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lonic liquids (ILs) are organic salts molten at room temperature that can be used for
a wide variety of applications. Many ILs, such as 1-ethyl-3-methylimidazolium acetate
([CoC1IM][OAC]), have been shown to remove a significant fraction of the complex
biopolymer lignin from biomass during pretreatment. Valorizing lignin via biological
pathways (e.g., enzymes) holds promise but is limited by the low biocompatibility
of many ILs used for pretreatment. The discovery of thermostable enzymes and
the application of enzyme engineering techniques have yielded biocatalysts capable
of withstanding high concentrations of ILs. Converting lignin from a waste product
to value-added chemicals is vital to the success of future cellulosic biorefineries.
To that end, we screened the activity of the lignolytic enzyme laccase from
a hyperthermophilic bacterium (Thermus thermophilus) in aqueous [CoCqIm][OAC].
Despite the thermophilicity (Topt > 90°C) of this laccase, significant activity loss (>50%)
was observed in only 2% (w/v) [CoC1Im][OACc]. Kinetics studies show that the IL can bind
to the free enzyme and the enzyme-substrate complex. Docking simulations suggest
that the cation favors binding to a region close to the active site. We then used a rational
design strategy to improve the activity of the laccase in [CoC+Im][OACc]. A total of 8 single
amino acid mutations were made; however, there were no significant improvements in
the activity of the mutants in [CoC1Im][OAc] compared to the wild type. The results of
this study shed light on the complex nature of enzyme-IL interactions and the challenges
faced when designing a biological lignin valorization strategy.

Keywords: lignin, laccase, enzyme engineering, rational design, biocatalysis, ionic liquids

INTRODUCTION

Lignin is a complex biopolymer that makes up ~30% of the terrestrial plant biomass on earth
(Weng and Chapple, 2010; Doherty et al., 2011). It is made primarily of 3 phenylpropanoid
subunits, syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) (Vanholme et al., 2010; Sette et al.,
2011). These subunits are joined via complex networks of ether and carbon-carbon linkages
with the B-aryl ether (B-O-4), phenylcoumaran (B-5) and pinoresinol (B-B) linkages being the
most common (Boerjan et al., 2003; Zeng et al., 2013). Additionally, the ratio of subunits is
not homogeneous across all sources of biomass (Suhas and Ribeiro Carrott, 2007). Due to
this monomeric and structural heterogeneity, lignin is recalcitrant to biological and chemical
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depolymerization processes for production of aromatic
compounds at high selectivity and yield. Lignin is currently
generated as waste in large volumes in the paper and pulping
industry and in cellulosic biofuel production (National Research
Council et al,, 2009; Tilman et al., 2009). Converting lignin to
value-added products will not only reduce waste production,
but will also add value to the paper and pulping industries
and future cellulosic biorefineries (Ragauskas et al, 2014;
Mottiar et al., 2016).

Although applications of lignin are limited in its polymeric
form, the phenolic products derived from lignin can be used for
production of fuels or as building blocks for chemicals used in the
plastics, food, or pharmaceutical industries (Kleinert and Barth,
2008; Cotoruelo et al., 2011). Broadly speaking current methods
used for converting lignin to value-added products can be divided
into thermochemical, including pyrolysis, hydrogenolysis, and
catalytic oxidation, and biological, including the use of lignolytic
enzymes or microbes to break down lignin (Laskar et al., 2013;
De Wild et al., 2014; Beckham et al., 2016). Biological methods
utilize milder reaction conditions, with associated cost and safety
advantages, and can potentially improve the yield and selectivity
of lignin breakdown products due to the inherent efficiency
of biocatalysts (Linger et al, 2014; Beckham et al, 2016).
Several lignolytic pathways have been identified in biomass-
degrading fungi and bacteria. These include the heme peroxidases
(versatile, lignin, and manganese), laccases, and the recently
discovered NAD or glutathione-dependent enzymes from the
soil bacterium Sphingobium SYK-6 (Shi et al., 2012; Munk et al.,
2015; Varmana et al., 2016). The application of these enzymes
in an industrial setting has been limited by several factors,
including the high cost of enzyme production, the poor solubility
of lignin in a biocompatible solvent, and low selectivity of
lignin-derived monomers by the biocatalyst (Bugg et al., 2011;
Brown and Chang, 2014).

