), manganese peroxidase (MnP) and laccase to break down lignocellulose [24,25].



VP is a hybrid enzyme that combines the catalytic characteristics of MnP (i.e., the ability to
oxidase Mn?* to Mn**, which when complexed by organic acids can oxidize aromatic compounds
[26]) with the LiP-like ability to use the long-range electron transfer (LRET) pathway based on
surface-exposed catalytic tryptophan for the oxidation of compounds with a higher redox
potential [27-29]. VP can directly oxidize many high-redox-potential dyes, whereas LiP requires
various redox mediators to complete the same reaction [30-32]. The main substrate for LiP is
veratryl alcohol [33]. VP can also oxidize this molecule but has a much lower affinity for it
[34,35]. Given the ability of VP to oxidize many aromatic, phenolic and non-phenolic substrates
with wide range of redox potentials [36], including industrial dyes [37], there is significant
interest in applications such as the removal of pharmaceuticals [38], pesticides [39] and humic
substrates [40], the generation of new molecules [41], and cross-linking to form biomolecules

[42].

Enzymes are suitable for the removal of organic pollutants from environmental matrices because
they show low toxicity and are effective under mild reaction conditions [43]. The efficient and
economical use of enzymes requires them to be removable and reusable, and this is generally
accomplished by immobilizing them on solid matrixes such as polysaccharides [44], cross-linked
aggregates [42], or porous glass beads [45]. However, this limits the activity of enzymes by
restricting their diffusion, and the act of immobilization can also result in partial denaturation
[46]. These issues can be overcome by using whole cells as biocatalysts [47]. Recombinant
proteins can be displayed on the surface of yeast cells by expressing them as fusions to the
a-agglutinin mating protein subunit 2 (Aga2). When secreted to the extracellular space, Aga2
covalently binds to another subunit (Agal) which is anchored in the cell wall, ensuring that any
recombinant protein fused to Aga2 is displayed on the yeast cell surface [48]. This approach has

been used successfully to display laccase for the degradation of micropollutants [49,50].



In order to increase the activity of VP, allowing the more efficient degradation of azo dyes, we
used saturation mutagenesis to exhaustively substitute two amino acid residues in the catalytic
tryptophan environment, which differs in structure between VP and LiP. V160 and A260 were
replaced with all other residues and the resulting library was screened for improved azo dye
degradation activity. Yeast surface display was then used to produce biocatalysts in the form of
cell wall fragments displaying the best-performing VP variants. These were applied in multiple
cycles of dye degradation to determine the suitability of the biocatalysts for environmental

remediation.

2. MATERIALS AND METHODS

2.1 Chemicals, vectors and yeast cells

All chemicals were analytical grade or higher and were purchased from Sigma-Aldrich
(Taufkirchen, Germany), Applichem (Darmstadt, Germany) or Carl Roth (Karlsruhe, Germany).
The pCTCON2 vector (Figure S1) and Saccharomyces cerevisiae EBY100 competent cells were

kindly provided by Professor Dane Wittrup, Massachusetts Institute of Technology.

2.2 Cloning and transformation

A synthetic gene encoding Pleurotus eryngii VP was inserted into the yeast surface display
vector pCTCONZ2 at the Nhel and BamHI sites (Figure S1) to produce the recombinant vector
VP-pCTCON2 (Figure S2). The sequence of the VP gene is shown in Figure S3. After ligation,
the mixture was used to transform competent Escherichia coli XL10Gold cells (Agilent
Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. Plasmid
DNA was recovered using a plasmid isolation kit (Macherey-Nagel, Dirren, Germany) and the

integrity of the inserts was confirmed by sequencing using the primers listed in Table S1.



2.3 Preparation of VP saturation mutagenesis library

A VP saturation mutagenesis library was prepared using the QuikChange Lighting Multi Site-
Directed Mutagenesis Kit (Agilent Technologies) with VP-pCTCON?2 as the template and the
primers listed in Table S1. The PCR mixture comprised 50 ng of template DNA, 100 ng each
primer and the remaining kit components. The reaction began with a denaturation step at 95 °C
for 2 min, followed by 30 cycles of denaturation at 95 °C for 20 s, annealing at 55 °C for 30 s and
extension at 65 °C for 5 min, and a final extension step at 65 °C for 10 min. PCR products were
digested with Dpnl to remove template DNA for 10 min at 37 °C and used directly for the
transformation of competent E. coli XL10Gold cells as above. Following the isolation of plasmid

DNA as above, we sequenced 10 random clones to confirm mutagenesis.

