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Abstract

Lignin degradation and valorization is one of the major challenges in biorefinery. A
potential green tool for lignin degradation or modification is the use of laccase/mediator
systems (LMS). Treatment of lignin with LMS results in lignin radicals, which may react
further via multiple pathways, resulting in lignin degradation, modification or
polymerization. The overall outcome of LMS treatments of lignin is, currently, hard to
predict, as the reactions of lignin induced by LMS treatments are insufficiently
understood. In this thesis, we investigated the reactivity of lignin upon laccase and LMS
treatments by using various lignin model compounds as well as lignocellulose and lignin
isolates as substrates. We demonstrated that the balance between degradation,
Cq-oxidation and polymerization of lignin is dependent on multiple factors, such as the
choice of mediator and the initial structure of the lignin substrate. In addition, we
revealed that buffer properties play a key role in the balance between Cq-oxidation and
degradation of lignin structures by a laccase/hydroxybenzotriazole (HBT) system, and
that altering buffer properties allows to enhance bond cleavage of a lignin structure by
>1 order of magnitude. Laccase/HBT treatment of wheat straw and corn stover was
shown to result in up to 51% delignification of the biomass. Based on the insights
obtained from the model compound studies, and by using a combination of HSQC NMR
spectroscopy and py-GC-MS, we showed, for the first time, that the laccase/HBT system
degrades lignin via cleavage of Cg-O, O-4' and Cq-Cg bonds. Overall, by studying the
reactivity of various lignin substructures, this thesis provided in-depth insights into the
reactivity of lignin upon laccase and LMS treatments.
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General introduction




Chapter 1

1.1 Relevance of this research

With increasing concerns about global warming and the depletion of fossil resources,
worldwide measures are taken to promote the transition from a fossil-based to a biobased
economy. One of the strategies to contribute to this transition is the use of lignocellulosic
biomass for the production of biofuels, biochemicals and biomaterials. A key step in this
process is the selective degradation and removal of lignin, the most recalcitrant
constituent of lignocellulose. It has been shown that lignin degradation and its removal
from lignocellulose facilitates microbial and enzymatic saccharification of the
polysaccharides present in lignocellulose.'-3 This, eventually, results in a more efficient
production of biofuels or biochemicals. An additional area of importance is the valorization
of technical lignins, which are structurally modified lignins, currently of low value,
produced at a scale of >1 Mtonne per year as by-product in the pulp and paper industry.*
Various chemical and physical strategies have been developed for lignin degradation and
modification, but most of these require harsh conditions. As an alternative and
sustainable approach, enzymatic lignin degradation and modification are receiving
increasing attention. In this respect, laccases are considered highly relevant oxidative
enzymes produced by many lignin-degrading micro-organisms. To boost their oxidative
capacity, laccases are often combined with so-called mediators, to form a
laccase/mediator system (LMS). Laccase and LMS have been shown to be promising tools
for both delignification of lignocellulosic biomass, and for valorization of technical lignins.
Nevertheless, the mechanisms behind laccase and LMS-based lignin conversions are
poorly understood, which hampers further optimization. Therefore, the main aim of this
thesis is to enhance the understanding of laccase and LMS-catalyzed lignin conversion at
the molecular level.

1.2 Lignocellulose

Lignocellulose is a complex architecture of cellulose, hemicellulose and lignin, occurring
in both woody and herbaceous plants, mainly in the secondary cell wall.> These three
constituents form a rigid three-dimensional network, providing strength to the plant (see
Fig. 1.1). The relative abundance of cellulose, hemicellulose and lignin are, amongst
other factors, strongly dependent on the botanical origin (Table 1.1).

Table 1.1 Relative abundance of cellulose, hemicellulose and lignin in softwood, hardwood and
grasses (w/w % based on dry matter).®

Source Cellulose (%) Hemicellulose (%) Lignin (%)
Softwood 45-50 25-35 25-35
Hardwood 40-55 24-40 18-25
Grasses 25-40 35-50 10-30

Cellulose is a polysaccharide consisting exclusively of B-(1—4)-linked glucosyl units, with
a degree of polymerization (DP) of up to 10,000, depending on the source.” It is
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assembled into partly crystalline fibers, mainly held together by hydrogen bonds.”-°
Hemicellulose is a collective name for a variety of heterogeneous and branched
polysaccharides, such as arabinoxylans and glucomannans. The composition of the
hemicellulose fraction is strongly dependent on the botanical origin of the lignocellulosic
biomass. In contrast to cellulose, hemicelluloses have a relatively low DP (generally 50-
300), and are generally amorphous.1%!! The hemicelluloses are associated with the
cellulose fibers via hydrogen bonding.12:13

— v—.—o—o’—:oa Hemicellulose

/ o-e-o oo

Cellulose

o000

epesspdes

Fig. 1.1 Schematic representation of lignocellulose as present in secondary plant cell walls, based
on Loqué et al.**

The third and, arguably, most complex constituent of lignocellulose is lignin, a
heterogeneous aromatic polymer. It is associated with both cellulose and hemicellulose
via non-covalent (mainly electrostatic) interactions and with hemicellulose via covalent
linkages (see section 1.3).1%:16

1.3 The structure of lignin

1.3.1 Lignin biosynthesis and the structure of native lignin

The primary precursors of lignin are the phenylpropanoids sinapyl alcohol, coniferyl
alcohol and p-coumaryl alcohol (Fig. 1.2). During lignin biosynthesis, these monomers
are oxidized to radicals by peroxidases and/or laccases, after which they undergo endwise
oxidative coupling to form a lignin polymer. Oxidation of the polymer chain end occurs,
most likely, not directly by peroxidases or laccases, but via radical transfer between the
polymer and small, freely diffusible phenoxyl radicals.”:18 Once the sinapyl, coniferyl and
p-coumaryl alcohol building blocks are incorporated into the polymer, they are referred
to as syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) subunits, respectively.!8:1°

The relative abundance of S, G and H units in lignin differs largely between plant types.
With some exceptions, softwood lignin essentially only contains G units, and low amounts
of H units, whereas hardwood lignin is composed of both S and G units and traces of H
units.181% Grass lignin contain S, G and H units, although the relative abundance of H
units is rarely above 5%.1°
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Fig. 1.2 Molecular structures of the three monolignols, the main precursors of lignin. Once
incorporated in the lignin polymer, these monolignols form syringyl (S), guaiacyl (G) and p-
hydroxyphenyl (H) subunits.

Upon radical coupling of monolignols to the growing polymer, a variety of C-O and C-C
linkages are formed, most often involving the Cg atom of the monolignol. In all native
lignins, the B-aryl ether (B-O-4’ linkage) is the most abundant interunit linkage. In
addition, most lignins contain considerable amounts of phenylcoumaran (3-5’) and resinol
(B-B’) linkages. A schematic example of the lignin polymerization process, including
formation of these three interunit linkages linkages, is shown in Fig. 1.3.

The type of interunit linkage formed upon radical coupling is directly influenced by the
structure (i.e. S/G/H) of the radicals involved. For instance, as the formation of B-5
linkages requires a free (i.e. not methoxylated) Cs atom, such bonds cannot be formed
upon coupling to an S-type aromatic ring (see reaction 1 in Fig. 1.3). Consequently, the
highest content of phenylcoumaran linkages is generally found in softwood lignins, in
which S units are absent (Table 1.2). Furthermore, resinol formation requires two free
Cp atoms, thus, each linear lignin chain can only have one resinol linkage.

Table 1.2 Relative abundance of lignin interunit linkages found in lignin from softwood, hardwood
and grasses. Values are based on literature.'2¢ N.D. = No data.