Many of the known lignin solvents, e.g., dimethyl sulfoxide
(DMSO) or alkaline solutions, reduce or eliminate enzyme
activity (Mozhaev et al.,, 1989; Klibanov, 2001). Furthermore,
these solvents require the use of high temperatures for enhanced
lignin solubilization (Park and Kazlauskas, 2003), which also
eliminates enzyme activity. Therefore, a solvent that is both
capable of solubilizing lignin and supporting enzyme activity is
required for developing biological lignin valorization strategies.
Ionic liquids (ILs) are molten, organic salts (T, < 100°C) that
can adopt a variety of properties by selecting the appropriate
cation and anion (Brennecke and Maginn, 2001; Gutowski
et al., 2003; Rogers and Seddon, 2003; Patel et al., 2014). Many
alkylimidazolium ILs, particularly 1-ethyl-3-methylimidazolium
acetate ([C,C;Im][OAc]), have been extensively studied for use
in biomass pretreatment at relatively low temperatures (Fort
et al., 2007; Kilpeldinen et al., 2007; Verdia et al., 2014). Due to
the high cost of alkylimidazolium ILs, recent efforts have focused
on driving down the cost of ILs by using inexpensive, bio-derived
cations (e.g., choline and ammonium) and anions (e.g., amino
acids and carboxylic acids) and increasing the fraction of water
during pretreatment (George et al., 2015; Gschwend et al., 2018).
ILs are favored over other biomass pretreatment solvents due
to their ability to reduce biomass recalcitrance, increase yield

of fermentable sugars from enzymatic hydrolysis, and solubilize
high fractions (5-20%) of cellulose (Brandt et al., 2013; Shi et al,,
2014; Bhatia et al., 2020).

Laccases are a member of the superfamily of multi-copper
oxidases (E.C. 1.10.3.2). First discovered in the extract from the
Japanese lacquer tree Toxicodendron vernicifluum, laccases have
since been identified in fungi, bacteria, and archaea (Yoshida,
1883; Hullo et al, 2001; Kiiskinen et al., 2004; Miyazaki,
2005; An et al, 2015). Laccases differ from the other major
lignolytic enzymes found in nature, the heme peroxidases,
as they are copper containing enzymes that utilize molecular
oxygen, as opposed to stronger oxidants, in their catalytic
mechanism (Glenn et al.,, 1983; Piontek et al, 2002; Semba
et al., 2015). The mild reaction conditions required for laccase
activity have made them attractive targets for use in a variety of
biotechnological applications, including lignin valorization
(Singh Arora and Kumar Sharma, 2010). Additionally,
laccases can oxidize non-phenolic lignin compounds when
coupled with small molecule mediator compounds, like 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) or
1-hydroxybenzotriazole (HBT) (Gamelas et al., 2005; d’Acunzo
et al., 2006; Rico et al., 2014). Recently, some ILs, including
those investigated for use in biomass pretreatment have been
found to be biocompatible with the activity of laccases. Several
alkylimidazolium ILs were found to be biocompatible with
the activity of a mesophilic fungal laccase from Trametes
versicolor (TvL) at different concentrations in water; over 80% of
laccase activity remained in 50% 1-ethyl-3-methylimidazolium
ethylsulfate ([C,CiIm][EtSO4]) (Dominguez et al, 2011),
for example. However, this IL was shown to be the most
biocompatible of the 4 alkylimidazolium ILs screened in
the study. TvL activity was reduced by 50% in less than
40% 1-butyl-3-methylimidazolium chloride ([C4C;Im][Cl]),
1-hexyl-3-methylimidazolium bromide ([CsC;Im][Cl]), and 1-
decyl-3-methylimidazolium chloride ([C;oC;][Cl]) (Dominguez
et al., 2011). Additionally, we showed in a previous study that
the same laccase loses >50% activity in as little as 10% (w/v)
[C2CiIm][OAc] and 1% (w/v) [Ch][Lys], far below the IL
concentrations required for effective biomass pretreatment
(Stevens et al., 2019). If laccases are to be used as biocatalysts
for lignin valorization, they must be able to withstand higher
concentrations of ILs.

