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Fungal laccases have great potential as biocatalysts oxidizing a variety of aromatic compounds using oxy-
gen as co-substrate. Here, the crystal structure of 7D5 laccase (PDB 6H5Y), developed in Saccharomyces
cerevisiae and overproduced in Aspergillus oryzae, is compared with that of the wild type produced by
basidiomycete PM1 (Coriolopsis sp.), PDB 5ANH. SAXS showed both enzymes form monomers in solution,
7D5 laccase with a more oblate geometric structure due to heavier and more heterogeneous glycosyla-
tion. The enzyme presents superior catalytic constants towards all tested substrates, with no significant
change in optimal pH or redox potential. It shows noticeable high catalytic efficiency with ABTS and
Aspergillus oryzae dimethyl-4-phenylenediamine, 7 and 32 times better than the wild type, respectively. Computational
Crystal structure simulations demonstrated a more favorable binding and electron transfer from the substrate to the T1
SAXS copper due to the introduced mutations. PM1 laccase is exceptionally stable to thermal inactivation
(ty2 70°C=1.2 h). Yet, both enzymes display outstanding structural robustness at high temperature.
They keep folded during 2 h at 100 °C though, thereafter, 7D5 laccase unfolds faster. Rigidification of cer-
tain loops due to the mutations added on the protein surface would diminish the capability to absorb

temperature fluctuations leading to earlier protein unfolding.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Laccases (EC 1.10.3.2) are blue-multicopper oxidases capable of
oxidizing multiple aromatic compounds such as substituted phe-
nols, aromatic amines, N-heterocycles (indole, benzothiazol,
tetrahydroquinoline, hydroxyphthalimide, naphthol, etc), hetero-
cyclic thiols and others, as well as some inorganic/organic metals
[1-4]. The paramagnetic blue copper at the T1 site is the responsi-
ble of subtracting one electron from the substrate and transferring
it to the trinuclear T2/T3 copper cluster, were molecular oxygen is
reduced to water [5,6]. Laccases are widespread in nature and can
be classified, according to their T1 site as low (<+500 mV, most
plant and prokaryotic laccases), medium (+500 to around
+700 mV) and high (from +720 to +800 mV) redox potential lac-
cases |[7]. The high-redox potential laccases (HRPLs) are only pro-
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duced by certain fungi such as the white-rot basidiomycetes
responsible for lignin decay in nature. In addition to the low
requirements of laccases (use of oxygen from the air and release
of water as the sole by-product) as compared with peroxidases,
HRPLs are of particular interest as biocatalyst for certain oxidation
reactions (to replace harsh chemicals and metal catalysts) due to
their higher catalytic promiscuity. For instance, they directly oxi-
dize high-redox potential compounds such as aniline, synthetic
organic azo-dyes, technical lignins or synthetic redox mediators
like 1-hydroxybenzotriazole (HBT) [2,8-11]. The latter has been
widely assayed to promote the enzymatic oxidation of recalcitrant
compounds [12,13]. With or without mediators, HRPLs can cat-
alyze a huge range of polymerization and degradation oxidative
reactions valuable for different industrial sectors such as pulp
and paper, textile and food industry, waste decontamination and
detoxification and organic synthesis [14].

However, their difficult heterologous expression together with
low activity or stability at the required operating conditions is
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one of the main obstacles for the industrial application of HRPLs,
which must be addressed by protein engineering. In recent years,
the progress in computational power and the increasing availabil-
ity of protein crystal structures offered stimulating structure-
function knowledge to enzyme engineers. This, combined with
the use of directed evolution tools, have notably aid in the design
of tailor-made industrial biocatalysts [15]. Enzyme directed evolu-
tion allows discovering new hotspots for protein engineering
otherwise not revealed by rational strategies, while computational
design permits to analyze the mutational space of these hotspots
much faster than they can be explored in the lab, thus contributing
to reduce the screening effort [16,17]. In previous works, simula-
tion studies helped us to understand the beneficial effect of the
mutations accumulated through directed evolution on laccase
activity [18,19]. Moreover, they predicted beneficial mutations to
enhance laccase activity towards a particular substrate [20], or
envisaged the oxidation of a target substrate by different laccases,
according to differences in their substrate-binding pockets [21].
These studies mainly consisted of protein-substrate exploration
using the Protein Energy Landscape Exploration (PELE) software,
in combination with quantum mechanics/molecular mechanics
(QM/MM) simulations. In redox systems, such a combination can
map the donor-acceptor distance (DAD), the solvent-accessible
surface area (SASA) and spin densities of the substrate. In addition,
several bioinformatics tools, such as HotSpot Wizard 3.0, RING and
CABS-flex 2.0, allow stability predictions associated to position
mutability according to evolution conservation, intra-protein con-
tacts and potential protein motions [22,23].

In previous works, two wild HRPLs from basidiomycetes PM1,
Coriolopsis sp., and Pycnoporus cinnabarinus, sharing a 76% of
sequence identity, were subjected to parallel directed evolution
campaigns for expression in Saccharomyces cerevisiae [24,25]. Both
laccases were actively secreted by the yeast upon lab evolution of
their CDS fused to the prepro leader of the alpha-mating factor of S.
cerevisiae. In addition, the catalytic activity towards phenolic and
non-phenolic compounds was notably increased in the evolved P.
cinnabarinus laccase, whereas the evolved PM1 laccase recovered
the catalytic properties of the wild type. In a further directed evo-
lution step, both evolved enzymes were subjected to DNA shuffling
to obtain chimeric laccases functionally secreted by the yeast with
combined properties (in terms of optimal pH, substrate affinity or
stability) [26]. One of them is 7D5 laccase, which was later used as
biocatalyst for the synthesis of conductive polyaniline due to its
outstanding capabilities to oxidize aromatic amines [8].

In this work, we fully characterize 7D5 laccase once over
expressed in Aspergillus oryzae (Novozymes) [8]. Given its higher
sequence identity with parent PM1 laccase (as compared to P.
cinnabarinus laccase), the former was used as the reference wild
type enzyme (pdb 5ANH) to evaluate the structural and biochem-
ical modifications observed in the engineered enzyme. Changes in
kcat values or enzyme stability were rationalized by computational
analyses to assess the contribution of the mutations accumulated
in the engineered laccase to the activity and stability of the
enzyme.

