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ABSTRACT: Lignin is a crucial component of plant matter;
however, it is also largely responsible for the recalcitrance of
lignocellulosic biomass when subjected to pretreatment
processes. Lignin is generated in large volumes as a waste
product from paper and pulping industry as well as cellulosic
biorefineries. As a result, lignin valorization is critical to the
successful implementation of cellulosic biofuels. To this end,
we investigated interactions between three ionic liquids (ILs)
and the lignolytic enzyme laccase toward biocatalytic lignin
conversion to aromatic monomers. Laccase exhibited minimal
loss of activity in 10% diethylamine hydrogensulfate ([DEA]-
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[HSO,]). Changes in V,,,, and K,,, of laccase with respect to IL concentration indicate that [DEA][HSO,] is a noncompetitive
inhibitor, whereas cholinium lysinate ([Ch][Lys]) and [C,C,Im][OAc] are mixed inhibitors. Docking simulations suggested
that [Ch][Lys] and [C,C,Im][OAc] disrupt residues leading to the active site. Experiments with a f-O-4 linked model dimer
revealed that laccase in [C,C,Im][OAc] and [Ch][Lys] requires the presence of 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) to oxidize the #-O-4’ linkage, leading to polymerization of the model dimer. Alkaline lignin treated with
laccase, ABTS, and the aqueous ILs (AILs) showed few structural changes, although the lignin was partially solubilized and
converted to degradation products. The major products obtained from alkaline lignin were vanillin, acetosyringone,
syringaldehyde, and acetovanillone. The results of this study provide, for the first time, an in-depth explanation of the

interactions between laccase and AlLs for the purpose of lignin valorization.
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B INTRODUCTION

Lignin is among the most abundant biopolymers found in
nature and makes up around one-quarter of lignocellulosic
biomass.'~ Lignin is primarily made of three phenylpropanoid
subunits synthesized from corresponding alcohol precursors: p-
coumaryl alcohol (H), coniferyl alcohol (G), and sinapyl
alcohol (S).** These monolignols are joined via a complex
network of linkages including f-aryl ether (f-O-4'), phenyl-
coumaran (f-§'), and resinol (f—p’) as the dominant
linkages.s’;' The nature of the linkages is largely determined
by the monolignol content of the biomass which, in tum, is
dependent upon the source of the biomass.” The composi-
tional and structural heterogeneity contributes largely to
lignin’s recalcitrance to biological or chemical decomposition.
Currently, lignin is generated in large volume as a waste
product from the paper and pulping industry as well as a
byproduct of the cellulosic biorefineries.”'” Developing
technologies to convert lignin to value-added products will
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not only reduce waste generation but also increase revenue for
the paper industry as well as future cellulosic biorefineries.' ">

Lignin has limited use in its polymeric form. In contrast, the
phenolic compounds derived from lignin depolymerization can
be used as fuels or building blocks to synthesize chemicals for
the food, plastic, and pharmaceutical industries, which are, at
present, primarily derived from petroleum.””"* Lignin
depolymerization methods can be categorized into thermo-
chemical, such as high-temperature pyrolysis, hydrogenolysis,
and catalytic oxidation, and biological, that is using lignolytic
enzymes or microbes.''? In general, biological lignin
depolymerization can be performed at milder temperatures
and pressures compared to thermochemical methods, poten-
tially improving product selectivity via the specificity of the
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biocatalysts.'””’ A range of lignin degrading enzymes (LDEs)
have been investigated including lignin peroxidases, versatile
peroxidases, manganese peroxidases, laccases from white and
brown rot fungi, and the newly discovered NAD or
glutathione-dependent enzymes from certain soil bacteria,
such as Sphingobium SYK-6. '~** However, application of these
lignolytic enzymes in large-scale operations valorizing lignin to
aromatic monomers is still hindered due to the high cost of
enzyme production and poor yield of aromatic monomers due
to the very low lignin solubility (for many of the industrially
derived technical lignin) in the aqueous environment
compatible with enzyme activity as well as the poor selectivity
of the lignolytic enzymes to produce defined monomers.”

Most of the known effective lignin solvents [e.g,, dimethyl
sulfoxide (DMSOQ), acetone, or alkaline solutions] are
detrimental to enzyme activity when added to aqueous
solutions.”*”” In addition, they often require high temperature
for complete lignin dissolution, especially when dealing with
plant-derived native lignins,zs which again can be incompatible
with the use of enzymes. Thus, a solvent system with both high
lignin solubility and enzyme compatibility is preferred for
developing a better biological lignin depolymerization process.
Ionic liquids (ILs) are molten salts made of organic cations
and anions that are liquid at temperatures < 100 °C.” By
selecting the cation and anion, the properties of an IL can be
tuned for a wide range of applications.’* >’ Alkylimidazolium-
based ILs have been extensively studied for biomass pretreat-
ment and lignin fractionation.’>™>° Recently, ILs from
bioderived cations (such as choline and ammonium) and
anions (such as amino acids and carboxylic acids) have been
investigated as lower-cost alternatives to imidazolium-based
ILs.>® For example, pretreating switchgrass with 10%
cholinium lysinate ([Ch][Lys]) in water resulted in >80% of
the lignin being solubilized into the liquid stream.’” Results
also suggest that tuning aqueous IL (AIL) mixtures can favor
specific products during a catalytic oxidation process.**