Recent strategies to improve enzyme activity and stability in
ILs can be classified into three categories: chemical, physical,
and biotechnological modifications. By reducing the ratio of
positively charged to negatively charged surface residues via
acetylation or succinylation, the activity and stability of enzymes
can be improved in ILs (Erik and Kaar, 2013; Nordwald
et al., 2014). Immobilization of laccase from Mpyceliophthora
thermophila (MtL) on glyoxyl-agarose beads improved enzyme
stability in aqueous concentrations (0-75%) of [C,C;Im][EtSO4]
(Fernandez-Fernandez et al.,, 2014). Single and multiple amino
acid mutations have been used to improve the activity of laccases
in alkylimidazolium ILs (Liu et al., 2013; Dabirmanesh et al,
2015; Wallraf et al., 2018). Recently, several thermotolerant
organisms have been found to produce laccases or laccase-like
enzymes. Due to the ability of these organisms to survive
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in conditions of extreme temperature, pH, and salinity they
prove to be useful sources of biocatalysts for industrial
applications such as lignin valorization in aqueous ILs (Datta
et al., 2010). Bacillus subtilis produces a laccase-like enzyme
(Topt > 70°C) that is capable of oxidizing canonical laccase
substrates such as syringaldazine and ABTS in the presence
of several alkylimidazolium chloride ILs (Hullo et al., 2001;
Dabirmanesh et al., 2015). The laccase produced by Thermus
thermophilus (Topt > 90°C), is the most thermotolerant laccase
identified to date (Miyazaki, 2005). However, there has been no
work to characterize the behavior of the T. thermophilus laccase
in ILs in order to overcome the problem of laccase inhibition by
alkylimidazolium ILs.

A primary screening with 3 ILs, diethylamine hydrogen
sulfate ([DEA][HSO4]), [Ch][Lys], and [C,C;Im][OAc],
revealed technical issues while measuring ABTS oxidation in
[DEA][HSO4] and [Ch][Lys] at high temperatures. Therefore, in
this study we sought to characterize the interactions between the
IL [C,C1Im][OAc] and the laccase produced by T. thermophilus
(TtL). To do this, we first screened the biocompatibility
of [C,CiIm][OAc] with recombinantly produced TtL. We
then used enzyme kinetics and docking simulations to better
understand how [C,C;Im][OAc] interacts with TtL. Finally,
we used a rational design approach to make a series of single
amino acid mutations in an effort to improve the activity of
TtL in [C,C1Im][OAc]. This study expands our understanding
of the effects ILs can have on laccases and highlights some
of the challenges faced when designing a biological lignin
valorization strategy.

MATERIALS AND METHODS

Materials

2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) tablets
were purchased from Thermo Fisher and the IL [C,C;Im][OAc]
was purchased from MilliporeSigma. The TtL sequence
was codon optimized for Escherichia coli expression and
inserted into pET32a(4) vector at Ncol and BamHI sites
by GenScript (Piscataway, NJ, United States) to make the
pET32aTtL expression plasmid. Mutant primers were purchased
from Eurogentec (Seraing, Belgium). The PfuUltra High-
Fidelity DNA Polymerase, buffer, and dNTP mixture were
purchased from Agilent.

Expression of T. thermophilus Laccase

The T. thermophilus laccase sequence (accession number I7AL37)
was codon optimized for E. coli (Supplementary Figure S3).
E. coli Rosetta (DE3) cells transformed with pET32aTtL were
cultured in 1 L LB broth containing ampicillin (50 pg/mL) and
chloramphenicol (34 pwg/mL) with shaking at 37°C until the
optical density at 600 nm reached 0.5. The laccase expression was
induced by adding 1 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) and the culture was transferred to a 16°C shaker
incubator overnight. Cells were collected by centrifugation and
resuspended in 40 mL of lysis buffer (50 mM NaH;POy4, 300 mM
NaCl, pH 8.0) and stored at —20°C until purification.