2.4 Expression and screening of VP variants in microtiter plates

The saturation library was used to transform S. cerevisiae EBY100 competent cells, with the
empty pCTCON2 vector as a negative control and the original VP-pCTCON2 construct as a
positive control [51]. After a heat shock at 42 °C for 1 h, the cells were plated on YNB-CAA
medium supplemented with 2% (w/v) glucose. Single colonies were transferred to the individual
wells of 96-well plates containing 100 pL of the same medium supplemented with 50 pg/mL
chloramphenicol, and the plates were incubated for 16 h at 25 °C (80% humidity), shaking at 500
rpm. We then transferred 5 pL of the cells from each well to a fresh microtiter plate containing
30 pL of the same medium per well, and incubated for another 8 h under the same conditions. We
then added 100 pL of induction medium to each well (YNB-CAA medium supplemented with
2% (w/v) galactose, 50 pg/mL chloramphenicol and 500 pM 5-aminolevulinic acid) and

incubated the cells for another 16 h[52].



Following the induction of VP expression, the cells were washed with 100 mM sodium tartrate
(pH 3.5) and 20 pL of the suspension in each well was transferred to fresh microtiter plates
containing 130 uL 100 mM sodium tartrate (pH 3.5) per well. After measuring the optical density
at 600 nm (ODeoo), we added 10 pL 10 mM H202 and 40 pL of one of the following dyes to each
well: 0.1 mM Evans blue, 0.1 mM Guinea green B, or 0.1 mM Amido black 10B. The efficiency
of dye degradation was determined by measuring the absorbance at 620 nm at the beginning of
the reaction and after 6 h to indicate the proportion of dye remaining. For standardization, three
wild-type clones were included in every microtiter plate as well as three clones transformed with
the empty pCTCONZ2 vector. All fermentations were carried out three times (three biological
replicates) and all measurements were taken in triplicate (three technical replicates). VP variants
with the highest activity against one or more dyes were selected for sequencing and further

characterization.

2.5 Isolation of selected VP variants

After screening in microtiter plates, yeast cells expressing the most active VP variants were
inoculated into 2 mL YNB-CAA medium supplemented with 2% (w/v) glucose and 50 pg/mL
chloramphenicol and cultured at 28 °C for 24 h. To isolate plasmid DNA, the cells were
centrifuged (10,000 x g, 25 °C, 1 min) and the pellet was resuspended in 500 pL lysis buffer (50
mM Tris-HCI pH 7.5, 10 mM EDTA, 0.5% (v/v) 2-mercaptoethanol) containing 50 U
Arthrobacter luteus lyticase [53]. The suspension was incubated for 2 h at 30 °C and the plasmid
DNA was isolated from the lysate, sequenced and used for the retransformation of S. cerevisiae

EBY100 cells as described above.

2.6 Yeast surface display and preparation of cell walls



Individual colonies transformed with the pCTCON2 vector, wild-type VP and selected VP
variants were transferred to 20 mL YNB-CAA medium supplemented with 2% (w/v) glucose and
50 pg/mL chloramphenicol, and were cultivated at 28 °C, shaking at 160 rpm, until the ODsoo
reached 3-3.5 (~16 h). For the induction of enzyme expression, the cells were transferred to 20
mL YNB-CAA medium supplemented with 2% (w/v) galactose and 50 pg/mL chloramphenicol
at ODsoo = 0.8, and we added 20 puL 0.5 M 5-aminolevulinic acid to make a final concentration of
500 uM. The cells were incubated as above for a further 16 h then washed three times with water
and resuspended in 3 mL 3% (v/v) toluene. Following cell lysis for 6 h at 25 °C, shaking at 200
rpm, the cell walls were washed ~10 times in water to remove all traces of toluene. The cell walls

were then resuspended in 100 mM sodium tartrate (pH 3.5) and the ODsoo Was adjusted to 5.0.

2.7 Dye degradation

We mixed 200 pL of the cell wall preparation displaying wild-type VP or selected VP variants
with 100 pL 5 mM H202, 100 pL of the dye solutions discussed above (0.5 mM final
concentration in each case) and 600 pL 100 mM sodium tartrate (pH 3.5). Cell walls from yeast
transformed with the empty pCTCON2 vector were prepared in the same manner and used as a
negative control. For multiple cycles of dye degradation, cell walls were washed after each 12-h

reaction cycle and supplied with a fresh dye/peroxide solution for a total of 10 cycles.

