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Abstract

Lignin is the most abundant renewable source of aromatics on earth, and conversion of it to
chemicals and fuels is needed to build an economically viable renewable biofuels industry.
Biological routes to converting lignin to fuels and chemicals involve depolymerizing lignin
using lignin-degrading enzymes that catalyze the breaking of ether and carbon-carbon bonds
in the phenolic and non-phenolic subunits of lignin. Laccases are a crucial class of lignin-
degrading enzymes and are copper-containing enzymes capable of oxidizing electron-rich
organic substrates such as lignin using molecular oxygen as an electron acceptor. The genome
of Cerrena unicolor was recently added to the JGI MycoCosm database and has eight laccases.
Two of these laccases, designated Lcl and Lc2, predicted to have the highest likelihood for
successful expression in soluble, active form were selected for characterization. Lc1 and Lc2,
which share 65% sequence identity, were heterologously expressed in Komagataella pastoris
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(formerly Pichia pastoris), allowing characterization and comparison of their purified forms.
Lc1 and Lc2 had half-lives of 16 min and 185 min at 60°C, respectively, and, based on molecular
dynamics simulations, the longer half-life of Lc2 was due to an increased number and
persistence of salt bridges compared to Lcl. Using model lignin-like dimers and a
nanostructure-initiator mass spectrometry assay to quantify catalysis of specific bond-
breaking events, both Lcl and Lc2 had their highest activity at pH 3 and in combination with
syringaldehyde as a mediator, with Lc1 having a higher catalytic efficiency of 3-0-4' ether and
C-C bond breaking. This comparative study demonstrates the diversity, including
thermostability differences, of laccases from the same fungus, and improves our
understanding of laccase catalyzed breaking of bonds commonly found in lignin, which will
facilitate the developing this important class of enzymes for applications in the conversion of
lignin to valuable bioproducts.

Keywords
Laccase; lignin; nanostructure-initiator mass spectrometry (NIMS); fungi; Komagataella
pastoris (formerly Pichia pastoris); Cerrena unicolor

1. Introduction

Lignin is the most abundant renewable source of aromatics on earth [1], and converting it to
valuable products is paramount to building an economically viable renewable biofuels industry [2].
As afirst step in the process of converting lignin to valuable products, it must first be depolymerized
to biologically available intermediates [3, 4]. In nature, fungi and bacteria produce an array of
enzymes, including laccases, lignin peroxidases (LiP), versatile peroxidases (VP), and manganese
peroxidases (MnP), that are secreted into the environment and catalyze reactions required to break
both ether and carbon—carbon bonds in phenolic (10-30% in lignin polymer) and non-phenolic lignin
subunits (79-90% in lignin polymer) [5-7]. Thus, potential biological routes to lignin conversion begin
with depolymerization of lignin using natural lignin-degrading enzymes derived from secretomes of
white-rot fungi [8, 9], but complex interactions among the different agents in secretomes can lead
to difficulties in elucidating the mechanisms of lignin-degrading enzymes and make it particularly
difficult to compare enzymes from either the same enzyme family or from the same fungus.
Therefore, instead of mixed secretomes of ligninolytic enzymes, heterologous expression of
individual genes, purification of the resulting enzymes, and quantification of bond-breaking events
is a valuable approach to studying and comparing the structure-function relationships of these
essential enzymes and to building potent enzyme mixtures for efficient lignin depolymerization. In
this study, laccases from the white rot causing basidiomycete Cerrena unicolor were heterologously
expressed in Komagataella pastoris (formerly Pichia pastoris) and characterized on a variety of
substrates.

Laccases (EC 1.10.3.2) are copper-containing enzymes capable of oxidizing various electron-rich
organic and inorganic substrates using molecular oxygen as an electron acceptor and are found in
plants, fungi, and bacteria [10]. In plants, laccases participate in the radical-based mechanisms of
lignin polymer formation [11, 12], while in fungi, they play critical roles in several physical functions
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such as morphogenesis, fungal plant-pathogen/host interaction, stress defense, and lignin
degradation [13]. In comparison, bacterial laccases are involved in pigmentation processes,
morphogenesis, toxin oxidation, and protection against oxidizing agents and UV light [14, 15], and
they have been used in bioremediation, mainly for the degradation of synthetic dyes [16-18].

Fungal laccases, principally those from white-rot fungi, are of particular interest for lignin
depolymerization due to having higher redox potential compared with bacterial laccases [19, 20].
Among fungi, white-rot basidiomycetes are the most efficient lignin degraders and laccase
producers [21, 22], and well-studied laccase-producing basidiomycetes include Pleurotus ostreatus
[23], Trametes versicolor [24], Agaricus bisporus [25], Coprinopsis cinerea [26], Ganoderma lucidum
[27]. Laccases have also been identified in soil ascomycetes from genera including Aspergillus,
Curvularia, and Penicillium [28-30] and in bacterial genera such as Bacillus, Streptomyces, Klebsiella,
Pseudomonas, Yersinia, Proteobacterium, and Marinomonas [14, 17].

