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ABSTRACT: Versatile peroxidases (VP) are promiscuous
biocatalysts with the highest fragility to hydroperoxides yet
reported due to a complex molecular architecture, with three
catalytic sites and several oxidation pathways. To improve the
VP resistance to H,O, an evolved version of this enzyme was
subjected to a range of directed evolution and hybrid strategies
in Saccharomyces cerevisiae. After five generations of random,
saturation, and domain mutagenesis, together with in vivo
DNA recombination, several structural determinants behind
the oxidative destabilization of the enzyme were unmasked. To
establish a balance between activity and stability, selected
beneficial mutations were introduced into novel mutational
environments by the in vivo exchange of sequence blocks,
promoting epistatic interactions. The best variant of this
process accumulated 8 mutations that increased the half-life of
the protein from 3 (parental type) to 35 min in the presence of
3000 equiv of H,O, and with a 6 °C upward shift in
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thermostability. Multiple structural alignment with other H,O,-tolerant heme peroxidases help to understand the possible roles
played by the new mutations in the overall oxidative stabilization of these enzymes.
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B INTRODUCTION

As well as being quite broadly distributed in nature, peroxidases
(EC 1.11.1) are an important group of oxidoreductases that are
capable of oxidizing a wide variety of substrates in the presence
of peroxides." Heme-containing peroxidases catalyze the
successive removal of two electrons from two individual
reducing substrates via a ping-pong mechanism. In its ferric
resting state, the enzyme is activated by H,0, to yield one
molecule of water and an oxidized reactive intermediate (an
oxoferryl (IV) porphyrin 7 cation-radical complex, Fe'V=0-
P**) called compound 1. After the generation of compound I,
the first reducing substrate molecule is oxidized so that the
enzyme switches to the second catalytic intermediate, called
compound II (Fe'Y=0), which in turn returns to the ground
state (Fe') after the oxidation of a new reducing substrate and
the release of a second water molecule.”™*

Although there are many applications for peroxidases,
ranging from bioremediation to organic synthesis, their poor
oxidative stability in the presence of modest concentrations of
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H,0, precludes their use in many areas of biotechnology.””

Indeed, for decades, the oxidative damage to peroxidases
provoked by H,O, has been considered a hot research topic,
given that the complex inhibitory process (referred to as suicide
inactivation) is not yet fully understood. This irreversible
inactivation occurs either in the presence of the reducing
substrate (with an excess of H,0,) or in its absence (at catalytic
concentrations of H,0,), whereby the reaction of compound II
with a second peroxide molecule generates compound III, an
iron(III) superoxide radical complex that finally fosters
inactivation through at least two different pathways: (i) heme
bleaching (i.e., protoporphyrin ring cleavage into biliverdin plus
Fe'"); and/or (ii) protein damage due to the interaction with

the reactive oxygen species (ROS) that are generatecl.lo_13
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Figure 1. Evolutionary pathway for VP oxidative stability. New mutations are depicted as stars, and accumulated mutation are shown as squares. The
amino acid backbone for secretion and activity is indicated by thin gray rectangles. At,,, the increase in the apparent half-life in the presence of
H,0, compared to the R4-parental type calculated from S. cerevisiae supernatants. Activity (%), ABTS-activity improvement (given in %) vs the R4-
parental type detected in S. cerevisiae microcultures. Ty, temperature at which the enzyme retains 50% of its activity after a 10 min incubation.
MORPHING, mutagenic organized recombination by homologous in vivo grouping; epPCR, error-prone PCR; IvAM, in vivo assembly of mutant
libraries; CSM, combinatorial saturation mutagenesis.

3892 dx.doi.org/10.1021/cs501218v | ACS Catal. 2014, 4, 3891-3901



ACS Catalysis

Research Article

Even though some peroxidases are naturally resistant to high
concentrations of H,0,, unfortunately they are poorly
expressed and/or their sequences are not available to perform
deeper structure—function studies.'* To enhance the oxidative
stability of heme peroxidases, protein engineering can focus on
site-directed mutagenesis to replace the most oxidizable
residues (Met, Cys, Trp, His, and Tyr) with lower-redox-
potential/less-oxidizable amino acids, as well as performing
directed evolution.">™*° The joint use of these approaches is
highly advisable when exploring different intrinsic- and
mechanism-based problems, such as the modification of
enantio- and stereoselectivity, the creation of novel substrate
specificities, or conferring resistance toward different types of
inhibitors.*' 7>* By contrast, little attention has been paid to the
combination of evolutionary and rational/hybrid strategies to
engineer H,O, stability in heme peroxidases.