2.8 Extraction and purification of Aga2-VP fusion proteins from yeast cell walls

The wild-type VP and five selected variants were isolated from 500 mL culture medium by
centrifugation at 3000 x g for 5 min at 4 °C, followed by resuspending the cell pellet in 50 mL
100 mM sodium acetate (pH 5.5) containing 1 mM 2-mercaptoethanol. The suspension was
incubated at 4 °C for 4 h before repeating the centrifugation step [55]. The supernatant containing

Aga2-VP fusion proteins was concentrated using Vivaspin ultrafiltration columns with a



molecular weight cutoff of 10 kDa (Sartorius-Stedim, Gottingen, Germany) and the concentrated
supernatants were dialyzed against 20 mM sodium phosphate buffer (pH 7.4). The proteins were
purified using Vivapure Q Mini H mini spin columns (Sartorius-Stedim). Fractions containing
active Aga2-VP variants were collected and analyzed by denaturing sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) in 12% gels containing 2-mercaptoethanol.
Protein bands were revealed by staining with Coomassie Brilliant Blue R-250 and compared to
molecular weight standards (Thermo Fisher Scientific, Waltham, MA, USA). Native
electrophoresis was performed under the same running conditions in gels without SDS and
2-mercaptoethanol. For zymography, the gel was supplemented with 100 mM sodium tartrate

(pH 3.5) containing 0.5 mM H202and 9 mM guaiacol [55].
2.9 Characterization of enzyme properties

Kinetic constants were determined by measuring enzyme activity in different concentrations of
each dye (10-100 pM) in 100 mM sodium tartrate (pH 3.5) containing 0.5 mM H202. The
concentration of fusion proteins was determined by measuring the absorbance at 280 nm based

on an extinction coefficient of 17585 M-*cm calculated using ProtParam.

3. RESULTS AND DISCUSSION

The wild-type VP gene was inserted into the yeast surface display vector pCTCON2 and
saturation mutagenesis was carried out at positions V160 and A260. The resulting VP variants
were expressed as a library of Aga2 fusion proteins, allowing them to be displayed on the yeast
cell surface by binding to Agal. Colonies expressing VP variants were screened in microtiter
plates for their ability to degrade azo dyes, and the best-performing variants were sequenced,
extracted from the yeast cell surface, purified, and used for further characterization. Following

cell lysis and washing, the cell walls were used for multiple rounds of dye degradation (Figure 1).



3.1 Selection of residues for saturation mutagenesis

The mutation sites were selected based on differences between VP and LiP in the environment of
the catalytic tryptophan, which is located at position 171 in LiP and 164 in VP (Figure 2). Trpl71
in LiP is surrounded by four acidic residues (E168, E250, D165 and D264), whereas Trp164 in
VP is surrounded by two acidic residues (E161 and E243), one basic residue (R257), and one
neutral residue (S158). The conserved acidic residues may help to stabilize the cation radical
formed on Trp during the catalytic cycle of both enzymes [31]. The replacement of R257 with an
acidic residue was previously shown to cause the complete loss of VP activity against high-
redox-potential dyes [34]. Another major difference concerns the surface of the Trp region, which
features two bulky amino acids in LiP (L167 and F267) but two small residues in VP (V160 and
A260). These residues may be responsible for the different substrate preferences of the two
enzymes [31]. When the alanine at position 260 in VP was changed to phenylalanine, the
equivalent residue in LiP, the kcat and Km values of the A260F enzyme variant for the common
azo dye Reactive black 5 (RB5) were lower than the wild-type values, but the catalytic efficiency
was unaffected, confirming that the residue at position 260 influences the substrate specificity of
VP [34]. All mutations introduced around catalytic Trp164 affected the kinetic parameters of VP
for different substrates [31, 34]. The valine residue at position 160 is in close proximity to
Trpl64 and is not conserved among peroxidases having different specificities (Figure S4). The
effect of position 160 on VP substrate specificity was also indicated, but not experimentally
tested by Ruiz-Duefias et al. [34]. Therefore, in order to improve the degradation of azo dyes by

VP, we selected the positions V160 and A260 for saturation mutagenesis.



