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Repurposing designed mutants: a valuable
strategy for computer-aided laccase engineering -
the case of POXAlb+

Valerio Guido Giacobelli, 3> Emanuele Monza,1° M. Fatima Lucas,” Cinzia Pezzella,®
Alessandra Piscitelli,? Victor Guallar*®® and Giovanni Sannia*?

The broad specificity of laccases, a direct consequence of their shallow binding site, makes this class of en-
zymes a suitable template to build specificity toward putative substrates. In this work, a computational
methodology that accumulates beneficial interactions between the enzyme and the substrate in productive
conformations is applied to oxidize 2,4-diamino-benzenesulfonic acid with POXAlb laccase. Although the
experimental validation of two designed variants yielded negative results, most likely due to the hard
oxidizability of the target substrate, molecular simulations suggest that a novel polar binding scaffold was
designed to anchor negatively charged groups. Consequently, the oxidation of three such molecules, se-
lected as representative of different classes of substances with different industrial applications, significantly
improved. According to molecular simulations, the reason behind such an improvement lies in the more
productive enzyme-substrate binding achieved thanks to the designed polar scaffold. In the future, mutant
repurposing toward other substrates could be first carried out computationally, as done here, testing mole-
cules that share some similarity with the initial target. In this way, repurposing would not be a mere safety
net (as it is in the laboratory and as it was here) but rather a powerful approach to transform laccases into
more efficient multitasking enzymes.

Introduction

Fungal laccases (benzenediol: oxygen oxidoreductase, EC
1.10.3.2) are among the best known and greenest biocatalysts
in biotechnology.! The active core of this class of enzymes
consists of four copper ions arranged in two clusters: the T1
copper, placed in the proximity of the protein surface, and
the T2/T3 trinuclear cluster (TNC), buried in the protein inte-
rior. Substrate oxidation takes place at the T1 site, where
H456 and D205 (POXA1lb numbering) are the first electron
and proton acceptors (if proton transfer is needed).” Then,
the electron is transferred to the TNC, where oxygen reduc-
tion occurs.® Laccases have a high potential impact in several
biotechnological areas, including pulp and paper, food, furni-
ture manufacturing, and biofuels or nano-biodevices (biosen-
sors and biofuel cells). Furthermore, the use of fungal
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laccases and/or laccase mediator systems (LMS) for organic
synthesis has been studied in depth, ranging from the pro-
duction of pharmacological compounds (e.g. antibiotics, anti-
tumor and antiviral agents) to that of complex polymers."*®
Such a broad range of applications has led to numerous engi-
neering efforts,” including computer-aided strategies,®’
aiming at enhancing their activity and/or stability for indus-
trial application. As for specificity, laccases are very promiscu-
ous enzymes, most likely as a consequence of a superficial,
shallow binding site which cannot guarantee the optimal po-
sitioning for ET for all the putative substrates. Consequently,
the T1 pocket could be modified tout court to lock the desired
substrate in a highly reactive conformation, anchoring it to
polar groups. Computational techniques are very promising

OH OH
O==5=0 0—s—o
HN HN
NH,
NH,
2,5-dabsa 2,4-dabsa

Scheme 1 Chemical structures of 2,5- and 2,4-dabsa.
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as they provide an atomistic mapping of both substrate bind-
ing and oxidation.**°

In this work, a computational evolution protocol is ap-
plied to render the oxidation of 2,4-diamino-benzenesulfonic
acid (2,4-dabsa) by POXA1b, a fungal (Pleurotus ostreatus)
laccase with an unusually high stability at alkaline pH,""* pos-
sible. The substrate of interest, 2,4-dabsa, is a dye precursor
just like its constitutional isomer, 2,5-dabsa (Scheme 1). Al-
though 2,4-dabsa is significantly cheaper than 2,5-dabsa, the
latter is readily oxidized by POXA1b at alkaline pH and 60 °C
while the former is not. Therefore, there is interest in
redesigning POXA1b to oxidize 2,4-dabsa, aiming to lower the
cost of dye production. Although the engineering effort did
not produce an improved variant toward the oxidation of
2,4-dabsa, the mutant variants display a significantly in-
creased ability to oxidize three typical substrates of laccases.
Molecular calculations suggest that such an improvement is
the consequence of specific enzyme-substrate interactions ac-
cumulated during computational evolution. The conse-
quences for computer-aided laccase engineering and mutant
repurposing are discussed.

