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Highlights

e Versatile peroxidase library was generated using error prone PCR.

e Variants were expressed on yeast cell surface and screened using FACS-based method.
e Mutants retaining activity after 1h peroxide incubation were selected.

e Mutants with 1.5 times increased catalytic constant were found.

e Azo dyes were decolorized using mutant enzymes immobilized within cell wall.



Abstract

Pleurotus eryngii wild-type versatile peroxidase (wtVP) oxidizes structurally diverse substrates
in an H2O»-dependent manner, but its ability to oxidize many pollutants is limited by suicidal
enzyme inactivation in the presence of excess H20». To address this drawback, we generated
random mutagenesis libraries containing 3x108 mutated VP genes and screened for enzymes with
higher oxidative stability expressed on the surface of yeast cells. This was achieved by flow
cytometry using the substrate fluorescein tyramide. After two rounds of sorting, the percentage of
cells expressing variants with improved oxidative stability had increased from 1% to 56%. The
most stable variants featured 3-5 amino acid substitutions and retained up to 70% of their initial
activity after incubation for 1 h in 30 mM H20: (conditions that completely inactivate wtVP).
Selected variants were extracted from yeast cell walls and purified for kinetic characterization.
We also prepared yeast cell walls with wtVP and the three most stable VP variants for multiple
cycles of azo dye (Reactive black 5) degradation. After 10 cycles of 12 h, two of the variants
retained more than 97% of their initial activity, whereas the activity of wtVP declined by ~30%.
These results confirm that our high-throughput screening system can improve the oxidative
stability of versatile peroxidase, providing a source of novel enzymes for remediation

applications.
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1. Introduction

Versatile peroxidase (VP) is a class 11 heme-containing oxidoreductase secreted by certain fungi
as a part of the lignin-degradation consortium [1,2]. VP is produced by many basidiomycetes,

including the genera Pleurotus [3,4]. VP combines the catalytic cycles of two other ligninolytic



peroxidases: lignin peroxidase (LiP) and manganese peroxidase (MnP) [5,6]. The H.O2-mediated
oxidation of compounds with a high redox potential involves a long-range electron transfer
(LRET) pathway from the heme group in the enzyme’s central cavity to the Trp164 residue on
the surface [7,8]. VP also oxidizes Mn?* due to the presence of an oxidation site with a channel
extending directly to the heme molecule. Mn** acts as diffusible oxidant for a wide range of
phenolic and non-phenolic substrates [9]. A third oxidation site connected to the main heme

access channel is responsible for the oxidation of compounds with a lower redox potential [5].

The presence of multiple oxidation sites for substrates with different redox potentials enables the
oxidation of a wide range of substrates, making VP suitable for many industrial and
environmental applications [10]. In addition to delignification [11] and the synthesis of new
compounds [12,13], VPs are ideal for the degradation of phenolic and non-phenolic pollutants,
pesticides, pharmaceuticals and industrial dyes [14-19] without additional redox mediators [20-
23]. However, the applications of VVPs are limited by the suicidal inactivation of the enzyme in
the presence of excess of H>O5, a substrate required for all oxidation reactions. High levels of
H.0- accelerate the formation of superoxide anion radicals containing Fe®*, which are
catalytically inactive reaction intermediates. These can trigger the oxidation of amino acids or

heme groups, leading to irreversible enzyme inactivation [24-26].

Directed evolution is a powerful tool for the improvement of industrially relevant enzymes, but
requires the construction and screening of random mutagenesis gene libraries to identify the best-
performing variants [27, 28]. Ideally, it should be possible to select improved variants from a
large starting population (up to 107 clones) and the screening process should preserve the linkage
between genotype and phenotype in order to trace back selected protein characteristics to the

corresponding mutations [29]. Linkage can be achieved by the transformation of bacteria or



yeasts with a gene pool library followed by the recovery of single-cell library colonies on solid
media or in individual microtiter plate wells. However, this approach is limited to 10°-10*
variants per screening round, and the inclusion of such as small number of mutants can lead to
the omission of the most active or stable variants in the library [30]. In contrast, cell sorting based
on enzyme activity can be achieved by flow cytometry/fluorescence activated cell sorting

(FACS), and this allows the screening of more than 107 variants per hour [31].

Expression of VP in E. coli (most-widely applied host for directed evolution) results in improper
folding and high yield of inclusion bodies. Enzyme refolding can be attempted, however, that
strategy is not appropriate for high-throughput screening studies [32]. Functional expression of
VP in S. cerevisiae has been reported [32], along with functional expression of LiP on S.
cerevisiae cell surface [33]. The major benefit of protein expression on S. cerevisiae cell surface
is preservation of the link between genotype and phenotype [34-36]. In the most widely-used
system, recombinant proteins are fused to the C-terminus of the a-agglutinin mating protein Aga2
[37,38]. Following the galactose-inducible expression of Aga2 fusion proteins, the Aga2 domain
forms two disulfide bonds with the Agal domain of a-agglutinin anchored in the yeast cell wall,

such that the recombinant protein of interest is displayed on the cell surface.