Purification and Copper-Induced

Laccase Folding
The frozen cells were thawed and subsequently sonicated on ice.
The cell debris was removed by centrifugation at 15,000 rpm for
50 min at 8°C. The supernatant was heated for 1 h at 60°C to
precipitate any heat sensitive protein, centrifuged for 30 min at
15,000 rpm, then filtered and loaded onto a column with 2.5 mL
cobalt resin equilibrated with lysis buffer. The bound protein was
washed with 15 mL lysis buffer followed by 5 mL wash buffer
(50 mM NaH,POy, 300 mM NaCl, 20 mM imidazole, pH 8.0)
to remove any protein bound to the column by non-specific
binding. Finally, the protein was eluted with 5 mL elution buffer
(50 mM NaH, POy, 300 mM NaCl, 50 mM imidazole, pH 8.0).
After purification, the native, copper-containing enzyme was
produced according to a previously used protocol (Liu et al,
2011). The eluted protein was dialyzed twice against 1 L of
a copper containing buffer (20 mM sodium acetate, 0.1 mM
CuSOy, pH 6.0) for 12 h at 4°C. The protein was then dialyzed
twice against 1 L of a copper-free buffer (20 mM sodium acetate,
pH 4.5) for 12 h at 4°C to remove any remaining copper from the
first dialysis step. Precipitate was removed by centrifugation at
15,000 rpm for 20 min at 4°C. The final protein concentration
was determined by measuring the absorbance at 280 nm and
using the molar absorption coefficient €589 = 46,065 M~ 'em™L

Biocompatibility Screening

The biocompatibility of [C,C;Im][OAc] in aqueous solution
(approximately 1-10% w/v), was screened with recombinant TtL.
To reduce the effect of pH, the IL solution was adjusted to pH
4.5 using 1 M hydrochloric acid prior to testing. Activity was
screened with 20 mM sodium acetate buffer (pH 4.5), 0.1 mM
CuSOy, IL (0, 1, 2, 3, 4, or 10% w/v) and 2 mM ABTS in quartz
cuvettes with a 1 cm path length. Absorbance readings were
taken continuously for 10 min at 61.5°C. Oxidation of ABTS in
buffer and AILs without laccase were measured as blanks. The
relative activity of TtL in ILs relative to buffer was calculated using
equation 1.

Initial Velocity in IL

1
Initial Velocity in buffer o

Relative activity =

Inhibition Kinetics

Michaelis—-Menten curves were generated for IL concentrations
(0, 1, 2, 3, and 4% w/v) by varying the concentration of ABTS
(0.75-2.00 mM) and measuring initial velocities. ABT'S oxidation
was measured using the same method as described in the
biocompatibility screening. The oxidized ABTS was quantified by
measuring the absorbance at 420 nm and using the absorbance
extinction coefficient €429 = 36,000 M~ ! cm™! (Liu et al.,, 2011).
An activity unit was defined as 1 pmol ABTS oxidized in 1 min
(wmol ABTS/min). Initial velocity (V) as a function of ABTS
concentration ([S]) was fit to the Michaelis-Menten curve, shown
in equation 2.

N Vinax * [S]

= 2
K +1[S] @
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The kinetic coefficients were calculated by plotting equation 2 in
Sigma Plot and calculating Kp, and Vax using the ligand binding
curve fitting algorithm.

Docking Simulations

The 3D structures and PDB files of the ligands were prepared
in YASARA Structure (YASARA Biosciences GmbH, Vienna,
Austria) using the SMILES strings obtained from PubChem.
The PDBQT files of the ligands and TtL (PDBID: 2XU9) were
prepared with AutoDock (version 4.2.6, MGLTools, La Jolla,
CA, United States). Charges for the coppers were added by
manually editing the TtL PDBQT file. AutoGrid parameters were
as follows: space value of 0.375 A, (x, y, z) grid centered at
(—28.148, —27.636, 14.016), and grid size of 126 in all directions.
AutoDock parameters were as follows: Lamarckian GA, 1,000
genetic algorithm runs, and 25,000,000 max eval size. [C;C;Im]™
and [OAc]~ were docked separately to both unbound TtL and
TtL with ABTS bound to the active site. The structure of
TtL with ABTS in the active site was prepared in PyMol by
aligning TtL with B. subtilis CotA containing ABTS in the active
site (PDBID: 10F0).