Experimental section
Homology modeling and system setup

The POXA1b structure was generated through Prime homol-
ogy modeling,">"* automatically selecting 1GYC.pdb (60% se-
quence identity) as a template. POXA1b is characterized by a
longer C-terminal tail, which could be placed outside (1) or
inside (2) the oxygen cavity (Fig. 1). The structure of 2 was
taken from a previous work.'* The POXA1b structures (1 and
2) were prepared with Protein Preparation Wizard." The pro-
tonation states of titratable residues were generated with
PROPKA'® and double-checked with the H++ server,”” simu-
lating pH 8.

Fig. 1 Conformations of 1 (blue VDW spheres) and 2 (white VDW
spheres) obtained from homology modeling.
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Molecular dynamics

Molecular dynamics (MD) simulations were performed with
GROMACS'® for 1 and 2 to refine the initial homologous
structures. The enzymes were solvated with a 10 A layer of
water molecules in a dodecahedral box, adding enough ions
for neutralization and a 0.15 M NaCl buffer. The systems pre-
pared were equilibrated as follows: i) solvent minimization;
ii) system minimization; iii) 200 ps system warm up from 15
to 298 K at constant volume; iv) 200 ps at constant volume
and 298 K; and v) 200 ps at 298 K and 1 bar. Then, a 200 ns
production run was performed at 298 K and 1 bar for each
model. The AMBER99 force-field'® and the SPC explicit water
model®® were used. The copper ions, modeled in their re-
duced (+1) state (to attenuate charge repulsion in the TNC),
the coordinating atoms and their nearest neighbours were re-
strained to their initial positions with stiff 10000 kJ mol™
nm > harmonic constraints. The temperature was regulated
with velocity rescaling® with a relaxation time of 0.1 ps, and
the pressure was controlled with a Parrinello-Rahman
barostat®® with isotropic coupling and a relaxation time of
2.0 ps. The LINCS algorithm>® was employed to constrain all
bond lengths, allowing a time step of 2.0 fs. A 10 A cutoff
was used for non-bonded interactions together with the parti-
cle mesh Ewald method.”* It is well known that homology
models can fall apart when subjected to MD,* thus a 1000 kJ
mol™ nm™ harmonic constraint was applied to the second-
ary structure elements (helices and sheets) for the first 40 ns
and lowered to 10 k] mol™ nm™> for the rest of the
simulation.

PELE sampling

The laccase-substrate conformational space, for the wild type
(wt) and mutant variants and for all the substrates men-
tioned in the text, was sampled with PELE,***” our in-house
software. The substrate, initially placed in front of the T1 cav-
ity, was randomly translated and rotated within 15 A of the
T1 copper. The laccase was perturbed according to an aniso-
tropic network model (ANM) applied to all the alpha carbons
in the system. Residues within 10 A of the substrate were
minimized after both the substrate and the enzyme were
perturbed. Throughout the study, (PELE) binding energies re-
fer to protein-substrate interaction potential energies.

PELE design

The initial conformation for the design was selected from the
wt PELE sampling among the structures that exhibit catalytic
contacts with H456 and D205, the first electron and proton
acceptor, respectively. Then, every residue within 10 A of the
substrate was mutated to all of the possible remaining 19
amino acids; mutated residues included: T160, G161, V162,
P163, H164, C204, S206, N207, A239, N263, S264, F331, P333,
A336, A391, G392, P393, P395, W455, P510, and L511. The li-
gand was perturbed with very small translations and rota-
tions while the protein backbone was subjected to small
ANM displacements. Every residue within 10 A of the
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substrate was energy minimized. The simulation of each mu-
tant (and the wild type) lasted 1 hour, accumulating ~30
Monte Carlo steps (~20 accepted). The enzyme-substrate
interaction energy was used to score each mutant, while
keeping an eye on the substrate's solvent accessible surface
area (SASA). An example of input file for both PELE sampling
and design is available in the ESIf and can be uploaded to
the PELE server”® to reproduce the results in this paper.