Here, we have used a ligninolytic versatile peroxidase (VP,
EC 1.11.1.16) that had been previously evolved in the
laboratory for improved expression and activity as the point
of departure to tailor oxidative stability.”* VP are highly
promiscuous biocatalysts that share catalytic attributes with
lignin peroxidases (LiP), manganese peroxidases (MnP), and
generic peroxidases (GP).»7*® With one of the highest redox
potentials found in nature (>+1.4 V), this promiscuous enzyme
is capable of oxidizing low-, medium-, and high-redox-potential
compounds. Due to a unique structure (with three different
catalytic sites and two access channels to the heme domain),
VP promiscuity is associated with extreme fragility when
confronted by peroxides, making them a challenging model to
study suicide inactivation. In the present work, we prepared
several strategies that take advantage of the recombination
apparatus of Saccharomyces cerevisiae to generate DNA diversity
and engineer VP, including a one-pot random mutagenic
method for defined domains, as well as in vivo recombination
of a pool of short sequence mutagenized blocks. Enriched
mutant libraries with different mutational loads were explored
with the help of a sensitive high-throughput screening assay
based on an estimated H,0,/enzyme molar ratio and the
enhanced half-live in the presence of H,0,. By combining
rational/hybrid and laboratory evolution approaches, several
structural determinants involved in oxidative damage were
identified. The best VP variants were characterized biochemi-
cally and the mutations analyzed by multiple structural
alignment in order to shed light on the mechanism underlying
oxidative stabilization of heme-peroxidases.

B RESULTS AND DISCUSSION

The starting point of this study was the VP from Pleurotus
eryngii (R4 mutant) that was a product of four generations of
directed evolution to improve secretion and activity in the yeast
S. cerevisiae.”* The amino acid backbone of the R4 mutant
contains the E37K, V160A, T184M, and Q202L mutations that
promote the secretion of the enzyme by yeast (~22 mg/L) in
conjunction with an 129-fold improvement in total activity. The
K, for H,0, of the R4 mutant also increased 4-fold, allowing
the variant to show high specific activities under saturating
conditions. In order to engineer oxidative stability in the R4
mutant, a colorimetric high-throughput screening assay was
adjusted for the different mutant libraries constructed in yeast.
Because the molar excess of H,O, applied in the screening
leads to different responses in function of the activity and
secretion of each variant, we carefully chose the H,0,/enzyme
molar ratio so that the parental types in each generation were
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capable of maintaining at least 1/3 of their initial activity after a
given period in the presence of H,0,. Accordingly, the process
of evolution was accelerated by progressively enhancing the
oxidative stress applied in each generation (up to 0.6 mM of
H,0,, see Supporting Materials and Methods for details).
ABTS (2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))
was used as a reporter, ensuring the screening assay was very
reliable with a coefficient of variance ~12%. Selected clones
were subjected to several consecutive rescreenings and in
particular, the increase in the apparent half-life in the presence
of H,0, compared to the parental type (At ,,) and the kinetic
thermostability (based on the Ty, defined as the temperature at
which the enzyme retains 50% of its activity after a 10 min
incubation) were both assessed in a third rescreening to rule
out the selection of false positives.

Evolutionary and Hybrid Strategy. Approximately
15000 clones were explored in five generations of laboratory
evolution and semirational experiments (Figures 1, S1). Several
mutant libraries were constructed in the first round of directed
evolution, targeting either the whole VP gene for random
mutagenesis or restricting the mutational load to specific
regions of 30 to 69 amino acids. The latter approach was
performed with the help of an ad hoc domain mutagenesis
method known as MORPHING (mutagenic organized
recombination process by homologous in vivo grouping) that
introduces mutations and promotes recombination in small
protein segments.”” MORPHING took advantage of the high
frequency of homologous recombination in S. cerevisiae,
facilitating the one-pot construction of mutant libraries affecting
defined regions without altering the remaining parts of the
gene.”” After running multiple structural alignments to identify
putative H,O,-sensitive regions in VP, the 30 amino acid distal
His environment (Leu28-GlyS7), the 26 amino acid proximal
His environment (Leul49-Alal74), and the 69 amino acid Met
environment (Ile199-Leu268) were chosen for MORPHING.
The three best variants produced in this generation came from
random mutagenesis at the distal and proximal His environ-
ments. Given that no beneficial mutations were located in the
Met environment, the three oxidizable Met residues in this area
(Met247, Met262, and Met265) may not be implicated in the
oxidative destabilization of VP (as confirmed by combinatorial
saturation mutagenesis, see below). The 3G10 variant (E40K
mutation) had a At,, of 18 min and a S °C improved T, over
the parental type, albeit at the cost of a 50% decrease in its
activity. By contrast, the 1C12 variant (T4SA mutation) had a
At,/, ~10 min, maintaining ~80% of its activity and a similar
Tso as the parental type (~60 °C). In addition, the SA9 variant
(P141A mutation) had a At;;, ~5 min, retaining most of its
activity and with the same Ty, as the parental type.