Laccases are a member of the superfamily of multi-copper
oxidases (E.C. 1.10.3.2). First discovered in extracts from the
Chinese lacquer tree (Toxicodendron vernicifluum, previously
named Rhus vernicifera), laccases have since been found in a
variety of organisms including plants, fungi, bacteria, and
archaea.’” " Laccases utilize a multi-copper cofactor for
substrate oxidation.”* Rather than requiring H,0, as in other
lignolytic enzymes, laccases use O, as the final electron
acceptors.**™* Furthermore, oxidation of small-molecule
mediators by laccase, such as 1-hydroxybenzotriazole (HBT)
or 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), enables the oxidation of nonphenolic lignin
compounds.*”*® This feature, alongside their inherent
lignolytic capabilities and their activity under milder reaction
conditions, makes laccases a desirable biocatalyst for lignin
upgrading strategies.*”*" ILs have been found to be capable of
supporting and, in a few cases, im?roving activity and stability
of enzymes including laccases.”’ ™" Trametes versicolor laccase
(TvL) activity decreased with increasing IL concentration of
the two alkylimidazolium ILs tested, [C,C,Im][EtSO,] and
[C,C,Im][OAc].>® However, Galai et al. screened TvL activity
in 56 AlLs and found that 13 of the AlLs improved laccase
activity; the most notable improvement was seen in choline
dihydrogenphosphate ([Ch][H,PO,]) which increased laccase
activity by 451%.

Given the unique properties that certain AILs provide
regarding lignin solubility and biocompatibility, the confluent

utilization of AIL and LDEs holds great potential for
developing a new strategy for lignin extraction and
depolymerization. Despite previous exploration of biocatalysis
and enzyme activity in AlILs, there is a gap in our
understanding of the mechanisms underlying the interactions
between lignolytic enzymes and these solvents. This study aims
to elucidate the interactions between laccase and ILs,
inhibition mechanism and product profiling on such a
biocatalytic system with laccase and three AILs. To achieve
this goal, we screened the ILs 1-ethyl-3-methylimidazolium
acetate ([C,C,Im][OAc]), [Ch][Lys], and diethylamine
hydrogensulfate ([DEA][HSO,]) for their biocompatibility
with a fungal laccase. We then investigated enzyme kinetics
and the inhibition mechanism using docking simulations with
the ILs and the active site. Finally, the IL—laccase system was
tested on a f-O-4' linked model dimer [guaiacylglycerol-f-
guaiacyl ether (GGE)] and commercial kraft lignin in the
presence of the mediator, ABTS; the resulting residual lignin
and lignin-derived products were then characterized. This work
provides a better understanding of the inhibition mechanisms
of ILs on laccase for developing a biocatalytic lignin
valorization process using AlLs and LDEs.

B METHODS AND MATERIALS

Materials. Laccase from T. versicolor (0.66 U/mg), ABTS, alkaline
lignin (lot# MKBVS5831V), choline hydroxide, L-lysine, and the IL
[C,C,Im][OAc] were purchased from MilliporeSigma (St. Louis,
MO, USA). Diethylamine (DEA), sulfuric acid (H,SO,), GGE,
tetrahydrofuran (THF), 2-methyltetrahydrofuran (MeTHF),
chromium(IIT)acetylacetonate (Cr(acac);), and ethyl acetate were
purchased from Tokyo Chemical Industry Co. (Portland, OR, USA).
The ILs, [Ch][Lys], and [DEA][HSO,] were synthesized using the
anion and cation precursors according to previously developed
proto.:ols.s‘S

Biocompatibility Screening. The biocompatibility of the three
ILs, [ C,C,Im][OAc], [Ch][Lys], and [DEA][HSO,] in their aqueous
solution (approximate 1—10% w/v), was screened with TvL. To
delineate the effect of pH, the IL solutions were adjusted to pH 5.0
using 1 M sodium hydroxide or 1 M hydrochloric acid prior to testing.
Activity was screened with 20 mM sodium citrate buffer, AIL (0, 1, 2,
3, 4, or 10% w/v), and 2 mM ABTS in dear, flat bottom 96-well
Costar assay plates (Corning Inc., Kennebunk, ME). Laccase was
loaded at 3 concentrations: low (0.6 pg mL™'), medium (1.2 ug
mL™), and high (3.0 ug mL™"). The plate was incubated at 40 °C ina
SpectraMax M2 plate reader (Molecular Devices, Sunnyvale, CA).
Absorbance readings were taken every 30 s for 5 min at a wavelength
of 420 nm. Plates were shaken for § s prior to initial reading and 3 s
before each reading to ensure well mixing. Oxidation of ABTS in
buffer and AILs without laccase were measured as blanks.

Inhibition Kinetics. Michaelis—Menten curves were generated for
different IL concentrations by measuring initial velocities for 11
different ABTS concentrations at a medium loading (1.2 ug mL™) of
laccase. ABTS oxidation was measured using the same method as
described in the biocompatibility screening in 96-well plates. The
oxidized ABTS was quantified using an absorbance coefficient, £ = 36
000 M~' cm™.*" A unit of activity was defined as the amount of
laccase that oxidizes 1 umol of ABTS per min. Laccase initial activity
as a function of ABTS concentration ([S]) was fit to the Michaelis—
Menten curve, shown in eq 1.

Vi X [8]
Ky + 18] &)

These curves were linearized using the Hanes—Woolf method,
resulting in eq 2.
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E — L b4 [S] + &
4 Vmax Vmax (2)

Equation 2 was used to calculate the kinetic coefficients, K, and
Vinax of laccase in different AlLs.