Treatment of substrate and metal centers in PELE

The substrates’ geometries were optimized at the M06/6-31G*
level of theory, modeling the solvent with the Poisson-
Boltzmann model, using Jaguar.”® The atomic ESP charges
were calculated from the optimized structure and used for
PELE. The OPLS parameters were assigned to the ligand with
Schrodinger's hetgrp_ffgen utility and a rotamer library was
generated with the in-house PELE's scripts using Macro-
model.>® The copper ions and their coordination atoms plus
their nearest neighbors were constrained during PELE sam-
pling with 200 kcal mol™ A" harmonic constraints on their
atomic positions.

Materials

ABTS  (2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic  acid)
diammonium salt), 2,4-dabsa, sinapic acid, syringic acid, and
caffeic acid were purchased from Sigma-Aldrich. All
chemicals were of reagent-grade purity. Expression vectors
and yeast strains were purchased from Biogrammatics, Ltd
(Las Palmas Dr, Carlsbad, CA, USA).

Construction and screening of POXA1b expressing mutants

The QuikChange site-directed mutagenesis kit was purchased
from Agilent Technologies. Synthetic oligonucleotides were
produced by Eurofins Genomics. Plasmid purification Kkits
were purchased from Qiagen, Inc. A synthetic gene encoding
for Pleurotus ostreatus POXA1b was designed and optimized
according to P. pastoris codon usage. The gene product was
restricted with Bsal and ligated to the corresponding site of
the pJGG_akR vector in-frame with the o-factor (signal pep-
tide) under the control of the constitutive GAP promoter,
yielding the recombinant plasmid pJGGaKR_POXA1b. Muta-
genesis of the wild type POXA1b c¢DNA within the plasmid
pJGGaKR_POXA1b was performed by following the instruc-
tions provided in the QuikChange site-directed mutagenesis
kit. The sense oligonucleotides used for mutagenesis are as
follows:

5" CCTTGTCTTTGACTGGTGTTCCACACCCAGACTCCAC 3' for
val162Ser,

5" CCTTGTCTTTGACTGGTGTTCCACACCCAGACTCCAC 3' for
Val162His,

5" CTTGAACTTCGCTTTCGACCCTGCTACTGC 3' for Phe331Tyr,
and

5" CGCTTACGACCCTGCTACTGCTTTGTTCACTGCTAACAACC
3’ for Ala336Asn.

This journal is © The Royal Society of Chemistry 2017
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The complementary antisense oligonucleotides also neces-
sary for the mutagenesis are not shown. The mutagenized re-
combinant plasmids (pJGGaKR_V162S_F331Y_A336N and
PJGGaKR_V162H_F331Y_A336N) were then used to transform
ultracompetent cells as described by the manufacturer. Re-
combinant plasmids were purified from 5 mL overnight cul-
tures using the Qiagen miniprep system. The presence of the
correct mutation was confirmed in all constructs by DNA se-
quencing (Eurofins Genomics). The mutagenized plasmids
were linearized by BsiWI and transformed into P. pastoris BG-
10 by electroporation.** The cell suspension was spread on
YPDS (10 g I yeast extract; 20 g 1™ bacto tryptone; 20 g 17
glucose; 182.2 g I'' sorbitol) plates containing 900 ug mil™
G418 and incubated for 3-7 days at 28 °C until colony forma-
tion. The colonies were collected, inoculated in Minimal Dex-
trose medium (MD) (13 g 17" yeast nitrogen base with ammo-
nium sulfate w/o amino acids, 4 x 10™* g I'* biotin, 20 g I
glucose), and grown at 28 °C on a rotary shaker (250 rpm).
The colonies were then streaked on solid MD medium
containing the laccase chromogenic substrate ABTS (13 g 1™
yeast nitrogen base with ammonium sulfate w/o amino acids;
4 x10* g I'! biotin; 20 g 1! glucose, 0.6 mM CuSO, and 0.2
mM ABTS) to verify the expression of the recombinant pro-
teins as well as on YPDS (10 g 17" yeast extract; 20 g 1™ bacto
tryptone; 20 g 1™ glucose; 182.2 g 1™ sorbitol) with 900 pg
ml™ G418. Recombinant pJGGaKR_V162S_F331Y_A336N and
pJGGoKR_V162H_F331Y_A336N cultures selected from solid
screening assay were inoculated in 20 ml BMMY (13 g I
yeast nitrogen base with ammonium sulfate without amino
acids; 10 g 17" yeast extract; 20 g 1" peptone; 100 mM potas-
sium phosphate, pH 6.0; 4 x 10™* g 1" biotin; 0.5% methanol)
medium in a 100 ml shake flask. These cultures were grown
for 8 days at 28 °C on a rotary shaker (250 rpm).