Cerrena unicolor is a globally distributed and aggressive wood-decaying white-rot fungus found
on hardwoods. It has evolved to decompose woody plant material under various environmental
conditions by adjusting its metabolism to grow on different types of wood [31]. Several studies have
reported on C. unicolor production of laccases and their application in dye decolorization and denim
bleaching [32-34]. However, only a few reports have studied the degradation of lignin by C. unicolor
laccases, and there is no experimental evidence that the recombinant and purified laccases from C.
unicolor catalyze the breaking of bonds commonly found in lignin. Recently, a study by Longe et al.
(2018) reported that incubation of unpurified laccase from the secretomes of C. unicolor with
organosolv lignin resulted in 49% and 73% decreases in the average molecular weight (Mn) with
2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid (ABTS) and violuric acid as mediators,
respectively. However, 14-15% of oxidized S-unit B-O-4' bond content was observed after enzyme
treatment in the presence of violuric acid as a mediator rather than B-0-4' bond-cleavage.
Furthermore, phenolic products were not detected, so elucidating the degradation mechanism was
not possible in this study [34].

This work aimed to improve our understanding of the mechanism underlying laccase catalyzed
depolymerization of lignin by comparing and contrasting two sequence diverse laccases from C.
unicolor. The structure-based selection of the two novel laccases, designated as Lcl and Lc2, from a
C. unicolor, their expression in Komagataella pastoris, and a comparison of their catalytic
performance, thermal stability, and solvent stability are presented. Data on the effect of a natural
mediator, syringaldehyde, on bond cleavage frequency are also reported. Monitoring and
guantification of catalysis of breaking B-O-4' ether bonds, Co-Cg bonds, and Cy-C1 carbon bonds (ring
A) and production of by-products from Cqy-oxidation and polymerization of reaction products was
achieved using a recently developed nanostructure initiator mass spectrometry (NIMS) assay for
guantifying the breaking of ether and C-C bonds in lignin-like model compounds [35, 36]. The utility
of this assay was recently demonstrated in a study showing how pH can be used to control
peroxidase catalysis of B-O-4' ether and C-C bonds in lignin model compounds [37].

This report provides a fundamental knowledge and comparison of two sequence diverse laccases
from C. unicolor, which improves our understanding of the diversity of laccases from C. unicolor and
in general, our understanding of laccase catalyzed breaking of specific bonds found in lignin.
Improved understanding of laccase catalyzed lignin depolymerization reactions also facilitates
developing this important class of enzymes for applications in converting lignin to valuable products
and use in biorefinery implementations.
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2. Materials and Methods
2.1 Selection of Laccase Genes from Genome Data

Eight laccase genes from the genome of C. unicolor were identified in the JGI — MycoCosm
database (https://mycocosm.jgi.doe.gov/Cerun2/Cerun2.info.html) [38]. Structures for the
proteins were homology modeled using the SWISS-MODEL web server [39] with PDB ID 5z1x, which
has greater than 60% sequence identity to all target sequences, as a template. The protonation
states of titratable residues were predicted using PROPKA at pH 6.0 [40, 41]. Protein solubilities
were predicted using Aggrescan3D (A3D) 2.0 webserver (http://biocomp.chem.uw.edu.pl/A3D2/)
[42] with parameters set to include stability calculations, non-dynamic modes, and a distance of
aggregation of 5 A.

2.2 Cloning of Laccase Isozymes

Genes were codon-optimized and synthesized by Genscript Co. (USA). Genes with recognition
sites for Xhol and EcoRlI restriction sites were cloned into the pPICZaA vector from Invitrogene™
(Life Technologies, USA). The N-termini of each protein was constructed to contain the Kex2 signal
cleavage site at the end of the a-factor secretion signal from Saccharomyces cerevisiae. The cloned
vectors pPICZaA-Lcl and pPICZaA-Lc2 were linearized with Pmel and Sacl, respectively, and
transformed into K. pastoris KM71H strain by chemical transformation as described in the Pichia
Expression Kit User Manual (Life Technologies, USA).

Transformed colonies were grown at 30°C on yeast extract peptone dextrose medium with
sorbitol (YPDS) agar plates containing 100 pug/ml Zeocin™ antibiotic. Positive colonies were streaked
out on YPDS agar plates containing higher concentrations of Zeocin™ and clones on plates with 1000
ug/ml Zeocin™ were chosen for further experiments.

2.3 Expression of Laccase Isozymes

K. pastoris KM71H transformants were grown in buffered complex methanol medium (BMMY)
overnight at 30°C at 200 rpm. The overnight inoculation was used for the main culture of 50 ml
BMMY in 250-ml flasks, and K. pastoris was grown to an ODego of 0.6. The cultures were shaken at
30°C and 200 rpm for 3-5 days. The medium was fed daily with a 1% (v/v) methanol solution and 1
mM CusOs in the final concentration. Cell cultures were stopped when the laccase activity,
measured as oxidation of ABTS substrate, reached saturation levels.

