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Abstract: Interactions between ionic liquids and biomolecules are of great interest due to the intrinsic
properties of ionic liquids and the flexibility allowed by mixing and matching cations and anions
to create unique ionic liquids. A number of ionic liquid-biomolecule studies have focused on
interactions with proteins, including industrially relevant enzymes. One of these, laccase from
Trametes versicolor, is a naturally derived enzyme used in the breakdown of phenolic compounds
in a wide variety of industries, especially useful in breakdown of lignocellulosic materials. Here,
a combination of experiments and molecular dynamics (MD) simulations was used to investigate
the interactions of ionic liquids with laccase. Enzyme kinetics assays indicated that ionic liquids
composed of tetramethylguanidine (TMG) and either serine or threonine caused significant reduction
in enzymatic activity, while kinetics was not impacted by TMG-Asp or TMG-Glu ionic liquids.
Similarly, intrinsic fluorescence of laccase in the presence of TMG-Ser and TMG-Thr exhibited a shift
in spectral properties consistent with structural destabilization, but again TMG-Asp and TMG-Glu
had no impact. MD simulations of laccase and ABTS with/without TMG-Ser ionic liquid provided
insight into the deactivation mechanism of laccase. The simulations indicated that TMG-Ser disrupts
laccase’s electron transfer mechanism.
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1. Introduction

Ionic liquids (ILs) have been an attractive and dynamic topic of investigation in
the fields of analytical chemistry and electrochemistry over the past 15-20 years. This
interest stems from the many unique and interesting properties of ionic liquids (aka room-
temperature ionic liquids), including low to negligible vapor pressure, high conductivity,
non-flammability, and high thermal stability [1]. These properties have made ILs of
immediate interest in studies of energy storage and conduction, as well as a variety of
other electrochemical applications [2—4]. More recently, groups have begun in-depth
investigations into the biocompatibility of ILs as well as the mechanisms of how ILs
interact with specific biomolecules.

Proteins, being one of the four major classes of biomolecules, are of obvious interest
for investigating IL interactions. The biocompatibility of ILs with proteins is important for
developing the scope of applications for a given ionic liquid; that is, ionic liquids which
are toxic to cells or destabilize /damage critical proteins cannot be considered for in vivo
uses. Alternatively, beneficial chemical properties of ILs may be useful in many industrial
bioprocesses in which enzymes are used as biocatalysts for production or conversion
applications [5-10]. Specifically, the conductivity of ILs makes them ideal candidates for
processes involving redox reactions while the low vapor pressure and thermal stability
allow for improved recycling of these agents between processes [9,11-13].

Biophysica 2021, 1, 429-444. https:/ /doi.org/10.3390/biophysical040031

https://www.mdpi.com/journal /biophysica


https://www.mdpi.com/journal/biophysica
https://www.mdpi.com
https://orcid.org/0000-0002-4402-7315
https://orcid.org/0000-0002-2648-0300
https://orcid.org/0000-0002-0176-3873
https://orcid.org/0000-0002-4510-2815
https://doi.org/10.3390/biophysica1040031
https://doi.org/10.3390/biophysica1040031
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biophysica1040031
https://www.mdpi.com/journal/biophysica
https://www.mdpi.com/article/10.3390/biophysica1040031?type=check_update&version=1

Biophysica 2021, 1

430

The ability for a protein to function in the expected manner is directly linked to the na-
tive 3D structure of the protein, and thus maintaining native structure is critical if proteins
are to be a useful part of any industrial or experimental process. Protein native structures
form through a complex interaction involving H-bonding, hydrophobic forces, ionic in-
teractions, and solvent interactions [14-18]. The protein folding process normally occurs
in cells under native cytoplasmic conditions; however, extensive investigation on protein
denaturation or unfolding has been carried out in vitro and has yielded significant insights
into the thermodynamics of protein structural stability. In the context of ionic liquids,
more and more proteins are under investigation for interactions with ionic liquids [19].
This is a challenging problem, as there are seemingly infinite combinations of ionic liquids
and proteins to investigate. The interactions of proteins with ILs have been shown to
follow the Hofmeister Series, which relates ion identity to effects on protein solubility [20].
Interestingly, some ionic liquids have been shown to stabilize protein structures while
others have been demonstrated to destabilize protein structures [21-23]. Thus, there is a
critical need to increase the fundamental understanding of how ILs interact with proteins.