Assay of laccase activity

Culture aliquots were collected daily and assayed for cell den-
sity and extracellular laccase activity. Laccase activity in the
culture supernatant was assayed at room temperature, moni-
toring the oxidation of ABTS at 420 nm (450 = 3.6 X 10° M !
ecm™): the assay mixture contained 2 mM ABTS and 0.1 M
Na-citrate buffer, pH 3.0. Purified laccase activity towards
2,4-dabsa was assayed at 60 °C temperature, monitoring the
oxidation of 2,4-dabsa in the visible spectrum. The mixture
contained 25 mM 2,4-dabsa and 0.1 M Tris-HCI buffer, pH
8.0.

Production and purification of POXA1b and mutated laccases

Recombinant P. pastoris cells expressing the two POXA1b mu-
tants were inoculated in 50 ml BMMY medium in a 250 ml
baffled shake flask. These precultures were grown for one
day at 28 °C on a rotary shaker (250 rpm), then a volume of
the suspension sufficient to reach a final OD600 value of 1.0
was used to inoculate 1 liter shake flasks containing 250 ml
of BMMY medium. Cells were grown on a rotary shaker (250
rpm) at 28 °C and 3.75 ml of methanol was added to the

Catal. Sci. Technol, 2017, 00,1-9 | 3
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culture each day of growth to induce protein expression. The
cultures were concentrated to 20 ml in a Pall multi-cassette
system (10 kDa cutoff membrane). The samples were applied
to an anion-exchange column (Hi-Prep 16/10) equilibrated
with 20 mM Tris-HCI (pH 8.0) at a flow rate of 0.7 ml min™".
The retained proteins were eluted with a gradient of 20 mM

A Tris-HCl (pH 8.0) plus 1 M NaCl. The laccase peaks were

pooled, concentrated and dialysed against 20 mM Tris-HCI
(pH 8.0). The active fractions were brought to 100% ammo-
nium sulfate saturation and then centrifuged at 9300g for 10
min. The precipitated proteins were dissolved in 20 mM
Tris-HCI (pH 8.0) and dialysed against the same buffer. A vol-
ume of 5 ml of dialyzed protein solution was transferred to a
HiLoad 16/600 Superdex 200 pg column, equilibrated with 20
mM Tris-HCI (pH 8.0) plus 0.2 M NaCl, and eluted using the
same buffer at a flow rate of 0.5 ml min™". Fractions were col-
lected and dialysed against 20 mM Tris-HCI (pH 8.0). The
dialysed samples were assayed for laccase activity and protein
concentration. The specific activities of both purified enzyme
variants were comparable to that of the wild-type.

Biochemical characterization of laccase variants

The oxidation of substrates by the purified laccase was deter-
mined spectrophotometrically (UVIKON 930, Kontron Instru-
ments) at the specific wavelength of each substrate. The as-
says were performed by measuring the increase in the Abs
470 nm for syringic acid (¢ = 0.5 mM ™' em™), Abs 470 nm for
caffeic acid (¢ = 1.8 mM™ em ™) and Abs 595 nm for sinapic
acid (¢ = 0.3 mM ™" em™). The molar extinction coefficients of
the three fully oxidized substrates were determined from
their corresponding calibration curves. The kinetic constants

A B

RMSD (nm)

Catalysis Science & Technology

Ky and Vi of the enzymes were determined using a
Michaelis-Menten plot with syringic and caffeic acids. The
kinetic constants K;, Ky and Vy,a Of the enzymes were deter-
mined in the case of sinapic acid using the equation reported
below.** All substrates were dissolved in 20 mM Tris-HCI
(pH 8.0).