2. Materials and methods
2.1. Reagents

2,6-dimethoxyphenol (DMP), 2,2’-azino-bis(3-ethylbenzothiazo
line-6-sulphonic acid) (ABTS), N,N-dimethyl-p-phenylenediamine
(DMPD), aniline, 1-hydroxybenzotriazole (HBT), 4-hydrobenzoic
acid (4-HBA), 4-aminoantipyrine (4-AAP) and 2-metoxyphenol
(guaiacol) were purchased from Sigma-Aldrich (Madrid, Spain).

Endoglycosydase-H (Endo-H) was purchased from Roche (Basel,
Switzerland).

2.2. Enzyme production and purification

7D5 laccase was produced in A. oryzae [27] at Novozymes, in
standard MDU-2BP media containing CuSO,4 as described in De
Salas et al. 2016 [8]. The enzyme was purified in one step using
an anion exchange Mono Q HR 5/5 column attached to a FPLC
(AKTA purifier, GE Healthcare) in a 30 mL gradient of 0-25% elution
buffer (20 mM Tris-HCl + 1 M NaCl, pH 7). PM1 laccase was pro-
duced by PM1 fungus grown in 1 I flasks with 300 ml GAE medium
[28] at 30°C and 180 rpm. After 11 days of incubation, liquid
extracts were filtrated (first with filter paper and then using a
0.45-um cutoff membrane) and concentrated and ultra-
diafiltrated using a Pellicon tangential filtration membranes
(Merck Millipore, Germany) and Amicon stirred cells (Merck Milli-
pore, Germany), both with a 10 kDa cutoff. PM1 laccase was puri-
fied by FPLC in two anion exchange steps: i) HiPrep Q FF 16/10
column in a 100 ml gradient of 0-40% elution buffer; and ii) Mono
Q HR 5/5 column in a 30 ml gradient of 0-25% elution buffer. All
columns were purchased from GE Healthcare. Fractions containing
laccase activity were pooled, dialyzed in Tris-HCI pH 7 and concen-
trated after each chromatographic step. Enzyme purification was
confirmed by the A280/A600 nm ratio of the purified enzymes
and their electrophoretic mobility in SDS-PAGE (12% acrylamide)
stained with Coomassie brilliant blue.

2.3. Determination of molecular weight and glycosylation degree

Laccases were deglycosylated with Endo-H (0.5 U/5 mg purified
laccase, added in two steps) in sodium acetate buffer 50 mM
pH 5.5, at 37 °C for 24 h. Enzyme deglycosylation was confirmed
by SDS-PAGE electrophoresis (12% acrylamide).

MALDI-TOF-TOF analyses of glycosylated and deglycosylated
samples were performed in an Autoflex Il instrument (Bruker Dal-
tonics, Bremen, Germany) with a smartbeam laser. The spectra
were acquired using a laser power just above the ionization thresh-
old. Samples were analyzed in the positive ion detection and
delayed extraction linear mode. Typically, 1000 laser shots were
summed into a single mass spectrum. External calibration was
performed, using the Protein Standard Il from Bruker, covering
the range from 15,000 to 70,000Da. The 2,5-Dihydroxy-
acetophenone (2,5-DHAP) matrix solution was prepared by dis-
solving 7.6 mg (50 pmol) in 375 pl ethanol followed by the addi-
tion of 125 pl of 80 mM diammonium hydrogen citrate aqueous
solution. For sample preparation, 2.0 pl the sample were diluted
with 2.0 pl of 2% trifluoroacetic acid aqueous solution and 2.0 pl
of matrix solution. A volume of 1.0 pl of this mixture was spotted
on the 800 pm AnchorChip target (Bruker-Daltonics) and allowed
to dry at room temperature. The molecular weight analysis by
MS-MALDI TOF was carried out in Proteomics and Genomics Facil-
ity (CIB-CSIC), a member of ProteoRed-ISCIII network.

2.4. X-ray crystallography

X-ray crystallography analysis of 7D5 laccase was carried out
after deglycosylation of the enzyme and removal of Endo-H by
using a Mono-Q column in a 30 mL gradient of 0-25% elution buf-
fer (20 mM sodium acetate 150 mM NacCl pH 5.7). The enzyme was
dialyzed and concentrated in 20 mM Tris-HCI pH 7.

Crystallization trials were set up at 293 K, starting with a condi-
tion already published [29]. The best diffracting crystals were
obtained by the hanging-drop vapour-diffusion method, in 24-
well plates (Hampton Research), after seeding fresh drops con-
sisted on 2 pl of protein at 5 mg ml~! and 1 ul of reservoir solution
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(100 mM NaAc, 200 mM Li,SO4, 20% (v/v) polyethylenglycol 4000
and 100 mM HEPES pH 7.5). The crystals grew in ~5 days and
reached final dimensions of 0.07 x 0.07 x 0.07 mm?>. Prior data col-
lection, they were immersed in the precipitant solution containing
20% (v/v) glycerol, followed by rapid flash cooling in liquid nitro-
gen. A complete X-ray diffraction data set was collected at the
beam line 102 at Diamond Light Source (Harwell Campus, UK). Data
were indexed and integrated using XDS [30] and scaled with SCALA
from the CCP4 suite [31]. The crystals belonged to the space group
123 with cell dimensions a=b=c=202.61A and o=f="y=90°.
Matthews coefficient and self-rotation function indicated the pres-
ence of two molecules in the asymmetric unit, with a solvent con-
tent of 62.23%. Molecular replacement was performed with Phaser
[32] using the Protein Data Bank entry 1GYC as model, and the
refinement was carried out with PHENIX [33] including rigid body
refinement as the first step. Several rounds of iterative refinement
and manual building steps were done with Coot [34]. Coordinates
and structure factors have been deposited at the PDB with acces-
sion code 6H5Y. Model quality was checked using MolProbity
implemented within the PHENIX suite. Figures were prepared with
Pymol (Molecular Graphics System, Version 1.5.0.4 Schrédinger,
LLC). Details of data collection and processing, refinement statistics
and quality indicators of the final model are summarized in
Table S2.