Site-Directed Mutagenesis of TiL

Primer design and site-directed mutagenesis of TtL was carried
out using the QuikChange Site-Directed Mutagenesis Kit
from Stratagene (La Jolla, CA, United States). Supplementary
Table S1 lists the primers used in this study. The WT
TtL plasmid (pET32aTtL) was used as the template for all
PCR reactions. The PCR reaction mixture (50 ul) contained
5 ng of DNA template, 125 ng each of forward and reverse
primers, 1 uL dNTP mix, and 2.5 U of polymerase. Reactions
were conducted using the following sequence heated for 30 s
at 95°C followed by 16 cycles of heating (95°C, 30 sec),
annealing (55°C, 1 min), and elongation (68°C, 7.3 min).
Following PCR, Dpnl restriction enzyme was added to digest the
methylated template plasmid. Plasmid sequences were verified
by Eurofins Genomics (Ebersberg, Germany). Expression,
purification, and biocompatibility screening of TtL mutants
were carried out using the previously described protocols in
sections “Purification and Copper-Induced Laccase Folding” and
“Biocompatibility Screening.”

RESULTS

WT TtL Biocompatibility Screening

To determine the biocompatibility of [C,Ci;Im][OAc], we
screened the activity of TtL in a range of IL concentrations
in water. Figure 1A shows the activity of TtL in different
concentrations of [C,C;Im][OAc] relative to the activity
in buffer. A 50% reduction of TtL initial velocity in buffer
was seen in 2% [C,C;Im][OAc], in contrast with recent
studies of thermophilic enzymes in [C,C;Im][OAc].
A thermophilic cellulase (Tope = 80°C) retained 40% initial
activity in 20% [C,CiIm][OAc], while a hyperthermophilic
cellulase (Topy > 95°C) retained 90% initial activity in
20% [C,CiIm][OAc] (Datta et al, 2010). The range of

IL concentrations tested is relevant to previous studies
investigating the effect of water on biomass pretreatment
with ILs. When studying the role of water during pretreatment
with [C,C;Im][OAc], it was found that pretreatment efficacy is
reduced when more than 50% water is present (Shi et al., 2014).

There are several factors that mediate the ILs effect on
enzyme activity. In the case of alkylimidazolium ILs, the ability
of the anion to disrupt the water shell around the protein
(chaotropicity) and the alkyl chain length of the cation are
thought to be largely responsible for the IL biocompatibility.
The activity of TvL was relatively unaffected by 50% 1-
ethyl-3-methylimidazolium ethyl sulfate ([C,C;Im][EtSOy4]), but
was severely inhibited in ILs with longer alkyl chain length
cations ([C4C;Im]™*, [CsCiIm]T, and [C1oCiIm]T) and more
chaotropic anions (Cl~ and Br™) (Dominguez et al., 2011). An
increase in the alkyl chain length of the alkylimidazolium chloride
([CaCiIm][CI]) ILs (Cy - > C4 — > Cg) decreased the activity
of MtL, followed by a greater decrease in activity when the alkyl
chain length was further increased (C¢ - > Cjp) (Sun et al,
2017). Therefore, the short alkyl chain length [C,C;Im]™ cation
does not play a significant role in TtL inhibition. Rather, it is
the chaotropic [OAc]™ anion that causes the inhibition in low
IL concentrations.

Enzyme Kinetics

To further understand the interaction between [C,C1Im][OAc]
and TtL, we carried out a more in depth investigated of enzyme
kinetics using ABTS as a substrate (Figure 1B). With increasing
concentrations of [C,C;Im][OAc], Ky, increased while the k¢,
decreased (Table 1). This suggests that [C,C;Im][OAc] is a mixed
competitive and non-competitive inhibitor of TtL. Such behavior
could be the result of [C,C;Im][OAc] interaction remote from
the active site that decreases both substrate binding and catalysis,
or the IL could be binding both at the active site and a remote
location. As indicated in Table 1, k.,r was lowered from 0.42 s!
in 0% [C,CiIm][OAc] to 0.29 s~! in 1% [C>CiIm][OAc].
However, a smaller reduction in kcat was observed between 1%
[C2C1Im][OAc] (0.29 s7!) and 4% [C,C;Im][OAc] (0.20 s 1).
In contrast, Ky, steadily increased between 0% [C,CiIm][OAc]
(0.52 mM ABTS) and 4% [C,C;Im][OAc] (1.90 mM ABTS). The
different Ky, and ke, variations with IL concentration support
the presence of two major binding sites. The first is a high affinity
non-competitive binding site that lowers the enzyme activity
and is almost fully occupied in 1% [C;CIm][OAc]. The second
is a low affinity competitive binding site that likely overlaps
with the substrate binding site, which lowers the substrate
affinity of the enzyme.