I 1
Ky +[S]+[ST /K,

Results and discussion
Refinement of POXA1b models

The presence of a protruding C-terminal tail, compared to
other laccases from basidiomycetes, has been previously ob-
served in POXA1b.** According to homology modeling, such
a tail could be placed either outside (1) or inside (2) the oxy-
gen cavity (Fig. 1). MD simulations were performed to refine
the models and establish whether 1 or 2 (or none of them) is
the best representation of the system. Simulation of 1 con-
verged in ~50 ns (Fig. 2, simulation stopped at ~160 ns),
keeping the C-terminal away from the oxygen cavity (Fig. 3).
In contrast, 2 is rather unstable (Fig. 2), resulting in the es-
cape of the C-terminal from the protein interior, roughly
matching 1 (Fig. 2). It follows that, according to the simula-
tion, the C-terminal is more stable on the protein surface
than in the interior. Moreover, the C-terminal of 1 directly in-
teracts with the active site, adding a further degree of com-
plexity to the design. Such a finding makes POXA1lb's

0.30

0.25

0.10

0.05

0.00

0 52) 160 1.‘:0 200
Time (ns)

Fig. 2 A) Final snapshot from the MD simulation of 1 (blue) and 2 (red). The C-terminal tail is represented by VDW spheres. B) Heavy atom RMSD

plots from the MD simulations of 1 (blue) and 2 (red).
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Cétalytig Asp

FAVORED POSE

Catalytic His .
=
REACTIVE-LIKE POSE

Fig. 3 Favored (best binding) and reactive-like (catalytic contacts)
poses from PELE sampling for 2,4-dabsa.

C-terminal somewhat different with respect to that observed
for Melanocarpus albomyces laccase, which is also resistant at
alkaline pH. Its C-terminus is located in the proximity of the
oxygen channel, obstructing small molecules' passage.**
Nonetheless, the characterization of the truncated POXA1b
mutants highlighted the key role of the C-terminus tail in
protein stability at alkaline pH.**

Computational comparison of 2,4- vs.
2,5-dabsa

Binding of 2,4- and 2,5-dabsa in the T1 pocket was simulated
with 96 independent 48 hour PELE runs. Inspection of the
structures within 5 keal mol™" of the lowest PELE binding en-
ergy value (within 12 A) reveals that no catalytic contact (i.e.

H* O catalytic
Asp
2,4-dabsa

(o] H
= 1 /
N——H---oemmeeeeees o—s N
=/ w | \,
catalytic e M
His

Scheme 2 Expected catalytic contacts.

This journal is © The Royal Society of Chemistry 2017
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H-bonds with H456 and D205, Scheme 2) is engaged with
2,4-dabsa (Fig. 3). In order to find a pose that displays cata-
Iytic interactions, it is necessary to climb the PELE binding
energy ladder by ~30 kcal mol™ (Fig. S3;t note that this
value is a protein-ligand interaction energy, not a proper
binding energy). Such an energy difference poses a great ob-
stacle to oxidation, since the enzyme severely selects
unproductive poses, i.e. with non-optimal electron tunnelling
between the substrate and the T1 copper, slowing 2,4-dabsa
oxidation down. The same analysis revealed that 2,5-dabsa
displays such catalytic contacts with H456 in 13% of the low-
lying binding energy conformations (Fig. S41), but never with
D205. Therefore, based on enzyme-substrate sampling,
2,4-dabsa binds unproductively to the T1 site compared to
2,5-dabsa; such a distinct binding preference might be as-
cribed to the different orientations of the amino groups in
the benzene ring, which determines diverse H-bonding pat-
terns with the enzyme.

A further cause for the different reactivities of the two iso-
mers might lie in their different propensities for oxidation.
This possibility was addressed by comparing the energy of
the HOMO orbitals of 2,4- and 2,5-dabsa. According to
Koopmans' theorem, the negative of the HOMO energy of a
molecule corresponds to its ionization energy,*” assuming no
subsequent orbital relaxation (and neglecting electronic cor-
relation). The geometry optimization of both isomers at the
RHF/6-31G* level predicts the ionization energy of 2,4-dabsa
to be larger by ~175 meV. Thus, not only does 2,4-dabsa have
a worse interaction with the enzyme but it is also harder to
oxidize than 2,5-dabsa.

Based on the above enzyme-substrate analysis, and follow-
ing recent studies indicating the importance of the substrate
binding event in laccases,® '* the engineering efforts were fo-
cused on the formation of (in principle) more reactive confor-
mations of the Michaelis complex. Such a classical study
does not require quantum chemical calculations, while
tuning 2,4-dabsa oxidability inside the T1 pocket would.?
Moreover, the outcome of this engineering effort would be a
better starting point to target the oxidability of 2,4-dabsa. Fi-
nally, increasing the redox potential of the T1 copper is not
straightforward and it does not guarantee success.’* > There-
fore, the reactive-like pose depicted in Fig. 3 was selected as
the initial template for the design, aiming at improving the
enzyme-substrate interaction energy of such a binding mode,
hence its statistical importance in the active site.