Here we describe the preparation of a mutagenesis library starting with the wild-type VP (wtVP)
from the oyster mushroom Pleurotus eryngii. The wtVVP and mutated variants were expressed as

Agaz2 fusion proteins and displayed on the surface of yeast cells, allowing the application of flow
cytometry for high-throughput library screening in order to select VP variants with increased

stability in the presence of H20,.
2. Materials and methods

2.1 Chemical synthesis



Fluorescein tyramide (TyrF) was used as a substrate for VP activity screening, and was
synthesized as previously described [39] with minor adjustments. We mixed 20 mM tyramine
HCI with 25 mM triethylamine and 20 mM N-hydroxysuccinimide-fluorescein (all dissolved in
dimethyl formamide) and incubated the mixture at 4 °C for 3 h. The product was diluted in

ethanol to a final concentration of 2 mM and was stored in dark at 4 °C.

2.2 Preparation of the P. eryngii VT sequence and transfer to vector pCTCON2

The P. eryngii gene encoding wtVP (Fig. S1) was synthesized by Eurofins Genomics (Ebersberg,
Germany) and transferred to the yeast surface display vector pPCTCONZ2 (kindly provided by
Professor Dane Wittrup, Massachusetts Institute of Technology) at the Nhel and BamHI sites
(Fig. S2) to generate recombinant construct wtVP-pCTCON2 (Fig. S3). After ligation, the
mixture was used for the transformation of Escherichia coli XL10Gold cells (Agilent
Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. The integrity
of wtVP-pCTCON2 was confirmed by sequencing using the primers listed in Table S1, and
plasmid DNA was isolated using the NucleoSpin plasmid isolation kit (Macherey-Nagel, Duren,

Germany) according to the manufacturer’s instructions.

2.3 Preparation of random mutagenesis libraries

Random mutagenesis gene libraries were prepared using the Gene Morph Il random mutagenesis
kit (Agilent Technologies) with VP-pCTCONZ2 as the template. Two gene libraries with two
different mutation rates were prepared using two different concentrations of target DNA and the
primer sequences listed in Table S1. The PCR mixtures comprised 300 or 50 pg/uL of target
DNA, 100 nM of primers and the remaining kit components. Each reaction began with a 95 °C
denaturation step for 2 min, followed by 35 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for

1 min, and a final extension step at 72 °C for 10 min. The template DNA was digested with Dpnl



for 90 min at 37 °C, and the products were purified using the PCR purification and gel extraction

kit (Macherey-Nagel).

The mutated genes were used as megaprimers for the amplification of whole plasmid DNA [40].
The PCR mixtures contained 5 ng/uL megaprimers and 6 ng/uL template DNA (VP-pCTCON2),
3% (v/v) DMSO, and Q5 Hot Start High-Fidelity 2x Master Mix (New England BioLabs,
Ipswich, MA, USA). Each reaction started with a 95 °C denaturation step for 30 s, followed by
35 cycles of 95 °C for 10 s, 61 °C for 30 s and 72 °C for 5 min, and a final extension step at 72
°C for 10 min. The template was digested with Dpnl and the products were used directly for the
transformation of E. coli XL10Gold ultra competent cells as above. Plasmid DNA was isolated
using the NucleoSpin plasmid isolation kit and the presence of mutations was confirmed by

sequencing 10 randomly selected mutants.

2.4 Expression of VP on the yeast cell surface

Plasmids from both libraries were pooled for the transformation of S. cerevisiae EBY 100 cells
(kindly provided by Professor Dane Wittrup, Massachusetts Institute of Technology), and
controls were prepared with the pCTCON2 base vector and the wtVP-pCTCON2 construct [41].
Transformation was promoted by exposing the cells to a 42 °C heat-shock step for 1 h, and
transformants were selected on YNB-CAA plates with 2% (w/v) glucose. For the cells
transformed with pCTCON2 or wtVP-pCTCONZ2, single colonies from YNB-CAA plates were
inoculated into 20 mL YNB-CAA medium with 2% (w/v) glucose and 50 pg/mL
chloramphenicol. The cells transformed with the library plasmid pool were collected and
inoculated into 20 mL of the same medium. All liquid cultures were incubated at 28 °C, shaking
at 160 rpm, until the optical density at 600 nm (ODsoo) reached 3-3.5 (approximately 16 h).

Enzyme expression was induced by transferring cells from the glucose culture into YNB-CAA



medium with 2% (w/v) galactose and 50 pg/mL chloramphenicol to achieve an initial ODgoo Of
0.8 (final volume of 20 mL) and adding 20 pL 0.5 M 5-aminolevulinic acid (final concentration

500 uM). The cells were cultivated as above for a further 16 h.
2.5 Fluorescein tyramide assay

The TyrF assay was adapted from a previous report [42]. Briefly, the yeast cells from the 16-h
incubation described above were washed three times with 100 mM sodium acetate (pH 4.5) at a
concentration of 108 cells/mL (where ODgoo = 1 refers to 2x107 cells/mL) and resuspended in the
same buffer containing 0.1% (w/v) bovine serum albumin (BSA). Reactions were carried out in
200-pL aliquots containing 2x10° cells, 20 uM TyrF and 1 mM H20, (TyrF reaction). After 1
min, each reaction was stopped by adding 1 mL 0.5% (w/v) BSA and 10 mM ascorbic acid in
10x PBS. The cells were washed three times with PBS containing 0.1% (w/v) BSA and
resuspended in 1 mL of the same buffer. The cells transformed with the empty pCTCON2 or

wtVVP-pCTCON2 vectors were treated in the same way.