Previous kinetics work with laccases and ILs have shown
that ILs can affect both K, and ke, of several laccases. Several
[C,CiIm]™ ILs lowered the activity and increased the substrate
affinity of MtL by uncompetitive inhibition (Tavares et al., 2008).
In contrast, the IL [C,C;Im][Cl] was found to be a competitive
inhibitor of the same laccase (Sun et al., 2017). The activity
of TvL and MtL are increased by the ILs choline dihydrogen
phosphate ([Ch][H2PO4]) and [CyCiIm][EtSO4], respectively;
enzyme Kkinetics suggest these ILs decrease substrate affinity
(increase Kp,) but increase enzyme activity (increase Vyay) via
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Relative Activity

[C2C4Im][OACc] (%wlv)

FIGURE 1 | Activity of the WT TtL in different concentrations of [CoC+Im][OAc] (A). Michaelis-Menten curves of TtL in different concentrations of [CoC+Im][OAc] (B).

Values shown are mean with error bars representing the SD of three experiments.
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an uncompetitive inhibition mechanism (Fernandez-Ferndndez
et al., 2014; Galai et al., 2015).

Docking Simulations

To gain insight into the possible binding locations of
[C2CiIm][OAc] on the surface of TtL, we performed docking
simulations with AutoDock. Figures 2A,B show the most
populated IL docking poses to the surfaces of [E] and [E][S],
respectively, after 1,000 docking simulations with AutoDock.
Neither the cation nor the anion binds close enough to the
coppers to suggest that the IL disrupts the residues that
coordinate and stabilize the coppers. The binding locations of
the cation and the anion to the surface of TtL is affected by
the presence of ABTS in the active site. The binding location
of the cation to [E] (Figure 2A) appears to overlap with ABTS
bound in the active site, leading to the displacement of the cation
when docked to [E][S] (Figure 2B). This suggests that the cation
directly competes with the ABTS for the active site which leads
to the increased Ky, seen in the enzyme kinetics. Similarly, there
is a shift in the anion binding site when docked to [E] vs. [E][S];
however, the anion binding location does not overlap with the
ABTS. This suggests that the anion plays a role decreasing ke,
but may also contribute to the change in Ky, since substrate
affinity would be decreased by the cost of displacing the anion.

TABLE 1 | Kinetic constants of the WT TtL in different concentrations of
[C2C1Im][OAC].

[C2C1Im][OAc] Km Vimax Keat Kcat/Km
(%w/v) (MM ABTS) (UmgTtL™ 1) (s (s~' mMm-1)
0% [CoC1IM|[OAC] 052 +£0.05 034+001 041+ 001 0.78

1% [C2C4Im][OAc] 0.76 +£0.08  0.24 £+ 0.01 0.29 + 0.01 0.38

29% [CoC1IM]OAC] 0.96+0.10 022 +0.01  0.27 + 0.01 0.28
3% [C2C1Im][OAc]  1.34 £0.30 0.20 £ 0.02 0.24 +0.03 017
4% [C2C1Im][OAc] 1.90+0.33 0.17 £0.02  0.20 £+ 0.02 0.11

Values shown are mean =+ standard error (SE) of three experiments.

Docking results from this work are consistent with previous
simulations examining docking locations of several ILs to
TvL and docking of alkylimidazolium cations to MtL. Highly
populated binding sites were found close to the T1 copper when
[C2CiIm][OAc], [Ch][Lys], and diethylamine hydrogen sulfate
([DEA][HSOy4]) were docked to TvL (Stevens et al., 2019). When
docked to MtL, short alkyl chain length cations (C,-Cg) diffused
into the active site whereas the long chain length cations (Cs-Cjg)
interacted with leucine residues around the active site (Sun et al.,
2017). However, the activity of MtL is increased in the presence of
[CoC1Im][EtSO4] (Ferndndez-Ferndndez et al., 2014), therefore
IL docking close to the T1 copper does not imply the IL will
inhibit laccase activity.