A protein widely utilized in industrial bioprocesses is laccase. Laccase was originally
isolated from the Japanese lacquer tree Rhus vernicifera, but has since been identified in
numerous plant and fungal species [24-29]. Laccases function in nature to oxidize phenolic
compounds, utilizing multiple Cu?* ions at the active site of the protein to facilitate
electron transfer. Interestingly, naturally occurring laccases can often catalyze these redox
transformations on a number of different substrates. This catalytic promiscuity has enabled
laccases to be utilized in the remediation of waste streams from a variety of industries [30].
Laccase has also found widespread utility as a model system when studying the effects
of ionic liquids on protein activity. The enzymatic activity of laccase can be monitored
through the use of a chromogenic substrate, 2,2’-Azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS), which undergoes a color change upon oxidation by laccase. The electron
transfer chain has been proposed: electrons that are extracted from phenolic molecules
are eventually transferred to dioxygens, forming reduced water and oxidized phenols as
end products through an internal pathway involving ABTS, T1 and T2/T3 Cu®" ions as
electron shuttles (Figure 1). This has also allowed a number of groups to investigate the
impact of various ionic liquids on the function of laccase [7,9,31-36].

In this study, the impact of two classes of ionic liquids on laccase activity was inves-
tigated. The widely studied imidazolium chloride ionic liquids were first investigated,
followed by the more recently developed amino-acid based ILs. The imidazolium ILs
exhibited variable disruption of laccase enzymatic activity but were incompatible with
many spectroscopic studies on proteins due to the high absorptivity of the imidazolium
ring in the low-UV region. The amino acid ionic liquids exhibited differential effects on
the enzymatic activity of the protein, which was not present when free amino acids were
used. Specifically, TMG-Ser and TMG-Thr caused significant reductions in enzymatic
activity. (The nomenclature TMG-Ser, TMG-Thr, TMG-Asp, and TMG-Glu will refer to the
ionic liquid species added to aqueous solution throughout the manuscript.) Fluorescence
spectroscopy confirmed a change in the spectral properties of laccase in the presence of
TMG-Ser and TMG-Thr consistent with protein denaturation. MD simulations elucidated
the mechanism of inactivation of laccase by TMG-Ser and likely TMG-Thr via disruption of
its electron transfer catalysis reaction, likely due to charge—charge (electrostatic) interactions
between TMG-ABTS and Ser-T1/T3 Cu?* ions.
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catalysis mechanism of laccase. Order of electron flow is from left-to-right: an electron is passed from
a phenol to ABTS and laccase Cu?* ions before reducing dioxygen to water. (D) Chemical structures

of the ionic liquids TMG-Ser, TMG-Thr, TMG-Asp and TMG-Glu.

2. Materials and Methods
2.1. Materials

Laccase was purchased as a 70% pure lyophilized powder from Sigma (St. Louis,
MO, USA) and further purified as described below. Imidazolium ionic liquids were pur-
chased from Alfa Aesar (Tewksbury, MA, USA) and used without further purification
(99% purity or greater). All other reagents were purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA), VWR (Radnor, PA, USA), or Sigma-Aldrich (St. Louis, MO,
USA). TMG-ILs were synthesized as described previously and contained ~5% residual
water as determined by FTIR spectroscopy [37]. Ionic liquid abbreviations used in the
manuscript are: TMG-Ser (1,1,3,3-tetramethylguanidine glutamate), TMG-Thr (1,1,3,3-
tetramethylguanidine threonine), TMG-Asp (1,1,3,3-tetramethylguanidine aspartate), TMG-
Glu (1,1,3,3-tetramethylguanidine glutamate), OMICI (1-octyl-3-methylimidazolium chlo-
ride,), HMICI (1-hexyl-3-methylimidazolium chloride,), EMICI (1-ethyl-3-methylimidazolium
chloride), and BMICI (1-butyl-3-methylimidazolium chloride).