Molecular Docking Simulations. In order to determine likely
interactions between IL molecules and laccase, docking simulations
were performed using the YASARA Structure software package
(YASARA Biosciences GmbH, Vienna, Austria) with the AutoDock
Vina plugin.58 Ion structures and parameters were generated in
YASARA from SMILES representations and energy minimized. The
crystal structure of TvL (PDB ID: 1GYC) was used as a target in the
docking simulations.” Cations and anions were treated as separate
ligands, with 25 simulations run for each, and the target laccase was
held rigid throughout all simulations. Results of docking were
visualized with PyMol (Schrodinger LLC, New York, NY).

Lignin Depolymerization in AIL. GGE Dimer. Prior to
experiments with the model compound, all solutions were adjusted
to pH 5.0 with 1 M sodium hydroxide or 1 M hydrochloric acid.
Laccase was loaded to a final concentration of 1.2 ug mL™" and ABTS
was added for a final concentration of 2 mM. The GGE model
compound was added for a final concentration of 0.5 mg mL™", AlLs
were added for final concentrations of 2% (w/v) [C,C,Im][OAc]), 1%
[Ch][Lys], and 10% [DEA][HSO,]. Reactions were carried out in 1
mL glass tubes under 30 psi O, pressure at 40 °C inside a 100 mL
Parr reactor (4593 bench top reactor, Alloy C276, Parr Instruments,
IL). The reactor was purged with pure O, for 1 min and then the
release valve was closed to maintain O, pressure. The reaction was
allowed to proceed for an additional 2 h.

After reaction, product profiles were analyzed by isocratic high-
performance liquid chromatography (HPLC) using an 80% water—
20% acetonitrile mobile phase at a flow of 0.5 mL min™" for 30 min
through an Ultimate 3000 HPLC system (Dionex Corporation,
Sunnyvale, CA) equipped with an ultraviolet (UV) detector.
Separation was achieved through the use of a ZORBAX Eclipse
XDB-C18 column (5 pym particle size, 150 X 4.6 mm id, Agilent
Technologies, Santa Clara, CA) at 25 °C. Elution profiles were
measured by UV absorbance at 280 nm. The molecule weight
distribution of the products was characterized using gel permeation
chromatography (GPC), whereas liquid chromatography—mass
spectrometry (LC—MS) was used to identify the major products in
GGE experiment as described in the “Lignin Characterization”
section.

Alkaline Lignin. The same reaction protocol was used for alkaline
lignin samples as for the GGE dimer except that 500 mg of kraft lignin
was loaded with the reactants (1.2 yg mL™" laccase, 2 mM ABTS,
AILS) in the Parr reactor with a final reaction volume of 10 mL. After
the reaction, residual lignin was precipitated by addition of 20 mL
water and centrifugation at 7000 rpm for 15 min. The aqueous
fraction was subjected to liquid—liquid extraction using a 1:1 volume
of ethyl acetate: liquid fraction, with the extraction repeated 3 times.
The ethyl acetate was evaporated in a vacuum oven set at room

temperature for 24 h to leave a thick oil. Oil yield was calculated using
eq 3.
weight of oil

x 100

Qil yield (% yield) =
ield (% yield) weight of initial lignin (3)

The precipitated solids (residual lignin) were washed with 50 mL
water three times to remove any excess IL and dried in a convection
oven at 45 °C for 48 h. Lignin conversion was calculated using eq 4.

Conversion (%)

weight of initial lignin — weight of remaining lignin % 100

(4)

The oil was dissolved in 750 yL MeTHF and analyzed by gas
chromatography (GC)—MS for lignin decomposition products.
Identification and quantification of the monomeric products from
the depolymerization reaction were performed on an Agilent 7890B

weight of initial lignin

GC coupled to a 5977B MS with an HP-Sms (60 m X 0.32 mm)
capillary column.® The temperature program started at 50 °C and
increased to 120 °C at 10 °C min™' with a holding time of 5 min;
then it was raised to 280 °C at 10 °C min~" with a holding time of 8
min and to 300 °C at 10 °C min~" with holding time of 2 min.%® The
inlet was held in the splitless mode at 250 °C using helium as a carrier
gas at a flow rate of 1.2 mL min~". Calibration curves were created
using commercially available pure compounds: guaiacol, syringol,
vanillin, acetovanillone, and homovanillic acid (Sigma-Aldrich, St.
Louis, MO). Monomer yields were calculated on the basis of mg/g
starting lignin.

Lignin Characterization. Gel Permeation Chromatography.
The weight-average molecular weight (M,) and number-average
molecular weight (M,,) of both precipitated lignin and lignin products
in the liquid phase following the reactions were determined by GPC.
The precipitated lignin was acetylated via acetobromination.®’ In
brief, 10 mg of the lignin was dissolved in 2.5 mL of 92:8 (v/v) acetic
acid and acetyl bromide and mixed at 50 °C for 2 h. Excess acetic acid
and acetyl bromide was evaporated by purging with N,. The
acetylated lignin was dissolved in 750 uL of THF and analyzed by
direct injection into an HPLC system equipped with a Mixed-D PLgel
column (§ um particle size, 300 X 7.5 mm id., molecular weight
range of 200—400000 um, Polymer Laboratories, Amherst, MA,
USA) at 50 °C. The THF flow rate was 0.5 mL min~'. Eluted
molecular species were detected by absorbance at 300 nm, which was
calibrated using a polystyrene standards kit (Sigma-Aldrich, St. Louis,
MO). The molecular weight distribution of model compound
products was analyzed by direct injection into the HPLC system
using the aforementioned method.