Linkage Relative abundance (%)
Softwood Hardwood Grasses
B-aryl ether (B-0-4") 45-50 60-89 74-84
Phenylcoumaran (B-5") 9-12 2-11 5-15
Resinol (B-B") 2-6 3-14 1-7
Tetrahydrofuran (B-p’)® N.D. N.D. <5
Dibenzodioxocin 5-7 <2 <3
(5-5'/a-0-4'/B-04")
Diaryl ether (4-0-5") ~2 ~2 N.D.
Spirodienone (B-1'/a-0-a’) 1-9 1-7 2-3

@ Present in (highly) Cy-acylated lignins. After B-B’ coupling (step I in Fig. 1.3), a water molecule is
inserted to enable rearomatization, as Cy-acylation prevents intramolecular rearomatization (step II
in Fig. 1.3).
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Fig. 1.3 Overview of the formation of phenylcoumaran (B-5"), B-aryl ether (8-0-4") and resinol (B-
B") linkages during lignin biosynthesis. Chiral centers are indicated with a yellow asterisk. Note that
reaction 1 cannot occur in case the polymer chain end (in red) is an S unit, and that resinol formation
requires two free Cp atoms, limiting their incorporation in a linear lignin chain.
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In addition to the three regular subunits, other substructures have been identified in
lignin, the most important ones being:

e Tricin: a flavone that can be found in grass lignins, located at the end of the polymer.
It is suggested to function as a starting point for lignin polymerization.1%27

e Ferulate: with a free carboxyl group or esterified to arabinoxylans, can be integrally
incorporated in grass lignin, via the same coupling reactions as the monolignols
discussed above.8:28 Arabinoxylan-bound ferulate groups have also been suggested
to function as nucleation sites for lignification of plant cell walls.2® In any case, the
incorporation of hemicellulose-ferulate esters into the lignin polymer results in cross-
linking between hemicellulose and lignin, presumably increasing the recalcitrance
towards degradation.?8

e  p-Coumarate: occurs in grass lignin, acylating the C,-position, mainly of S units.? In
contrast to ferulate, the p-coumarate groups are not prone to oxidative coupling,
and occur largely as free pendant groups. 1928

e p-Hydroxybenzoate: occurs in several hardwood lignins (i.e. those from palms,
aspen, willow and poplar).!® Similar to p-coumarate groups in grasses, the p-
hydroxybenzoate groups largely occur as free-phenolic pendant groups.1:28

e Acetate: Occurs in both grass lignins and several hardwood lignins, acylating the C,-
position.

Example structures of lignin from grasses, hardwood and softwood, showing the subunits
and interunit linkages discussed above, are shown in Fig. 1.4.

There are strong indications that the lignin polymers in lignocellulose are covalently
coupled to hemicellulose via both ether and ester bonds. Although several structures of
such linkages have been suggested, due to analytical challenges, only few unequivocal
identifications have been reported.!6?° The exact structures of these linkages are not
further discussed here, as this is considered out of scope in this research.

1.3.2 Production and structure of technical lignins

In biorefineries and in pulp and paper industry, pre-treatment processes are required to
separate the constituents of lignocellulosic biomass. This, eventually, enables further
processing of the different components to value-added products, such as biofuels,
biochemicals or paper.3° Typically, such pre-treatment processes are optimized for the
valorization of the polysaccharides. Although lignin can be separated with high vyield, its
structure is severely modified.3%3! Several pre-treatment techniques are being used,
which all result in lignin fractions of different purity and structure. At commercial scale,
the largest scale pre-treatment processes are kraft pulping and sulfite pulping.* During
kraft pulping, lignocellulose (generally from wood) is heated (150-180 °C) in a solution
of sodium sulfide under alkaline conditions.3? The resulting kraft lignin is a highly
polydisperse mixture of branched oligomers and polymers.33The abundance of ‘regular’
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Fig. 1.4 Example structures representing native lignin from grasses (A), hardwood (B) and softwood
(C), based on Ralph et al.*® Although efforts have been done to represent the individual subunits
and linkages at levels that correspond to reported values in literature, a perfect representation is
not possible in a model structure comprising only 16-17 subunits.
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interunit linkages (i.e. those shown in Table 1.2 and Fig. 1.4) is highly reduced, whereas
biphenyl and diaryl ether linkages are formed instead.33

Sulfite pulping can be performed at a wide pH range, and entails treatment of
lignocellulosic biomass with a concentrated solution of (bi)sulfite at 130-160 °C. During
this process, a-hydroxyl groups of lignin are substituted by sulfonate groups, resulting in
water-soluble lignosulfonate as a by-product. Many of the original lignin substructures
remain intact, although also in this process ether cleavage and (re)condensation reactions
occur.3435 The more condensed structure of technical lignins increases their recalcitrance
and hampers valorization. Consequently, the commercial valorization of technical lignin
is very low (only 2% in 2010)36, and essentially limited to the use of lignosulfonates as
e.g. emulsifiers and binding agents.!!

1.4 Enzymatic lignin degradation and modification

The degradation of lignin in nature occurs mainly, and most effectively, by white-rot
fungi.3”-3° To achieve this, white-rot fungi excrete various oxidative enzymes: lignin
peroxidases (LiP, EC 1.11.1.14), manganese peroxidases (MnP, EC 1.11.1.13 ), versatile
peroxidases (VP, EC 1.11.1.16) and laccases (EC 1.10.3.2).37:3840 In addition, several
accessory enzymes, such as aryl alcohol oxidases and glucose oxidases, are produced to
generate hydrogen peroxide, fueling the ligninolytic peroxidases.3”4! In terms of redox
potentials, LiP and VP are the most powerful ligninolytic enzymes. 38 However, their large
scale production (via heterologous expression) is very challenging.#? In addition,
peroxidases are prone to inactivation by hydrogen peroxide, which is at the same time
required as co-substrate.®® As these drawbacks are essentially absent for laccase, this
enzyme is of high interest for lignin degradation and modification at industrial scale. 443

1.5 Laccase and laccase/mediator systems (LMS)

1.5.1 Laccase structure and activity

Laccases are multi-copper oxidases that can oxidize a wide variety of substrates, mainly
aromatic structures. They can be found in fungi, as well as in bacteria, plants and
insects,** although the most powerful laccases are produced by white-rot fungi.*>46
Fungal laccases generally have a molecular mass of 50-100 kDa and can be heavily
glycosylated.*4” In one catalytic cycle, the enzyme performs four one-electron substrate
oxidations, coinciding with the reduction of molecular oxygen to water (Fig. 1.5).

R R .
0, 2H,0 Further reactions
\ /4 (non-enzymatic)
4 > 4 >
Laccase
OH O.

Fig. 1.5 Schematic representation of the catalytic activity of a laccase on a phenolic substrate.
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The active site of laccases contains four copper atoms, which are classified as Type I,
Type II and Type III, based on their spectroscopic and paramagnetic properties.*® These
four copper atoms are bound to three redox sites: T1, T2 and T3 (Fig. 1.6). A Type I
copper is bound as a mononuclear cluster at T1. The T2 (mononuclear) and T3 (binuclear)
sites, together form a trinuclear cluster. At T1, the oxidation of the substrate takes place.
It is also responsible for the beautiful blue color of the enzyme, due to its strong
absorbance around 600 nm.*849 After each (one-electron) oxidation of a substrate, the
substrate diffuses away from the active site, after which a new substrate can bind. The
abstracted electron is transferred from the T1 copper, via a conserved His-Cys-His triad,
to the trinuclear T2-T3 cluster, where O is reduced to water (Fig. 1.6).48:30

Fully reduced state Peroxy intermediate Native intermediate
A H OH B H oH C H ?
| I

- @ B -
® @, 0.0 0
N e i\7
(@) (@)