For the sorting of reference libraries, the cells transformed with the empty vector were mixed
with those expressing wtVP in different proportions (1%, 5% and 30% of wtVVP and 99%, 95%
and 70% of pCTCONZ2, respectively) before the reaction. For oxidative stability tests, 2x10° cells
were incubated in 30 mM H2O> for 20 min before each sorting round and were washed three
times with 100 mM sodium acetate (pH 4.5) containing 0.1% (w/v) BSA and resuspended in 200

UL of the same buffer for the assay. For each sorting round a total of 107 cells were analyzed.
2.6 Flow cytometry

Yeast cells were analyzed using a BD FACS Influx flow cytometry system (BD Biosciences, San
Jose, CA, USA) with 488-nm laser excitation and a 530-nm emission filter (bandwidth 530/40).

The analysis rate was 1000-5000 events/s and the sorting rate was 10-200 events/s. Cells



expressing active VP variants were gated on fluorescence/forward scatter plots specified for
every experiment. For reference libraries, three times 400 cells were sorted in a single mode onto
YNB-CAA plates containing 2% glucose and 50 pg/mL chloramphenicol. For random
mutagenesis libraries, 10* cells were sorted onto the same type of plates and liquid medium for

multiple sorting rounds, followed by cultivation as described above.
2.7 Microtiter plate assay

Sorted cells were recovered on YNB-CAA plates and single colonies from the plates were
inoculated into individual wells of 96-well plates containing 100 uL YNB-CAA medium with
2% (w/v) glucose and 50 pg/mL chloramphenicol. The plates were incubated at 25 °C for 16 h
(80% humidity), shaking at 500 rpm. We then transferred 5 pL from each well to a fresh
microtiter plate in which each well contained 30 pL of the same medium, and incubated the
plates under the conditions described above for a further 8 h. We then added 100 pL YNB-CAA
medium with 2% (w/v) galactose, 50 pg/mL chloramphenicol and 500 uM 5-aminolevulinic acid

and incubated for a further 16 h to induce VP expression.

The cells were washed three times with 100 mM sodium tartrate buffer (pH 3.5) and 20 pL was
transferred from each well to a fresh microtiter plate (MTP) in which each well contained 150 pL
of the same buffer. The ODsgo was determined, and we then added 10 pL 100 mM H20O> and 20
puL 20 mM 2,2’-azino-bis-3-bthylbenzothiazoline 6-sulfonic acid (ABTS) to each well (€agTs-+ =
36000 M-tecm™) [37]. For each measurement, we calculated the slope of the linear region
normalized to the ODsqo Of the cells in each well. For standardization, three wtVP clones were
included in every plate as well as three clones transformed with the empty pCTCONZ2 vector. For
oxidative stability mutants, we pre-incubated the cells with 30 mM H»O; for 30 min. VP activity

was measured as described above, and measurements were taken before and after each round of



sorting. All experiments were carried out three times and all measurements were taken in
triplicate. For reference mixes total of three MTP were screened for each sorting. For oxidative
stability sorting total of 300 cells were analyzed for each sorting round. All measurements were

done in triplicates. The mean was calculated considering all measurements, standard deviation

was calculated using following equation: o = \/%Z’i‘;l(xi — p)? and standard error was

(o2

calculated using following equation: (g,,) = =~

For all measurements, the cells expressing the

enzyme variant with less than 10% of wtVP activity were marked as not active. For stability
measurements, after cell sorting, residual activities after incubation in H.O> were compared with
wtVP residual activity. The cells expressing the variants with residual activity whose mean minus
two standard deviations were higher than residual activity mean plus two standard deviations for
wtVP were marked as more stable than wtVP and the cells expressing the variants whose residual
activity mean plus two standard deviations were lower than residual activity mean plus minus
standard deviations for wtVVP were marked as less stable than wtVVP. All other cells were marked

as equally stable as wtVP.
2.8 Isolation of selected VP variant plasmids

Plasmids encoding the VP variants with the highest residual activity after exposure to H.O> were
isolated as previously described, with modifications [43]. Briefly, three individual clones with the
highest residual activity were transferred to 2 mL YNB-CAA medium with 2% (w/v) glucose and
50 pg/mL chloramphenicol and were incubated at 28 °C for 24 h. The cells were collected and
resuspended in 500 pL lysis buffer (50 mM Tris-HCI pH 7.5, 10 mM EDTA, 0.5% (v/v) 2-
mercaptoethanol) supplemented with 50 U Arthrobacter luteus lyticase and incubated at 30 °C for
2 h, followed by plasmid isolation as described above. The VP sequences were determined and

the plasmids were used for the retransformation of S. cerevisiae EBY 100 cells.