Taking into account that recombination between the E40K
and T45A mutations was very unlikely, second generation
double and triple mutants (including P141A) were constructed
by site-directed mutagenesis. Both the double and the triple
variants (2B12 and 3D12, respectively) incorporated the G35K
mutation due to a PCR amplification error, which was
conserved during the remaining evolution. The 2B12 and
3D12 variants displayed similar improvements in the At
(ranging from 41 to 46 min) while they retained most of their
activity. In parallel, the 3G10, 1C12, and SA9 mutants from the
first generation were randomly mutated and further subjected
to in vivo DNA shuffling. From this library, the 9B12 variant
(T45A-E83K), 19B10 (D22N-T45A-D82G), and 19F2 (T45A-
S86R) were selected, with At,,,’s ranging from 27 to 18 min
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Figure 2. Fifth generation by DNA puzzle. The whole VP fusion gene (including the a-factor prepro-leader for secretion) was fragmented by high
fidelity PCR in three independent segments containing overlapping areas flanking each end (the mutations under study are framed with red-dotted
lines). The evolved sequence blocks were obtained from different templates from the 2nd and 4th generation. The pool of segments was shuffled and
cloned in vivo into S. cerevisiae (sequence blocks are represented as pieces of a puzzle). Functional sequences were sorted through the screening assay
in terms of At, 5, T, and total activity values. The T323I mutation of the SI* variant was introduced during the PCR amplification of segment 151—

331.

and displaying S0 to 140% of the parental activity. These three
variants were exclusive offspring of the 1CI12 parental VP
(T45A), because the T45A mutation appeared in each, along
with the new point mutations underlined. As predicted,
crossover events between E40K and T4SA did not take place;
however, combined site-directed mutagenesis gave us the
possibility to assess the effect of these two mutations together.

The best variant of this second generation (3D12) was used
as the starting point for a third round of semirational
experiments. No improvements were produced when Met262
and Met265 were subjected to combinatorial saturation
mutagenesis, confirming the results obtained when the mutant
library at the Met environment was explored in the first
generation. In fact, ~95% of the clones in the mutagenic
landscapes were inactive, indicating that these positions are
highly conserved and they barely tolerate modifications. At this
point, it is important to note that three of the four new
mutations introduced by mutagenic PCR/DNA shuffling in the
second generation were located between positions 82 and 86
(ie, D82G, E83K, S86R), highlighting the interest in this
region for further engineering. Hence, a new library comprising
the two helices between residues Gly63-Lys94 (32 amino acids
long) was constructed by MORPHING, again mutating Glu83
but this time, to a nonpolar residue (E83G in 2HS mutant), a
position further explored by saturation mutagenesis in
generation 4 (see below). Accordingly, two new positions
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were unmasked: Lys89, with substitutions K89M and K89E in
the 4H8 and SH12 mutants, respectively; and 1103V in the 2HS
mutant that was in the overlapping recombination area between
fragments. With respect to the parental protein, the new
mutants 2HS, 4H8, and SH12 had a At,, from ~65 to 85 min,
retaining 50 to 130% of their activity, and a Ts, enhanced by 3
°C in the case of 2HS.

In the fourth generation, IVAM (in vivo assembly of mutant
libraries®") was carried out using SH12 and 2HS mutants from
the previous round as the parental variants, along with 3D12
from the second round for backcrossing recombination. In this
set of experiments, 4H8 was discarded as a parental type due to
its reduced thermal and oxidative stability, despite the single
mutation at the same position as SH12 (K89M and K89E for
4H8 and SHI12, respectively). Three new improved variants
were identified in this generation (MF, 6B4 and 14H10), the
most stable of which was the MF mutant (with a At;,, = 151
min but a significant decrease in activity) due to the
incorporation of two new mutations (N11D and F186L) into
SH12. Moreover, 6B4 and 14H10 (with a At,, of 108 and 105
min, respectively) were generated by introducing the G183E
and G107S mutations into 2HS, respectively. In parallel,
positions 83 and 184 were analyzed individually by saturation
mutagenesis of the SH12 mutant. Glu83 showed mutational
redundancy through the second and third generations (ie.,
E83K in the 9B12 mutant of the second generation and E83G

dx.doi.org/10.1021/cs501218v | ACS Catal. 2014, 4, 3891—-3901
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Figure 3. Oxidative and kinetic stabilities. (A) The ¢,,, H,O,. The purified VP samples (1 4M final concentration) were incubated for 90 min in a
thermocycler at 25 °C in 100 mM phosphate buffer at pH 6.0 with 3000 equiv of H,O,. The residual activity was measured in 100 mM tartrate buffer
[pH 3.5] containing 0.1 mM H,0, and 2 mM ABTS. The residual activity refers to the corresponding VP variant incubated in the absence of H,O,.
H,0, stocks were prepared by measuring absorbance at 240 nm (£,40H,0, = 39.4 M™' cm™). The protein concentrations of the purified variants
were determined at 407 nm using VP extinction coefficient molar (g4, = 150000 M~ cm™). The results are the means + SD for at least three
independent experiments. The dashed line indicates 50% of the residual activity. Black squares, R4-parental type; white circles, AT-AT mutant; black
circles, SI™ mutant; white squares, MF mutant. (B) Kinetic thermostability (Ts,) for the different VP variants and (C) Ty, for AT-AT (white circles),
SI™ (black circles), MF (white squares), and R4 parental type (black squares). The dashed line indicates 50% of the residual activity. The results are

the means + SD of at least three independent experiments.

in the 2HS mutant of the third generation). On the other hand,
Met184 was mutated previously during the directed evolution
of VP to favor its functional expression in yeast (T184M).**
Saturating both positions gave rise to an array of improved
variants that contained the E83S, E83V, M184D, and M184S
substitutions, yet coupled with an important drop in activity
(Figures 1 and S1).