Rational Design of TtL

The mutations were chosen based on several approaches aimed
at improving enzyme activity and stability in ILs. Recent directed
evolution and semi-rational design studies have identified the
L1 loop in TvL as a key target for laccase engineering.
A triple mutant targeting the alanines on the L1 loop in
TvL, A310D/A312P/A318R, retained 21% initial activity in 40%
[C2CiIm][EtSOy4], compared to 0% remaining activity for the
WT laccase (Wallraf et al., 2018). The L1 loop in TtL presents
3 alanines (Ala320, Ala332, and Ala341) (Supplementary
Figure S1A). The mutations of these alanines were chosen based
on recent chemical modifications of enzymes in ILs. Reducing
the ratio of positively charged amines to negatively charged acids
on the enzyme surface by acetylation or succinylation improved
their activity and stability in ILs (Erik and Kaar, 2013; Nordwald
et al., 2014). For this reason, the Ala320, Ala332, and Ala341
from TtL L1 loop were mutated to: A320D/E, A332D/E, and
A341D/E. Although we could have selected additional mutations
based on previous studies with TvL (e.g., A320P or A332R),
we chose the mutations to aspartate and glutamate in order to
limit our design space. Additionally, this strategy of engineering
the L1 loop is based on studies with a fungal laccase; however,
we felt it appropriate to apply this strategy to the bacterial
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laccase used in this study. We also made mutations to Glul70
based on previous work improving the activity of a laccase-like
enzyme from B. subtilis in ILs. The catalytic efficiency (kcat/Kp)
of B. subtilis HRO3 mutants E188F and E188Y was increased
compared to the WT in several [C,C;Im][Cl] ILs (Dabirmanesh
et al., 2015). Through sequential alignment, we identified a
homologous glutamate residue in TtL, Glul70 (Supplementary
Figure S1B), which was mutated to both tyrosine (E170Y) and
phenylalanine (E170F).

Aiming to improve the activity of TtL in [C,CiIm][OAc],
we made 8 single amino acid mutations to TtL. With the
exception of the E170Y mutant at 0% IL, none of the
mutations significantly improved the activity of TtL in buffer
or [C,C;Im][OAc] when compared to WT (Table 2). The
A320 mutations significantly decreased the activity in buffer
and some IL concentrations, as did the E170F mutation at
2% [C,CiIm][OAc]. There were no significant differences from
WT when normalizing each variant to its activity in 0% IL,
except for the lower activity of the E170Y mutant in 2%
[C2C1Im][OAC], indicative of its generally greater sensitivity to
low [C,C1Im][OAc] concentrations.

Despite our results showing that engineering the L1 loop
of TtL with single amino acid mutations does not increase
activity in ILs, it is important to note that single mutations
can be deleterious as it was observed for the A318V mutant of
TvL, which decreased activity in ILs relative to WT (Haifeng
et al, 2013). It is only when multiple amino acid mutations
are made to the L1 loop that the laccase activity increased
in ILs (Wallraf et al, 2018). Additionally, the increase in
the catalytic efficiency of the HRO3 mutants was attributed
to increased m - w and 7w - anion interactions between the
mutants and several aspartate and tyrosine residues present on
the enzyme surface (Dabirmanesh et al., 2015). Supplementary
Figure S2 shows there are relatively fewer aromatic and charged
residues surrounding Glul70 in TtL that could help stabilize the
E170Y/F mutants.

DISCUSSION

In this study we showed that unlike most thermophilic
enzymes the activity of the hyperthermophilic, bacterial laccase

®° e

shown as brown spheres, and ABTS is shown as orange sticks.

FIGURE 2 | Top docking locations from AutoDock of [CoC+Im][OAc] to the surface of [E] (A) and [E][S] (B). The IL is shown as magenta spheres, the coppers are

TABLE 2 | Activity of WT and mutants relative to activity in buffer in different concentrations of [C,C+Im][OAc].