A
2 H20 ‘\ 3 similar substrate

oxidation cycles R

T1

\ |
@ C
|

H
(0) (0)
T3 == e shuttling to . - ‘
\O/ T2/T3 cluster \O/

T substrate oxidation by T1 Cu

\
: c

Fig. 1.6 Schematic representation of the active site of laccases and its operational mechanism,
based on Solomon et al.>> Upon binding of O, the four copper atoms are oxidized (A-C). A substrate
is then bound close to the T1 copper, which abstracts an electron from the substrate (C-D). The
abstracted electron is transferred to the trinuclear T2/T3 cluster (D-E), after which an additional
substrate can be oxidized by the T1 copper. This cycle continues until all four copper atoms are
reduced, i.e. after oxidation of four substrates (E-A), after which the same cascade of reactions
starts over again. It should be noted that the exact state and configuration of the oxygen atoms in
E depends on the oxidation state of the enzyme. For simplicity, the same configuration is shown as
in the native intermediate (C).
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Although the redox potentials of fungal laccases are high compared to plant and bacterial
laccases, they do not exceed 800 mV vs. normal hydrogen electrode (NHE).46:48,51
Consequently, their substrate range is limited to substrates with relatively low redox
potentials, generally below 1000 mV vs. NHE. 485! With respect to lignin, this means that
laccase are only powerful enough to oxidize the phenolic (and not the non-phenolic)
substructures of the polymer, as only phenolic substructures have sufficiently low redox
potentials. Therefore, it was long believed that laccase only plays a minor role in lignin
degradation in nature. In 1990, however, Bourbonnais et al. showed that, in the presence
of a suitable ‘mediator’, laccase could oxidize lignin-like structures with redox potentials
well above 1000 mV vs. NHE (see section 1.5.2).52 This discovery also resulted in a
renewed interest in laccase for biotechnological applications, such as lignin degradation
and modification.>3

1.5.2 Laccase/mediator systems

Laccases can be combined with a so-called mediator to enable oxidation of high-redox
potential substrates that are recalcitrant to the activity of laccase alone.”23 In such a
laccase/mediator system (LMS), the mediator is first oxidized by laccase, after which it
diffuses away from the active site and oxidizes the substrate (i.e. the compound to be
oxidized) (Fig. 1.7). An ideal mediator is a good laccase substrate that is stable in both
oxidized and reduced form and does not inhibit the laccase activity.>3 This way, the LMS
can perform multiple cycles, without significant loss of activity. In addition to redox
issues, the addition of a mediator can also overcome steric issues related to the oxidation
of substrates,>* which is, obviously, of interest for oxidation of lignin in a complex
lignocellulose matrix.

0O, Laccase Mediatory Substrate

2 H,0 Laccaseqy Mediator Substrate

Fig. 1.7 Schematic representation of the principle of a laccase/mediator system (LMS). It should
be noted that in the context of a LMS, the term ‘substrate’ is used for the to-be-oxidized compound,
even though the mediator is the actual substrate of the enzyme.

Only a limited number of compounds meet these criteria, and can therefore be regarded
as ‘true’ mediators. Among them are several transition metal complexes and a few organic
compounds, such as 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO). The high costs and insufficient
environmental safety of the transition metal complexes limit their applicability in
industry.>® Although less stable in oxidized form, several N-OH containing compounds,

10
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such as 1-hydroxybenzotriazole (HBT) and A-hydroxyphthalimide (HPI), have been shown
to be very effective mediators as well (Fig. 1.8).

Q o Ijﬂ @ ©§<

|
o
ABTS TEMPO

Fig. 1.8 Molecular structures of the most widely used organic laccase mediators.

The exact mechanism by which the mediator oxidizes the substrate is dependent on the
type of mediator used. In the case of ABTS, first a rapid enzymatic oxidation of ABTS to
its radical cation (ABTS'*) occurs, after which it is slowly converted to the dication
(ABTS?*). It has been proposed that ABTS?*, which has a high redox potential (1100 mV
vs. NHE)>® can subsequently oxidize non-phenolic compounds via direct electron transfer
(ET) (Fig. 1.9A).%6>7 Nevertheless, due to the limited stability of ABTS?* under mild
conditions, which are required for laccase activity, the exact structure of the mediatoroy
species (see Fig. 1.7) has been questioned.>8 Via ET, the substrate is oxidized to a radical
cation, which then reacts further non-enzymatically (see section 1.6).

The N-OH type mediators are proposed to operate via hydrogen atom transfer (HAT).
After oxidation by laccase to aminoxyl radicals, they abstract a radical hydrogen atom
from the benzylic carbon of non-phenolic lignin structures. Thereby, the aminoxyl radicals
are reduced to their original form (Fig. 1.9B). The non-phenolic benzylic radicals that
are formed undergo subsequent non-enzymatic reactions, of which the final outcome is
dependent on the exact structure of the substrate (see section 1.6).

For TEMPO, an ionic mechanism has been proposed. First, laccase oxidizes TEMPO to an
oxoammonium ion (step 1 in Fig. 1.9C). The latter species can, subsequently, be
attacked by a hydroxyl group of the substrate (step 2), after which heterolytic cleavage
of the formed N-O bond yields an oxidized substrate (bearing a carbonyl group), and the
hydroxylamine form of TEMPO (step 3). The latter is then oxidized by laccase to form
back the original (radical) form of TEMPO (step 4). As the key step of the TEMPO-
catalyzed mechanism involves a nucleophilic attack by a hydroxyl group, rather than
oxidation to a radical or radical cation, it is not selective for lignin structures, and also
oxidizes carbohydrates.>:60

In addition to the (synthetic) mediators described above, several natural phenolic
compounds have been reported to show mediator activity, including small lignin related
molecules like syringaldehyde, acetosyringone and methyl syringate.®-63 The oxidation
mechanism of such phenolic mediators is generally assumed to be HAT, similar to N-OH
type mediators. This has, however, only been proven for hydroquinone and phenol red,%*
which are not related to lignin. As small phenolic compounds may be present during lignin
degradation in nature, it has been proposed that such compounds act as laccase

11
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mediators during fungal lignin biodegradation.*%:65 In addition, 3-hydroxyanthranilic acid
(3-HAA), a phenolic fungal metabolite, has been shown to act as a mediator, implying
that fungi may also actively excrete laccase mediators during lignin biodegradation.®®
Nevertheless, degradation of a lignin model by laccase/3-HAA has only been
demonstrated by using a Cq-oxidized lignin model as substrate, and other authors have
shown that 3-HAA-deficient mutant fungi degraded lignin equally efficient as the wild
type fungus.®® Thus, hitherto, a direct involvement of LMS in fungal lignin degradation in
nature has not been unequivocally proven.#

Iaccase

ABTSOX ABTSred

A further reactions
—_——

OCH; OCH;

Iaccase

Med- NO Med-NOH

B E f further reactions

OCHj
OCHg
[} £
52 e
\C N SSe
1 | 4
Q
+
+ N =
H I
HO. R o OH © R
HA~
+ .
2 ‘B3
C — —
OCH, OCHg3 OCH3
OR OR

Fig. 1.9 Proposed mechanisms for oxidation of non-phenolic lignin-related compounds by different
types of mediators: ET mechanism for ABTS (A), HAT mechanism for N-OH type mediators (B), and
ionic mechanism for TEMPO (C).%” R and R’ refer to lignin polymer chains.

12



General introduction

1.6 Conversion of lignin by laccase and LMS:
insights from lignin model compound studies

1.6.1 The use of model compounds in reactivity studies

To study the reactivity of lignin in laccase and LMS treatments, often, low-molecular-
weight lignin model compounds are used. The use of model compounds has two major
benefits over the use of polymeric lignin or lignocellulosic biomass: i) Model compounds
are, in contrast to polymeric lignin, readily soluble in water and many organic solvents,
facilitating chromatography-based analysis (e.g. LC-MS and GC-MS), and ii) their well-
defined structure enables detailed study of reactions and underlying mechanisms. An
obvious drawback is that a relatively simple model compound can never completely reflect
the complex and heterogeneous structure and reactivity of polymeric lignin. Nevertheless,
the reactivity of model compounds may give valuable insights into the reactivity of
polymeric lignin.