3.2 Preparation and screening of the saturation mutagenesis library

A saturation mutagenesis library at positions 160 and 260 was prepared using the QuikChange
Lighting Multi Site-Directed Mutagenesis Kit, and success was confirmed by sequencing 10
randomly picked clones. All 10 clones featured a mutation at one or both sites, but no mutations
were detected at other positions. We obtained ~10* bacterial transformants, and following
plasmid recovery and yeast transformation, we obtained a saturation library pool of 2x10° VP
variants in microtiter plates (normalized to ODseoo = 1) for the screening of azo dye degradation

activity. We tested three dyes: Evans blue, Guinea green B, and Amido black 10B (Figure S5).

The proportion of cells expressing VP variants that were inactive, less active, equally active or
more active compared to wild-type VP differed according to the dye (Figure 3). The proportion
of cells expressing more-active VP variants ranged from 4% (against Guinea green B) to 15%
(against Evans blue), with 10% of variants showing greater than wild-type activity against Amido

black 10B.

The diversity evident in these activity charts indicated that the mutation sites had a significant
influence on the substrate specificity of VP, but there was still a relatively high proportion of
variants with equivalent activity to the wild-type enzyme (24-35%), probably reflecting the
presence of variants with structurally-similar replacement residues. Given the major structural
differences between the three substrate dyes, we anticipated different activity profiles [19],

especially where changes in specificity were driven by differences in substrate-binding capacity.
3.3 Dye degradation by VP and its variants embedded in the yeast cell wall

Yeast cells displaying VP variants with the highest activities against one or more of the test dyes
(Table 1) were regrown and the plasmids were isolated, introduced into E. coli XL10Gold cells

for multiplication, isolated for sequencing, and then used for the retransformation of yeast.



Sequencing showed diversity in both the size and charge of amino acids present at the selected
positions, especially at position 160, which were occupied by much bulkier nonpolar amino

acids.

Table 1. Amino acids at the mutation target sites in the wild-type VP and selected variants.

Variant Position 160 Position 260
Wild-type Val Ala
MV1 Leu Ser
MV2 Tyr Ala
MV3 Tyr Arg
MV4 e Gly
MV5 lle Val

Following the expression of wild-type VP and the five selected variants, yeast cells were washed
and lysed by toluene-induced autolysis, which was optimized by measuring the protein
concentration in the supernatant and enzyme activity with ABTS as the substrate (Figures S4 and
S5). The concentration of released proteins and enzyme activity increased during the first 6 h of
the lysis reaction. Thereafter, the concentration of released proteins remained constant and the
enzyme activity declined. The initial rise in enzyme activity was probably caused by the removal
of ballast proteins from the cells, whereas the subsequent decline was likely to reflect the
inactivation of VP by released proteases. Following lysis, cell walls with embedded wild-type VP
or its variants were washed, resuspended in 100 mM sodium tartrate (pH 3.5) and mixed with
1 mM of the given test dye plus 0.5 mM H202. The extent of dye degradation was measured after

12 h (Figure 4).



Mutations at both positions had a significant impact on the VVP-catalyzed degradation of all three
azo dyes tested in this study. MV1 (Leul60, Ser260) was significantly more active against all
three dyes than wild-type VP (Table 1). In contrast, MV2 and MV3 were significantly more
active than the wild-type VP against Evans blue and Amido black 10B (removing 85-98% of
both dyes, compared to ~40% for the wild-type enzyme), but were less active than wild-type
against Guinea green B. Both of these variants feature a Tyr residue at position 160, but the
residues differ at position 260 (Ala for MVV2 and Arg for MV3). MV4 (11e160, Gly260) was more
active than the wild-type VP against all three dyes, but particularly against Guinea green B.
Finally, MV5 (lle160, Val260) was significantly more active than the wild-type VP against Evans
blue and Guinea green, but significantly less active against Amido black 10B. As stated above,
the major structural differences between the three dyes were expected to result in such

differences [19].

3.4 Purification and Kinetic characterization of Aga2-VP fusion proteins

The five VP variants and wild-type VP were extracted from the yeast cell wall preparation as
Aga2 fusion proteins [47, 48] by incubating with 2-mercaptoethanol [55]. After buffer exchange,
the extracted fusion proteins were purified by ion exchange chromatography (Figure S8) and
purity was confirmed by gel electrophoresis under native conditions followed by zymography.
The single bands on the native gel (Figure S9A) matched the active zones on the zymography gel
with guaiacol and H20:2 as substrates (Figure S9B). The molecular weight of the isolated fusion
proteins were determined by SDS-PAGE, revealing in each case a broad band of 50-65 kDa
(Figure S10). This was higher than the theoretical molecular weight of VP (42 kDa) [23] plus
Aga2 (9.5 kDa) [55], making a combined 51.5 kDa, reflecting the glycosylation that occurs

during protein secretion in S. cerevisiae [56]. Similar results have been reported for a glucose



oxidase Aga2 fusion protein [55]. Microheterogeneity due to hyperglycosylation in S. cerevisiae
has also been reported in the case of a secreted invertase, which showed a broad molecular

weight range of 60-120 kDa [56].