Fourier Transform Infrared Spectroscopy. Chemical structures of

alkaline lignin and treated lignin were determined using a Thermo
Nicolet 870 FTIR-ATR spectrometer. Lignin sample spectra were
obtained with 64 scans at wavelengths from 700 to 4000 cm™ with a
spectral resolution of 2 cm™’. The raw Fourier transform infrared
spectroscopy (FTIR) spectra were baseline corrected and normalized
usin% Omnic 6.1a software and compared in the range 750—4000
cm™ .
Differential Scanning Calorimetry. Differential scanning calorim-
etry (DSC) measurements of alkaline and treated lignin samples were
performed using 2 DSC Q20 (TA Instruments, New Castle, DE)
equipped with an autosampler. Analysis was carried out in a
temperature range of 40—500 °C at a rate of 10 °C min™' and N,
flow of 50 mL min~",

'H-"3¢c HSQC NMR. Approximately 100 mg of the lignin sample
along with ca. 1 mg of Cr(acac); were dissolved in DMSO-dy/
pyridine-ds (4:1) under mild heat and sonication in a NMR tube until
a homogeneous mixture was obtained. NMR spectra were acquired on
a 500 MHz JEOL ECZr (Peabody, MA, USA) spectrometer equipped
with a 5§ mm Royal Probe. The central DMSO solvent peak was used
as an internal reference (8 395, 8y 2.5 ppm). The 'H-"C
correlation experiment was a heteronuclear single quantum coherence
(HSQC) experiment (JEOL standard pulse sequence “hsqc_dec_-
club_pn”). HSQC experiments were carried out using the following
parameters: acquired from 12 to 0 ppm in £2 ("H) with 1024 data
points (acquisition time 136 ms), 220 to 0 ppm in f1 (**C) with 256
increments, and 150 scans with a 1 s interscan delay. In all cases,
processing used typical sine bell (90°) in f2 and squared sine-bell
(90°) in f1 (first point 0.5). Volume integration of contours in HSQC
plots used Mestrelab MestReNova 120 (Mac version) software.
Integrals were from volume-integration of C/H pairs with similar
properties, the a-C/H correlations of A ($-0-4"), B (f—p’), and C
(f-5) units. Spectra are displayed in the absolute value mode and
color coded (in Adobe Illustrator CC 2018) using the literature
reference standards.”

Model Compound MS. MS, to identify large molecular weight
products from GGE experiments, was performed on a Q-Exactive
(Thermo Scientific, Waltham, MA, USA) orbitrap spectrometer. The
instrument parameters were as follows: a 3.8 kV spray voltage, 225 °C
inlet temperature, sheath auxiliary gas flow of 2 (arbitrary units), a
mass resolution of 140 000, with nitrogen as the HCD collision gas. A
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10 uL aliquot of each sample was reduced to dryness under nitrogen.
The dry residue was dissolved in 100 uL of a solution containing 50%
acetonitrile and 50% 10 mM aqueous sodium hydroxide. The final
solution was infused directly into the mass spectrometer by syringe
pump at a flow rate of 3 mL per min. For the HCD tandem MS
experiments, precursor ions were isolated using a window of 3 m/z,
and a normalized collision energy of 25 NCE was applied. Data were
processed using Xcalibur software (Thermo Scientific, Waltham, MA,
USA).

B RESULTS AND DISCUSSION

Biocompatibility Screening. In order to test whether
laccase is still active in AIL solution, three ILs were screened
for their biocompatibility with TvL at concentrations ranging
from 1 to 10% IL in water. Results indicate that [Ch][Lys] and
[C,CiIm][OAc] are more inhibitory to TvL with 2%
[Ch][Lys] or 5% [C,C,Im][OAc] causing significant loss
(>70%) of TvL activity (Figure 1). In contrast, [DEA][HSO,]
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Figure 1. Activity of TvL in AIL solutions. H = high laccase
concentration (3.0 ug mL™"), M = medium laccase concentration (12
pug mL™"), L = low laccase concentration (0.6 ug mL™'). Values
indicate the ratio of TvL activity in ILs relative to TvL activity in
buffer (0% IL).

is more compatible with TvL, as indicated by the modest loss
(<20%) of TvL activity even at 10% concentration. The tested
IL concentrations represented a reported range of AIL biomass
pretreatment conditions. For example, Liu et al. showed that
10% [Ch][Lys] was highly effective in removing lignin from
switchgrass varieties during pretreatment,”> and [C,C,Im]-
[OAc] at 20—50% in water can remove a large portion of the
hemicellulose and lignin when compared to pure IL5%S
Gschwend et al. have demonstrated that 80 wt %
triethylammonium hydrogen sulfate ([TEA]J[HSO,]) is
capable of improving Miscanthus saccharification yields and
lignin removal after pretreatment for 15 min at 180 °C.%
Both the cations and anions of the AILs could impact their
activity. It has been shown that the toxicity of imidazolium-
based ILs increases with increasing cation size.”” [C,C,Im]-
[OAc] at 2% concentration strongly inhibited cellulase
activities and growth of common biofuel fermentation
microbes such as yeast and Escherichia coli)®® whereas
[Ch][Lys] exhibited low toxicity to yeast and E. coli.® A
more recent study further suggested that cellulase enzymes and
yeast can tolerate 5% [Ch][Lys].”” However, it appeared that
[Ch][Lys] was more inhibitory to the TvL than [C,C,Im]-
[OAc] and [DEA][HSO,]. This case agrees with previous
reports showing that ILs with sulfate anions are generally more
biocompatible with laccases.”"””> However, we did not control

for the cation between each AIL, so the biocompatibility
cannot be solely attributed to the anion in this case.
Inhibition Mechanisms. To better understand the
different effects of the three ILs on TvL, we determined their
inhibition kinetics using ABTS as a substrate. [C,C,Im][OAc]
and [Ch][Lys] are mixed inhibitors of TvL, decreasing V.
and increasing K, (Table 1). This type of inhibition suggests