2.2. Laccase Purification

Crude laccase was purified via ion exchange chromatography using a CM sepharose
column with ammonium acetate buffer. Crude laccase was dissolved in 50 mM ammonium
acetate buffer pH 4.1 and eluted using 50 mM ammonium acetate pH 5.1 buffer. Aliquots of
each fraction were removed and checked for laccase activity using ABTS. Active fractions
were pooled and dialyzed against 5 mM sodium phosphate pH = 7.0 buffer for ~24 h. The
sample was then collected and lyophilized. Laccase stock solutions were made fresh by
dissolving the lyophilized powder in 2 mM sodium phosphate pH = 7.0 and concentration
was determined spectrophotometrically using £280 = 60,520.

2.3. Enzymatic Assay

Laccase enzyme activity was also measured using absorbance spectroscopy. Briefly,
the 5 uM purified laccase was mixed with pH 5.1 sodium acetate buffer and added to a
quartz cuvette. The solution was stirred within the cuvette using a micro-stir bar. The
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reaction was initiated by the addition of ABTS to a final concentration of 50 M and the
increase in absorbance at 450 nm was monitored as a function of time with auto sampling
mode at room temperature. Substrate was added at t = 10 s in each experiment. Absorbance
measurements were collected in 3 s increments. Data for replicate samples were averaged
and standard deviations were calculated and reported as error bars.

2.4. Fluorescence Spectroscopy

Fluorescence emission spectra were recorded from laccase using a Horiba Fluoromax
4 fluoresence spectrometer (Horiba Ltd., Edison, NJ, USA). Excitation wavelength was
280 nm while emissions were collected from 300-400 nm. In these assays, laccase concentra-
tion was 6.25 uM. Ionic liquid concentrations varied based on the experiment. Experiments
were carried out in either sodium citrate buffer pH 5.1 or sodium phosphate buffer pH 7.
Data presented are representative spectra.

2.5. Molecular Dynamics Simulations

MD simulations were performed to probe the deactivation mechanism of laccase
enzyme protein in the presence of TMG-Ser. A total of two systems were built: (1.) Laccase
and ABTS in water and (2.) Laccase and ABTS with TMG-Ser. The specifics of each system
setup are detailed in a supporting document (Table S1). Each system was constructed
using the high-resolution structure of laccase (PDB ID: 1GYC) from the RCSB Database
(Figure S6). The laccase protein was prepared using the Protein Preparation Wizard of
Maestro program [38]. Pre-processing and optimization of the pH = 7 protonated state and
geometry optimization used default parameters for restricted minimization. The ff14SB
force field was used to represent the prepared laccase protein and the disulfide bonds
within it. Ions characterizing the ILs were prepared using AMBER16 software and the
GAFF?2 force field and manually added to the laccase system; the force fields of TMG and
Ser molecules were taken from our previous work [37]. Each IL system contained enough
ions to constitute 0.05 M concentration. IL molecules were randomly placed around the
protein and a relaxation protocol further randomized the IL molecular positions. Each
system was built using the TIP3P water solvent model. Each system was contained in a
solvent box of truncated octahedron shape using a 10 A cut-off. Enough counter-ions were
added to neutralize each system.

The simulation of each system was carried out using the AMBER 16 simulation pack-
age using standard simulation protocols. TMG-Ser IL-containing systems had a 1000 ps
pre-run at 500 K to ensure that the position and orientation of TMG and SER molecules was
randomized before a production run at 300 K. Laccase’s position remained fixed during this
pre-run. A production run at 300 K included a short 1.0 ns MD using the NPT ensemble
mode (constant pressure and temperature) to equilibrate the system’s density, followed by
999 ns dynamics in the equivalent NVT ensemble mode (constant volume and temperature).
All bonds interconnecting hydrogen atoms were treated with the SHAKE algorithm using
a 2.0 fs time step in the simulations. Long-range electrostatic interactions were treated with
the particle-mesh Ewald method under periodic boundary conditions (charge grid spacing
of ~1.0 A, the fourth order of the B-spline charge interpolation, and direct sum tolerance of
107°) [39]. Short-range non-bonded interactions were defined at 10 A and long-range van
der Waals interactions were based on a uniform density approximation. To reduce com-
putation time and expense, non-bonded forces were calculated using a two-stage RESPA
approach [40]. Short-range forces were updated every step and long-range forces were
updated every two steps. The temperature was controlled using the Langevin thermostat
with a coupling constant of 2.0 ps. The trajectories were saved every 50.0 ps for analysis
purposes.