2.9 Oxidative stability measurements

Retransformed yeast cells expressing VP mutants were washed three times with water, suspended
in 3% (v/v) toluene, and lysed at 25 °C for 6 h, shaking at 200 rpm. After lysis, the cell walls
were washed 10 times in reaction buffer (100 mM sodium tartrate, pH 3.5) to remove all traces of
toluene. The prepared cell wall fragments were then incubated in 30 mM H;O for different time
periods from 10 min to 1 h. Aliquots taken after 5, 10, 15, 30, 45 and 60 min were diluted to
ODs0o = 1 and VP activity was measured in 100 mM sodium tartrate (pH 3.5) containing 0.5 mM
H202and 2 mM ABTS. The most stable variants were tested for their ability to degrade the dye
Reactive Black 5 in 10 reaction cycles. Cell walls containing wtVP or selected VP variants were
mixed with the dye at a concentration of 1 mM and the mixture was supplemented with 0.5 mM
H20,. After 12 h, the cell wall fragments were washed and reused for a new degradation cycle
with fresh reagents. All experiments were conducted three times and all measurements were done

in triplicates. Standard deviations were calculated using following equation: o =

\/% YN (xi — p)? considering all measurements and standard error was calculated using
- - . _ o
following equation: (0,,) = —.

2.10 Extraction of Aga2-VP fusion proteins from yeast cell walls

The wtVP and selected variants were isolated from 500 mL of culture by centrifugation at
3000xg 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 [44]. 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% polyacrylamide 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 lacking 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 [44].
2.11 Characterization of enzyme properties

Kinetic constants for H.O> were estimated by measuring enzyme activity in different
concentrations of H202 (10-800 uM) in 100 mM sodium tartrate buffer (pH 3.5) with 2 mM
ABTS as a reducing substrate, taking into account the reaction stoichiometry (two molecules of
ABTS are oxidized for each molecule of H20>) as described by Garcia-Ruiz et al. [32]. 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. All measurements

were done in triplicates, standard deviations were calculated using following equation: o =

g

\/% YN (xi — p)? and standard error was calculated using following equation: (a,,) = 75

3. Results and discussion

The P. eryngii wtVVP gene was transferred to the expression vector pPCTCONZ2 and used as a
template at different concentrations for the preparation of two random mutagenesis libraries with

different mutation rates. The clones were expressed as C-terminal fusions to the a-agglutinin



mating protein (Aga2) subunit, which forms two disulfide bonds with the Agal domain
embedded in the cell wall. Fusion protein expression was induced by switching to galactose
supplemented medium, causing VP to be displayed on the surface of the yeast cells. Cells
displaying VP libraries were used for flow cytometry-based sorting to select VP variants with
increased oxidative stability. Accordingly, the cells were pre-incubated with 30 mM H20»,
washed, and exposed to TyrF in the presence of 1 mM H20- to promote the formation of a TyrF
radical that covalently binds to proteins on the cell surface [42]. Following multiple washes to
remove excess TyrF, the cells were gated on FITC/forward scatter plots and those with the
highest enzymatic activity (brightest green fluorescence) were selected by FACS and recovered
on YNB-CAA plates. The best candidates were selected for a second round of sorting after
exposing them once again to 30 mM HO>. The VP variants sorted in the second round were
tested in microtiter plates to identify those with the highest residual enzymatic activity after H20-
exposure. VP variants showing the highest oxidative stability (residual activity) were sequenced

and characterized in more detail. The overview of conducted experiments is presented in Fig. 1.
3.1 Reference library sorting

VPs are suitable for many applications, so attempts have been made to improve industrially
relevant characteristics such as oxidative, pH and thermal stability [32,45]. Some of these
attempts were based on rational design [45] and others on directed evolution [32]. However,
current screening systems involve microtiter plate assays that are not appropriate for random
mutagenesis libraries with a complexity exceeding 10* variants [32,46,47]. To address this issue,
we developed the first high-throughput screening system suitable for the isolation of VP variants
with enhanced stability in the presence of H20.. A TyrF-based screening system without

compartmentalization has previously been used to modify the enantioselectivity of horseradish



peroxidase [44], but such a system has never been used before for ligninolytic peroxidases or in

screens for enzyme stability.

Reference libraries were prepared by mixing different ratios of yeast cells expressing wtVPs with
cells transformed with the empty pCTCONZ2 vector (1% of VVP-expressing cells and 99% of
empty cells — 1% reference mix; 5% of VP-expressing cells and 95% of empty cells — 5%
reference mix and 30% of VVP-expressing cells and 70% of empty cells — 30% reference mix).
Gating was based on differences in fluorescence between 100% empty and 100% positive cells
(Fig. 2). There was a clear correlation between percentage of active cells added to the mixture
and cells with high green fluorescence — indicator of VP activity (Fig. 2A). The number of the
cells detected in gate number 1 increased from 589 for 1% reference mixture to 2496 for 30%
reference mixture (Fig. 2B). After sorting, the gated cells were recovered on YNB-CAA plates
supplemented with glucose and chloramphenicol. A small population of cells with intense green
fluorescence was observed even among the cells transformed with pCTCONZ2 (the cells in gate
number 1), but only ~300 of the 400 sorted cells were recovered on agar plates, probably
reflecting the membrane permeability of dead cells allowing the uptake of the fluorescent

substrate [46].