1.6.2 Reactions of lignin model compounds upon laccase and
LMS treatments

As described in section 1.5, oxidation of lignin by laccase or LMS results in radical species
(except for laccase/TEMPO), that react further via non-enzymatic routes (see Fig. 1.5
and Fig. 1.9). These follow-up reactions have been studied by using both phenolic and
non-phenolic model compounds, with structures reflecting S and/or G units of lignin.
Many of those studies, however, have only used monomeric model compounds, such as
vanillyl alcohol and veratryl alcohol.6%6%70 As such structures lack an interunit linkage,
they give poor insight into the reactivity of lignin. Several other studies have used dimeric
B-O0-4’-linked model compounds (see Fig. 1.10), and thereby provided more insight into
the reactions of lignin upon laccase and LMS treatment. An overview of the used dimeric
model compounds and the corresponding outcomes are shown in Fig. 1.10 and Table
1.3. The main outcomes reported are radical coupling, Cs-oxidation and/or bond
cleavage.

As can be observed from Table 1.3, radical coupling is commonly observed for phenolic
compounds, whereas it is not observed for non-phenolic models. The latter structures
primarily undergo Cq-oxidation and several types of bond cleavage reactions. In addition
to the phenolic/non-phenolic character of the model compound, also the S/G character
of the rings seems to influence their reactivity. For example, non-phenolic G-S models
seem to undergo bond cleavage more readily than their G-G analogues. It should be
noted that there are strong indications that laccase can also induce bond cleavage in
phenolic lignin structures, via cleavage of the Ci-C, bond (i.e. alkyl aryl cleavage).”*
Though, hitherto, this has not been proven for B-0-4' linked dimers.
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Dimeric lignin
model compound

Coding R,
Phenolic H
Non-phenolic  CH; or C,H,
Coding R, R,
G-G H H
G-S H OCH,
5-G OCH, H
Laccase
or LMS
HO_ Rs
HO. R
OR, O HO Rj HO. 3
H3CO. R OCH
’ 2N ’ 0. o O .0

i g

OCH; YR Z OCH, OCH, + OCH;
0. ORy
OH
R; OCHj Ry OCH;
Rs “~OH OR4 OR;
Radical coupling C,-oxidation Bond cleavage

Fig. 1.10 Structure of dimeric B-0-4' linked model compounds used in literature, along with their
coding used in Table 1.3, and observed reactions upon laccase and LMS incubations. For simplicity,
only Cg-O cleavage is shown, although also cleavage of other bonds have been reported. Note that,
although bond cleavage may also result in carbonyl formation at C,, the term Cq-oxidation is used
for carbonyl formation without cleavage of the interunit linkage.

Although not included in Table 1.3, also a few studies have been performed on dimeric
(a-5"and 5-5’ linked) models representing the structure of kraft lignin. Though presented
as ‘degradation’, these structures were found to undergo demethylation, hydroxylation
and side-chain oxidation, without cleavage of interunit bonds.”273 Hitherto, no studies
have been reported on the reactivity of dimeric (or oligomeric) lignosulfonate models.
Thus, insights into the reactivity of lignosulfonate are limited to a couple of studies on
lignosulfonate polymers (see section 1.7).
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Table 1.3 Overview of the reported reaction outcomes of incubations of dimeric, B-O-4" linked
model compounds with laccase or LMS. 3-HAA = 3-hydroxyanthranilic acid.

Substrate Laccase Mediator Buffer Result Ref
structure source
Phenolic model compounds
G-G M. albomyces None Oxidative coupling 74
& 7. hirsuta
G-G T. hirsuta A) None Acetate pH 4.5  A) Polymerization 73
B) ABTS + 10% (v/v) B) Co-polymerization
acetone of model/mediator
G-G T. versicolor None Acetate pH 5.2  Oxidative coupling 76
S-G M. albomyces None Cq-oxidation 74
& 7. hirsuta
Non-phenolic model compounds
G-G T. villosa HBT Acetate pH 4 Cq-oxidation 77
Co-Cp cleavage
04’ ether cleavage
G-G Not reported HBT or Citrate pH 4.5 Cq-oxidation 78
ABTS
G-G T. versicolor ABTS Acetate pH 4 Cq-oxidation 79
Co-Cp cleavage
G-G T. versicolor HBT Acetate pH 5 Cq-oxidation 80
G-G T. versicolor HBT or Acetate pH 5 Cq-oxidation 81
ABTS
G-G T. versicolor ABTS Acetate pH 5 Cq-oxidation 52
Gox-G? P. cinnabarinus ~ 3-HAA Tartrate pH 4 Degradation to 66
veratric acid and
guaiacol
G-S T. versicolor HBT Mcllvaine pH 4  Cq-oxidation 82
Co-Cp cleavage
Cp-O cleavage
04’ cleavage
Ring cleavage
G-Sox® T. versicolor HBT Acetate pH 4 Co-Cp cleavage 83
Cg-O cleavage
0-4' cleavage
G-S T. versicolor HBT Acetate pH 5 Cq-oxidation 80

Co-Cp cleavage
Cp-O cleavage
04’ cleavage
Ring cleavage

2 G-G type model with a Ce-oxidized interunit linkage. ® G-S type model with an aldehyde group at

Cr.
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1.7 Activity of laccase and LMS towards polymeric
lignin and lignocellulosic biomass

1.7.1 Challenges in analysis of polymeric lignin and
lignocellulose

In order to understand the reactivity of lignin in laccase or LMS treatments, analytical
methods are required for both quantification and structural characterization of lignin.

Quantification of lignin

At lab scale, quantification is generally performed gravimetrically by Klason lignin
determination, which is based on removal of polysaccharides by severe sulfuric acid
treatment. Recently, our lab introduced py-GC-MS, with 13C labelled lignin as internal
standard, as an alternative for lab-scale lignin quantification.8485 In pulp and paper
industry, the lignin content is estimated by determination of the Kappa number, which is
based on the oxidation of lignin by permanganate.8®

Structural characterization of lignin

For structural analysis of lignin, various techniques are used, of which 2D NMR
spectroscopy is the most important one. Especially HSQC experiments are commonly
performed, sometimes in combination with e.g. HMBC for confirmation purposes. 2D NMR
spectroscopy is the only technique that may provide in-depth insight into the structure
of lignin, without destructing the sample. Insights into the structure and abundance of
subunits (i.e. S, G, H, other) and interunit linkages are obtained.8” Nevertheless, even
with 2D NMR, monitoring structural changes in lignin is challenging. For instance,
formation of 5-5" bonds (during radical coupling) is difficult to prove, as such structural
motifs are not detectable in HSQC spectra. In addition, HSQC correlations of lignin may
overlap with those of proteins and carbohydrates, witch impedes reliable peak
integration.8”

Another widely used technique for structural characterization of lignin is py-GC-MS, which
involves pyrolytic deconstruction of biomass or lignin, followed by GC-MS analysis of the
released volatile components. Thereby, direct insights into the structure of lignin subunits
are obtained. Indirectly, some insights into the amount and type of interunit linkages can
be obtained, although this requires in-depth understanding of the pyrolytic degradation
reactions.888° Alternative and more selective degradation methods, such as thioacidolysis
or DFRC (Derivatization Followed by Reductive Cleavage)%°! can also be combined with
e.g. GC analysis to provide specific structural information, but these methods do not give
a complete insight into the structure of lignin.

Occasionally, Fourier-transform infrared spectroscopy (FTIR) is used to identify structural
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changes upon lignin treatment. This technique, however, may give insights into the
accumulation or decrease of specific functional groups, but does not provide detailed
structural information.*>

Lastly, size-exclusion-chromatography (SEC) can be used to provide insights into the
molecular weight of lignin. Nevertheless, this requires solubilization of the lignin, which
is difficult to achieve without modification of its structure. In addition, residual
polysaccharides may interfere with the analysis.%2

From the above it is clear that a complete mapping of the effect of laccase and LMS
treatments of lignin is challenging. A reasonably complete overview of the changes in
lignin quantity and structure requires a combination of multiple analytical techniques. In
addition, it should be stressed that most of the above-mentioned techniques have mainly
been used and tested on native lignin samples. Consequently, it remains unclear whether
they are equally suitable for analysis of (heavily) modified or degraded lignin.