Bringing Balance between Activity and Oxidative Stability
through the Exchange of Sequence Blocks in Vivo. The MF
mutant obtained in generation 4 was the most stable of all the
selected variants in oxidative conditions, yet at the cost of
jeopardizing its activity (with a loss of 85% of the parental
activity). This trade-off between activity and stability was less
pronounced in other variants (e.g,, 6B4 and 14H10), which also
displayed considerable improvement in oxidative stability. With
the aim of drawing a balance between activity and oxidative
stability, several mutations were relocated in novel mutational
environments by in vivo sequence block exchanges. These
experiments aimed to test whether these mutations, which had
been ruled out in the course of evolution and/or recombined in
specific mutational contexts, could work in new mutational
environments to foster epistatic interactions. After revising
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several domain engineering strategies found in literature,2*3%33

we decided to prepare a simple method (DNA puzzle) that was
supported by yeast homologous recombination. First, we
analyzed the whole artificial evolutionary tree to identify
suitable sequence blocks, (Figure 1). Most of the mutations
were concentrated in distinct independent regions (comprising
three segments: a[M1]-S53, C34-L165, and R151-S331) of
different variants from generation 2 to generation 4 (Figure 2).
Thus, 9 sequence blocks containing the different segments were
amplified by high-fidelity PCR from several mutant DNA
templates (i.e, 19B10 and 19F2 from generation 2; or MF,
6B4, 14H10 and 2Gl1 from generation 4). Each individual
piece of the DNA puzzle was flanked with 50 bp overhangs to
foster the in vivo annealing with each other and with the
linearized vector, such that full reassembly of functional
sequences could be achieved in a single transformation step
in yeast (see Supporting Materials and Methods for details).
After screening, the different pieces of the DNA puzzle library
were sorted in terms of functionality and H,O, tolerance, such
that two improved variants (AT-AT and SI*) were identified.
The At,, of these two mutants was similar to that of the best
variant from generation 4 (the MF mutant), yet with a

dx.doi.org/10.1021/cs501218v | ACS Catal. 2014, 4, 3891—-3901
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Table 1. Kinetic Parameters for Parental Type and Evolved Variants Expressed in S. cerevisiae®

substrate kinetic constants vPL2Y R4-parental type MF mutant AT-AT mutant SI* mutant
ABTS® K, (mM) 0.54 + 0.05 0.056 + 0.003 0.067 + 0.003 0.095 + 0.008 0.18 & 0.02
ke (s71) 220 + 30 365 + 6 304 £ 7 420 + 20 400 + 20
kew/Ky (mM™! s7h) 410 + 30 6480 = 280 4510 + 260 4400 + 200 3200 + 430
DMP® K, (mM) 2+6 6.5+ 0.5 48 + 11 18 +3 4 £S5
ke (571 98 + 7 S8 +1 90 + 10 110 + 10 60 + 4
e/ Ky (mM™ s71) 3.1 +04 9.1+ 0.5 1.8 +02 6.0 + 0.5 14 + 0.07
Mn?* K, (mM) 0.045 =+ 0.007 0.12 + 0.01 na. 1.1 +02 na.
ke (57 S4+ 1 75 + 1 na. 140 + 8 na.
ke/ Ky (mM™! s71) 1190 + 180 630 + SO na. 121 + 15 na.
RBS K, (mM) 0.007 + 0.0007 0.0066 + 0.0004 0.006 + 0.0007 0.017 + 0.001 0.004 + 0.0004
ke (s71) 11.8 + 0.5 10.6 + 0.2 1.7 £ 0.1 7.6 + 02 2.65 + 0.06
ko/K,y (mM™L s71) 1670 + 100 1600 + 65 250 + 30 426 + 17 671 + 48
H,0,-ABTS K, (mM) n.d. 0.15 + 0.02 0.17 + 0.01 0.12 + 0.01 0.12 + 0.01
ko (571 nd. 1120 + 33 386 + 6 1036 + 21 1017 + 23
ke/ Ky (mM™'s7") nd. 7120 + 713 2235 + 10S 8230 + 620 9180 + 660

“VP kinetic constants were estimated in 100 mM sodium tartrate buffer containing 0.1 mM H,0, at pH 3.5 for ABTS, DMP and RBS, and at pH 5.0
for Mn**. H,0, kinetic constants were measured using ABTS as reducing substrate at the corresponding saturated conditions and taking into
account the reaction stoichiometry (one H,0, molecule is reduced for oxidation of two ABTS molecules); n.a. not active; n.d. not determined.
bNative VPL2 expressed in S. cerevisiae. “The ABTS and DMP constants correspond to the VP low efficiency site since those for the high efficiency

site cannot be measured for R4** and the new evolved variants.

noticeable recovery in activity (up to 46% in the AT-AT
mutant). Interestingly, only 3 of the 7 mutations in MF were
present in the AT-AT mutant, whose sequence blocks came
from crossover events between 19B10 (D22N-T45A), 14H10
(E83G-1103V-G107S-P141A), and MF (F186L). The sequence
of the SI"™ mutant was more conserved, with only three
different mutations with respect to MF (the suggested
crossover events were: N11D-G35K-E40K-T45A from MF,
S86R from 19F2, P141A from 6B4/MF/14H10/2G11, and
F186L from MF).