VP activity was measured using an ABTS microtiter plate assay. The level of enrichment was
dependent on the proportion of positive cells in the reference library (Fig. 2B). The percentage of
active cells after sorting was highest for the 5% reference library with the final purity close to
70%. The purity of sorted cells was also reported to increase when using TyrF as a substrate for
the sorting of glucose oxidase reference libraries, although in that case the sorting process
involved single emulsions [47] in contrast to our system lacking compartmentalization. A similar

level of enrichment in 5% reference libraries (61%) was also reported during the screening of



cellulase in double emulsions with a different substrate [48]. The sorting of active cells at lower
concentrations, such as our 1% reference library, can be affected by background noise and
measurement errors [47]. On the other hand, slightly less effective enrichment achieved with the
30% reference library may reflect the cross-reactivity triggered by the larger number of positive
cells, resulting in nearby cells that do not express VP also showing a positive signal. Increasing
the proportion of cells expressing VP also shifts the entire population toward more intense green
fluorescence. This difference should not be significant enough to affect sorting of random

mutagenesis libraries. Also, percentage of active cells before sorting was kept lower than 15%.
3.2 Preparation of VP random mutagenesis libraries

Random mutagenesis libraries were prepared by using Mutazyme DNA polymerase to introduce
mutations into the wtVVP gene followed by whole plasmid amplification with the mutated genes
as megaprimers and VP-pCTCON?2 as the template. Two libraries with different mutation rates
were generated to achieve more diversity among the VP variants. The presence of mutations was
verified by sequencing 10 randomly selected mutants from each library. We detected 0-5
mutations per gene in the library with the lower mutation rate (median = 2) and 1-9 mutations in
the library with the higher mutation rate (median = 4). Sequencing revealed that the mutations
were spread throughout the gene and there were no nucleotide conversion preferences (data not
shown). The libraries were pooled to produce a single library with a complexity of 3x108, which
is similar to or larger than previously reported random mutagenesis libraries used for sorting by
flow cytometry [42,44, 49]. Working library size was estimated based on number of single E. coli

colonies collected from LB-amp-agar plates after transformation and plating of library sample.

3.3 Sorting for oxidative stability



To sort our random mutagenesis libraries for VP mutants with increased oxidative stability, we
pre-incubated cells with 30 mM H20> and took FACS recordings before incubation and 20 min
afterwards (Fig. 3). Gates were set based on the difference between 100% empty and 100%
positive cells as described above. There was no significant difference between the number of
events in the gate number 2 for the 100% empty (negative control) cells before and after
incubation, but the number of active cells expressing wtVP was much lower after pre-incubation,
with 40-50% remaining active. Furthermore, the entire population of the VP library showed
significantly lower fluorescence after pre-incubation compared to the same population before.
Having optimized the screening procedure, we therefore conducted two rounds of sorting to

screen the VP libraries for enzymes with enhanced oxidative stability.

In both sorting rounds, the cells were pre-incubated in 30 mM H20- for 20 min, and FACS
recordings were taken before and after incubation. Increasing peroxide concentrations above 30
mM resulted in a very low cell recovery after sorting of the cells on YNB-CAA plates. There was
only a slight increase in the number of active cells detected before incubation after two rounds of
sorting, but a much more significant increase in the number of active cells detected after
incubation. Before sorting, only 53% of the cells were active after incubation in 30 mM H203, but
this increased to 72% after the first sorting round (Fig. 4A) and to 82% after the second (Fig.
4B). Following the recovery of cells on YNB-CAA plates, the clones were transferred to the
same medium in microtiter plates and the VP activity was measured using an ABTS microtiter
plate assay before and after incubation in 30 mM H20> for 30 min. We calculated the proportion
of cells expressing no active enzyme as well as the proportion expressing VP variants with lower,
similar and higher oxidative stability compared to wtVP (Fig. 4C). After one round of sorting,
the proportion of cells showing no VP activity dropped from 62% to 26%, and after the second

round this fell again to 21%, matching the higher number of cells in gate number 3 at the FACS



traces. The enrichment of stable variants was significant during both rounds of sorting: only 1%
of the variants showed greater oxidative stability than wtVP prior to sorting, but this increased to
35% after one round and to 56% after two rounds. The proportion of VP variants with similar and
lower oxidative stability varied between rounds. The most stable variants were selected for

further characterization.

3.4 Characterization of selected VP variants

The oxidative stability of wtVP and selected variants was determined by following residual
activity after 10, 20, 30, 40, 50 and 60-minute pre-incubation in 30 mM H20,. Activity was
measured with the MTP ABTS assay in 0.5 mM H202 using VVP-coated cell wall fragments after
yeast toluene-induced cell lysis (Fig. S4 and S5). After pre-incubation in H2O, and before
activity measurements the VVP-coated yeast cell walls were washed three times with reaction
buffer. MV1 retained more than 50% of initial activity after 1 hour of pre-incubation in 30 mM
H202, MVV2 more than 60% and MV3 more than 70% of activity, while activity of wtVVP could

not be detected after more than 50 minutes of pre-incubation (Fig. 6A).