2.4 Purification of Recombinant Lc1 and Lc2 Enzymes

Culture supernatants were collected by centrifugation (9000 rpm for 15 mins) and clarified with
0.2 um membrane filtration. The clarified supernatant was 15X-concentrated using Amicon® Ultra-
50-kDa Centrifugal Filter Units. The concentrated enzyme solution was dialyzed through a 10-kDa
membrane overnight against 100 mM sodium acetate (pH 3.0) at 4°C to partially remove impurity
proteins, then again dialyzed overnight against 10 mM sodium acetate (pH 6.0) at 4°C. The
precipitate was removed by centrifugation at 13,000 rpm for 15 mins and filtered through 0.2 um
membrane filtration before being loaded onto the Hitrap-Q XL (5 ml) column with an AKTA FPLC (GE
Healthcare, UK) purification column. Stepwise gradients of buffer A (10 mM sodium acetate, pH 6.0)

Page 4/22


https://mycocosm.jgi.doe.gov/Cerun2/Cerun2.info.html
http://biocomp.chem.uw.edu.pl/A3D2/

Catalysis Research 2022; 2(3), d0i:10.21926/cr.2203028

and buffer B (500 mM sodium acetate, pH 6.0) were set up to pool active fractions. The most active
fractions towards ABTS oxidation were collected for further characterization.

2.5 Biochemical Characterization

Protein concentrations were estimated using Pierce™ BCA Protein Assay Kits (Thermo Scientific,
USA). A 12% denatured-PAGE of the most active fractions from the purification step was run and
stained with SimplyBlueTM SafeStain reagent (Life Technologies, USA). The native-PAGE gel was also
used for zymograms, where oxidation of ABTS was measured by incubating the gel slab in 100 mM
sodium acetate buffer (pH 3.0) containing 1 mg/ml ABTS, to ensure the protein bands at the
expected molecular weights were the active laccases. Protein deglycosylation reactions were
performed using Protein Deglycosylation Mix Il (New England Biolabs, USA) in non-denaturing
conditions at 30°C for 24 hours to remove all N-linked O-linked glycans.

Laccase activity was assayed in 100 mM volumes at pH 3-6 in sodium acetate buffer, at pH 7-8 in
sodium phosphate buffer, and pH 9-10 in sodium carbonate buffer. Thermostability was measured
by incubating the protein at 60°C and pH 6.0 (100 mM sodium acetate) for 24 hours and measuring
residual laccase activity after incubation using the ABTS oxidation assay and comparing activity to
initial activity at t = 0. The residual enzyme activity was determined at room temperature in 100 mM
sodium acetate buffer (pH 3.0) with 1 mg/ml ABTS. The increased absorbance from the formation
of cationic radical ABTS* was recorded at 420 nm (g = 36 mM™ cm™) [43]. One unit (U) of activity
was defined as the production of 1 umol of product per minute under the reaction condition of 25°C
and pH 3.0. Enzyme activity was calculated using the following equation, where the blank sample
was the buffer used for enzyme preparation:

0D420nm = Absenzyme+substrate solution — AbSblank sample+substrate solution — Abssubtrate solution

Unit

) B 0D x [reaction volume, ml)
ml /36 x [incubation time,, min] x {laccase volume, ml)

Activity (

Kinetic parameters for LC1 and LC2 were determined for oxidation of ABTS and for oxidation of
2,6-dimethoxyphenol (DMP), two compounds commonly used for measuring the kinetics of laccases.
Assays were conducted at substrate concentrations ranging from 50 to 2000 uM, and the reaction
was initiated by adding 0.02 uM enzyme at 25°C. ABTS and DMP oxidation was determined by
measuring absorbance at 420 nm (¢ = 36,000 M?* cm™) and 468 nm (g = 49,600 M cm?),
respectively [43]. Net oxidation rates were measured as the difference between the amount of
substrate consumed in the presence of enzyme and the amount consumed in the absence of
enzyme. Data are reported as the mean and standard error of triplicate experiments. Steady-state
kinetic parameters were obtained from the rearrangement of the Hanes—Woolf plot from the
Michaelis—Menten equation.

2.6 Enzyme Reactions with the Fluorous-Tagged Phenolic B-O-4 Linked Model Compound

The phenolic B-O-4 aryl ether lignin-like model compound, NIMS-tagged guaiacylglycerol-beta-
guaiacyl ether (GGE, Figure 1), was synthesized according to a previously established protocol [35].
Enzyme reactions with the NIMS-tagged GGE (1 mM) were performed at pH 3.0-10.0 in the pH
appropriate buffer (see section 2.5) and in the absence and presence of 20 mM of syringaldehyde
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as a mediator. The reaction was quenched after 3 hours, and reaction products were analyzed using
nanostructure-initiator mass spectrometry (NIMS) as previously described [35].
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Figure 1 Structures and molecular weights for the NIMS tagged model phenolic lignin
dimer (top half) and products from laccase (Lcl or Lc2) catalyzed bond breaking and
polymerization due to the coupling reaction between the lignin dimer and mediator in
the presence of mediator syringaldehyde (bottom half).