Root mean-squared deviation (RMSD) values were calculated for the laccase protein
(Co atoms) and ABTS in each system after aligning the Cx atoms of laccase of the first
snapshot by least square fitting (Figure 57). Root mean-squared fluctuation (RMSF) values
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were calculated for all individual residues in the laccase protein in water and with TMG-Ser
to characterize the entropic change in the protein conformation in each system (Figure S8).

Last, snapshots of laccase and ABTS of each system were generated to quickly assess
the structural insights from the MD simulations (Figure S9). In order to account for the
stability of the laccase protein backbone in the binding process, the protein backbone
of the stable complexes was aligned by a least square fitting. The Daura algorithm was
used to cluster all aligned complexes into different structural families based on a 2 A
pair-wise RMSD cutoff of ABTS only, without ligand fit. A centroid structure is defined
as a structure with the largest number of neighbors in the structural family and is thus
used to represent that structural family. As confirmed via visual analysis, super-families
corresponding to major binding modes were formed by merging the centroid structures
together (Figure S10). Atom contact plots were generated for Protein-TMG, Protein—Ser,
Polar Protein-IL and Nonpolar Protein-IL interactions, with a cut-off of 2.5 A. These plots
highlight (1) TMG-protein contacts, (2) Ser-protein contacts, (3) protein polar side chain-IL
interactions and (4) protein hydrophobic side chain-IL contacts (Figure S11).

3. Results
3.1. Protein Sequence, Structure and Activity

Laccase from Trametes versicolor is a 519aa Cu®*-containing protein originally isolated
from a white-rot fungus. It normally functions to break down lignins and other plant
based materials. The three-dimensional structure of laccase is shown in Figure 1A and
a summary of the amino acid sequence and properties can be found in Supplementary
Materials Figure S1. The enzymatic activity of the protein was characterized in the presence
of either imidazolium ILs EMI-CI, BMI-Cl, HMI-CI, OMI-CI or amino acid ILs TMG-Ser,
TMG-Thr, TMG-Asp, TMG-Glu (Figure 1D). The imidazolium ILs vary in the length of the
alkyl group attached to the imidazole ring and have been shown to exert differing levels
of protein destabilizing activity based on that alkyl chain length [22,23,41]. The amino
acid ionic liquids are a newer class of ionic liquids and have been demonstrated to exert
differential effects on protein stability based on amino acid R-group identity [37]. The
amino acid ILs selected represent those with an alcohol in the side chain (Ser, Thr) and
those with a carboxyl moiety in the side chain (Asp, Glu).

3.2. Enzymatic Activity

The enzymatic activity of laccase in the presence or absence of ILs was characterized
by the conversion of the chromogenic substrate ABTS. The ABTS molecule is oxidized by
laccase and converted into a cationic radical, which has a different absorbance spectrum
than the reduced form. The evolution of this absorbance at 450 nm is measured as an
indicator of laccase activity. In the absence of any ionic liquids, laccase exhibited a typical
substrate concentration dependence (Supplementary Materials Figure S2).

3.2.1. Imidazolium Ionic Liquids

Laccase activity was measured in the presence of differing concentrations of the four
ILs EMI-CI], BMI-CI, HMI-C], and OMI-CIL. These compounds only differ in the length
of the alkyl chain attached to the imidazole ring, ranging from 2 carbons (EMI-CI) to
8 carbons (OMI-CI). The data from these experiments are shown in Figure 2. In each case,
the laccase activity exhibited a clear dose-dependent decrease in activity as ionic liquids
increased. The data shows that even at the lowest ionic liquid concentration tested (0.05 M),
there was a noticeable decrease in the conversion ABTS. Importantly, this decrease was
more dramatic as the alkyl chain length increased. Similarly, the enzyme activity in the
presence of the highest concentration of OMI-Cl, which contains the longest alkyl chain,
was completely abolished (Figure 2D). Interestingly, even the lower concentrations of OMI-
Cl induced significant reductions in activity and yielded substrate conversion curves that
were atypically shaped. These results may indicate that at lower concentrations OMI-C1
still acts to destabilize the protein but may require longer to achieve the same level of effect.
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4. Discussion
The enzyme laccase has garnered significant interest due to its applicability to indus-
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ability to extend the effective working conditions of the enzyme is of interest in order to
obtain greater flexibility with regard to substrate preparation and reaction environment.
Thus, developing ionic liquids that can maintain enzymatic activity while contributing
beneficial solution properties to the samples is the ultimate goal.