Three VP variants (MV1, MV2 and MV3), which showed the highest residual activity after
exposure to H20- based on two rounds of sorting, were selected for further characterization. The
corresponding plasmids were prepared in E. coli XL10Gold cells for sequencing and yeast
retransformation. The number of mutations varied from three in MV1 and MV3 to five in MV2
(Table 1). All mutation sites were located on the protein surface, four in loops and nine in helices
(Fig. 5). Surface mutations with beneficial effects on activity and stability have previously been
reported for several enzymes including VP [33, 50, 51]. Two mutations were located close to the
catalytic Trp164 residue essential for VP activity. Mutant MV1 featured three substitutions:

Ala32Glu, Leul24His and Val163Asp. Val163Asp was located near Trp164 and increased the



negative charge in the area, which may promote Trp cation radical stabilization [9,10]. The
introduction of polar and/or charged surface amino acid residues, such are all three substitution
we detected in MV1 and Leu268Glu mutation detected in MVP2, also increased the thermal
stability and oxidative stability of LiP [33, 51]. These mutations are increasing enzymes
solubility in polar solvents, and may form new bonds with both solvent and other residues in
protein structure, leading to protein stabilization. Additionally, these mutations are often detected
as a result of enzymes directed evolution for stability improvement experiments, due to their low
effect on enzyme activity [33, 52-54]. Mutant MV?2 featured five substitutions: Pro90Gly,
Alal08Thr, Val109Ala, GIn196Gly and Leu268Glu, with only Leu268Glu located in a loop and
the others in helices. The GIn196Gly mutation was near the Ca?*-binding site [52]. The presence
of Ca?" in ligninolytic peroxidases stabilizes the histidine residue involved in heme coordination,
and the replacement of a bulky amino acid with a small one such as Gly might lead to relaxation
of the region and facilitate the coordination of this cation. Mutations in surfacely located loops
such are Leu268Glu detected in MV2 variant and Alal32Glu in ML1 variant and two out of three
substitutions featured by MV 3 variant, Gly51Ala, 1le181Thr proven to have beneficial effects on
oxidative, thermal stability and stability in organic solvents for various enzymes. These mutations
also had the lowest negative influence on enzyme activity. Additionally, mutations detected in
surfacely located helixes may lead to a slight reposition of nearby residues and facilitate
formation of new stabilizing interactions [38, 53, 54]. Mutant MV 3 featured three substitutions:
Gly51Ala, 11e181Thr and Met247Leu. The last of these was located close to Trp164 (3.7 A) [55].
Met residues are easily oxidized, and the rational design of VP variants with greater oxidative
stability has already been shown to benefit from the replacement of Met [45, 55]. The same was
observed for other peroxide dependent enzymes such are manganese peroxidase and glucose

oxidase [52, 56]. It was reported that mutation Met247Leu improves oxidative stability of VP



[45], but also that mutation Met247Phe has no impact on oxidative stability of the same enzyme
[55]. Therefore, we cannot be sure if enzyme’s oxidative stability was improved due to removal
of easily oxidized Met residue, or due to substitution near to catalytic Trp164 residue.
Additionally, from obtained results, we can not conclude if all introduced mutations have impact

on VP’s stability and/or activity.

Table 1. The substation mutations detected in the selected VP variants.

VP variant Mutation 1 Mutation 2 Mutation 3 Mutation 4 Mutation 5
MV1 Alal32Glu Leul24His Vall63Asp X X
MV2 Pro90Gly Alal08Thr Vall09Ala GIn196Gly Leu268Glu
MV3 Gly51Ala lle181Thr Met247Leu x  x

Since, one of broad VP application possibilities is degradation and removal of toxic and
cancerogenic azo-dyes from environment, we tested our system for these purposes, along with
assessing the reusability of the VP variants, which is usually achieved by immobilization [57], by
following degradation of azo-dye Reactive black 5 [58, 59]. Yeast cell wall fragments coated
with wtVP or the three selected variants were therefore tested in multiple cycles for their ability
to degrade the azo dye Reactive Black 5 (Fig. 6B). After each cycle of 12 h, the cell wall
fragments were washed and reused with a fresh dye/H202 mixture. The activity of wtVP
decreased moderately over the 10 reaction cycles to ~70% of the initial value, whereas the
activity of MV 1 decreased only to ~90% of the initial value, and MV2 and MV3 showed almost
no loss of activity at all. These results suggested that the three variants show greater oxidative

stability than wtVP and could be suitable for bioremediation applications.