2.7 Molecular Dynamics Simulations

Molecular dynamic (MD) simulations were performed using NAMD ver. 2.1 [44] and the
CHARMM36 forcefield [45]. The protonation states of the modeled structures of Lcl and Lc2
titratable residues were predicted using PROPKA at pH 6.0 [40, 41]. The models were solvated in a
box of TIP3P water molecules that extended 10 A from the surface of the protein structure (8023
and 9261 water molecules for Lcl and Lc2, respectively). Counterions (Na*, Cl') were added to
achieve a NaCl concentration of 0.1 M. MD simulations were run with periodic boundary conditions
at a constant temperature of 333.15°K and atmospheric pressure using a Langevin thermostat [46].
The Particle Mesh Ewald method was applied to account for long-range electrostatic interactions at
a cutoff distance of 12 A [47]. Solvated proteins were energy minimized for 10 ps and then gradually
heated to the desired temperature (333.15°K) over 300 ps. The system was then equilibrated at
333.15°K for 5 ns under an isothermal-isobaric ensemble (NPT), followed by a 50 ns production run
in the canonical (NVT) ensemble. Snapshots were collected at 5 ps intervals during the last 20 ns of
the MD simulation. Root-mean-square deviation (RMSD), per-residue root-mean-square fluctuation
(RMSF) and salt-bridge networks were analyzed using VMD software [48].

3. Results and Discussions

Cerrena unicolor, commonly known as the mossy maze polypore, is a saprobic fungus that causes
white rot on the deadwood of hardwoods. The genome of Cerrena unicolor was recently deposited
into the JGI — MycoCosm database (https://mycocosm.jgi.doe.gov/Cerun2/Cerun2.info.html) and
contains eight genes annotated as laccases [38]. Two of these laccases were chosen for detailed
characterization based on predictions of their aggregation propensity and were characterized for
their thermostability and activity as a function of pH and the presence of the mediator
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syringaldehyde. Differences in stability and activity were studied using molecular dynamics
simulations.

3.1 Identification of Low Aggregation Propensity Laccases

Heterologous expression of fungal laccases has proven difficult and, along with a lack of assays
that allow quantification of specific bond-breaking events, has been a significant bottleneck to
studies of their structure and function. During overexpression of genes in a host cell, high protein
abundance, close physical interaction, and specific properties of the protein such as high
hydrophobicity, the high propensity of B-sheets, low net charge, and intrinsically disordered regions
of protein structure can result in an increased likelihood of aggregation [49-51]. Working under the
hypothesis that aggregation is a significant reason for the low heterologous expression of fungal
laccases, structures of all eight laccases were homology modeled and their aggregation propensities
were calculated using the Aggrescan3D web server [51]. Two laccases designated Lcl (protein ID
383410) and Lc2 (protein ID 408157), had the lowest aggregation propensity scores (Table 1) and
were selected for characterization. Lc1 and Lc2 contain 516 and 525 amino acids, respectively, have
~65% sequence identity and each is predicted to have a putative signal peptide of 21 amino acids,
which was predicted using SignalP-5.0 Server [52]. In addition, these laccases each contain 2-3
potential N-glycosylation sites, which were predicted using the NGlycPred Server [53]
(Supplementary data, Figure S1).

Table 1 Annotated laccases from the genome of C. unicolor V1.1 (JGI — MycoCosm data
source, https://mycocosm.jgi.doe.gov/Cerun2/Cerun2.info.html) and their predicted

aggregation propensity scores. Homology models were created using the SWISS-MODEL
web server with template PDB ID 5Z1X. Aggregation propensity scores were predicted
using Aggrescan3D (A3D) 2.0.

Protein ID Transcript ID Location Total score value
193382 193597 Scaffold_52:14136-16554 (-) -76.3717
310741 310956 Scaffold_9:221275-223444 (+) -91.7623
357631 357846 Scaffold_25:271860-274236 (-) -86.8936
364416 364631 Scaffold_87:11000-13198 (-) -95.4062
383410 (Lc1) 383625 Scaffold_52:10660-13119 (-) -120.8213
390832 391047 Scaffold_87:25066-27238 (+) -79.2469
408157 (Lc2) 408372 Scaffold_9:514822-516993 (-) -131.7249
448635 448850 Scaffold_49:113863-116800 (+) -89.0249

3.2 Recombinant Expression and Purification of Lc1 and Lc2

Expression was carried out in volumes of 150 ml in 500-ml flasks and oxidation of ABTS in the
extracellular supernatant over the three to four-day culture was used to quickly ascertain whether
soluble, active laccase was being secreted. Laccase activity measurements reached their maximum
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values of 599.5 U/L and 382.1 U/L after 3 days for Lcl and Lc2, respectively (Figure 2). The negative
control with K. pastoris transformant containing only the blank pPICZaA vector had no activity
toward oxidation of ABTS (data not shown).