2.5. Small-angle X-ray scattering

SAXS measurements of laccase in solution were performed at
Diamond Light Source beam line B21 (Harwell Campus, UK), using
a BioSAXS robot for sample loading, from solutions of the glycosy-
lated and deglycosylated forms of 7D5 laccase at different concen-
trations in 20 mM Tris-HCl pH7 at 277 K. Samples of 40 pul
corresponding to PM1 laccase glycosylated at 17 mg ml~! and to
PM1 deglycosylated at 15 mg ml~!, were delivered via an in-line
Agilent 1200 HPLC system in a Shodex Kw-403 column using the
same running buffer. During the experiment the samples were
exposed for 300s in 10s acquisition blocks using a sample to
detector distance of 3.9 m and X-ray wavelength of 1 A. The data
were analyzed, buffer-subtracted, scaled, and merged using the
Scatter software package (www.bioisis.net). This software was also
used to check possible radiation damage of the samples by visual
inspection of the Guinier region as a function of exposure time dur-
ing data collection. Rg and Dy« values were calculated with PRI-
MUS and GNOM, and shape estimation was carried out with
DAMMIF/DAMMIN, all these programs included in the ATSAS pack-
age [35]. The radius of gyration (R,) can be obtained from the P(r)
function by integrating the function with r? over all values of r. The
P(r) distribution function is used to describe the paired-set of dis-
tances between all of the electrons within the macromolecular
structure and is a useful tool for visibly detecting conformational
changes within a macromolecule. Real-space scattering profiles
of atomic models were calculated using FoxS [36] and the final
ab initio models were superimposed with the high-resolution
structure using the program SUPCOMB from the ATSAS package.
The proteins molecular mass was estimated with SAXSMoW [37].
Figures were prepared with Pymol (Molecular Graphics System,
Version 1.5.0.4 Schrédinger, LLC). Details of data collection and
processing are summarized in Table S1.

2.6. Determination of redox potential

Laccase redox potential was determined by the poised potential
method using the redox couple Fe(dipyridyl),Cl,/Fe(dipyridyl),Cl3
in 8 mM MES buffer (pH 5.3). Oxidation of F(dipyridyl),Cl, at each
titration point was followed by the decrease in absorbance at

522 nm (€522=5974M 'cm™!) until equilibrium was reached.
The concentration of reduced laccase at equilibrium was consid-
ered to be 1/4 of the oxidized Fe(dipyridyl),Cl, concentration.

2.7. Optimal pH and stability assays

Laccase pH profiles were determined as shown in Pardo et al
2012 using purified enzymes [26]. pH stability assays were carried
out in 2 ml 0.1 mM Britton and Robinson buffer adjusted to pH 2-
9, using 0.1 U/ml purified laccase (final activity with 3 mM ABTS
pH 3). Then, samples were incubated at 25 °C for 24 h and 20-pl
aliquots of each sample were taken at 0, 3, 6 and 24 h and trans-
ferred to a 96-well plate to measure the residual activity with
3 mM ABTS pH 3. Relative activities were calculated as a percent-
age of the initial laccase activity at each experimental pH. All reac-
tions were measured in triplicate. Determination of Tso, defined as
the temperature at which the enzyme retains 50% of its activity
after 10 min of incubation, was carried out as shown in Pardo
et al [26]. Laccase half-life values at 50, 60, 70 and 80 °C, thermal
inactivation constants and activation energies (E,) were obtained
as shown in Pardo et al [38]. Circular dichroism (CD) analyses by
far-UV CD spectroscopy were performed in a spectropolarymeter
Jasco J815 associate to Jasco PTC-4235/15 peltier (JASCO Corpora-
tion, Japan). The enzyme was diluted to a concentration of 10 M
in buffer Tris-HCl 20 mM pH 7. Denaturalization ramps were set
from 50°C to 95°C with a slope of 60°C/h and measured at
220 nm. Besides, 10 pM of the two enzymes were incubated at
100 °C for 24 h, and CD spectra of samples taken at different incu-
bation times were recorded and compared with the CD spectra of
the enzymes at room temperature. The CD spectra were collected
between 190 and 250 nm with a scanning speed of 10 nm min~!,
using a spectral bandwidth of 1 nm and 0.1 cm path length quartz
cell (Hellma, Germany). The protein signal was obtained by sub-
tracting buffer spectrum and represented the average of 5
accumulations.

2.8. Kinetic assays

The oxidation of different substrates by purified laccase was
carried out in triplicate, in 96-well plates using 0.0013 uM enzyme
for DMPD and DMP, 0.0001 uM enzyme for ABTS, 0.013 uM
enzyme for guaiacol, 0.13 uM enzyme for HBT and 0.145 uM
enzyme for HBA, in 50 mM citrate phosphate buffer pH 3 (for the
assay with ABTS), 100 mM sodium acetate buffer pH 5 (for DMP,
HBT and guaiacol) or 100 mM sodium acetate buffer pH 4 (for
DMPD). Reactions were measured by the increment of absorbance
at 418 nm for ABTS (€415 = 36,000 M~' cm~'), 550 nm for DMPD
(€550 =4134 M~ cm™'), 470 nm for DMP (€470 = 27,500 M~! cm™1),
409 nm for HBT (€409 =321M~'cm™!) and 470 nm for guaiacol
(€470 = 26,600 M~ cm~') in a plate reader Spectramax Plus (Molec-
ular Devices, CA, USA), in kinetic mode. Kinetic constants for the
oxidation of HBA were determined using 4-AAP. For that, increas-
ing equimolar concentrations of 4-HBA and 4-AAP were added to
the reaction and the increment of absorbance from the coupling
of HBA to 4-AAP (g500=12,200M~'cm™') was monitored at
500 nm [39]. Initial oxidation rates were plotted against substrate
concentration and fitted to a single rectangular hyperbola function
using SigmaPlot 10.0 software. Parameter a was the k¢, and the
parameter b was equal to the K.