Biochemical Characterization. The parental (R4) and
mutant (MF [4th generation], AT-AT and SI" [5th
generation]) enzymes were purified to homogeneity (Rein-
heitszahl value: R, (Abs,,/Abs,s) ~ 4) and characterized
biochemically. H,O, inhibition can vary strongly depending on
the parameters of the assay (i.e., pH, temperature, R, of the
samples, ionic strength and composition of the buffer or the
inclusion of different additives).>*">® We previously compared
the oxidative stability of the R4 parental type with that of the
native VP heterologously expressed in Escherichia coli after in
vitro refolding.”* The poor stability of the VP from E. coli led
those experiments to be performed in the presence of
polyethylene glycol.’” Here, to better compare the variants
secreted by yeast, their half-lives in the presence of H,0, (t;/,
H,0,) were measured at pH 6.0 and 25 °C in the absence of
any additive, and with an excess of 3000 equiv of H,O, (Figure
3A). Under these conditions, the t,, H,0, for the R4 parental
type, MF, SI™ and AT-AT were ~3, 40, 35, and 18 min,
respectively, with improvements ranging from 6- to 13-fold.
Differences were expected between the apparent At,/, from the
supernatants and the t,,, H,O, obtained from homogeneous
purified samples because the H,0,/enzyme molar ratio used
for screening mutant libraries was based on an estimate of the
protein concentration in the culture broth. Nevertheless, a
similar tendency in oxidative stability (ME ~ SI™ > AT-AT >
R4) was observed when the purified mutants were evaluated,
validating our approach.

The kinetic thermostability was measured for the mutant
offspring with T, values ranging between ~14 °C above and
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below that of the R4 parental type (Ts, ~60 °C, Figure 3B). In
particular, the T, for the MF, AT-AT and SI™ variants were
~58, 61, and 65 °C, respectively (Figure 3C), the latter
representing the strongest improvement in thermostability (5.5
°C above the parental type). This improvement could mostly
be attributed to the E40K mutation (a 4.4 °C increase)
introduced in the first generation 3G10 mutant and inherited in
the SI™ mutant (Figure 1).

VP has three different catalytic sites: a Mn** binding site with
three acidic residues implicated in the co-ordination of Mn**
(Glu36, Glu40, and Asp175) that are common to MnP; one
catalytic tryptophan residue (Trp164) involved in the oxidation
of high-redox-potential compounds through a long-range
electron transfer pathway (such as LiP); and the main heme
access channel for the oxidation of low and medium-redox-
potential substrates (such as GP) although the latter substrates
can also be oxidized at the catalytic Trp, as explained below.
The kinetic parameters were measured with several substrates
that bind to the different catalytic centers of VP. Nonphenolic
(ABTS) and phenolic (2, 6 dimethoxyphenol, DMP) substrates
are oxidized at the heme access channel (with low efficiency)
and at the catalytic tryptophan (with high efficiency), Mn** is
oxidized at the manganese oxidation site and the azo dye
Reactive black S (RBS) is exclusively oxidized by the catalytic
tryptophan (Table 1). The R4 parental type has a 16-fold
improved k/K, at the heme channel due to the E37K—
V160A—T184M—Q202L amino acid backbone introduced in
our previous directed evolution study.”* Hence, this improve-
ment precluded the evaluation of ABTS or DMP oxidation at
the catalytic Trp164, because the kinetics at the heme channel
masked their oxidation kinetics at the catalytic tryptophan.

Regardless of the substrate tested, the k/K, values were
reduced to a greater or lesser extent, reflecting the delicate
balance between the activity and oxidative stability of VP
(Table 1). Oxidation at the heme access channel was slightly
reduced, showing a general decrease in the substrate’s affinity
(ranging from a 7.3- to 1.2-fold higher K, than the R4 parental
type) but with a similar (or even enhanced) turnover rate. Still,
the kinetics of the mutants in oxidizing ABTS were around 10-
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Figure 4. Multiple structural alignment of AT-AT and SI™ variants together with several tolerant peroxidases vs H,O,. The structure of the wild-type
VPL2 (purified from P. eryngii culture) at a resolution of 2.8 A (1 A = 0.1 nm) (PDB code 3FJW) was used as a template to generate a molecular
model in which the newly identified mutations were mapped. The resulting model was analyzed with PyMOL Molecular Visualization System
(http://pymol.org). In violet, ApX from N. tabacum; in orange MnP isozyme 1 from P. chrysosporium; in cyan, CiP from C. cinerea; in yellow, HRP
isoform C1A from horseradish; in dark blue, LiP isoform H2 from P. chrysosporium; in green; VP variants. The structures are shown in cartoon mode
and the heme group is highlighted with stick CPK colors, the calcium ions are represented as light-orange spheres, and the water molecule in the
active site as red/white spheres. The mutated residues of AT-AT and SI™ mutants are underlined and compared with the other peroxidases using a
color code (the three Arg43, His47, and His169 residues conserved in all the peroxidases and the evolved variants are also shown, squared). The
Ca?" ions and the heme group are shown as the mean of all structures because there may be some differences in the heme or in the structural cations
(Ca®" ions being absent from ApX). (A,B), front view; (C,D) side view for SI™ and AT-AT, respectively.