700
1 \ Le1
o~
500 -
Q 1
E_}‘ 400
300 -

o1 2 3 s s
Time (day)

ABTS activit

Figure 2 Time course of oxidation of ABTS catalyzed by laccases secreted into the
supernatant of K. pastoris strain containing Lc1 gene (black curve) and Lc2 gene (red
curve). Assay conditions: ABTS in concentration of 1 mg/ml in sodium buffer 0.1 M, pH
3.0, and at 25°C. The increased absorbance from the formation of cationic radical
ABTS* was recorded in 2 mins at 420 nm (e = 36 mM™ cm™). Data are the means and
standard deviations for triplicate experiments.

Recombinant Lcl and Lc2 were purified using anionic exchange chromatography. The total unit
of activity toward ABTS was not changed after the dialysis step (data not shown). After anionic
exchange chromatography, native PAGE analysis revealed that the molecular masses of purified Lcl
and Lc2 were approximately 110 kDa, which were much higher than the calculated molecular
weights of 55.9 kDa and 57.6 kDa for Lc1 and Lc2, respectively (Figure 3). This suggested Lc1 and Lc2
were potentially glycosylated at one or more of the 2-3 predicted glycosylation sites when expressed
in K. pastoris. The higher-than-expected molecular weights could also occur if LC1 and LC2 formed
dimers in the denatured gel. Furthermore, laccase zymograms with ABTS revealed strong bands in
the same molecular weight positions, indicating these bands corresponded to active laccases, and
the Lc1 zymogram showed higher activity than Lc2 toward ABTS at pH 3.0.
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Figure 3 PAGE gels of the purified intact Lc1, Lc2, and their deglycosylated forms. Lane
M contains protein molecular weight markers. (A) Coomassie-stained denatured PAGE
gel of intact Lcl, Lc2, and deglycosylated Lcl, and Lc2, indicating Lcl and Lc2 are
glycosylated. (B) Zymogram (native-PAGE) of intact Lcl, Lc2, and their deglycosylated
forms stained with ABTS (1 mg/ml) in 100 mM sodium acetate buffer pH 3.0, showing
both forms catalyze the oxidation of ABTS.

3.3 Biochemical Characterization
3.3.1 pH Stability

The stability of Lcl and Lc2 as a function of pH was studied by incubating the enzymes for 24
hours at pH ranging from 3-10 and measuring residual activity using the ABTS oxidation assay.
Generally, Lcl showed the highest stability and activity over pH 6-8 and was less stable at pH 3-5
and pH 9-10. The stability of Lc2 was higher at neutral and basic pH values (pH 7-10) than at acidic
pH values (3-6). After 24 hours incubation at pH 3 Lcl and Lc2 retained 44.8% and 59.3% of their
initial activity (incubation time = 0 hours), respectively. After incubation for 24 hours at pH 10, Lcl
retained 21.6% of its activity, while Lc2 retained 95.5% of its activity (Figure 4A). Bacterial laccases
are typically stable at pH ranging from neutral to alkaline (pH 6-11) [54] while fungal laccases are
typically more stable under acidic pH [55, 56]. The two C. unicolor laccases studied here showed
stability over a broad pH range of 6-10, suggesting they could be good options for use on various
substrates coming from biomass conversion and contaminated waste streams such as textile
effluents [56] that will potentially have very different pH due to the pretreatment process employed.
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Figure 4 pH and thermal stability of Lcl and Lc2. (A) pH stability was measured as
residual activity toward oxidation of ABTS after incubation of the enzyme at the
indicated pH for 24 hours and (B) thermal stability of Lcl and Lc2 was measured as
residual activity toward oxidation of ABTS after incubation of the enzyme at the
indicated temperature for 2 hours. The data presented are the mean and standard
derivation from triplicate experiments.

3.3.2 Thermostability

The thermostabilities of Lcl and Lc2 were examined by measuring residual enzyme activity on
oxidation of ABTS after incubation for 2 hours at 60°C and pH 6.0 and determining the half-life of
each enzyme. Lc2 was very stable at 60°C with a half-life of 184.87 min, while Lc1 lost half of its
activity after only 15.98 min at 60°C (Figure 4B). A few thermostable laccase isoenzymes have
previously been isolated, including laccase isoenzymes from Fomes sclerodermeus, T. hirsutus,
Coliolus zonatu, Marasmius quercophilus, Myceliophtora thermophile, and Scytalidium
thermophilum [44, 45]. Other laccases from Trametes trogii BAFC 463, C. unicolor BBP6 have been
observed and expressed in P. pastoris [32, 46]. The laccase from C. unicolor BBP6 retained
approximately 30% of its activity on ABTS after 2 hours of incubation at 60°C [32], whereas Lcc3
from Trametes trogii BAFC 463 exhibited a half-life of 3 hours at 60°C [46], which are both
comparable to Lc2 from C. unicolor reported in this study.