1.7.2 Delignification of lignocellulosic biomass

Despite of the analytic challenges discussed above, a number of studies have been
performed on the effect of LMS treatments of lignocellulosic biomass, generally with the
main aim to delignify the biomass and to improve enzymatic saccharification of the
remaining polysaccharides. An overview of these studies, with their main outcomes is
shown in Table 1.4. As can be observed, in most of these studies, delignification and/or
improved saccharification were reported, indicating that LMS treatments are potential
tools for sustainable delignification. In addition, these studies did not focus on
understanding the mechanisms underlying lignin modification by LMS as lignin analysis
within the complex matrix of lignocellulose is a challenge (indicated below).

It should be noted that more studies on LMS treatments of lignocellulose have been
published, but in these studies, LMS treatments were combined with alkaline peroxide
treatments to improve delignification.62:93-97 As these studies do not provide insight into
the sole action of LMS, they are not displayed in Table 1.4.

Overall, it is clear that laccase, in combination with various mediators, can induce
delignification of lignocellulosic biomass, and that this results in improved enzymatic
saccharification of polysaccharides. Nevertheless, the underlying mechanisms are still
poorly understood, due to the following reasons:

e  Most studies focused on the lignin content and/or saccharification yield, and did not
include an in-depth structural characterization (e.g. by performing 2D NMR).

e  Studies that included (NMR-based) structural characterization often combined LMS
treatments with alkaline peroxide treatments. These studies did not distinguish
between the effects of both treatments.
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e Upon biomass delignification, part of the lignin is solubilized. The solubilized lignin
fraction is commonly not included in the analyses, even though its structure is likely
to be more altered, and more indicative for the underlying degradation mechanisms
than the insoluble residual lignin.

Table 1.4 Overview of the reported reaction outcomes of laccase and LMS treatments lignocellulosic
biomass, adapted from Munk et al.** TMAH = Tetramethylammonium hydroxide thermochemolysis;
Sac-As = Saccharification assay; TAL = Thioacidolysis; P = Polymerization; DP = Depolymerization;
MeS = Methyl syringate; Cqo-0x = Cq-oxidation; DL = Delignification; Sac = Saccharification yield.

Substrate Laccase Mediator Buffer Analyses Result Ref
source

Corn T. versicolor HBT Acetate TMAH-GC-MS, Sac- Sact 98
stover?® pH 4 As
Eucalyptus  P. cinnabarinus  HBT Tartrate Klason, 'H NMR, DP, 99
pulp pH 4 TAL-GC, TAL-SEC, DL,

py-GC-MS Ca-0x
Eucalyptus M. thermophila ~ MeS Phosphate Klason, 'H NMR, DP, 99
pulp pH 6 TAL-GC, TAL-SEC, DL,

py-GC-MS Ca-0x
Wheat P. cinnabarinus  HBT Tartrate Klason, Sac-As, DL, 100
straw pH 4 HSQC NMR Ca-0X,

Sact

Spruceb C. unicolor None Citrate pH 5  SEC, Sac-As P, Sact 101
Giant reed®  C. wnicolor None Citrate pH 5  SEC, Sac-As P, Sac| 101
Mixed A. fumigatus HBT Unbuffered Kappa no., FTIR DL 102
wood pulp pH 6

2 Ensiled. ® Steam pretreated.

1.7.3 Modification of technical lignins

Even though very few model compound studies have been published on the reactivity of
technical lignins, multiple studies have been performed with the aim to modify technical
lignins by using laccase or LMS and, thereby, improve their performance as e.g. binders
or adhesives.

In the case of kraft lignin, laccase and LMS treatments resulted mostly in lignin
polymerization (Table 1.5). Only in cases where ABTS was used as a mediator,
depolymerization was observed, illustrating the large impact that the choice of mediator
can have on the overall reaction outcome. In the case of lignosulfonate, polymerization
was observed exclusively, both with and without addition of mediators. Although it is
clear that laccase and LMS can be used to modify the structure of technical lignins, the
overall outcome of incubations remains hard to predict, as the underlying reactions are
insufficiently understood.
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Table 1.5 Overview of the reported reaction outcomes of laccase and LMS treatments of technical
lignins, adapted from Munk et al.*> Although studies on other types of technical lignins have been
performed, only lignosulfonate and kraft lignin are included in the table. LS = Lignosulfonate; P =
Polymerization; DP = Depolymerization; SW = Softwood; HW = Hardwood; AS = Acetosyringone.

Substrate Laccase source Mediator Buffer Analyses Result Ref
LS M. thermophila None Acetate pH 5  SEC, FTIR P 103
and 7.5
LS T. hirsuta & HBT Unbuffered SEC, FTIR, P, C-C 104
T. villosa pH 4-8 py-GC-MS, bond
HSQC NMR formation
LS M. thermophila None, HBT, Unbuffered SEC P 105
ABTS, pH 7
TEMPO,
other
SW & HW 7. versicolor A) None Acetate pH5 SEC A) P 106
Kraft lignin B) ABTS B) DP
HW Kraft M. thermophila various Phosphate SEC, FTIR P 107
lignin pH 6
SW & HW M. albomyces AS Phosphate &  SEC P 108
Kraft lignin & S. jpomoea glycine pH 7-
10
Agave kraft  F. proliferatum A) HBT Unbuffered SEC, HPLC A)P 109
lignin B) ABTS pH 6 B) DP

1.8 Aim and outline of this thesis

The overall aim of this thesis is to enhance the understanding of laccase and LMS-
catalyzed lignin modification at the molecular level. This way, we hope to improve the
predictability of laccase and LMS treatments, and to pave the way for further optimization
of laccase-based lignin degradation and modification. A dual approach is used. On the
one hand, model compounds are used to improve the fundamental understanding of the
reactivity of specific lignin substructures. This also includes novel model compounds that
represent lignin substructures of which the reactivity has not been investigated yet. On
the other hand, we use lignocellulosic biomass and lignin isolates to investigate whether
the findings of model compound studies can be extrapolated to LMS treatments of
polymeric lignin.

In Chapter 2, we investigate the reactivity of a phenolic lignin model compound with
laccase and two laccase/mediator systems. We show, using a combination of analytical
techniques, how the addition of a mediator influences the reactions that phenolic lignin
structures undergo in laccase treatments. In Chapter 3, we describe how sulfonation of
phenolic and non-phenolic model compounds influences their reactivity in laccase and
LMS treatments. Hereby, we provide new insights into the reactivity of lignosulfonates.
In Chapter 4 we show that LMS-catalyzed ether cleavage of a non-phenolic lignin
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structure can be substantially enhanced by altering the pH and strength of the incubation
buffer. In addition, based on an in-depth study into the underlying reaction mechanisms,
we provide a detailed theory for these observations. In Chapter 5, we study the
delignification of wheat straw and corn stover by a laccase/HBT system in unprecedented
detail by using 2D NMR, py-GC-MS and several other techniques. We provide, for the first
time, insights into LMS-catalyzed lignin degradation in actual plant biomass. In Chapter
6, we provide a facile enzymatic procedure for the synthesis of acylated lignin model
compounds, which are not commercially available. Such models mimic highly abundant
substructures of grass and hardwood lignins. In Chapter 7, we zoom in on the reactivity
of p-coumaroylated lignin substructures. Their reactivity is studied using both the
enzymatically synthesized model compounds (Chapter 6) and lignin isolated from wheat
straw and corn stover. In Chapter 8, the results obtained in the previous chapters are
put into perspective in an integrated discussion. The roles of mediators and the structure
of lignin in LMS treatments are discussed, as well as the relevance of lignin model
compound studies. In addition, challenges and ideas for further improvement of LMS
treatments, required for eventual commercial applications are discussed.
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CHAPTER