Kinetic constants were determined for the VP variants against all three dyes (10-100 puM) in 100
mM sodium tartrate (pH 3.5) containing 0.5 mM H202 (Table S2). The kcat and Km values for the
VP variants are compared to the wild-type enzyme in Figures 5A and 5B, respectively. For the
wild-type VP fusion protein, the keat values for the three dyes fell within the range 0.81-1.17 s
and the range of Km values was 15.76-31.28 uM. The kca: of soluble wild-type VP expressed in
E. coli for Reactive black 5 was previously reported as 5.5 s and the Km was 3.4 pM [34], which
is consistent with our results but outside the range we observed. This may reflect the difference
between the soluble enzyme and the Aga2 fusion protein, as we previously observed for glucose
oxidase (wild-type and B11 mutant), where the kcat value of the fusion protein was lower and the

Km value higher compared to the soluble enzyme, probably due to diffusion limitations [55].

The comparison of wild-type VP and the five selected variants revealed significant differences in
keat and Km, confirming the influence of positions 160 and 260 on these kinetic constants (Table
S2). The Keat value of MV1 (Leul60, Ser260) for Evans blue was 1.7-fold higher than wild-type
VP whereas the Km value was 3.5-fold lower, resulting in a significant increase in specificity.
MV2 and MV3 (Tyrl60) showed an even greater increase in kcat compared to wild-type VP, but
MV2 (Ala260) had a 4.2-fold lower Km whereas that of MV3 (Arg260) was 1.4-fold higher. This
suggests that a bulky, positively charged amino acid at position 260 is less favorable for the
degradation of Evans blue. MVV4 and MV5 (11e160) had very similar kinetic parameters (slightly
higher kcat and significantly lower Km than wild-type VP), but both variants featured small amino

acids at position 260. Interestingly, MV1-MV4 all showed up to a 6-fold higher kcat value than



wild-type VP for Amido black 10B, whereas the keat value of MV5 was 2-fold lower, suggesting
that Val at position 260 has a negative impact on the degradation of Amido black 10B. MV3
showed the highest specificity constant for Amido black 10B (16-fold higher than the wild-type
value). Both MV2 and MV3 (Tyr160) showed significantly lower kcat values for Guinea green B
compared to wild-type VP (2.5-fold and 1.5-fold lower, respectively) whereas the kcat values of
MV4 and MV5 (11e160) were up to 6.3-fold higher than wild-type VP, with up to 3.8-fold lower

Km values (MV4).

Our results confirmed that both mutation sites had a significant impact on the substrate specificity
of VP, and that variations at these positions affected both kcat and Km. The most significant
changes were observed at position 160, where small amino acids near to the catalytic Trp residue
were replaced with the much bulkier amino acids Tyr, lle or Leu. Among the five selected
mutants, both lle and Tyr appeared twice, showing that hydrophobic and aromatic residues may
promote the VVP-catalyzed degradation of different dyes. Most of the amino acids identified at
position 260 were small, similar to the wild-type VP, with the exception of one positively
charged amino acid (Arg) in MV3. As expected, based on the negatively charged structure of the
dyes, no negatively charged amino acids were identified in the selected mutants. However, the
presence of negatively charged residues was confirmed in the sequences of 10 randomly chosen
variants, confirming the absence of any inherent bias in the library against these residues. We
also observed significant variations in the specificity of each VP variant for different dyes,
confirming that the selected mutation sites are indeed important for substrate binding [31,34]. As
stated above, one of the main challenges when using enzymes for the degradation of azo dyes is
the diversity of dye structures [14-20], but saturation mutagenesis targeting the surface Trp

environment was able to increase the catalytic efficiency of VP against all three test dyes.