3.5 Purification and kinetic characterization of Aga2-VP fusion proteins

The three VP variants (and wtVVP) were extracted from the yeast cell wall preparations by

incubating with 2-mercaptoethanol, which disrupts the disulfide bonds between Agal and the



Aga2-VP fusion proteins [44]. After buffer exchange, the extracted Aga2-VP proteins were
purified by ion exchange chromatography and eluted with 300 mM NaCl (Fig. S6). Purity was
confirmed by gel electrophoresis under native conditions followed by zymography. The single
bands on the native gel (Fig. S7A) matched the active zones on the zymography gel with guaiacol
and H20- as substrates (Fig. S7B). A slightly broader bands reveled after zymography may be a
consequence of reaction product diffusion [44]. The molecular weight of the isolated Aga2-wtVP
was determined by SDS-PAGE, revealing a broad band of 50-65 kDa (Fig. S8). This was higher
than the theoretical molecular weight of 51.5 kDa, based on the combined 42 kDa molecular
weight of wtVP [4] and 9.5 kDa molecular weight of Aga2 [44]. Similar broad bands have been
detected for many recombinant proteins produced in S. cerevisiae, including an Aga2-glucose
oxidase fusion protein (100-140 kDa), which was also higher in molecular weight than expected
when confirmed by gel filtration [44]. The difference in size may reflect a combination of
microheterogeneity and the presence of additional glycan groups on proteins secreted by S.
cerevisiae, as observed for the enzyme invertase with an empirical molecular weight of 60-120
kDa [60]. Also, even though native electrophoresis was run till bromophenol blue was at the end
of the gel, high position of protein bands on native electrophoresis may be a result of both

hyperglycosylation and enzyme oligomerization via Aga2 protein under native conditions [44].

Table 2. Kinetic characteristics of the Aga2-wtVP fusion protein and three selected variants.

wtVP MV1 MV2 MV3
Keat (51) 0.89+0.04 1.32+0.03 1.11+0.05 0.76+0.02
Km (MmM) 0.28+0.01 0.92+0.03  0.65+0.03  0.24+0.01

Keat! Km (sTmM1)  3.18+0.23  1.43+0.06 1.71+0.07 3.17+0.04




It was reported that substitution of Met247Leu led to almost 2-fold decrease in both Keat and Km
values for H2O, resulting in a very similar specificity constant to the wtVP [45]. MV3 variant,
featuring the same mutation, shown slight decrease in both parameters, also resulting in a very
similar specificity constant to the wtVP (Table 2). Additionally, MV3 variant features two more
mutations those can have impact on enzymes reactivity with H20,. This effect on kinetic
parameters and VP activity can be a result of mutation effect on LRET pathway, due to its close
proximity to Trp164 [33]. However, both MV1 and MV2 showed higher Kn values for H20. than
wtVP, 3.3-fold higher in the case of MV2 and 2.3-fold for MV3. Additionally, both MV1 and
MV 2 showed higher kcat values than the wtVP (1.48 and 1.25-fold). However, changes in ket and
Km parameters for both MV1 and MV?2 resulted in lower than wt\V/P specificity constant for H20-
(2.22-fold for MV1 and 1.86-fold for MV2). Similar increases in Km values were observed for
manganese peroxidase mutants with greater oxidative stability, indicating that stabilization may
in some cases correspond to the enzyme’s lower reactivity with H20-, and therefore, lower

inactivation rate [51].

4. Conclusions

In this study, we developed the first high-throughput screening system for the selection of VP
variants with higher oxidative stability. This was achieved by exploiting libraries of enzyme
variants displayed on the surface of yeast cells and using a one-step TyrF-based assay without
compartmentalization. We initially confirmed the efficiency of our approach by sorting reference
libraries, and found that the 5% library achieved a 13.8-fold enrichment of positive clones. After
two rounds of sorting, the proportion of yeast cells expressing VP variants with higher oxidative
stability compared to wtVP increased from 1% to 56%, confirming the efficiency of the method

using real libraries. Three of the most stable mutants were characterized in greater detail,



revealing the presence of 3-5 mutations located on the enzyme surface. All three variants showed
greater oxidative stability than wtVP, retaining up to 70% of their activity after 1 h pre-
incubation in 30 mM H20, compared to the complete loss of wtVP activity after 50 min pre-
incubation. Two of the three variants retained full activity after 10 dye degradation cycles and the
other lost only 10% of its initial activity, whereas the activity of wtVP declined by ~30%. Kinetic
analysis suggested that the three variants use different mechanisms for stabilization, which do not
necessarily affect the reduction of H20». Since, the cell sorting resulted in significant enrichment
of population expressing the VP variants with higher than wtVP oxidative stability and since we
were able to isolate and characterize VP variants with higher residual activity than wtVP after
incubation in H20,, obtained results suggest that the developed screening system may be used for

improvement of VP characteristics important for its applications.
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Figure captions