Laccase/mediator systems: their reactivity
toward phenolic lignin structures

Laccase/mediator systems (LMS) have been widely studied for their capacity to oxidize
the non-phenolic subunits of lignin (70-90% of the polymer). The phenolic subunits (10-
30% of the polymer), which can also be oxidized without mediators, have received
considerably less attention. Consequently, it remains unclear to what extent the
presence of a mediator influences the reactions of the phenolic subunits of lignin. To get
more insight in this, UHPLC-MS was used to study the reactions of a phenolic lignin
dimer (GBG), initiated by a laccase from 7rametes versicolor, alone or in combination
with the mediators HBT and ABTS. The role of HBT was negligible, as its oxidation by
laccase occurred slowly in comparison to that of GBG. Laccase and laccase/HBT oxidized
GBG at a comparable rate, resulting in extensive polymerization of GBG. In contrast,
laccase/ABTS converted GBG at a higher rate, as GBG was oxidized both directly by
laccase, but also by ABTS radical cations, which were rapidly formed by laccase. The
laccase/ABTS system resulted in Cq-oxidation of GBG and coupling of ABTS to GBG,
rather than polymerization of GBG. Based on these results, we propose reaction
pathways of phenolic lignin model compounds with laccase/HBT and laccase/ABTS.

Based on: Roelant Hilgers, Jean-Paul Vincken, Harry Gruppen and Mirjam A. Kabel.
Laccase/mediator systems: their reactivity toward phenolic lignin structures. ACS Sustainable
Chemistry & Engineering 2018, 6 (2), 2037-2046.



Chapter 2

2.1 Introduction

Lignin is one of the most abundant polymers in nature as part of plant cell walls, and
currently considered as sustainable precursor for chemicals or materials. 1 It is built up
from sinapyl alcohol, coniferyl alcohol and p-coumaryl alcohol (S, G and H units,
respectively), which couple via radical polymerization to form a variety of C-C and C-O
interunit linkages. The B-0O-4 linkage is the most abundant one, accounting for
approximately 45 to 94 % of the total interunit linkages, in lignins mildly isolated from
plant materials.? Lignin contains phenolic and non-phenolic subunits, which account for
10-30 and 70-90% of the polymer, respectively.>

Although the valorization of lignin is still underexploited,® three main routes are
considered relevant. The first is via lignin polymerization, which may result in improved
binders and adhesives.® Second, lignin depolymerization may lead to high-value low-
molecular-weight aromatics.!2 A third option is the functionalization of lignin via grafting
of specific molecules onto lignin.” A green alternative for lignin valorization is via
biocatalysis and, in particular, laccase is known as one of the key activities towards lignin.
Various lignin modifications are reported for laccase, such as polymerization,48-10
depolymerization,t13 Cy-oxidation'* and demethylation.!®> It is poorly understood,
however, how to direct lignin modification by laccase towards one of these modifications.
Thus, for an effective use of laccase in lignin valorization, it is essential to have a better
understanding on how to control lignin modification by laccase.

Laccases (E.C. 1.10.3.2) are oxidases that couple the reduction of molecular oxygen to
the one-electron oxidation of a wide variety of aromatic substrates. The most powerful
laccases are produced by white-rot fungi, and can have redox potentials up to 800 mV
vs. NHE.3 With respect to laccase activity towards lignin, it is important to distinguish the
phenolic and non-phenolic subunits in lignin. The phenolic subunits can directly be
oxidized by laccase, as the redox potentials of such subunits are sufficiently low. In
contrast, the non-phenolic parts have redox potentials up to 1500 mV vs. NHE, and are
therefore, recalcitrant to oxidation by laccase alone.® Nevertheless, when laccase is
combined with a so-called mediator, oxidation of non-phenolic lignin structures is possible
as well.'7 In such a laccase/mediator system (LMS), the mediator is first oxidized by the
laccase, after which it can oxidize non-phenolic substrates via different mechanisms, such
as electron transfer (ET) or radical hydrogen atom transfer (HAT).!8 As a LMS is required
for the oxidation of the non-phenolic subunits in lignin, and the phenolic subunits can be
oxidized by laccase alone, research on lignin modification by LMS has mainly focused on
the reactivity of non-phenolic lignin subunits,%17-21 and several reaction pathways have
been described for such incubations.'2223 Nevertheless, as lignin also contains a
considerable amount of phenolic subunits, it is important to understand how these
subunits react when incubated with LMS.

Research on lignin conversion by laccase and LMS is often performed using lignin model
compounds. Phenolic lignin model compounds have been used, but most often in the
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absence of mediators.?426 A few studies have been published on the reactions of phenolic
lignin model compounds in LMS incubations, and mainly polymerization was shown to
occur. Conclusions about the degree of polymerization reached were obtained, but no
insights about the structure of the (initially) formed reaction products could be
provided.?28 Consequently, it remains unclear how the phenolic subunits of lignin are
modified by LMS and to what extent mediators play a role in such modifications.

In the current research, we used the phenolic -0-4 linked lignin model compound, 1-(4-
hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol, (guaiacylglycerol-B-
guaiacyl ether, GBG), to mimic the phenolic subunits in lignin. We employed RP-UHPLC-
PDA-ESI-MS", to study detailed reaction pathways of GBG initiated by laccase (from
Trametes versicolor) with or without a mediator. 2,2'-Azino-bis(3-ethylbenzothiazoline-6-
sulphonic acid) (ABTS) and 1-hydroxybenzotriazole (HBT) were used as mediators, as
these are the most commonly used mediators in literature. MALDI-TOF-MS was used to
investigate the formation of larger reaction products.

2.2 Materials & Methods

2.2.1 Materials

Guaiacylglycerol-B-guaiacyl ether (GBG; Fig. 2.1) was obtained from TCI chemicals
(Tokyo, Japan) and 2,5-dihydroxybenzoic acid (DHB) was obtained from Bruker Daltonics
(Bremen, Germany). Laccase from T7rametes versicolor and all other chemicals were
purchased from Sigma Aldrich (St. Louis, MO, USA). The laccase was partially purified,
after which the activity was determined spectrophotometrically by oxidation of ABTS'’
(1 U =1 pmol ABTS oxidized per minute) (see Supporting Information for details). Water
was prepared using a Milli-Q water purification system (Merck Millipore, Billerica, MA).

2.2.2 Incubation of GBG with laccase and laccase/mediator
systems

GBG was dissolved at 0.5 mM in sodium phosphate buffer (50 mM, pH 4) with or without
an equimolar concentration of ABTS or HBT. Laccase was added to reach a final substrate
and mediator concentration of 0.4 mM and a laccase activity of 0.1 U mL-1. The mixtures
were incubated at 40 °C and 400 rpm in a thermomixer (Eppendorf, Hamburg, Germany).
After 1, 2, 5, 10, 15, 20, 30 and 60 min, and after 24 h, 50 uL of the sample was
transferred to another tube, and 5 pL sodium azide (20 mM) was added to stop the
reaction.?® As no azide-related products were detected, and reaction products were stable
in the presence of an excess of azide, the addition of azide was considered not to
influence the reaction product profile (results not shown). The resulting samples were
diluted 10 times in MilliQ water and were centrifuged (10000x g, 5 min, 20 °C) prior to
analysis by RP-UHPLC-PDA-MS". A detailed description of the RP-UHPLC-PDA-MS"
analysis can be found in the Supporting Information.
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2.2.3 Incubation of GBG with ABTS radical cations

GBG was dissolved at 0.5 mM in sodium phosphate buffer (50 mM, pH 4). ABTS (2 mM)
was incubated with 0.20 U mL™! laccase (2 min, 40 °C) and directly centrifuged over an
Amicon Ultra-4 centrifugal filter (Merck Millipore) with a normalized molecular weight
limit of 10 kDa. The dark green filtrate was incubated with the GBG solution at a ratio of
1:4 (2 min, 40 °C). As a control, the same incubation was done using ABTS that was not
treated with laccase.