2.9. Computational analysis
Protein-ligand interactions were analyzed using HBT and DMPD

as substrates with the PELE software. Ligands were optimized in
implicit solvent with the density functional M06 and 6-31G* basis
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set level of theory using Jaguar from Schrodinger; ESP charges were
then extracted for ligand parameterization. The enzymes were pre-
pared with the protein wizard from Schrodinger, at pH 4. PELE is a
Monte-Carlo (MC) based software that was developed for mapping
protein-ligand interactions, both at the global and local level. Each
MC step includes a perturbation and a relaxation phase, before a
Metropolis acceptance test accepts or rejects the proposed new
pose. Binding energies are then scored using an OPLS-AA protein-
ligand interaction energy, which includes a generalized surface
born implicit solvent. All simulations involved 100 processors for
48 h, were we applied distance harmonic restraints to all copper’s
coordination bonds. QM/MM calculations were also performed on
5 randomly-selected structures to estimate the amount of sub-
strate oxidation. This technique partition the system into a classi-
cal region (MM) and a quantum one (QM), allowing to describe
electronic effects in the frame of the enzyme. The QM region,
including the T1 copper, its coordination residues and the sub-
strate, was computed at the DFT (Density Functional Theory) level
of theory, with the M06-L functional and the LACVP* basis set. The
MM region was treated using the OPLS-2005 force field; residues
beyond 10 A from the catalytic center (T1 copper) were kept fro-
zen. For each selected structure, 5 optimization steps were run,
in order to relax the system before the atomic spin densities were
extracted. The sum of all atomic spin densities in the substrate
depicts the total amount of the unpaired electron (radical) as a
result of its oxidation.

Structure stability modeling has also been analyzed by 40-ns MD
simulations using CABS-flex, an efficient coarse grained modeling
tool for fast simulations of protein structure flexibility [40].

3. Results and discussion
3.1. Physico-chemical and structural characterization

PM1 and 7D5 laccases were purified to homogeneity as con-
firmed by SDS-PAGE and A280/A600 ratios of 17-19 (Fig. S1A).
According to MALDI/TOF-TOF analyses, MW of PMIL is 57,491
whereas it is 57,770-65,000 for 7D5, suggesting a heterogeneous
glycosylation of laccase by A. oryzae. Glycosylation degrees around
5% for PM1L and 5-17% for 7D5 were found after deglycosylation
with Endo-H (Fig. S1B, C).

We explored the glycosylation effect on the structural stability
of the enzymes in solution by small-angle X-ray scattering (SAXS),
to check how the elimination of the glycans could affect the three-
dimensional structure of the protein and interparticle interactions
due to the biophysical changes correlated with the bulk of the gly-
can (Fig. 1). Both enzymes perform as monomeric proteins in solu-
tion like the majority of basidiomycete laccases [41], with some
exceptions exhibiting homodimeric structures [42,43]. Enzyme
deglycosylation decreases the maximum dimension (Dmax) of
both monomeric proteins. Nevertheless, N-glycosylation seems to
have a special impact on 7D5 laccase where the glycosylated form
adopts a geometrical oblate structure that is converted to a some-
how spherical form after deglycosylation. By contrast, PM1L
shows a more spherical structure before and after deglycosylation.
Clearly, the size of 7D5_deglyco is higher than that found for
PML1_deglyco (Fig. 1, Table S1), most probably due to the heavier
0O-glycosylation of 7D5, in line with what we observed by MALDI/
TOF-TOF (Fig. S1C).

Fig. 1. SAXS structures of glycosylated (A, C) and Endo-H-deglycosylated (B, D) forms of wild type (PM1) laccase (top) and engineered (7D5) laccase expressed in A. oryzae

(bottom).
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To evaluate the influence of the glycan on the intermolecular
interactions of 7D5 laccase, SAXS-measurements were done at dif-
ferent concentrations. No indication of strong aggregation was
detected during data collection, with data showing linear relation-
ships within the Guinier region (Table S1). The presence of glycans
in 7D5 (and PM1 laccase) is easily observed in Fig. S2A-D, which
illustrates their corresponding pair distance distribution (P(r))
and clearly shows the presence of additional interatomic distances.
This is also reflected in the radius of gyration (Rg) of glycosylated
and deglycosylated forms (Table S1). This effect is probably due
to a reduction of backbone dynamics due to the presence of the
bulky glycans. When comparing the relative shift of heights of
the parabola shapes curves in the Kratky plots, it is observed that
the deglycosylation forms maintain compact structures similar to
the glycosylation forms in both proteins (Fig. S2E-H).

7D5 laccase, derived from the DNA shuffling of evolved PM1L
and PcL [26], differs in nine mutations of the wild PM1L (Fig. 2).
Mutations V162A, H208Y, S224G, A239P, D281E and S426N accu-
mulated in the protein sequence during the evolution pathway of
PMI1L for expression in yeast [24], while T291S, E457D and 1468T
come from the shuffling with evolved PcL parent [25].

The crystal structure of 7D5 laccase (PDB code, 6H5Y) was
obtained at 2.3 A resolution by molecular replacement, using as
search model 1GYC. The real space group 123, led us to a solution
with two molecules in the asymmetric unit, a Mathews coefficient
of 3.26 A%*/Da and a solvent content of ~63%. The structure con-
firmed the common three-cupredoxin-like-domain folding of fun-
gal laccases [44], quite similar to that of PM1L (PDB code,
5ANH); with a backbone (Ca atoms) rmsd of 0.46 A and same

topology (Fig. 3, table S2). Both crystal structures show equal num-
ber of B-strands (30) and o-helixes (7), although mutation 1468T
enlarges the sixth a-helix in three residues: from VAAT sequence
in PM1L, to TPDVAAT sequence in 7D5 (Fig. 2).