fold better than that of the native VPL2 secreted by yeast due
to the aforementioned evolved amino acid backbone for total
activity. The k., for RBS at the catalytic tryptophan notably
decreased (from 6- to 1.4-fold depending on the variant),
although the affinity for this substrate did not change
substantially. The catalytic activity at the Mn?* site was
practically quenched after evolution. The MF and SI* variants
incorporated the stabilizing E40K mutation (with an improved
Ts of ~5 °C, Figure 3B,C) but at the cost of collapsing the
Mn** oxidation site since Glu40 is one of the three
coordinating residues of Mn**. The AT-AT mutant -lacking
the E40K substitution- maintained some activity at the Mn*"
oxidation site but with a S-fold lower efficiency than the R4
parental variant. It is worth noting that ABTS was the substrate
chosen for the colorimetric assay during screening (a
compound easily recognized by both the heme channel site
and the catalytic tryptophan residue) and thus, the Mn>*
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binding pocket was not protected during evolution and its
functionality was lost. Indeed, ABTS was employed in the
screening when VP was evolved for secretion and activity,
jeopardizing the kinetics at the Mn®* due to the E37K mutation
in the neighborhood of the Mn?* binding site.** The kinetics
for H,O, were quite similar to that of the parental type, without
further enhancement in the K, as in the evolved R4 mutant.

Structural Alignment with Other H,O,-Tolerant
Peroxidases. AT-AT and SI" variants were modeled using
the crystal structure of wild VP purified from P. eryngii as a
template (PDB ID: 3FJW), and they were structurally aligned
together with other peroxidases with engineered oxidative
stability: chloroplastic ascorbate peroxidase (ApX) from
Nicotiana tabacum;>® MnP isozyme 1 from Phanerochaete
chrysosporium;zo peroxidase from Coprinopsis cinerea (CiP);17
horseradish peroxidase C1A (HRP);'? and LiP isoform H2
from P. chrysosporium,*>* Figure 4. Overall, the protein
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Figure S. Relative position of VP residue 83 in a multiple structural alignment. VP position 83 (in red-sticks) is shown for the different peroxidases,
with modifications in the secondary structure depending on the residue found at this position. The heme group is represented with stick CPK colors
and the calcium ions as light-orange spheres. ApX, MnP, CiP, HRP, LiP, and wild-type VP (wtVP).

scaffolds for multiple alignment shared the structural arrange-
ment of typical heme-containing peroxidases generally formed
by several alpha helices surrounding the heme prosthetic group
and including two structural cations, except in ApX. Following
the VP numbering, the main catalytic residues are Arg43 and
His47 within helix B (at the heme distal side) and His169 as
the fifth Fe''-ligand (at the heme proximal side).

The P141A mutation was located in a loop at the heme
entrance, and it is a highly conserved residue among fungal
peroxidases. Its replacement by a less bulky residue enlarges the
heme access channel, allowing better substrate accommodation
near the heme, as described previously for another VP variant at
this residue (P141G) with improved affinity for ABTS.*!
Indeed, the P141A substitution also improved the oxidative
stability of a VP-thioredoxin fusion protein.*” The T45A
mutation is located at the opposite side of the catalytic amino
acids within helix B. This position shows a strong heterogeneity
among the peroxidases used in the alignment (i.e., Val, Thr,
His, Gly). This region limits the contact between helix D and B,
such that the distance between them seems to play a key role in
protein function. It is noteworthy that the same substitution
was reported in the directed evolution of CiP for H,O,
tolerance (VS3A using CiP numbering)”, and hence, we
assume that the interactions between both helices are
dependent on the size and polarity of these residues. This
would affect the relative position of the catalytic His and Arg
residues situated in helix B, which are involved in (i) enzyme
activation by H,0,; (ii) the interaction (directly or through a
water molecule) with the ferryl oxygen in compounds I and IJ;
and (iii) the interaction with the superoxide anion in
compound IIL* In relation to the latter, a particularly stable
compound III has been associated with the resistance of heme
peroxidase from Raphanus sativus to H,0,.'* Interestingly, the
G107S mutation situated between both helices provoked a
strong improvement in oxidative stability and the same position
in the evolved CiP was also unmasked.'” The F186L mutation
is located close to the proximal His169 and the same Phe
residue was studied in MnP,** whereby changes to Ala or Ile
reduced stability by up to 2 orders of magnitude. In fact, when
the F190A variant was expressed (according to MnP
numbering), secretion was reduced up to 90%, whereas the
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F190W mutation fully inactivated the enzyme. These results
suggest that this position plays a critical role in the stability/
activity trade-off. LiP, MnP, VP, and HRP contain a Phe residue
at the same position, and in ApX this residue is a Trp without
any attributed function, whereas the cytochrome C peroxidase
has the radical at Trp191.%~%