Design of a more reactive Michaelis complex

An evolutionary strategy was employed to accumulate benefi-
cial mutations at each computational mutagenesis round
(Fig. 4). During an evolution round, a mutation was consid-
ered beneficial if the binding energy improved by 5 kcal
mol ™ or more; then, one candidate was selected and used as
the starting template for the next round. It should be noted
that, at each of these rounds, the mutants showing improved
PELE binding energy were all visually inspected, bringing
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POXA1b (Wild type)
PELE Binding energy: -8 kcal/mol
SASA (relative): 0.18

v

POXA1b_V162H
PELE Binding energy: -20 kcal/mol
SASA (relative): 0.08

v

POXA1b_V162H_F331Y
PELE Binding energy: -29 kcal/mol
SASA (relative): 0.09

¥

POXA1b_V162H_F331Y_A336N
PELE Binding energy: -35 kcal/mol
SASA (relative): 0.06

v

POXA1b_V162S
PELE Binding energy: -16 kcal/mol
SASA (relative): 0.17

v

POXA1b_V162S_F331Y
PELE Binding energy: -26 kcal/mol
SASA (relative): 0.14

¥

POXA1b_V162S_F331Y_A336N
PELE Binding energy: -31 kcal/mol
SASA (relative): 0.14

Fig. 4 Evolutionary strategy and results of POXA1lb design toward 2,4-dabsa oxidation.

chemical intuition into play. In the first round, two muta-
tions looked promising due to a great increase in PELE's
binding energy and, in one case, a significant drop in SASA
(hence a possible decrease in reorganization energy*®):
V162H and V162S (Fig. 4).

Although other mutations present interesting values (Ta-
ble S17}), they were discarded in favor of V162H and V162S
for one of the following reasons: i) they involved Gly/Pro (as
the starting amino acid), which might trigger important loop
conformational changes due to their flexibility/rigidity which
cannot be captured at this level of sampling (they would need
extensive sampling to confirm their reliability); ii) unless they
introduce outstanding improvement, positive charges are
avoided as they might inhibit oxidation; iii) they were located
on the C-terminal tail, whose conformation is the most frag-
ile aspect of the model; and iv) visual inspection suggested
caution.

After the first round, computational evolution was
branched, further designing both the V162H and V162S vari-
ants (Fig. 4). In the second round of both V162H and V162S
branches, F331Y was chosen, while in round 3, A335N was se-

Catalytic His
Cu )

(Y

A

ASN336

/s

HIS162

¢
TYR331

Catalytic Asp

lected for both branches as well. Computational evolution
was stopped at this point.

In both branches, three new H-bonds with the sulfonate
group of 2,4-dabsa were introduced (Fig. 5), increasing the
binding energy by more than 20 kcal mol™ (SASA is also sig-
nificantly reduced in the V162H branch). Therefore, the
evolved active sites should be able to select the substrate in a
reactive conformation with much higher frequency. In order
to test this hypothesis, a new PELE extensive sampling run
was carried out for the evolved triple mutants, as previously
done for the POXA1b wt; the catalytic and designed contacts
were then checked in the structures within 5 kcal mol™ of
the lowest binding energy value. Nicely, for the V162S branch,
all the designed H-bonds and the H456-sulfonate contact
were retained in all the binding modes, while the D205-
amino contact was formed in 40% of the cases. In contrast,
this last contact is never formed in the V162H branch. On
top of that, although H456 and N336 interact with the sul-
fonic group, the other designed contacts did not form as
planned: the side chains of Y331 and H162 interact with the
amino groups instead (Fig. S1t). Still, the resulting binding

B Catalytic Asp
“Cu

Catalytic His

v v
“
TYR331

I"% ASN336

SER162

Fig. 5 Structural model of the designed triple mutants. A) V162H branch; B) V162S branch.
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mode is more reactive than in POXA1b (Fig. 3): an efficient
through bond (sulfonate-H456) electron tunnelling path is
set, while the aminic proton could be abstracted by a water
molecule (if proton transfer occurs simultaneously), although
it is not the optimal path. Therefore, it was decided to test
also the V162H branch triple mutant in the lab.