Table 1. Kinetic Constants of ABTS Oxidation by TvL in
AILs“

IL concentration

1L 0% (w/w) 2% (w/w) 5% (w/w)
Vinax (U/mg TvL)
[C,CyIm][OAC] 23.1 + 1.0° 162 + 24° 9.0 + 0.4°
[Ch][Lys] 23.1 + 1.0° 72 +03° 58+ 03"
[DEA][HSO,] 23.1 + 1.0° 179 + 03" 216 + 0.3*
K, (mM ABTS)
[C,C,Im][OAc]  0.065 £ 0.023°  0.531 £ 0.090° 1469 + 0.012°
[Ch][Lys] 0.065 + 0023 1154 + 0.124°  2.847 + 0.300°
[DEA][HSO,] 0.065 + 0.023*  0.104 + 0013*  0.111 + 0.023*

“The superscript letters “be” jndicate the significance levels of the
means.

that the ILs do not directly compete with the substrate for the
active site, but rather affect the residues surrounding the active
site to interfere with substrate binding. [DEA][HSO,] in
contrast is a noncompetitive inhibitor, not affecting substrate
binding but decreasing the catalytic rate of the enzyme. To the
best of our knowledge, there have not been any previous
studies assessing the inhibitory mechanisms of [Ch][Lys] and
[DEA][HSO,] on laccases. The effects of alkylimidazolium ILs
on TvL kinetics have been reported, although no studies have
been performed with [C,C,Im][OAc]. Tavares et al. found
that three ILs with a [C,C,Im]* cation reduced both the V,,,,
and K, of TvL with ABTS as a substrate, supporting our
finding with [C,C,Im][OAc].”

Docking Simulations. To gain a deeper insight into the
inhibition mechanisms, docking simulations were carried out
with the IL cations and anions (Figure 2). A high probability
binding site for [C,C,Im][OAc] and [Ch][Lys] was found
near the type I copper, thus possibly decreasing the catalytic
rate by obstructing removal of electrons during substrate
oxidation at the type I copper. Binding of these ILs at this site
may also interfere with ABTS interaction, accounting for the
observed increase in K, In contrast, a binding site for
[DEA][HSO,] was not identified with any significant
probability near the active site, which is consistent with the
observed weak noncompetitive inhibition.

Docking simulation of [C,C,Im][OAc] in this study
corroborates a previous study on alkylimidazolium ILs and
laccases. Molecular dynamics simulations with alkylimidazo-
lium cations found that cations of varying chain length
interacted with the active site via hydrophobic interactions.”*
The shorter chain length cations (C,—C4) were capable of
diffusing into the active site; longer chain length cations (Cy—
C,o) were limited to binding to Leu residues around the active-
site entrance. Several studies have shown that enzyme—IL
interactions, particularly interactions with the anions, lead to
disruption of protein stability as predicted by the Hofmeister
series.”””>”® The more chaotropic anions lead to disruption of
the water shell around a protein, causing destabilization of the
protein. The specific anion effect can only be assessed when
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Figure 2. Results of simulations showing the docking of (b) [C,C,Im][OAc], (c) [Ch][Lys], and (d) [DEA][HSO,] near the type I copper of
TyL. The red arrow in (a) points to the type I copper. The ILs are represented by the multicolored stick models in panels (b—d) and the His

residues that coordinate the coppers are colored blue.

the cation is consistent, but [HSO,]™ has been observed to be
among the most stabilizing of the anions.

GGE Dimer Transformation. The activity screening
results support the possibility of using TvL in dilute or more
concentrated AIL solutions, depending on the IL introduced,
to process lignin. The phenolic lignin dimer (GGE) was first
tested because the dimer is linked by 8-O-4 bond, which is the
most common interunit linkage in lignin. In absence of ABTS,
TvL in 1% [Ch][Lys] or 2% [C,C,Im][OAc] was inhibited
from processing GGE, whereas TvL in 10% [DEA][HSO,]
experiences no inhibition to processing GGE (Figure 3a).
Some studies have found that acidic ILs are capable of cleawn%
the -O-4' linkage on their own at elevated temperatures,
The temperature used in this study (40 °C) was much lower
than previous studies (150 °C), so it is unlikely that the
[DEA][HSO,] itself was responsible for any major changes
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Figure 3. HPLC chromatograms of GGE incubated with laccase and
different ATLs (a) without ABTS present during the reaction. (b)
ABTS present during the reaction. GGE elutes at ~23 min and
reaction products elute in the 2—5 min range.

made to GGE during the reaction. Upon addition of ABTS,
Tv§. is able to process GGE in the presence of all ILs (Figure
3b).

To better assess changes made to GGE during the reaction,
the products were further analyzed with GPC and LC—MS.
The weight-average molecular weight (M, ), number-average
molecular weight (M, ), and the polydispersity index (PDI) of
all samples increased during the reaction with GGE (Table 2).

Table 2. Molecular Weight Distribution of GGE before (0
min), during (30 min), and after (120 min) Treatment with
TvL, ABTS, and ILs”

L 0 min 30 min 120 min
M, (g mol™")
no IL 47 941 1315
2% [C,C,Im][OAc] 47 877 975
1% [Ch][Lys] 447 881 1087
10% [DEA][HSO,] 47 993 984
M, (g mol™)
no IL 402 817 1118
2% [C,C,Im][OAc] 402 742 576
1% [Ch][Lys] 402 741 694
10% [DEA][HSO,] 402 762 519
PDI
no IL L11 L.15 118
2% [C,C,Im][OAc] 111 1.18 1.69
1% [Ch][Lys] L11 119 1.57
10% [DEA][HSO,] L11 1.30 1.90

“M,,: weight-average molecular weight, M_: number-average molec-
ular weight, PDI: polydispersity index.