3.5 Application of selected variants in multiple cycles of dye degradation

The use of enzymes for remediation is hindered by the high costs of enzyme production and their
limited operational lifespan [45]. The costs can be reduced by ensuring that enzymes remain
active for longer and/or by reusing them multiple times, both of which can be achieved by
enzyme immobilization. However, many immobilization methods lead to the loss of enzyme
activity [44-47]. We applied the strategy of in situ immobilization by yeast surface display and
used post-lysis cell wall fragments for multiple cycles of dye degradation, in each case using the
most active VP variant for each dye: MV2 for Evans blue, MV3 for Amido black 10B, and MV4
for Guinea green B (Figure 6). Each degradation cycle lasted 12 h, and the cell wall fragments
were washed before the next cycle. All three selected variants lost less than 30% of their initial
activity after 10 degradation cycles, proving that our biodegradation platform is ideal for

remediation applications involving the removal of azo dyes.

4. CONCLUSIONS

We created a saturation mutagenesis library for two positions close to the catalytic Trp residue of
VP (positions 160 and 260). In order to effectively use VP and its variants for the degradation of
azo dyes, we expressed the variants on the yeast cell surface and screened the clones in microtiter
plates for activity against three diverse azo dyes (Evans blue, Amido black 10B and Guinea green
B). The broad range of activities we recovered confirmed that the selected mutation sites had a
strong impact on the substrate specificity of VP, which may not be limited to the degradation of
azo dyes. Using saturation mutagenesis, we were able to significantly improve the VVP-catalyzed
degradation of all three selected dyes. The five best-performing mutants differed significantly in
their specificities for the three dyes, showing up to a 16-fold higher specificity than the wild-type

enzyme. Sequencing revealed that hydrophobic and bulky residues at position 160 had a positive



effect on dye degradation, whereas smaller amino acids were preferred at position 260, with the
exception of an Arg residue in variant MV 3. The best-performing variants for each substrate were
used in multiple cycles of dye degradation as cell wall fragments containing embedded enzymes.
The immobilized enzymes lost less than 30% of their initial activity over 10 rounds of azo dye
degradation each lasting 12 h, making them suitable for the bioremediation of contaminated

aquatic bodies.
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Figure captions

Figure 1. Schematic overview of the experimental strategy. The wild-type versatile peroxidase (VP) sequence was
inserted into the pCTCON2 vector to yield the VP-pCTCON?2 construct, and the insert was subjected to saturation
mutagenesis at two positions. The resulting library of VP variants was expressed on the surface of yeast cells and
screened for azo dye degradation activity in microtiter plates (MTPs). The best-performing variants were selected for

sequencing and further characterization. Cell wall fragments displaying VP were used for multiple cycles of azo dye

degradation.
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Figure 2. The catalytic tryptophan environment of versatile peroxidase (VP) and lignin peroxidase (LiP).

Differences in the environment of Trp 164 for VP (A) and Trp 172 for LiP (B). Magenta residues are conserved in



both enzymes, whereas blue residues are basic or neutral in VP but acidic in LiP. Yellow residues are much bulkier

in LiP than VP.

Figure 3. Proportion of versatile peroxidase (VP) variants showing no activity, lower, equal or higher activity
compared to wild-type VP after screening in microtiter plates against three azo dyes: (A) Evans blue, (B) Guinea

green B, and (C) Amido black 10B.
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Figure 4. Dye degradation by wild-type VP and selected mutants. Following the expression of wild-type VP and

selected variants, yeast cells were lysed, the cell wall fragments were washed and then mixed with three different



dyes (Evans blue, Amido black 10B, or Guinea green B, all at 1 mM) and 0.5 mM H,0,. The extent of dye
degradation is shown as a percentage after 12 h on the y-axis, whereas the x-axis shows the wild-type VP and
variants MV1-MVS5). Blue = Evans blue, orange = Amido black 10B, and gray = Guinea green B. Data are means of

triplicate experiments with error bars indicating standard deviations.
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Figure 5. Kinetic parameters for wild-type VP and five selected variants. (A) Catalytic constants (kc.) for wild-type
VP and five selected variants for three different dyes. (B) Michaelis constants (Km) for wild-type VP and five
selected variants for three different dyes. Data are means of triplicate experiments with error bars indicating standard

deviations.
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Figure 6. Multiple dye degradation cycles. (A) Evans blue degradation cycles with VP variant MV2. Cell wall
fragments after lysis were incubated with 1 mM Evans blue and 0.5 mM H;O, for 12 h. The incubation step was
carried out for 10 cycles with intervening wash steps. (B) Guinea green B degradation cycles with VP variant MV4
under the same conditions described above. (C) Amido black 10B degradation cycles with VP variant MV3 under
the same conditions described above. Data are means of triplicate experiments, with error bars indicating standard

deviations. These are not visible when smaller than the symbol size.
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