Experimental validation, rationalization of results and
mutant repurposing

Regardless of the promising mutant validation with PELE
sampling, the evolved variants were inactive towards
2,4-dabsa, just as POXA1b. The possible reasons behind this
unsatisfying result are as follows: i) the homology model is
inaccurate in the active site description due to the presence
of the C-terminal and ii) 2,4-dabsa is not significantly oxi-
dized by the T1 copper (i.e. the ET driving force is positive
and too large). While the first point is difficult to verify, the
~175 mV difference in ionization energy between the dabsa
isomers suggests that it might be a substrate oxidability is-
sue. Further analysis of these possibilities was studied by
testing additional ligands.

Although the designed variants failed to oxidize the target
substrate, their putative ability to lock in place 2,4-dabsa’'s
sulfonic group could be exploited to improve the oxidation of
other negatively charged substrates. As reported in the litera-
ture,'® the introduction of polar amino acids in the T1 pocket
enhances its binding interaction with sinapic acid, a nega-
tively charged substrate (Scheme 3). Since the presented com-
putational evolution effort yielded a more polar T1 site, the
oxidation of sinapic acid was characterized with experimental
methods, aiming at verifying if the mutant variants can oxi-
dize it better. In addition, caffeic and syringic acids
(Scheme 3) were also selected for laboratory characterization
in terms of their chemical similarity to sinapic acid. These
two molecules are representative of two different classes of
substances, hydroxycinnamates and trihydroxybenzoic acid,
with different industrial applications.*"*> By testing and sim-
ulating these substrates, which are regularly oxidized by
laccases, it is possible to assess if the designed binding moi-
ety is effective and leads to activity improvement.

As can be seen in Tables 1-3, the efficiency constant (kc../
Kyp) of the triple mutants is higher than that of POXA1b for
all the substrates (Tables 1-3). Interestingly, sinapic acid sub-

HO [e] HO. (o)
HO o _ _—
H,C HsC
o o HO o <|>
OH CH, OH OH CH,
Syringic ac. Caffeic ac. Sinapic ac.

Scheme 3 Chemical structures of syringic, caffeic and sinapic acids.
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strate inhibition is also attenuated in the evolved variants, as
reflected by the larger inhibition constant (K;) values, while
an overall tendency of increasing Ky, and k., can be observed
(Table 3). Since the kinetic data for this substrate are
obtained from a substrate inhibition model (the substrate
binds unproductively to the enzyme while hindering the for-
mation of productive enzyme-substrate adducts®?), the trend
of the kinetic constants implies that either the unproductive
poses are destabilized or the productive conformations are
stabilized in the mutant. The second hypothesis could be
true despite the larger Ky, values, since this constant would
increase with k., in a steady-state kinetic regime.43

In order to obtain a molecular mechanism for the increase
in substrate oxidation, the binding of these three substrates
in the T1 pocket of POXA1b and its evolved variants was sim-
ulated with PELE. The objective was to verify whether such
improved catalytic performance is related to the larger popu-
lation of conformations in which the carboxyl group (which
is deprotonated at pH 8) is H-bonded to H456. As a matter of
fact, POXA1b never shows H-bonds between H456 and the
substrates, forcing an inefficient through-space electron
tunnelling between the substrate and the T1 center. On the
other hand, H-bonds between the substrate and H456 have a
significant population for every mutant-substrate pair, which
ranges from 29 to 81% (Tables 1-3) among the structures
within 5 kcal mol™ of the binding energy minima and within
10 A of the T1 copper. This contact facilitates a through-bond
electron tunnelling, which greatly improves electron transfer.
Remarkably, the sinapic acid-V162S branch mutant pair, the
one that experiences the largest improvement in k. (~15
fold, Table 3), exhibits the largest population of this contact
(81%) and forms all the designed H-bonds in 61% of the
cases (Fig. 6). Finally, it is worth noting that no contact is
formed between the substrate and D205 in any variant-sub-
strate pair, meaning that such a contact is not indispensable
(water molecules can assist deprotonation), although design
toward the instauration of such interaction could further im-
prove oxidation (especially due to the farther vicinity of a neg-
ative charge that could shift up the HOMO energy of the
substrates).