3.3.3 Molecular Dynamics (MD) Analysis of Stability

MD simulations of Lcl and Lc2 were conducted at 333.15°K (60°C) to gain insights into the
relationships between protein structure and thermostability. Metrics including overall protein
flexibility and the number and persistence time of salt bridges were used to explain differences in
their thermostabilities. Higher root mean square deviation (RMSD) and per-residue root mean
square fluctuation (RMSF) were observed for Lcl than for Lc2 (Supplementary data, Figure S2),
which supported the experimental data that showed Lc2 was more thermostable than Lcl. In the
Lcl structural model, increased flexibility was observed for adjacent residues (aa 300-400) located
on the protein surface, where this region is more likely to be easily disrupted by heat and solvent
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interactions (Supplementary data, Figure S2B). Salt bridge interactions also play an essential role in
stabilizing protein structures where they stabilize structural and functional conformations and are
altered by changesin pH [57, 58]. lonic bonds (salt bridges) were detected when a positively charged
nitrogen atom of lysine (NZ) or arginine (NH1, NH2) or positively charged histidine (HIP: ND1 NE2,
both protonated) was within 3.2 A of a negatively charged oxygen atom of glutamate (OE1, OE2) or
aspartate (OD1, OD2). The structural models of Lc1 and Lc2 had 35 and 43 salt bridges, respectively,
with 24 salt bridges in homologous positions (Supplementary data, Table S1). The persistence time
of the homologous salt bridges in Lcl and Lc 2 were also compared over the MD production run.
These results showed that at 333.15°K, in Lc2, a more significant number of salt bridges persisted
for alonger time than in Lc1 (Figure 5), which provides additional insights into Lc2 being more stable
than Lcl at higher temperatures.
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Figure 5 Time dependence of the network of salt bridges over the last 20 ns of the
molecular dynamics production runs for Lcl and Lc2.
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3.3.4 Oxidation of Aromatic Compounds

The kinetic parameters for laccases Lcl and Lc2 with 2,6-DMP and ABTS are presented in Table
2. Generally, both Lcl and Lc2 had higher affinity (Km) and catalytic efficiency (kcat/Km) on ABTS
oxidation compared to catalysis of DMP oxidation. Catalytic efficiency with ABTS as substrate was
6.3 times and 13.2 times higher than with DMP as a substrate for Lcl and Lc2, respectively. In more
detail, Lcl and Lc2 exhibited similar Km values toward ABTS and DMP; however, their ket values
were different. The kcatvalues of Lcl are 2.0 times and 5.4 times higher than those for Lc2 with ABTS
and DMP as substrates, respectively. The kinetics parameters of Lcl and Lc2 were compared with
those of other fungal laccases assayed under similar reaction conditions and in which laccases, in
general, have high oxidation efficiency of ABTS and DMP. A wide range of Ky and kcat for ABTS and
DMP have been reported for fungal laccases [59], and all the parameters reported for Lcl and Lc2
in this study were in the range for those for laccases from other white-rot fungi. For reference, the
keat spans several orders of magnitude for different fungal laccases, with the laccase POXA3b from
P. ostreatus having the highest keat (1.58E+05 s?) [60] and the laccase from T. hirsuta having the
lowest keat (196 st) toward oxidation of ABTS at pH 5.0, 25°C [61].

Table 2 Kinetic parameters for oxidation of ABTS and DMP by laccases Lc1 and Lc2 from
C. unicolor. Data presented are the mean and standard deviation of triplicate
experiments.

ABTS DMP
Km (mM) kcat (S'l) kcat/Km (S_l mM_l) Km (mM) kcat (S_l) kcat/Km (S_l mM_l)
1.289E+04 * 2.031E+03
Lcl 0.158+0.003 2036.1+64.1 0.317+0.024 642.8+27.3
625.1 71.9
4.350E+03 +
Lc2 0.229+0.018 992.5+13.5 417.9 0.363+0.008 119.1+3.91 3.281E+02+8.1