Two N-glycosylation sites, Asn54 and Asn433, were found in both
molecules, present in the asymmetric unit with well-defined elec-
tron densities (Fig. 3). Both sites are highly conserved among basid-
iomycete laccases, and are considered to play an important role
during nascent protein folding, stabilization and secretion [44,45].
However, the higher Dmax and less spherical structure of 7D5
observed by SAXS and the glycosylation percentages deducted from
MALDI-TOF/TOF indicate a heavier and more heterogeneous carbo-
hydrate moiety in the enzyme expressed in A. oryzae. This fungus
possesses two kinds of alpha- 1,2- mannosidases, one located in
the ER and the other in the Golgi [46] that would be responsible
for highly diverse glycan processing. In addition, and as aforemen-
tioned, O-glycosylation seems to be especially important in 7D5 lac-
case, as suggested by the larger Dmax of the protein after
deglycosylation with Endo-H, and in concordance with the forma-
tion of branched O-glycans by Aspergillus [46].

Up to 72 structures of fungal laccases are deposited in Protein
Data Bank, including laccases from Ascomycetes and Basid-
iomycetes. However, the majority of the 54 basidiomycete laccase
structures (from 21 different species) correspond to wild enzymes
because of the difficulty to obtain recombinant basidiomycete lac-
cases at high yields [47]. In fact, only two basidiomycete laccases
produced heterologously have been crystallized: one from Coprinus
cinereus, expressed in A. oryzae (1HFU and 1A65), and other laccase
from Trametes hirsuta, expressed in Penicillium canescens (5LDU);
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7D5- DQDVDNYWIRALPNSGTRNFDGGVNSAILRYEGAAPVEPTTSQTPSTQPLVESALTTLEGTAAPGNPTPGGVDLALNMAFGFA -336
p22 - p23  p24 B25 B26
PM1- GGRFTINGASFTPPTVPVLLQILSGAQSAQDLLPSGSVYSLPANADIEISLPATSAAPGFPIPFHLHGHTFAVVRSAGSSTYN -423
7D5- GGRFTINGASFTPPTVPVLLQILSGAQSAQDLLPSGSVYSLPANADIEISLPATSAAPGFPIPFHLHGHTFAVVRSAGSSTYN -423
B g e O
PM1 - YANPVYRDVVSTGSPGD@?@IRFRTDNPGPWFLHIHIDFILEAGFAVVMAEDIPDVAATNPVPQAWSDLCPTYDALSPDDQ -496
7D5- YANPVYRDVVNTGSPGD@YEIRFRTDNPGPWFLHIHIDFILDAGFAVVMAEDTPDVAATNPVPQAWSDLCPTYDALSPDDQ -496

Fig. 2. Comparison of amino acid sequences and numbering of secondary structures in wild PM1 and engineered 7D5 laccases. Location of B-strands are depicted in green and
o-helixes in orange (elongation of a-6 in 7D5 laccase due to 1468T mutation is shown in light orange). Amino acid replacements between PM1 and 7D5 laccases are shown in
cyan, T1-copper coordinating residues in magenta and N-glycosylation sites in bright green. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Cartoon representation for 3D crystal structures of wild PM1 laccase (PDB code 5ANH, A) and engineered 7D5 laccase produced in A. oryzae (PDB code 6H5Y, B),
showing the catalytic copper ions as orange spheres and the residues mutated during laccase evolution as green-C sticks. N-glycosylation sites (Asn residue) are also depicted
as grey-C sticks (with first GIcNAc sugar in magenta-C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

both of them correspond to native enzymes (Table S3). Conversely,
the structural characterization of new variants engineered in the
lab might shed light on the protein determinants responsible for
modified catalytic activity or robustness, thus providing high-
quality information for laccase engineering. Indeed, rational design
and enzyme directed evolution techniques are converging in pro-
tein science delivering new data for machine learning to accelerate
the engineering process [48].

Residues 281, 291 and 468 are located in surface loops far away
from the catalytic site, whereas residues 162, 239, 426 and 457 are
in the vicinity of the substrate binding pocket (distance to T1 site
<10 A) (Fig. 3). As regards mutations on distal loops of the protein,
D281E causes a new H-bond with T190, keeping the interaction
with V189 (Fig. 4A, B). In mutation 1468T, the introduction of Thr
induces a separation from the opposite loop, thus affecting the
side-chain conformation of Q359, which rotates to form a salt
bridge between its carboxyl oxygen and hydroxyl of T468. Besides,
both OE1 and OG1 from Q359, now lie towards the pyrrolidine ring
of P469 at a distance of near 3 A, thus producing a re-structuration
of the chain from random coil to alpha helix (Fig. 4C, D). On the
other hand, residue 162 is delimiting the substrate binding pocket
and residue 457 is in the same o-helix than H455 which coordi-
nates T1 copper. E475 is H-bonded to S113, R335 and D453 in
PM1L. Contact with R335 is lost in 7D5 laccase due to E457D muta-
tion and a new H-bond is formed with F454 (Fig. 4E, F).

3.2. Catalytic activity

Substituted phenols 4-hydroxybenzoic acid (HBA), guaiacol and
2,6-dimethoxyphenol (DMP), aromatic amines N,N-dimethyl-p-
phenylenediamine (DMPD) and two heterocyclic substrates:
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
and 1-hydroxybenzotriazole HBT) were used to assess laccase’s

substrate promiscuity. ABTS and DMP are used as standard sub-
strates to assay laccase activity [26]. Besides, ABTS and HBT have
been applied as redox mediators, improving the oxidation capabil-
ities of laccase in many biotechnological studies [13,49]. For all the
substrates assayed, the evolved 7D5 laccase displayed higher k¢
(2-9 fold) values than the wild type (Table 1).

Basidiomycete PM1 is related to Coriolopsis gallica and Trametes
trogii and PM1L is closely related to other HRPLs produced by the
above species [28]. When PM1 and 7D5 laccases were compared
with these and other Trametes laccases, we observed a remarkably
superior catalytic activity of 7D5 for ABTS [50]. Although it
matches the turnover numbers of Trametes laccases at room tem-
perature, its outstanding affinity for this substrate, provides it with
a value of catalytic efficiency with ABTS not reported in the litera-
ture [50-52]. 7D5 laccase also presents better affinity for DMP
although lower k¢,;. Comparison with other HRPLs like P. cinnabar-
inus laccase confirmed the superior kc,; of 7D5 with both substrates
[25]. It is worth mentioning that the k., values obtained here for
PM1 and 7D5 laccases with DMP can be underestimated because
they were obtained at pH 5 instead at the optimal pH (4).