IL (%w/v) WT A320D A320E A332D A332E A341D A341E E170F E170Y
Relative to Activity in Buffer

0 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002 1.002

1 0.70 £+ 0.042 0.72 £0.072 0.75 £ 0.05% 0.70 £+ 0.032 0.64 +0.012 0.72 £+ 0.042 0.70 £+ 0.032 0.71 +£0.012 0.58 + 0.042
2 0.49 4+ 0.032 0.42 4+ 0.052 0.44 4+ 0.052 0.45 + 0.022 0.42 £+ 0.042 0.45 + 0.052 0.43 £+ 0.032 0.39 4 0.022 0.33 + 0.03°
3 0.38 + 0.012 0.41 £+ 0.052 0.42 4 0.042 0.40 £+ 0.032 0.40 £ 0.042 0.38 £+ 0.03?2 0.35 £ 0.042 0.37 4 0.042 0.29 £+ 0.012
4 0.28 &+ 0.062 0.26 £ 0.042 0.31 + 0.062 0.32 £ 0.012 0.31 £+ 0.052 0.28 £+ 0.042 0.28 £ 0.042 0.32 + 0.052 0.22 £+ 0.022
10 0.09 &+ 0.022 0.09 + 0.022 0.09 + 0.022 0.09 + 0.00? 0.09 + 0.032 0.10 £ 0.012 0.09 £+ 0.012 0.09 & 0.022 0.11 £+ 0.002
Relative to WT Activity in Buffer

0 1.002 0.85 + 0.00° 0.73 + 0.03° 0.96 £+ 0.012 0.94 £+ 0.062 1.00 + 0.052 1.07 +£ 0.042 0.94 +0.042 1.23 + 0.04°
1 0.70 & 0.042 0.58 + 0.052 0.52 + 0.06° 0.67 + 0.022 0.63 + 0.042 0.72 £+ 0.042 0.75 £+ 0.03?2 0.68 + 0.052 0.71 £ 0.042
2 0.49 4+ 0.032 0.33 + 0.04P 0.32 + 0.03° 0.43 £+ 0.022 0.40 £ 0.042 0.45 £+ 0.052 0.46 £+ 0.032 0.37 + 0.02P 0.41 £+ 0.042
3 0.38 +0.012 0.33 £ 0.042 0.30 + 0.032 0.38 £+ 0.03?2 0.37 £+ 0.042 0.38 £+ 0.032 0.38 £ 0.042 0.35 &+ 0.042 0.36 £+ 0.012
4 0.28 4+ 0.062 0.20 £+ 0.03?2 0.22 4+ 0.042 0.28 + 0.042 0.29 + 0.042 0.29 + 0.042 0.30 £ 0.042 0.30 & 0.052 0.27 £+ 0.022
10 0.09 4 0.022 0.06 £ 0.00? 0.07 4+ 0.022 0.10 £ 0.022 0.09 + 0.03? 0.10 £ 0.012 0.10 £ 0.012 0.09 4 0.022 0.12 £ 0.012

Values shown are mean + standard deviation (SD) of three experiments’. " The superscript letters “ab” indicate the significance levels (o = 0.05) of the means compared

to the WT means.
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from T. thermophilus is sensitive to the presence of the IL
[C2CiIm][OAc]. Through in vitro and in silico techniques,
we provide information about (1) the inhibition of TtL by
[C2C1Im][OAc] and (2) rational design of TtL to improve activity
in [C,C;Im][OAc]. The biocompatibility screening showed that
>50% initial enzyme velocity is lost in just 2% [C,C;Im][OAc].
The docking simulations, along with the enzyme kinetics results,
suggest that [C,C;Im][OAc] inhibits the activity of TtL by
interfering with ABTS binding to the active site (competitive
inhibition) and interfering with the ABTS oxidation once it is
bound (uncompetitive inhibition). We made several single amino
acid mutations to TtL with the aim of improving the activity in
[C2C;Im][OAc]. These mutations were made based on previous
studies that focused on engineering the L1 loop in fungal laccases
as well as previous work that improved the activity of a bacterial
laccase in ILs. While the E170Y mutant displayed significantly
higher activity in buffer, none of the mutants had significantly
higher levels of activity in [C,C;Im][OAc] when compared to
the WT enzyme. We have shown that thermophilicity alone
does not indicate whether or not an enzyme will have high
activity in ILs. Future studies might aim to better understand
the mechanism underlying inhibition of TtL by [C,C;Im][OAc]
or other ILs using molecular dynamics (MD) simulations,
crystal structure determination, or mutagenesis, along with
employing other techniques (e.g., multiple amino acid mutations,
chemical modifications, immobilization, computational design)
to improve TtL activity in ILs.
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