3.3.5 Catalysis of Bond Breaking Using NIMS Assays

One of the rate-limiting steps in the degradation of lignin by laccases is the first electron transfer
from lignin to the T1 copper of the laccase (T1Cu in Figure 6). The steric hindrance of bulky lignin
substrates can result in low contact with T1 copper and its surrounding active sites [62]. In this case,
small phenolic molecules, some of which have been reported to be products of oxidative
degradation of lignin, can function as mediators and shuttle electrons between the enzyme and
lignin macromolecule [63-65]. Among the three types of potential mediators, syringyl (S), guaiacyl
(G), and p-hydroxyphenyl (H), S mediators are potentially the best choice because they are naturally
occurring compounds that have lower redox potential and yield lower repolymerization of lignin
fragments due to the occupation of the C5 position by a methoxy group [66]. In previous studies,
using syringaldehyde as a mediator maximized release of S-unit derivatives during both biological
degradation (57) and chemical oxidative depolymerization of S-rich lignin such as hardwoods (58-
60). Previously published papers also showed that natural mediators such as syringaldehyde
improved laccase-catalyzed breakdown of phenolic lighin model compounds and decolorization of
different types of recalcitrant dyes [67-69]. Thus, in the work presented here, the effects of
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syringaldehyde on the distribution of specific laccase-catalyzed bond breaking in model lignin
dimers were studied.

His414,

Figure 6 Active sites of Lc1 (A) and Lc2 (B). Cu sites are colored as reddish-brown spheres,
and oxygen molecules are colored as a red sphere. Residues in the vicinity of the T1Cu
site are depicted as sticks.

Previous publications on laccase isozymes from the lignin-degrading fungus C. unicolor [70, 71]
presented studies on only catalysis of ABTS oxidation. This study, in addition to reporting on Lc1 and
Lc2, catalyzed oxidation of ABTS and DMP, reports on their ability to catalyze the breaking of bonds
commonly found in lignin using model dimers as substrate and quantifying bond breaking using our
recently developed nanostructure-initiator mass spectrometry assay [35, 36]. Results on the
increased activity of Lcl and Lc2 when syringaldehyde was used as an electron transfer mediator in
the degradation of the lignin-like model dimer are also presented. Breaking of B-0-4' ether, Co-Cy,
and of C-Cg bonds were quantified by analyzing products with masses m/z 954.30, m/z 1026.32,
and m/z 996.76, respectively. Other by-products (side-chain oxidation and dimerization) were also
detected (Figure 1). As a result (Figure 7A and Figure 8A), both Lc1 and Lc2 directly interacted with
the phenolic model lignin-like dimer and produced products from breaking of both 3-0-4' ether and
Ca-C1 bonds in the absence of a mediator. At all pH levels, B-O-4' ether bond cleavage released a
phenolic product (m/z 954.3, Figure 1), which was the dominant catalytic event, followed by Cy-C1
carbon bond cleavage, Co-OH oxidation, and a small amount of repolymerized product with the
mediator. Both laccases showed very low activity toward the model dimer at alkaline pH (8-10),
even in the presence of syringaldehyde (Figure 7B, Figure 8B). At pH 10, 90.5% and 80.6% substrate
and polymers remained at the end of the reaction for Lc1 and Lc2, respectively.
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Figure 7 Product distribution from Lc1-catalyzed degradation of the model lignin dimer
(Figure 1) in the absence (A) and presence (B) of syringaldehyde at different pH. The
data presented are the mean and standard deviation for three replicates. To better
compare the dominant reactions to side reactions, the first column at each pH is the
mean and standard deviation of the products from both 3-0-4' ether and Co-C1 bond
breaking, and the second column at each pH is the mean and standard deviation of the
products from both C4-OH oxidation and polymerized product combined.
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Figure 8 Product distribution from Lc2-catalyzed degradation of the model lignin dimer
(Figure 1) in the absence (A) and the presence (B) of syringaldehyde at different pH. The
data presented are the mean and standard deviation for three replicates. To better
compare the dominant reactions to side reactions, the first column at each pH is the
mean and standard deviation of the products from both B-O-4' ether and Cy-C1 bond
breaking, and the second column at each pH is the mean and standard deviation of the
products from both Co-OH oxidation and polymerized product combined.

Figure 7A and Figure 7B show a comparison of Lcl catalyzed breaking of bonds in the phenolic
model compound in the absence (Figure 7A) and presence (Figure 7B) of the mediator
syringaldehyde. In general, the presence of syringaldehyde had a significant effect on the frequency
of the four reactions quantified, especially under acidic to near neutral conditions (pH 3-6). At pH 3-
6, the presence of syringaldehyde has a large impact on catalysis of both B-O-4' ether (Figure 7A and
B, blue bars) and Co-C;1 (Figure 7A and B, red bars) bond breaking, reaching a maximum combined
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value of 82% conversion at pH 3-4 (Figure 7B, stacked red and blue bars) compared to only a
maximum conversion of 35% at pH 5-6 (Figure 7A, stacked red and blue bars) in absence of
syringaldehyde. Co-OH oxidation (Figure 7, green bars) was only marginally increased at pH 5-6 by
the presence of syringaldehyde. In presence of the mediator compounds associated with
polymerization of breakdown products and possibly the mediator appeared (Figure 7B, purple bars).
Co-OH oxidation plus a product resulting from the polymerization of products produced from bond
breaking accounted for 9% of detected masses. In contrast, Lc2 catalyzed breaking of only B-O-4'
ether bonds at pH 3-10 without syringaldehyde, converting only 15% of the phenolic substrate
(Figure 8A). In the presence of syringaldehyde, Lc2 catalyzed breaking of both B-O-4' ether and Cqo-
C1 bonds, accounting for a maximum of 58.0% of products (Figure 8B, stacked red and blue bars at
pH 3). Both Co-OH oxidation and polymerized products appeared at pH 3-7 and constituted
approximately 27% of the products (Figure 8B).