The enzymatic activity of laccase is clearly impacted in the presence of some ionic
liquids. The imidazolium ILs used as a benchmark as these IL species are relatively well
understood regarding protein-IL interactions. The destabilization of protein structure and
activity by imidazolium ILs has been correlated to the length of the alkyl chain attached to
the imidazole ring [22,23,31]. The results using laccase from T. versicolor were consistent
with the prior findings, in that enzymatic activity was reduced by increasing concentrations
of IL, with longer alkyl chain ILs having a more dramatic effect. The shortest chain IL,
EMI-C], had minimal effect on activity at 50 mM solution concentration and still retained
activity at 300 mM concentration. The longest chain, OMI-Cl, had dramatic effects on
activity at all concentrations tested, including complete loss of activity at 300 mM solution
concentration. This is consistent with the protein structure being disrupted by the alkyl
chains in a detergent-like manner.

The amino acid ILs were shown to disrupt activity according to side chain identity
or functional groups. The enzymatic activity of laccase in the presence of TMG-Asp and
TMG-Glu was effectively identical to the untreated samples. Conversely, the activity in
the presence of TMG-Ser or TMG-Thr was completely eliminated at all concentrations
tested. The control experiment showing no loss of activity in the presence of free serine
(Supplementary Materials Figure S3), coupled with all amino acid IL species containing the
TMG cation, indicated that there was a specific additive or synergistic interaction between
TMG and the hydroxyl-containing amino acids in the deactivation of the enzyme.

Elucidating the underlying mechanism of IL-protein interactions can be a significant
challenge due to physico-chemical challenges arising from the chemical nature of many
ILs. In the case of imidazolium ILs, the inherent absorptivity of the imidazole ring in
the low-mid UV region precludes many spectroscopic approaches traditionally used for
investigating protein structure, including circular dichroism and intrinsic Trp fluorescence
spectroscopy [44,45]. Similarly, the amino acid ILs, due to their composition, prevent the use
of any spectroscopic approaches that rely on protein backbone signatures such as circular
dichroism or FTIR [46]. Thus, the approaches to investigate given IL-protein systems
must be both flexible and robust as some confirmatory approaches will be inaccessible.
That said, the case of laccase with amino acid ILs does allow the use of Trp fluorescence
spectroscopy, a well-characterized approach to monitoring protein denaturation [45,47,48].
The Trp fluorescence emissions spectrum typically exhibits a red-shift due to the side chain
becoming more exposed to the polar, aqueous milieu upon protein denaturation. However,
this environmental sensitivity can also be influenced by changes in the local environment
around the side chain. Gierasch and coworkers were one of the first groups to report
abnormally red-shifted Trp fluorescence despite location in a nonpolar environment, which
was then confirmed to be a specific Trp—Asp interaction [49,50]. Indeed, according to the
MD simulations, laccase does not significantly change 3D structure in the presence of
TMG-Ser (see discussion below). Instead, the Trp emission shift appeared to be caused
by the binding of Ser near the T3 copper ion. This location is in close proximity to two of
the Trp residues in laccase (Trp65 and Trp107). This portion of the protein structure did
exhibit some increased flexibility in the simulations with TMG-Ser, as evidenced by small
changes in copper ion positions (see below). Thus, it appears that the overall increase in
local polarity and the potential interactions between the Trp side chains and the hydroxyl
and/or carboxyl groups of Ser caused the emission shift.