Redundant mutagenesis of the Glu83 residue occurred
during the evolution for oxidative stabilization (E83K, second
generation; E83G, third generation), and there was an
important drop in activity when it was further subjected to
saturation mutagenesis (i.e, E83S/V). Glu83 is situated at the
end of a loop that connects with the beginning of helix C in VP.
Any subtle modification of this residue may vary the interaction
with the adjacent helix, giving rise to differences in the length of
the secondary structures, as can be deduced from the multiple
alignment. Unlike CiP, LiP, MnP, and native VP, which retain a
similar secondary organization with acidic residues at this
position, HRP and ApX have an Asn and Gly residue,
respectively, showing important modifications in the region
that connects the loop and the helix (Figure S). The S86R
mutation was located in the middle of helix C, very close to
Glu83. This position is not conserved in the other peroxidases
(where Ala, Asn, Pro, or Asp residues are found), and according
to our models, it may influence the attachment between helix B
and D, along with I103V and the aforementioned T4SA and
G107S mutations. The improvement in the oxidative stability of
VP due to mutations in this region was recently suggested by
the preliminary analysis of a double mutated variant obtained
by simultaneous substitution of the T45 and 1103 residues.*®
The E40K and G35K mutations had a negative effect on Mn?*
kinetics, suppressing one of the three coordinating acidic
residues of the Mn>" sphere and affecting the environment of
the binding site. These residues are conserved in MnP, VP, and
LiP, yet not in the generic peroxidases as these lack the Mn**
oxidation site. Inactivation of the Mn** site relaxes the oxidative
stress of the enzyme, although at the cost of losing this activity.
The T323I mutation (not shown in Figure 4) is placed at the
C-terminal end of VP, a region with high mobility that hindered
to fix the position of the last 12 residues when the VP crystal
structure was determined. We can only speculate about the
possible attachment of this mobile region upon mutation to
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enhance the stability of the protein. Moreover, although no
significant differences were appreciated in the degree of
glycosylation (~9%), the T323] mutation might remove the
O-glycosylation site seen in the crystal structure of the
homologous VP from P. eryngii (3FJW). Finally, the N11D
and D22N mutations are located at the N-terminal end of the
enzyme and they are fairly well conserved in terms of polarity
within the other peroxidase scaffolds. Therefore, we cannot find
a reasonable explanation as to how these changes affect the
oxidative stabilization of VP.

Bl CONCLUSIONS AND OUTLOOK

In the past few years, the mechanism of action of VP has been
studied exhaustively, revealing at least three reactive sites
(Trp164, main heme access channel, and heme-propionate
channel), where electrons can be abstracted from the reducing
substrate or from surrounding protein residues in the absence
of substrate, in this latter scenario causing oxidative
modifications that can lead to enzyme inactivation.”> " This
phenomenon, which results in the enzyme’s self-reduction,
together with the generation of ROS related to the formation of
compound III in the presence of excess H,0,, dramatically
lowers the oxidative stability of VP to a few minutes, to the best
of our knowledge this being the lowest H,O, stability of all
heme-peroxidases reported to date. Here, we have harnessed
the recombination apparatus of S. cerevisige to prepare several
strategies that induce DNA diversity in order to study the
oxidative stability in VP. Some of the structural determinants
revealed in this study may be translated to other heme-
containing peroxidases, especially those in which mutations are
located in highly conserved regions. Nevertheless, the subtle
equilibrium between activity and stability is still the biggest
hurdle to circumvent. Thus, the use of in silico tools (e.g.,
quantum mechanics/molecular mechanics) coupled with
directed evolution and hybrid approaches may help to tailor
novel catalytic functions in this promiscuous biocatalyst.
Finally, the appearance of the primitive ancestor of lignin-
degrading oxidoreductases was linked to the end of the
formation of coal deposits estimated to occur in the Permo-
Carboniferous period, ~260 million years ago.*’ Interestingly,
the process of in vitro evolution described here defines several
stabilizing variants whose functionality at the Mn** oxidation
site was lost, as also happened during the natural evolution
transit of VP toward LiP. In the near future, by traveling back
and forward in the temporal scale of evolution (using ancestral
resurrection and directed evolution tools), we hope to gain
more information about the evolutionary history of ligninolytic
peroxidases.

B MATERIAL AND METHODS

All chemical reagents were of the highest purity commercially
available. The oligonucleotides used along the evolutionary
process (Supporting Table 1) were purchased from Isogen Life
Science (De Meern, The Netherlands). Culture media were
prepared as described in the Supporting Material and Methods
Section.