Since lignin contains both phenolic and non-phenolic compounds, catalysis of B-O-4' ether, Co-C1
and Cqo-Cgbond breaking and of Co-OH oxidation by Lc1 and Lc2 were also investigated using a NIMS-
tagged non-phenolic compound. In these experiments, which were performed under the same
conditions as the NIMS-tagged phenolic lignin dimer compound experiments, no products were
observed regardless of whether syringaldehyde was included in the reaction.

Interestingly, in the absence of syringaldehyde, Lc1 exhibited a pH-dependent activity profile
consistent with oxidation of the lignin-like model dimer (Figure 7A, Figure 8A). This result suggested
that titratable residues at exposed active sites may play an essential role in the binding and
oxidation of the lignin dimer. To investigate this, the homology models of Lcl and Lc2 were
superimposed. The T1Cu site of both laccases forms a three-coordinated trigonal planar model with
His414—Cysazo—Hisazs. In Lcl, there is an axial noncoordinating residue, Tyrsss, while in Lc2, this
residue is replaced by Phesss (Figure 6). It is well-known that the His—Cys—His tripeptide is
responsible for electron transfer and axial noncoordinating residues such as Phe and Leu determine
the redox potential of laccases [70]. These results suggested that a network of adjoining hydrogen
bonds with only one of the aromatic amino acids with an ionizable side chain Tyrsss may play an
essential role in determining the pH profile of laccase Lcl through direct interaction with the
phenolic lignin dimer. This active site complex could tune the energetically favorable cationic radical
formation and stabilization by a proximal interaction between T1 active sites and mediator/lignin
substrate in Lc1.

These results are consistent with studies showing that most fungal laccases have optimal activity
toward phenolic compounds at pH 3-6, with sharp declines in activity at pH 6 and above [71-74].
Although a few engineered laccases with increased activity toward phenolic compounds such as 2,6-
dimethoxyphenol and guaiacol at alkaline conditions (pH > 8) have been reported, most of the
reported laccases did not catalyze lignin depolymerization under alkaline conditions [75-77]. At
alkaline pH, oxidation of phenolic compounds (either a phenolic mediator or a phenolic lignin dimer)
to a phenoxy radical is favored by the presence of the phenolate form [64]. High pH also negatively
affects laccase activity because the abundance of hydroxide anion has been shown to inhibit laccase
due to competitive binding to T2/T3 coppers [78]. Furthermore, in neutral to alkaline conditions
formation of phenoxy radical intermediates is favored over the formation of cationic radicals,
resulting in a much higher bond dissociation energy and electron transfer rate with the mediator
[37]. More understanding of the electron transfer mechanism and T2/T3-catalyzed molecular
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oxygen reduction to water at the molecular level is needed for laccase engineering toward enhanced
activity at alkaline pH.

4, Conclusions

In this study, the stability and catalytic properties of two laccases (Lcl and Lc2) from the white
rot causing basidiomycete C. unicolor were biochemically characterized and compared across a
range of reaction conditions including pH, temperature, and presence of the natural mediator
syringaldehyde. Interestingly, despite being from the same fungus and having ~65% sequence
identity, the two laccases had very different thermostabilities and bond-breaking profiles,
suggesting C. unicolor, and perhaps white rot fungi, in general, may have evolved laccase systems
for optimal performance under varying environmental conditions. Specifically, Lc2 was stable and
active over a broader pH range and had an ~10x longer half-life than Lcl. Molecular dynamics
simulations showed these stability differences were largely due to differences in the number and
persistence of hydrogen bonds and salt bridges and to Lc1 having a long and highly flexible surface
loop from which unfolding may be initiated at lower temperatures. Breaking of ether and C-C bonds
is critical to depolymerizing lignin into compounds amendable to uptake and conversion via
engineered host organisms, and both Lcl and Lc2 catalyzed breaking of B-O-4' ether, Co-C1, and of
Ca-Cg bonds in a phenolic lignin-like model compound. Lcl and Lc2 showed optimal activity under
acidic conditions and were approximately four to five times more active when syringaldehyde was
included in the reaction. Neither Lcl nor Lc2 had the catalytic power to break these same bonds in
the non-phenolic dimer, a result that was verified using the same non-phenolic dimer without the
NIMS tag. This report provides a fundamental understanding and comparison of C. unicolor laccases,
which improves our understanding of the diversity of laccases from C. unicolor and in general, our
understanding of laccase catalyzed breaking of specific bonds found in lignin.
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