2.2.4 Sample Preparation for Matrix-Assisted Laser Desorption
Ionization—-Time of Flight Mass Spectrometry (MALDI-
TOF)

The samples were prepared as described in 2.2.3, with the adaptation that the reaction
was stopped after 7, 15 and 60 min. Samples were diluted 2 times in methanol, and a
saturated solution of DHB was used as matrix. In a second experiment, similar incubations
with laccase and laccase/HBT were stopped after 2, 5, 10, 15 and 20 min. For details
about MALDI-TOF settings see Supporting Information.

Fig 2.1 Molecular structures of guaiacylglycerol-B-guaiacyl ether (GBG), 1-hydroxybenzotriazole
(HBT), and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS).

2.3 Results & Discussion

2.3.1 Reaction products of GBG incubated with laccase

GBG (Fig. 2.1) was, first, incubated with laccase without addition of mediators. From the
UHPLC-MS chromatograms, two main reaction products were observed upon incubation
of GBG, both having their largest intensities during the first 20 min (Fig. 2.2, Table 2.1
and Fig. S2.1). In addition, remaining GBG was detected (only trace amounts after 2
min). Using accurate mass determination the reaction products were found to correspond
with molecular formulas CssH3gH12 and CsiHs6015 (Table 2.1). Based on their molecular
formulas and the fact that the fragmentation patterns showed high similarities with GBG
(Table 2.1 and Fig. 2.3), these products were annotated as a dimer of GBG (molecular
weight (Mw)=2xGBG-2H) and a trimer of GBG (Mw=3xGBG-4H; Table 2.1), formed via
radical coupling. Recently, oligomerization of GBG was reported by others, and it was
shown that coupling between two GBG radicals occurs via C-C bond formation.3° The
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same was suggested for the subsequent formation of a trimer, although no experimental
evidence was given. Therefore, we have specified the coupling position in the dimer, but
not of the second coupling in the trimer in Fig. 2.3. In addition to the dimer and trimer,
only traces of other reaction products were observed (Table S2.1). After 24 h,
precipitation was observed and no peaks were detected in the chromatograms,
suggesting ongoing polymerization of the initially formed dimer and trimer. Thus, the
activity of laccase alone was found to result in polymerization of GBG. This conclusion is
in line with results on laccase activity towards phenolic model compounds reported by
others.27:30

100 GBG dimer A
E\o, GBG trhimer
> 0
% 100 GBG dimer B
c
9
1= HBT GBG-HBT CP .

) k / GBG trimer
20 hom
5 1991 | ABTS-GBG BP C
K GBG-ABTS CPII
ABTS |/ GBG-ABTS CPIl,,
Unknown
O | L

5 10 15 20 25 30 35 40 45
Time (min)

Fig. 2.2 RP-UHPLC-MS chromatograms (negative mode) of GBG incubated for 5 min with laccase
(A), laccase/HBT (B), and laccase/ ABTS (C). Chromatograms of other time points can be found in
the Supporting Information.

2.3.2 Reaction products of GBG incubated with a laccase/HBT
system

When GBG was incubated with laccase in combination with HBT, the reaction products
formed were very comparable to those formed in the presence of laccase alone (Fig.
2.2, Table 2.1 and Fig. S2.1). The same dimer and trimer were identified based on
retention time, accurate mass and fragmentation pattern (Fig. 2.2 and Table 2.1). Also
the amounts were comparable, based on UVg peak area. In addition to the dimer and
trimer, a small peak (hardly visible) corresponding to the molecular formula C;3H23N307
was observed. This, in combination with a fragmentation pattern similar to that of GBG
(Table 2.1 and Fig. 2.3), suggested the formation of a GBG-HBT radical coupling
product (GBG-HBT CP, Fig. 2.3). After prolonged incubation times (1 h) C23H21N307 was
detected, which, most likely, corresponded to further oxidation of GBG-HBT CP to GBG-
HBT CPox (Fig. 2.3). It was recently shown for the first time that N-OH type mediators,
such as HBT, couple to lignin upon addition of laccase.” Our results confirm that such
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coupling can occur at the phenolic moieties of lignin, but also indicate that the extent of
coupling between GBG and HBT is small as compared to GBG oligomerization. The
proposed structures of all coupling products are depicted in Fig. 2.3, together with their
proposed MS? fragmentation pathways. After 24 h, no GBG-related peaks were detected
anymore and precipitation was observed. Approximately 45% of the original HBT was still
present, as determined from UVago peak areas (data not shown). Part of it was converted
to benzotriazole (BT), which is inactive as a mediator.3! This conversion of HBT to BT has
been described by others3132 and also occurred in a control reaction with only HBT and
laccase without GBG present (data not shown). Most likely, BT is formed upon a reaction
of HBT radicals with aromatic amino acids of the enzyme. 32

2.3.3 Reaction products of GBG incubated with a laccase/ABTS
system

When GBG was incubated with laccase and ABTS, a larger variety of reaction products
was detected compared to the incubations described above (Fig. 2.2, Table 2.1 and
Fig. S2.1). Molecules with molecular formulas Ci7H1s0¢ and CssH3sN4012S4 were
detected, especially after short reaction times (1-15 min). These were annotated as Cq-
oxidized GBG and a radical coupling product between oxidized GBG and ABTS (GBGox and
GBG-ABTS CPIx in Table 2.1 and Fig. 2.3), respectively. A relatively small peak
corresponding to a coupling of non-oxidized GBG and ABTS (GBG-ABTS CPI) has been
observed as well, but inconsistently. Likely, the latter coupling product is prone to react
further. The structure and fragmentation pattern of GBG-ABTS CPI can be found in Fig.
S$2.4. In addition, reaction products with molecular formulas Cz6H27N309S>, C26H25N309S,
were found. Based on these formulas and their fragmentation patterns, these products
were annotated as GBG-ABTS CPII and GBG-ABTS CPII,y, respectively (Table 2.1 and
Fig. 2.3). Similar coupling products, between a phenolic compound and part of the ABTS
molecule, have been reported for hydroxybenzoic acids3? and catechin,3* using NMR and
mass spectrometry, respectively. To our knowledge, this is the first time that such
coupling products are shown for lignin model compounds. The main MS? fragments (/m/z
242 and 214 in negative mode) match with the fragments reported for the catechin-ABTS
products (m/z 244 and 216 in positive mode).3* As the adducts identified with NMR
spectroscopy?® resulted from C-N coupling (rather than O-N coupling), the adducts in
Fig. 2.3 are also shown with a C-N bond between the GBG and ABTS moiety. In addition
to these coupling products, a major peak was detected corresponding to CogHoNO4S,. As
this molecule was hardly formed in a control reaction with only ABTS and laccase (data
not shown), it was considered to be an ABTS cleavage product (ABTS CLP) formed upon
coupling of GBG and ABTS. Lastly, a reaction product was detected with molecular
formula CusH25N40gS4. This could correspond to a radical coupling product of guaiacol
and ABTS. It should be mentioned that for the formation of such a product cleavage of
GBG to form guaiacol is required, either before or during coupling with ABTS. Besides the
detection of CsH2sN40gS4, no indications were found for cleavage of GBG.
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Table 2.1 Compounds detected with UHPLC-PDA-ESI-ITMS and UHPLC-PDA-ESI-FTMS after
incubation of GBG with laccase from 7. versicolor in the presence or absence of ABTS and HBT. MS?
fragments and Amax were determined using UHPLC-PDA-ESI-ITMS. All other values were obtained
using UHPLC-PDA-ESI-FTMS. Relative intensities of MS? fragments are shown between brackets.
N.D. = Not detected.