From the MD simulations, we observed that laccase protein conformation did not
change significantly and ABTS was still able to bind to the laccase catalytic site in the
presence of TMG-Ser. Therefore, the change in laccase’s global conformation induced by
TMG-Ser did not explain its reduced activity. We attributed the inactivation of laccase to
localized charge—charge interactions and hydrogen bonding interactions between TMG-
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ABTS and the Ser-T1 Cu?* ion, and to some degree the Ser-T3 Cu?* ion, thereby disrupting
its electron chain transfer mechanism. It is thus necessary to explain laccase’s electron
transfer mechanism to understand the combined role of TMG and Ser in disrupting this
process. First, a phenolic molecule (i.e., lignin) transfers an electron to a co-oxidizing agent

and becomes oxidized (Phenol & ABTS). Upon binding to laccase’s substrate binding
pocket, reduced ABTS then transfers its electron to the T1 laccase Cu?* ion (ABTS Tl

Cu?*). T1 Cu?* ion can then transfer its electron to a T3 or the T2 Cu®* ions (T1 Cu®* N
T2/T3 Cu?*). T2 and T3 Cu?* ions contain binding sites for dioxygen, where the final

electron transfer occurs to produce water (T2/T3 Cu?* & 0Oy) [51,52]. TMG-Ser likely
reduces laccase activity by disrupting its electron transfer mechanism at two critical points:
1.) TMG: Electron transfer from phenols to ABTS and 2.) Ser: Electron transfer from
ABTS to the T1 Cu?* ion. Interestingly, under physiological conditions, the sulfonate
groups of ABTS, one exposed to the solvent and another close to the T1 Cu?* ion, are
deprotonated and become anions. TMG could potentially form a salt-bridge interaction
with the solvent-exposed sulfonate and disrupt its ability to accept an electron from a
phenol. Simultaneously, Ser could potentially form a hydrogen bond between its hydroxyl
side chain and the deprotonated oxygen of the other sulfonate group, disrupting its electron
transfer to the T1 Cu?* ion. To some degree, Ser anions also clustered between the T1 and
an adjacent T3 Cu®* ion; again, the hydroxyl group of Ser may disrupt electron transfer
between T1 and T3 Cu?* ions.

Based on the results, TMG-amino acids with hydroxylated side chains seem quite
critical for inactivating the redox catalysis reaction of laccase; conversely, TMG-amino
acids with carboxylated side chains are relatively ineffective. This might be an issue of the
water solubility of each IL. Upon dissociation from TMG, Ser and Thr may likely undergo
less interaction with water, allowing them to interact with the T1/T3 Cu?* ions. On the
other hand, Asp and Glu may form too many interactions with water and thus prevent
interaction with the T1/T3 Cu?* ions.

The selective inhibition of laccase by TMG-Ser and TMG-Thr could potentially be
extended to other biologically-important redox enzymes containing metal cofactors. One
example is superoxide dismutase, which utilizes Cu>* and Zn metals to convert superoxide
radicals to hydrogen peroxide and water [refs]. More importantly, TMG-Ser and TMG-Thr
could be used to treat infectious diseases, such as COVID-19. The protein RNA-dependent
polymerase (RdRp) contains two Mg?* ions that catalyze viral replication of SARS-CoV-
2 [53-55]. The function of this RdRp is dependent on the presence and correct positioning
of the Mg?* ions. Thus, interactions between Ser and Thr with Mg?* may inactivate RdRp
and stop viral replication.

5. Conclusions

The combination of experiments and MD simulations of laccase with/without TMG-
Ser elucidated how TMG-Ser causes inactivation of laccase. While fluorescence studies
indicated some structural perturbation in the protein, simulations indicated that the TMG-
Ser interactions do not dramatically change the protein structure or the ligand binding
conformation. Simulations showed that TMG and Ser both largely interact with polar
protein regions. TMG interacts with the sulfonate group of ABTS via ionic interactions
while Ser interacts with the T1 and T3 Cu?* ions via weaker hydrogen bonding interac-
tions, leading to the conclusion that TMG-Ser disrupts the electron transfer mechanism of
laccase and thus reduces its activity. Taken together, the combination of simulations and
experiments proved to be invaluable in the elucidation of the mechanism for amino acid
ILs and, with further experiments and simulations on related systems, could be the basis
for developing predictive models for IL-biomolecular interactions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/biophysical040031/s1, Figure S1: Primary structure, secondary structure and topology of T.
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