To sum up, the most remarkable differences in k.,; between the
wild type and the engineered laccase are obtained for the oxidation
of DMP, ABTS and DMPD. The catalytic efficiency was raised 7-fold
for ABTS and 3.5-fold for DMP in the engineered enzyme. This
would be a consequence of the use of both compounds as sub-
strates for screening the mutant libraries generated during laccase
evolution to 7D5 [24,25]. On the other hand, the significant better
oxidation of DMPD by 7D5 laccase (with a catalytic efficiency 32
times higher than that of the wild type) was not sought during
its design. However, this is not an unexpected result. Due to its
superior capability to oxidize aromatic amines, the enzyme had
been selected among other counterparts evolved in our lab to carry
out the enzymatic synthesis of conducting polyaniline [8] and
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Fig. 4. Close-up of PM1 (left) and 7D5 (right) laccase structures showing the H-bonding of residues 281 (A, B), 468 (C, D), and 457 (E, F).

Table 1

Kinetic constants for the oxidation of different substrates by the engineered (7D5) and wild type (PM1) laccases.

Keat (s71) Kin (mM) keae/Km (mM ™" s71)

ABTS (pH 3) PMIL 444117 0.002 + 0.0004 26,106 * 6,222

7D5L 2400+ 112 0.0013 +0.0002 184,500 + 29,663
DMP (pH 5) PMI1L 132+03 0.01 £0.001 1325+ 136

7D5L 453£07 0.05 +0.003 905 + 56
Guaiacol (pH 5) PMI1L 2.85£0.05 0.24 £0.02 119+ 1.0

7D5L 10502 1.04 £ 0.06 10.1+0.6
HBA (pH 5) PMI1L 3.02£0.12 1.96 +0.28 1.54+0.23

7D5L 8.6+02 1.41+0.14 6.1£06
DMPD (pH 4) PMI1L 108.6 +3.1 1.06 £ 0.06 102 £6.5

7D5L 938.0+29.6 0.29£0.03 3,253 %393
HBT (pH 5) PMIL 155+1.0 47.7£6.99 0.33£0.05

7D5L 288+24 3411695 0.84+0.18

thereafter subjected to computational design to improve aniline
oxidation at the conditions required for polymerization [20].

The improved catalytic activity of 7D5 is not related to changes
in laccase optimal pH or redox potential, given the similar pH pro-
files and redox potentials of both laccases. The high-redox poten-

tial of PM1 laccase (E°=0.77 £ 0.01V, referred to NHE standard
electrode) was kept in the engineered enzyme (E°=0.76 + 0.01 V
vs NHE). Both laccases also showed same optimum pH values,
pH 2 for ABTS and pH 4 for DMP (Fig. S3) coinciding with the acidic
activity profiles characteristic of HRPLs, except for some particular
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cases [50,51]. In general, laccases display maximum activities at
pH 2-3 for oxidation of ABTS, and slightly less acidic and bell-
shaped activity profiles for the oxidation of phenolic compounds
due to the counteracting effects: i) decrease in the redox potential
of phenol by increasing the pH and ii) inactivation of laccase at
alkaline pH because OH™ prevent intramolecular electron transfer
[53]. The 20% decrease of activity at pH 2-3 for DMP found in the
engineered enzyme would be most probably due to the selective
pressure applied during the evolution pathway where mutant
libraries were screened with DMP at pH 5 [24,25].

3.3. Simulation analysis

To better study the effect that mutations accumulated in 7D5
laccase have on the improvement of its catalytic activity, PELE
simulations were carried out for the wild type and engineered
laccase with DMPD and HBT, the substrates with higher and
lower k.,; increase, respectively. In the case of DMPD, PELE calcu-
lations displayed similar binding energies for both enzymes but
with a significant decrease of the best catalytic distances in 7D5
(Fig. S4A). For the mediator HBT the binding energy profile shows
fewer differences for both enzymes (Fig. S4B). Importantly, 7D5
has a significantly higher number of catalytic events for both sub-
strates, defining them as those structures where the substrate
adopts a distance below 4 A to His455 (the T1 copper ligand
responsible for electron subtraction from the substrate) [7]. The

increment was more important for DMPD. Comparing the cat-
alytic events populations, we appreciated a large relative increase
in 7D5 (418 and 1663 catalytic events for DMPD and HBT) as
compared with PM1 laccase (19 and 445, respectively). These
results correlate with the kinetic results obtained in the lab and
suggest a better positioning of the substrate in the catalytic site.
The analysis of these catalytic poses indicates that mutation
V162A, one of the hydrophobic residues in the loop that delimits
the substrate pocket at the T1 site [54], improves the catalytic
poses by opening an additional space in the copper cavity. This
would decrease the distance of DMPD substrate to the Cu-H455
moiety (Fig. 5A, B), thus improving the electronic coupling and
increasing the electron transfer rate, which correlates with the
increase in kqc and decrease in K, (Table 1). The positive effect
of mutation V162A by opening the entrance to the binding cavity
was already suggested during the evolution of PM1 laccase [24].
It is worth noting that previous studies carried by our group
[18-20] have confirmed the crucial role of catalytic pocket resi-
dues in substrate orientation and binding which determine the
enzyme activity. Besides due to the crucial location of residue
162, it has been targeted in several focused evolution studies to
improve laccase activity by favoring the binding of selected sub-
strates [19,55,56].

We also computed substrates spin density using QM/MM tech-
niques. Spin densities provide the amount of unpaired electrons
and thus, they can be used to monitor the extent of electron trans-

Fig. 5. Arepresentative snapshot of DMPD interaction with the catalytic cavities of PM1 (A) and 7D5 (B) laccases, and two different views (C, D) for ABTS interactions with the
binding pocket of PM1 and 7D5 laccases (as green and blue-C colored sticks, respectively). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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fer between the donor and the acceptor, that is, the oxidation. The
percentage of spin density in DMPD and HBT for 7D5 is, however,
the same as for PM1 laccase (Fig. S4C). This might reflect the fact
that, while the substrate gets closer to the catalytic His455
(increase in electronic coupling), its pocket environment remains
quite similar (invariance in the substrate oxidation potential).
Due to the different nature of ABTS with respect to the other sub-
strates, we performed additional binding and spin density calcula-
tions. Interestingly, for this bulkier substrate we find a significant
larger conformational change as a result of the reduction in side
chain size in the V162A mutation. As seen in Fig. 5C, D, about half
of the substrate rearranges its position towards the catalytic
His455, considerably reducing its exposure to the solvent and,
importantly, increasing its spin density in 7D5 (Fig. S4C) as a result
of a local shift in its redox potential.