Figure 1. Summary of the experimental workflow. The P. eryngii wtVP gene was inserted into the pPCTCON2
vector. The resulting construct was used as a template for preparation of random mutagenesis libraries with different
mutation rates. The wtVP and VP variant libraries were expressed on the yeast cell surface. Cells expressing the VP
libraries were used for flow cytometry-based sorting to select for increased oxidative stability. The cells were
incubated in 30 mM H,0,, washed and used for the TyrF reaction in presence of 1 mM H;0,. After washing, the
cells were gated on FITC/forward scatter plots and the most active cells (cells with the brightest green fluorescence)
after incubation in 30 mM H»O, were sorted and recovered. Sorting was repeated after the incubation of previously
sorted cells in 30 mM H;O; (blue arrows). After recovery on YNB-CAA plates, selected VP variants were expressed
in microtiter plates and screened for the highest activity after incubation in 30 mM H20,. The most stable variants

were sequenced and characterized.
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Figure 2. Preparation of reference libraries. (A) FACS recordings of reference libraries comprising different
proportions of cells expressing wtVVP mixed with cells transformed with the empty vector. The reference libraries
were combined with assay components (TyrF and H2O,) and incubated for 1 min. After a series of washing steps, 10*
cells were analyzed by FACS. The bivariate histograms show the correlation between FITC (VP activity) and
forward scatter (cell size). The percentages above the histograms indicate the theoretical proportion of cells
expressing active VP in the reference libraries. (B) Enrichment of reference libraries by FACS. Positive cells were

gated by comparing 100% positive and 0% positive mixes. Four hundred cells were sorted in single-cell mode for



every mix, and ~300 cells were recovered on agar plates. After incubation, the cells were seeded into microtiter

plates and VP activity was measured using an ABTS assay.
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Figure 3. Stability of VP variants in H202. FACS recordings (A) before pre-incubation in HO, and (B) after 20
min pre-incubation in 30 mM H;0,, showing negative control cells (cells transformed with the empty vector) and
cells expressing wtVP after reacting with TyrF for 1 min. After a series of washing steps, cells were incubated with
TyrF and 1 mM H;O; for 1 min and washed again before FACS analysis. The bivariate histograms show the

correlation between FITC (VP activity) and forward scatter (cell size) for a total of 10* of cells. Gates (P2) were set



based on the difference between positive and negative control cells and represent the fraction of active cells after

incubation with H20..
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Figure 4. Multiple sorting rounds. (A) FACS recordings of the VP random mutagenesis library before and during
two rounds of sorting, based on a reaction with TyrF for 1 min. The bivariate histograms show the correlation
between FITC (VP activity) and forward scatter (cell size) for a total of 10* cells. (B) FACS recordings (10* cells) of
the VP random mutagenesis library before and during two rounds of sorting after incubation in 30 mM H-0, for 20
min. Gates were set based on the difference between positive and negative cells (Figure 2). (C) Activity profiles
represent the oxidative stability of 300 randomly picked cells before and after the first and second rounds of library
sorting compared to wtVP as determined in an ABTS microtiter plate assay. Legend: Gray portion — The cells
expressing variants with oxidative stability equal to wtVP; Yellow portion - The cells expressing variants with
oxidative stability lower than wtVP; Orange portion - The cells expressing variants without VP activity (Ten times
lower activity with ABTS as a substrate than wtVP); Blue portion - The cells expressing variants with oxidative

stability higher than wtVP.
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Figure 5. A ribbon diagram of the three-dimensional structure of VP (A) Positions of amino acid substitutions
detected in the three best-performing VP variants. Key: magenta — MV1, blue — MV2, red — MV3. (B) Residues near

to H.0; binding pocket. (C) Residues included in coordination of distal Ca?*. (D) Residues included in coordination

of proximal Ca?*.
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Figure 6. Characterization of wtVVP and selected variants (A) Residual activity of wtVP and selected VP variants
after incubation in H2O,. The graph shows the declining activity of wtVVP (blue), MV1 (yellow), MV2 (orange) and
MV3 (gray) incubated in 30 mM H,0- as determined in an ABTS microtiter plate assay. Data are means of triplicate
experiments with error bars indicating standard error. Error bars are not visible when smaller than the symbol size.
(B) Multiple degradation cycles of Reactive Black 5. Dye degradation was followed for 10 cycles, each 12 h in
duration, using VVP-coated yeast cell wall fragments. After each cycle cell, the wall fragments were washed with
reaction buffer and mixed with fresh dye/H,0, solution. Key: wtVP (blue), MV1 (yellow), MV2 (orange) and MV3
(gray). Data are means of triplicate experiments with error bars indicating standard error. Error bars are not visible

when smaller than the symbol size.
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Table 1. Introduced amino acid mutations in selected VP variants.

VP variant Mutation 1 Mutation 2 Mutation 3 Mutation 4 Mutation 5
MV1 Alal32Glu Leul24His Vall63Asp X X
MV2 Pro90Gly Alal08Thr Vall09Ala GIn196Gly Leu268Glu
MV3 Glys1Ala 11e181Thr Met247Leu X X

Table 2. Kinetic characteristics of the Aga2-wtVP fusion protein and three selected variants.

wtVP MV1 MV2 MV3
Keat (5% 0.89+0.04 1.32+0.03 1.11+0.05 0.76+0.02
Km (MmM) 0.28+0.01 0.92+0.03 0.65+0.03  0.24+0.01

Kea/Km (STmM1)  3.18+0.23  1.43+0.06 1.71+0.07 3.17+0.04