The samples with an IL present had a lower M, and higher
PDI after 120 min compared to the control without AIL. The
M,, of the control after 120 min was 1315 g mol ™, whereas the
highest M,, of samples with IL was 1087 g mol™ in 1%
[Ch][Lys]. The PDI of the No IL control was 1.18 after 120
min, whereas the PDI of samples with ILs were 1.57 (1%
[Ch][Lys]), 1.69 (2% [C,C,Im][OAc]), and 190 (10%
[DEA][HSO,]). The M, of IL samples decreased between
30 and 120 min, which led to the substantial increase in PDI at
the end of the reaction. Molecular weight distribution plots
(Figure 4) suggest this is a result of low-molecular weight
species appearing in the 120 min samples. To identify any
higher-order structures, for example dimers, trimers, or
oligomers, extracted products were identified with LC—MS.
Direct infusion MS experiments using a high-resolution
accurate-mass orbitrap mass spectrometer (Q-Exactive)
(Thermo Scientific, Waltham, MA, USA) in the negative ion

DOI: 10.1021 /acssuschemeng 9b02151
ACS Sustainable Chem. Eng. 2019, 7, 15928-15938


http://dx.doi.org/10.1021/acssuschemeng.9b02151

ACS Sustainable Chemistry & Engineering

Research Article

—— O min

Normalized Intensity
2 5

=
5]
L

=
o

104 10° 102 10'

Molecular Weight (g mol'1)

0.8 -

Normalized Intensity
s =

e
]
L

100 102 10t

=
=]
=

Molecular Weight (g mol'1}

G

—— O min
| —— 30 min

=
-]

Normalized Intensity
g (=]

e
[

e
=

10° 102 100

3

Molecular Weight (g mol'1)

.,

=
=

ol
@

Normalized Intensity
g o

10? 102 10!

3

Molecular Weight (g mol'1)

Figure 4. Molecular weight distributions of products after GGE reaction with TvL, ABTS, and (a) buffer without IL, (b) 2% [C,CIm][OAc], (c)

1% [Ch][Lys], (d) 10% [DEA][HSO,].

Table 3. Conversion and Yield of Alkaline Lignin Degradation Products

sample conversion (%) lignin oil yield” (%)
no IL 2.12 0.74
2% [C,C,Im][ QAc] 11.72 0.84
1% [Ch][Lys] 17.24 128
10% [DEA][HSO,] 21.66 0.74

“Fractions extracted using ethyl acetate.

identifiable monomer yield (% of starting lignin)

guaiacol vanillin syringaldehyde acetovanillone total
0.000 0.102 0.059 0.046 0.207
0.000 0.115 0.068 0.054 0.237
0.054 0.186 0.124 0.098 0.462
0.018 0.145 0.081 0.068 0.312

mode with sodium hydroxide as a pH modifier were
performed. The infusion mass spectra were dominated by
three ion peaks with m/z values much greater than those for
the starting GGE dimer. High-resolution, accurate mass spectra
and tandem MS allowed the probable identity of these species
to be defined. The ion peak at m/z 637.1919 was consistent
with the coupling of two GGE dimers (GGE dimer MW 320 g
mol™') with the proposed structure shown in Figure S2a
(calculated m/z 637.1927, observed m/z 637.1918, error
1.3037 ppm). The ion peak at m/z 953.3242 was consistent
with the coupling of three GGE dimers with the proposed
structure shown in Figure S2b (calculated m/z 953.3237,
observed m/z 953.3241, error 0.3765 ppm). Finally, the ion
peak at m/z 1073.3454 was consistent with the addition of a G
monomer unit to the three GGE oligomers (m/z 953.3242)
with the proposed structure shown in Figure S2c (calculated
m/z 1073.3449, observed m/z 1073.3448, error —0.0172
ppm).

Previous studies have shown that laccases facilitate both the
depolymerization and polymerization of lignin model com-
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pounds. LC—MS analysis of extracted products formed during
guaiacylic and syringilic lignin model compound oxidation by
Melanocarpus albomyces and Trametes hirsuta laccases showed
that GGE homodimerized to form a single product via a 5—5’
coupling mechanism, which is identical to that shown in Figure
S2a.”” ABTS was also found to participate in the polymer-
ization of a f-O-4" lignin model dimer and guaiacol when
treated with T. hirsuta laccase, although the structures of the
products formed during the reaction were not identified.*’
Neither of these studies investigated the role of ILs during
polymerization of lignin model compounds. We have shown
that the presence of ABTS and, possibly the ILs, facilitates the
polymerization of GGE into structures larger than the single
GGE homodimer reported previously.”” Additionally, the
molecular weight distributions of the reaction products suggest
that the presence of ILs promotes the formation of low-
molecular weight compounds during model compound
polymerization /depolymerization.