Previous studies have suggested a change in the substrate oxi-
dation potential due to (mutation induced) rearrangements in
the binding site [18]. Our results indicate that this effect might
not be important in the smaller substrates, where we observed
only a small repositioning (a better approach to the catalytic His)
and no significant change in spin densities. In ABTS, however, we
observed an almost 20% increase in spin density. Thus, for this
mediator, both an increase in the electronic coupling and a local
shift in its oxidation potential seem to be responsible for the
changes in kinetic parameters.

Qualitatively, we can model if the increase in electronic cou-
pling can derive in a ~8 fold increase in k., for DMPD. Assuming
that such an increase will originate mainly by the change in KET,
and using the alternative form of the Marcus equation KET =~ exp.
[—B(r-r0)], we can derive KET;ps = KETpp1L €Xp.(Ar), assuming the
medium constant, B, to be the same in both species and where Ar
represents the reduction in the distance the electron must travel.
If we take this difference to be between 1.5 A and 2 A (based on
Fig. S4A) we obtain a change in KET on the 4.5 to 7.4 range, in close
agreement with the change observed in k.. In addition to muta-
tion V162A that opens an additional space in the copper cavity
and has a main effect in the outstanding catalytic improvement
for oxidizing DMPD, mutation E457D located in the same o-helix
than H455, produces a new interaction with contiguous F454. This
residue has been described to modulate the enzymatic activity and
have also a significant influence on the stability of the enzyme
[24,57]. Furthermore, the tripeptide L456-E457-A458 (PM1 laccase
numbering) located in this o-helix is highly conserved in HRPLs.
The hydrogen bonding between E457 and S113 is characteristic
of HRPLs, causing an elongation of the Cul-N (His455) bond at
the T1 site and, therefore raising the E° of these laccases [58]. This
bond is maintained in 7D5 laccase variant (Fig. 4E,F) due to the
conservative nature of mutation E457D, which would explain the
preservation of the high-redox potential of the enzyme.

As regards phenolic compounds, we can observe similar behav-
ior of both enzymes for guaiacol and HBA than for DMP. The three
molecules have close similar structure and it would be expected
that the increase of activity towards DMP obtained for 7D5 during
the evolution pathway would be valid for other phenolic com-
pounds. Hence, all the catalytic increment should be associated
with a change in the conformation and charge of the catalytic
pocket that may favor the substrates oxidation as suggested by
the increase of catalytic events and spin densities observed by PELE
and QM/MM.

3.4. Enzyme stability

Stabilities of PM1 and 7D5 laccases at pH 2-9 were monitored
during 24 h at room temperature. Both were quite stable over
pH 6. At pH 6, the wild type maintained its initial activity after
24 h, whereas 7D5 retained 60% of the initial activity. Below

pH 6, both enzymes were less stable, although the wild type to a
lesser extent. In fact, PM1 laccase displays high stability at extreme
pH values. It retains near 100% and 60% of the initial activity after
24 h at pH 9 or pH 2, respectively, whereas 7D5 retained 75% activ-
ity at pH 9, but the stability at acidic pH was dramatically dimin-
ished (Fig. 6).

On the other hand, the wild type has an outstanding stability to
high temperature, displaying a Tso (10 min) value of 79 °C (with no
decrease of activity until 75 °C), whereas the engineered laccase
showed a T5o (10 min) value of 65 °C (Fig. 7 A). It is worth mention-
ing that 7D5 laccase was notably activated at high temperature
(laccase activity increased around 60% during the first 5 min of
incubation at 75 °C) whereas PM1 laccase was not. The long term
kinetic stability proved to be very high for both laccases, with out-
standing half-life values for PM1 laccase at 50-80 °C, and with
lower but still elevated values for 7D5 (Table 2). For instance, when
these data were compared with those from 55 fungal thermotoler-
ant laccases from different basidiomycete and ascomycete strains,
only a few showed higher half-lives than PM1 laccase or even its
evolved variant, proving the stability of both laccases [59].

The slow thermal inactivation of the wild type was evidenced
by its notably low inactivation constants (Table 2). Also, the lower
E, for thermal inactivation of PM1 laccase (175 kJ/mol) than for
7D5 laccase (214 kJ/mol), calculated from Arrhenius the plots
(Fig. S5A, B), confirmed the lesser sensitivity to temperature
changes of the wild type. Thereafter, we evaluated denaturation
of both enzymes by monitoring the changes in typical absorption
circular dichroism (CD) bands due to perturbations in secondary
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Fig. 6. Stabilities of wild type (PM1) (A) and engineered (7D5) (B) laccases at pH 2-
9. Activities at different incubation times were measured with 3 mM ABTS, pH 3.
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Fig. 7. Comparison of thermal stabilities for PM1 and 7D5 laccases: T50 (10 min)
curves for PM1L (red) and 7D5 (blue) (A). CD spectra for thermal denaturation of
PMI1L (B) and 7D5 (C) at 100 °C at different incubation times. Residual activities of
PM1L-glyco (red) and PM1L-deglyco (pink) and 7D5_glyco (blue) and 7D5_deglyco
(cyan) during incubation at 65 °C (D). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