Directed Evolution and Hybrid Strategies. For each
generation, PCR fragments were cleaned, concentrated, and
loaded onto a low melting point preparative agarose gel (Bio-
Rad, Hercules, CA), and then purified using the Zymoclean gel
DNA recovery kit (Zymo Research, Orange, CA). PCR
products were cloned under the control of GAL1 promoter
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of the pJRoC30 expression shuttle vector (kindly donated by
Prof. F. H. Arnold from Caltech, CA), replacing the parent
gene in pJRoC30. To remove the parent gene, the pJRoC30
plasmid was linearized with BamHI and Xhol (New England
Biolabs, Hertfordshire, U.K.), and the linear plasmid was
concentrated and purified as described above for the PCR
fragments.

Five rounds of directed evolution and hybrid approaches
were carried out as described in the Supporting Material and
Methods.

High-Throughput Screening (HTS) Protocol. Oxidative
stability screening assay was performed as indicated in the
Supporting Material and Methods.

Production and Purification of VP Variants. Selected
mutants were produced and purified to homogeneity as
described in the Supporting Material and Methods.

Biochemical Characterization. Kinetic Parameters. Ki-
netics were assayed with increasing substrate concentrations
and fitted to Michaelis—Menten model (steady-state enzyme
kinetics) using as template a hyperbolic, single rectangular, and
two parameter mode. The catalytic efficiency (k./K,) was
obtained plotting turnover rate (s™') versus substrate
concentration and fitting it to a modified hyperbola with
function f(x) = (a.x)/(1 + b.x), where (a) is catalytic efficiency
and (b) is 1/K,,. The kinetics were measured with the following
enzyme concentrations in a 200 uL final volume: 1.5 X 107°
4M (ABTS), 1.5 X 1072 uM (DMP), 2 X 1072 uM (RBS), 2.5
x 107 uM (H,0,). Mn** kinetics were assayed in a final
volume of 300 yL in quartz plates (Provair, leatherhead, U.K.)
and 2 X 107> uM of VP. The following extinction molar
coefficients were used: ABTS, &,5 = 36 000 M~! cm™'; DMP,
€460 = 27 500 M~ cm™!; RBS, €595 = 50000 M~ cm™'; Mn**-
tartrate, £,33 = 6500 M™' cm™'. H,0, kinetics were measured
with 2 mM of ABTS. The kinetic parameters were determined
in 100 mM tartrate buffer at pH 3.5 for ABTS, DMP, RBS, and
H,0,, whereas the same buffer at pH 5.0 was employed for
Mn?* oxidation.

H,0, Stability Assay. The purified VP samples (1 M final
concentration) were incubated for 90 min in a thermocycler at
25 °C in 100 mM phosphate buffer at pH 6.0 with 3000 equiv
of H,0,. The residual activity was measured in 100 mM tartrate
bufter pH 3.5 containing 0.1 mM H,0, and 2 mM ABTS. The
residual activity refers to the corresponding VP variant
incubated in the absence of H,0,. H,0, stocks were prepared
measuring absorbance at 240 nm (&,,0H,0, = 39.4 M~ cm™).
The protein concentrations of purified variants were
determined at 407 nm using VP molar extinction coefficient
(£497 = 150000 M~ cm™).

Thermostability (Tsy). Appropriate dilutions were prepared
such that aliquots (20 L) produced a linear response in kinetic
mode. A gradient profile was constructed using a thermocycler
(Mycycler, Bio-Rad, U.S.A.) for the selected mutants and the
parental type, using SO uL for each point in a gradient scale
ranging from 30 to 80 °C. After a 10 min incubation, samples
were removed and chilled on ice for 10 min. Thereafter, 20 L
of samples were removed and incubated for 5 min at room
temperature. Finally, 180 uL of 100 mM sodium tartrate buffer
[pH 3.5], 2 mM ABTS, and 0.1 mM H,0, were added to the
samples to measure activities. The thermostability values were
calculated as the ratio between the residual activity at different
temperature points and the initial activity at room temperature.
The Tj, value was determined as the transition midpoint of the
inactivation curve of the protein as a function of temperature,
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which in our case was defined as the temperature at which the
enzyme lost 50% of its initial activity after 10 min of incubation.

Protein and Homology Modeling. The crystal structure
of VPL2 from P. eryngii at 2.8 A resolution (1 A = 0.1 nm, PDB
ID: 3FJW) was used to generate a model to map the new
mutations found with the help of the PyMOL Molecular
Visualization System (Schrodinger). A homology model was
generated by carrying out a structural alignment in PyMOL
with the following crystal structures (PDB IDs are indicated):
3FJW, native VP from P. eryngii was used to model AT-AT and
SI" variants; 1IYN, recombinant chloroplastic ApX from N.
tabacum expressed in E. coli; 3MSQ, native MnP isozyme 1
from P. chrysosporium; 1H3J], native CiP from C. cinerea;
1W4W, recombinant HRP isoform CIA expressed in E. coli;
and 1LLP, native LiP from P. chrysosporium.
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