Depolymerization of Alkaline Lignin. To further
investigate the utility of TvL—AIL systems, we tested their

DOI: 10.1021 /acssuschemeng 9b02151
ACS Sustainable Chem. Eng. 2019, 7, 15928-15938


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02151/suppl_file/sc9b02151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02151/suppl_file/sc9b02151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02151/suppl_file/sc9b02151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02151/suppl_file/sc9b02151_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b02151/suppl_file/sc9b02151_si_001.pdf
http://dx.doi.org/10.1021/acssuschemeng.9b02151

ACS Sustainable Chemistry & Engineering

Research Article

ability to depolymerize commercial alkaline lignin with the
same reactors used for other studies. In comparison to a
control lacking IL (2.12% conversion based on the mass of
residual solids), higher lignin conversions were achieved for
TvL catalysis of alkaline lignin in AIL systems (Table 3). The
highest conversion was obtained with TvL in 10% [DEA]-
[HSO,] (21.66%), followed by TvL in 1% [Ch][Lys]
(17.24%) and TvL in 2% [C,C,Im][OAc] (11.72%). However,
1% [Ch][Lys] resulted in the highest yield of oil (1.28%) as
compared to 2% [C,C,Im][OAc] (0.84%) and 10% [DEA]-
[HSO,] (0.74%). Analysis of extracted products with GC—MS
revealed vanillin to be the primary degradation product
(consisting 55—70% of the quantifiable monomers), followed
by syringaldehyde, acetovanillone, and guaiacol (Figure S).

Te+6
— NolL
—— 2% [C2C4Im][OAc] )
8e+5 1 —— 1% [Ch][Lys]
—— 10% [DEA][HSO4]
1 3 5 6
2 6e+5
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Figure 5. GC—MS chromatograms of alkaline lignin breakdown
products after treatment with laccase, AlLs, and ABTS. Major
products identified were (1) guaiacol, (2) vanillin, (3) acetovanillone,
(4) homovanillic acid, (5) syringaldehyde, and (6) acetosyringone.

The discrepancy between lignin conversion and oil yield,
which was particularly marked for [DEA][HSO,] (21.66%
conversion vs 0.74% oil yield), could be attributed to less
extractable oligomeric compounds formed by the laccase,
similar to the condensation of the GGE model compound,
which cannot be detected by GC—MS.

GPC results revealed that all treatments led to a small
increase in average molecular weight when compared to
untreated alkaline lignin (Table 4). Additionally, the PDI
decreased for all treatments when compared to untreated
alkaline lignin. Treatment of alkaline lignin with laccase and 1-
hydroxybenzotriazole (HBT), another mediator, resulted in a
reduced PDI and increased molecular weight*’ GPC of
supernatants revealed the presence of higher molecular weight
solids in treatments with ILs compared to treatment without
IL. These results indicate that the laccase—AIL system could
facilitate both depolymerization of lignin to a low molecular

weight fraction as well as larger products resulting from
subsequent polymerization. This polymerization could be
limited by a capping agent such as phenol, which has been
used to improve monomer yields from organosolv olive tree
pruning lig_;nin,a'}2 although the amount of phenol required is
quite high (2:1 phenol/lignin). The results with the model
compound suggest that some AILs could act as biocompatible
capping agents, although this possibility will need to be
investigated further in a separate study.

The chemical and structural properties of the resulting lignin
stream were further characterized using FTIR, DSC, and 2D
HSQC NMR. Analysis of FTIR spectra indicated minimal
differences between untreated and treated lignin samples
(Figure S3a). The only difference can be seen is in the peak at
1110 cm™. This peak corresponds to the aromatic C—H plane
deformation in S-lignin and is reduced for treated lignin
samples when compared to untreated alkaline lignin, which is
consistent with the identification of derivatives of S-lignin with
GC—MS. The bands at 1220 cm™' corresponding to C—C, C—
O, and C=C stretching in G-lignin were unchanged for
treated lignin when compared to untreated alkaline lignin.
Preferential breakdown of S-lignin has been observed before
via oxidation of alkaline lignin using transition-metal catalysts,
so its possible that the biocatalyst follows the same trend.’”*>
Thermal profiles as shown by DSC are similar for all samples
of untreated and treated alkaline lignin (Figure S3b).
Exothermic and endothermic regions are indicated by positive
and negative values of Hj, respectively. An exothermic region
between 50 and 100 °C was observed for all samples. Similarly,
an endothermic region between 400 and 450 °C was observed
for all samples. The mild reaction conditions, relatively low
temperature, and low IL concentrations did not appear to
result in any significant changes to the lignin structure.

2D HSQC NMR spectra show a small amount of S-lignin in
the starting material, however, there does not appear to be a
substantial reduction in these peaks after processing, suggesting
that only a small portion of the starting material was solubilized
during processing (Figure 6). There appears to be shifts in the
ratios of $-O-4" and f—f' linkages in alkaline lignin after
treatment, but these changes are not above experimental
variation. The most substantial changes were the relative ratios
of $-O-4" and f—p' linkages in the alkaline lignin treated with
laccase and ABTS (KLA), whereas alkaline lignin treated with
laccase and ABTS in [C,C,Im][OAc] (EKLA) saw relatively
minor changes in the HSQC. f-O-4’ linkages in alkaline lignin
treated without any AlILs present were reduced from 54 to
41%. Alkaline lignin treated with aqueous [C,C,Im][OAc] in
addition to laccase and ABTS resulted in increased f-O-4'
(54% — 56%) and reduced f—p' (29% — 26%) linkages.
Previously, Li et al,, reported that the water-insoluble fraction
of alkaline lignin after treatment with laccase and the mediator

Table 4. Processed Lignin Molecular Weight Distribution and Polydispersity of Lignin Streams®

solid phase liquid phase
sample M, (g mol™) M, (g mol™") PDI M, (g mol™) M, (g mol™") PDI
alkaline lignin 5677 1974 2.88 N/A N/A N/A
no IL 5457 2470 2.21 693 450 1.54
2% [C,C,Im][OAc] 5358 2482 2.16 709 542 1.31
1% [Ch][Lys] 5772 2454 2.35 654 535 1.22
10% [DEA][HSO,] 6170 2068 2.98 667 526 1.27