structures. First, the enzymes were subjected to a temperature
ramp between 50 and 95°C and ellipticity was monitored at
220 nm, the characteristic band for a-helixes (Fig. S5C, D). The
intensity of this band didn’t decrease and, consequently, no appar-
ent Tm could be calculated for any of the enzymes. In fact, elliptic-
ity values for both enzymes increased once the temperature
reached 70 °C. Next, the enzymes were incubated at 100 °C for
24 h and far UV CD spectra were recorded at different incubation
times (Fig. 7B,C). Their initial spectra revealed the presence of
two dichroic bands: a single negative band with a strong minimum
at 216 nm and a positive band with maximum around 196 nm,
both typical of antiparallel B-sheet proteins [60]. No protein denat-
uration was observed during the first 2 h at 100 °C. In fact, even
more marked negative band at 216 nm was observed, in particular
for PM1 laccase. The initial increments of ellipticity observed in the
two CD assays (50-95 °C ramp and 100 °C incubation) suggests the
existence of intermediate conformations as a protein adaptation to
high temperature. This trend has also been observed in other ther-
mostable laccases, and may be associated to a high structural flex-
ibility at high temperature [38,61-65]. Above 2 h of incubation at
100 °C, the gradual lessening of ellipticity, with the reduction
and shift of 216 nm band to lower wavelengths indicative of
random-coil polypeptides, and the disappearance of the positive
band at 196 nm, evidenced the progress of protein denaturation.
Loss of secondary structures was more pronounced and earlier pro-
duced in 7D5 laccase, whereas PM1 laccase was not completely
unfolded after 5 h of incubation at 100 °C, which is an extremely
long incubation time according to data obtained with other stable
enzymes [64,66].

To study if the distinct glycosylation of 7D5 and PM1 laccases
due to the expression system may influence protein stability, gly-
cosylated and deglycosylated forms of both enzymes were incu-
bated at 65 °C, and residual activities were measured at different
incubation times (Fig. 7D). While some differences were found
between glycosylated and deglycosylated forms in PM1 laccase,
in 7D5, both forms showed close similar thermostability. The main
differences were obtained when comparing the wild type and the
engineered enzyme, regardless of their glycosylation state (82-
94% residual activities for PM1 laccase vs 12-14% for 7D5 variant
after 3 h at 65 °C).

The wild type enzyme used in this study comes from a fungal
strain (PM1) isolated from the water streams of a paper pulp mill
[28] that would explain the outstanding stability to high tempera-
ture and alkaline pH of PM1 laccase. Conversely, common activity-
stability tradeoff during enzyme evolution would explain the
decrement of thermal and pH stability observed in the engineered
variant [67-69]. Still, 7D5 laccase maintains high thermostability
as compared to other fungal laccases [59], thus confirming DNA-
shuffling of homologous genes as an effective strategy to obtain
robust enzymes by accumulation of neutral mutations [26,38,70].

Using PyMOL (Delano Scientific LLC) and B-Fitter to calculate
the B-factors of laccase structures we can observe a reduction of
the flexibility of some of the surface loops were the mutated resi-
dues are present. The loop where the mutation D281 is located
shows up less flexibility in 7D5 than in PM1 laccase, where more
interactions have been found for the mutant variant. Furthermore,
loop 356-364 is rigidified by the mutation of the residue 1468T
that adds and hydrogen bond with residue Q359, as mentioned
during the structural analysis of 7D5 (Fig. S4C, D). This interaction
also appears in coarse-grained simulations with a high representa-
tion frequency (~90% of the simulation). It seems that the reduction
of flexibility could affect the enzyme capability to adapt to
changes, perturbing the protein thermostability. These results con-
trast with the traditional assessment of “the higher protein rigid-
ity, the better enzyme thermostability”, but they agree with
other studies highlighting the fact that rigidity and thermostability
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Table 2

Half-lives and thermal inactivation constants of wild type (PM1) and engineered (7D5) laccases at different temperatures.

Temperature PM1 laccase 7D5 laccase
ti2 (h) kg (h'") ti2 (h) kg (h'")
50 °C 40.30 0.02 21.70 0.03
60 °C 4.85 0.14 2.80 0.25
70 °C 1.60 0.43 0.22 3.11
80 °C 0.12 5.73 0.03 26.20

are not necessarily correlated [71] or proving the correlation
between kinetic stability and thermal flexibility [72]. So far, a vari-
ety of alterations in dynamic behavior of thermophilic enzymes,
with reductions in certain types of motions and increases in others,
have been observed using different techniques [73].

We also performed coarse-grained MD simulations to analyze
the overall intra-protein contacts by using CABS-flex. The number
of high-frequency contacts (those being formed at least 75% of the
simulation length) is closely similar in PM1L and 7D5 (1753 and
1720, respectively). Taking all this into account, the rigidification
of certain surface loops in the mutated laccase might affect the
thermostability of the enzyme. The CD spectra obtained here for
PM1 and 7D5 laccases during first hours at 100 °C seem to corrob-
orate this hypothesis. The R-sheet folding would be maintained
longer in PM1L because the flexible loops would better absorb
the impact of high temperatures, keeping longer intact the sec-
ondary structures of the backbone. In line with this, two ther-
mostable variants of p-nitrobenzyl esterase generated by directed
evolution. Showed mutations conferring more flexibility to surface
loops [73]. The gain in thermal stability of mutated hemoglobin
has been also correlated with the improved flexibility of a certain
loop allowing the protein to concentrate its fluctuations in this sin-
gle loop and avoid unfolding [74]. Also, a larger flexibility in the CD
loop of the globin family has been recently correlated with higher
thermostability [71]. Finally, high structural flexibility is character-
istic of ancestral proteins which are adapted to high temperature
conditions [72].

4. Conclusions

The structure of the laccase solved in this study is, so far, the
first crystal structure obtained from a basidiomycete laccase engi-
neered in the lab. Its production at a relevant industrial scale by a
hyper-secretory A. oryzae strain enabled the deep structural and
biochemical characterization of the enzyme. Simultaneously, com-
putational simulations revealed how certain mutations of the cat-
alytic pocket can provide a better positioning of the substrate and
improved electronic coupling, thus increasing the electron transfer,
or how mutations on the protein surface can affect enzyme stabil-
ity by reducing the flexibility of the loops. The enzyme studied here
holds noteworthy properties such as high-redox potential, overall
improved activity and remarkable catalytic efficiency for ABTS
and aromatic amines, good stability to high temperature and
feasible heterologous overexpression. All together opens new and
promising scenarios for its development as an industrial
biocatalyst.
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