Consequences for laccase design

Although the initial design was not successful, the
repurposing effort suggests (both in its experimental and
computational validation) that the non-specific reaction site
of laccases can be a valuable template to build more specific
interactions with a target substrate. This can be implemented
with the presented computational methodology, increasing
the affinity of the substrate for the enzyme in a highly reac-
tive conformation. Nonetheless, laccase design proved to be a
delicate multidimensional problem which requires to always
take an electron transfer driving force into account. As seen,
if a target substrate is poorly oxidizable, the electron transfer
driving force might become a crucial design parameter, tun-
able as shown recently.’
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Table 1 Experimental kinetic constants and population of structures exhibiting catalytic carboxyl-H456 H-bonds during PELE sampling for the oxidation

of caffeic acid by POXAlb and the designed triple mutants

Ky (mM) keae (s71) Keat/Kng (MM s71) Sub-H456 H-bonds (%)
POXA1b 3.52 +0.53 1262 + 60 360 + 60 0
V162H branch 0.47 + 0.11 1122 + 54 2805 + 54 50
V1628 branch 3.65 + 0.57 4184 + 35 1162 + 35 29

Table 2 Experimental kinetic constants and population of structures exhibiting catalytic carboxyl-H456 H-bonds during PELE sampling for the oxidation

of syringic acid by POXAlb and the designed triple mutants

Ky (mM) keac (571 keaKnpe (MM ™' s71) Sub-H456 H-bonds (%)
POXA1b 1.22 +0.11 1775 + 87 1400 + 87 0
V162H branch 1.35 + 0.27 2700 + 54 2000 + 54 60
V1628 branch 0.82 + 0.25 6997 + 87 8000 + 87 50

Table 3 Experimental kinetic constants and population of structures exhibiting catalytic carboxyl-H456 H-bonds during PELE sampling for sinapic acid

by POXA1lb and the designed triple mutants

Ky (mM) keae (s7) Kea/ Koy (mM " s7) K; (mM) Sub-H456 H-bonds (%)
POXA1b 0.13 + 0.05 6681 + 100 51392 + 100 1.23 + 0.09 0
V162H branch 0.41 + 0.03 39113 + 500 95397 + 500 2.44 + 0.09 66
V1628 branch 0.67 + 0.02 97126 + 600 144 964 + 600 1.49 + 0.08 81

Repurposing should not be a mere safety net (as it was in
this case) but rather an effective strategy for industrial en-
zyme production. Computational design toward a given sub-
strate could be accompanied on-the-fly by the in silico evalua-
tion of a database of putative substrates, possibly selecting a
subset based on target molecular similarity. In this way, sev-
eral processes could be improved at the cost of one or a new
design line for a particularly promising substrate could be
opened. Ideally, variant search should not be fossilized on a
fixed laccase either. These enzymes present great diversity in
their T1 pockets that could be exploited to design the best
host as much as possible for a (class of) substrate(s). Even if
a very promising laccase did not function under the desired
working conditions (pH, temperature, presence of ions and/

SER162 TYR331

ASN336
Catalytic Asp

Catalytic His

Fig. 6 PELE sampling result for the binding of sinapic acid in the
active site of the V162S branch triple mutant.

8 | Catal Sci. Technol, 2017, 00, 1-9

or co-solutes, etc.), the enzyme could be designed to adapt to
them. Therefore, a future where several laccases are computa-
tionally evolved against many substrates can be envisioned.
Pushing further, efficient chimeric laccases might be
designed by conveniently stitching portions of proteins from
different laccases with computational techniques.**

Conclusions

This work showed that the T1 site is a promiscuous template
to increase activity toward specific target substrates, through
the design of stabilizing enzyme-substrate interactions in a
highly reactive conformation. The experimental and compu-
tational validation of mutant repurposing suggests that this
task could be achieved with the computational protocol pro-
posed in this work. Nonetheless, it should be borne in mind
that laccase design is an intricate multidimensional problem
in which the ET driving force is an important factor. Likely
due to the superficial and shallow nature of the T1 site,
repurposing designed mutants to oxidize molecules that
share some degree of similarity with the target proved to be
effective. In the future, repurposing might be carried out
computationally and subsequently validated experimentally,
transforming laccases into more efficient multitasking
enzymes.
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