“M,: weight average molecular weight; M,: number average molecular weight; PDIL: polydispersity index; N/A: not applicable.
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Figure 6. *C—"H (HSQC) spectra of aliphatic (top) and aromatic (bottom) regions of (a) raw alkaline lignin (KL), (b) alkaline lignin treated
with laccase and ABTS in buffer (KLA), and (c) alkaline lignin treated with laccase and ABTS in 2% [C,C,Im][OAc] (EKLA). Figure S6 in the
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three. Volume integrations are intended to be only semiquantitative due to problems inherent to HSQC experiments including a wide array of

potential YJ_y; values and rates of T, relaxation.*’

HBT had increased the $-O-4' (61.5% — 68.5%) and reduced
p—p' (5.8% — 5.7%) content compared to the starting
material, suggesting the presence of less branched lignin
structure when compared to the starting material.*’

It is possible that there are IL-specific effects that altered the
changes in linkage ratios seen after treatment with laccase and
ABTS. The relative content of ether bond was based on NMR
analysis of the residual solids rather than the liquid products.
Results suggest that the relative ether bond content stayed
unchanged or slightly increased in the residual solids. The
relatively small increase in ether bonds from KLA to EKLA is
likely negligible, however, it is possible that dehydrogenation
reactions of the f—f linkages rendered a small amount of these
linkages without C—H groups at the C,—H and C;—H
positions causing a small increase in the $-O-4 content. A
similar phenomenon has been observed when kraft lignin was
treated with TvL and 1-hydroxybenzotriazole hydrate (HBT),
which is another mediator.*’ The insoluble lignin fraction in
the study had a higher ether bond content than the starting
material. It is also noted that these numbers should not be
over-interpreted as HSQC NMR is a semi-quantitative method
(because of variations in T, relaxations and 'Jo_y constants)
for quantifying the linkages in their relative ratios. It is
surprising that S-lignin was identified in the raw and treated
kraft lignin samples. We encountered the similar problem in
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our previous work’® where a small quantity of S-lignin was
observed in the original Sigma-Aldrich alkaline lignin.
Although the majority of the lignin is likely softwood, it is
possible that the lignin streams used for the Sigma-Aldrich
kraft lignin are made of a small amount of other species (e.g.,
hardwood).

The source of the lignin itself could play a role in the
depolymerization because the alkaline (kraft) lignin has been
reported to be heterogeneous and condensed.** To fully
understand these effects, a less recalcitrant lignin source may
be tested as the commercial alkaline/kraft lignin tends to be
more condensed (more C—C bonds) than the native lignin in
plants.*> Because of the intrinsic complexity of real lignin
(alkaline lignin in this study) and the limitations of current
lignin analytical approaches, many of the proposed lignin
transformation mechanisms are based on lignin model
compounds such as monolignols and GGE dimmer. In this
work, we were able to identify the major products in the GGE
experiment using LC—MS and propose possible reaction
pathways. The lignin transformation mechanism with the GGE
dimmer could be partially transferable to the alkaline lignin
substrate; however, to fully reveal the alkaline lignin trans-
formation mechanism is still very challenging based on current
lignin analytical techniques.
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Summarizing the results of GGE dimer and alkaline lignin
depolymerization, it was found that TvL in aqueous
[C,C,Im][OAc] and [Ch][Lys] require the presence of the
mediator ABTS to process the -O-4’ lignin model compound.
Alternatively, TvL in [DEA][HSO,] does not require ABTS to
process with the compound. GPC and LC—MS analysis of the
reaction products indicates that GGE was initially polymerized
into dimers, trimers, and oligomers of the model compound.
As the reaction proceeded, the ILs limited this polymerization
and appeared to promote the formation of small-molecular
weight products. TvL in AIL promoted both the depolymeriza-
tion and polymerization of the alkaline lignin, and the
improved monomer yield could be attributed to the cleavage
of the f-O-4' linkages. Obtaining high lignin monomer yield is
important from lignin valorization standpoint. As the main
focus of our study is to understand the interactions among
lignolytic enzymes, lignin, and IL solvents, we were not set to
optimize lignin depolymerization; indeed, we picked relatively
mild reaction conditions to better probe the initial stage of the
reaction and catch the product profile. Further optimizing the
reaction conditions would likely improve the yield of aromatic
monomers from enzymatic lignin depolymerization. Native
plant lignin can be used as a substrate in future studies, in place
of the highly condensed kraft lignin used in this study.
Additionally, other laccases or laccase-engineering strategies
can be employed to develop a biocatalyst with resistance to
higher IL concentrations or operating temperatures,

B CONCLUSIONS

This study provides insight into the interactions between TvL
and AlLs. The effects of three AILs with distinct properties on
TvL activity, inhibition mechanism, and oxidative capability
were investigated. Results indicate that [DEA][HSO,] did not
impede the ability of TvL to oxidize ABTS, whereas
[C,CiIm][OAc] and [Ch][Lys] were inhibitory at all but
the lowest concentrations. Enzyme kinetics and docking
simulations suggest that [C,C,Im][OAc] and [Ch][Lys] may
bind at the entrance to the active site to interfere with
substrate interaction and catalysis, whereas [DEA][HSO,]
likely does not. Both depolymerized and polymerized products
were observed when the TvL enzyme was applied to a model
GGE dimer and alkaline lignin in AILs. The reaction
conditions still need to be optimized by using different lignins
and thermophilic laccases with better resistance to AIL
inhibition and higher temperatures. Collectively, this study
provides a better understanding of the interactions between a
fungal laccase and AILs and serves as a foundation for
developing lignin valorization via biocatalysis in AlLs.
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