RT Tent. Molecular Ion Observed/ Mass MS? fragments Amax

(min) annot. formula calculated error (nm)
mass (ppm)

Reaction products of GBG incubated with laccase alone

20.8 GBG Ci7H2006 [M+Na]*  320.12556/ -1.34 295 (55), 302 (16), 278

320.12599 201 (8), 147 (6), 219
(5), 176 (4)
34.8 GBG C34H35012 [M-HT 638.23720/ 1.36 589 (100), 483 (62), 278
dimer 638.23633 513 (28), 435 (26),

329 (20), 465 (12),
541 (12), 359 (8)

44.7 GBG Cs1Hs6018 [M-HT 956.34775/ 1.13 907 (100), 889 (60), N.D.
trimer 956.34666 919 (30), 859 (20)
Reaction products of GBG incubated with laccase/HBT
3.9 HBT CsHsN30 [M-HT 135.04329/  0.23 106 (100), 78 (4) 306,
135.04326 276,
[M+H]* 91 (63), 80 (40), 53 269
(18), 107 (8)
7.2 BT CeHsN3 [M+H]* 119.04832/ -0.23 N.D. 260,
119.04835 280
20.9 GBG C17H2006 [M+Na]* 320.12556/ -1.34 295, 302, 201, 219, 278
320.12599 147, 176
25.1 GBG-HBT  Ca3H23N307 [M-HT 453.15375/  0.33 404 (100), 328 (38), 330
CcpP 453.15360 298 (30)
31.9 GBG-HBT  C23H21N307 [M-H] 451.13838/  0.95 420 (100), 310 (27),  N.D.
CPox 451.13795 326 (15)
34.4 GBG C34H38012 [M-HT 638.23720/ 1.36 589 (100), 483 (62), 278
dimer 638.23633 513 (28), 435 (26),

329 (20), 465 (12),
541 (12), 359 (8)

44.7 GBG Cs1Hs56018 [M-HT 956.34775/  1.13 907 (100), 889 (60), N.D.
trimer 956.34666 919 (30), 859 (20)
Reaction products of GBG incubated with laccase/ABTS
5.6 ABTS CoHoNO4S2 [M-HT 258.99757/  1.05 229 (37) 256,
CLP 258.99730 292,
285
8.7 Unknown  Unknown [M-H] 329.99756 302 (100), 238 (29), 278
222 (9)
17.0 Unknown  CasH2sN4OsS4  [M-2H] 637.05667/  1.79 363 (100), 378 (95), 305
637.05553 228 (34), 605 (31),
405 (26), 257 (25),
335 (18)
21.4 ABTS C18H18N406S4 [M-2H]* 514* N.D. 342
22.7 GBG- Ca6H27N309S2  [M-HT 589.11946/  0.99 242 (100), 214 (61), 550
ABTS 589.118876 228 (10)
CPII
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Table 2.1 continued

RT Tent. Molecular Ion Observed/ Mass MS? fragments Amax
(min) annot. formula calculated error (nm)
mass (ppm)

24.4 GBG-ABTS  C3sH3sN4O12Sa  [M-3H]>  831.11369/  0.96 572 (100), 228 (43), 305,

CPlox 831.11289 256 (42) 278
[M-2HT N.D.
28.3  GBGox Ci7H1s06 [M-H]" 318.11017/  -0.52 287 (100), 193 (71) 280,
318.11034 311
[M+H]* 167 (100), 149 (70),

271 (68), 151 (59),
195 (44), 269 (32),
177 (26), 289 (22)

[M+Na]* 311 (100), 218 (16),
146 (11), 187 (6)
30.7  GBG-ABTS  CysHzsN30sS;  [M-H]- 587.10366/  0.76 242, 214, 556, 228 585,
CPIlox 587.10322 448,

328

*Only data from UHPLC-PDA-ESI-ITMS were used, as FTMS only showed in-source fragmentation.

In contrast to the incubation with laccase alone and laccase with HBT, no GBG was
detected at all incubation times, suggesting a fast conversion of GBG into reaction
products. The dimer and trimer found for incubations with laccase alone and laccase/HBT
were absent at all incubation times when ABTS was used. After 24 h, approximately 29%
of the initial amount ABTS was still present (data not shown). Whereas others reported
polymerization as the main result of laccase/ABTS activity towards phenolic
substrates,27:28 our results suggest that GBG preferably couples to ABTS, rather than to
another GBG molecule.

2.3.4 Reaction pathways of laccase and laccase/HBT with GBG

When To get more insight into the course of the reactions occurring during incubation of
GBG with laccase and the laccase/mediator systems, product formation was monitored
at 9 different time points within the first hour. Hereto, peak areas from extracted ion
chromatograms of the reaction products (Table 2.1) relative to the time point with the
highest area, were plotted as function of incubation time (Fig. 2.4). For clarity, only
GBG-related reaction products are shown.

Fig. 2.4A and B show that, under the conditions used, a fast conversion of GBG to
oligomeric products occurred. Already in the first minute, 67 and 69% of the GBG was
converted by laccase and laccase/HBT, respectively. For both laccase and laccase/HBT it
was shown that the dimer and the trimer gradually decreased in abundance and
disappeared within one hour. The decrease of the dimer in the first 20 min occurred
together with an increase in higher oligomers, indicating further polymerization (Fig.
S$2.2). In the incubation with laccase/HBT, the coupling product GBG-HBT CP increased
during the first 30 min, and then decreased again.
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295 =i+l 404 =11+ 1l 242=V
201=/+IV 328=1 214=V+ V|
219=1 298 =1+l 228=V+ Vil

147=1

H

287=111 326=1l 242 =V

193 =/ 420=1 214=V+ Vi
556 =1l
228=V+ Vil

GBG dimer (638 Da) GBG trimer (956 Da) GBG-ABTS CPI, (831 Da)

589 =+l 907 =1+l 572 = Vili*

483 =1+l 889 =1+l +ll 256 = VIII* + IX
513=1 919 =+l 228=V+ Vil
435 =1+ 1+ I+ 1l 859 =1+ I+l + il

329=1+1++1ll }x
465 =1+ 11+ N
A1 =i+ {1+ 1+ 11 /CE>=3
359 =1+1+1ll HO4S N

ABTS CLP (259 Da)

229 = X*

Fig. 2.3 Proposed structures of reaction products of GBG after incubation with laccase and LMS.
The dotted lines represent the proposed fragmentation pattern, resulting in the MS? fragments
reported in Table 2.1. The fragmentation pattern of GBG and GBG-ABTS CPI.x originate from the
parent ions [M+Na]* and [M-3H]%, respectively. All other patterns originate from the parent ion [M-
H] . In the coupling products and oligomers, the positions of coupling could not be identified based
on MS? spectra, and are therefore based on literature.3!3*3 The position of the second interunit
bond in the GBG trimer is not specified, as there is no experimental evidence for either C-C or C-O
linkage. Fragmentations with an * (in GBG-ABTS CPI.x and ABTS CLP) are suggested to be radical
fragmentations.
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Fig. 2.4 Normalized MS peak areas in time of reaction products formed upon incubation of GBG
with laccase alone (A), laccase/HBT (B), and laccase/ABTS (C). Areas were obtained from extracted
ion chromatograms: GBG (m/z 343) (black dot), GBG dimer (m/z 637) (red dot), GBG trimer (m/z
955) (blue dot), GBG-HBT CP (m/z452) (grey dot), GBG-HBT CPox (7/2450) (open dot, grey line),
GBGox (/m/z 319 and 341) (open dot, black line), GBG-ABTS CPlox (/1/2414) (green dot), GBG-ABTS
CPII (my/z588) (purple dot), GBG-ABTS CPIIox (/m/2586) (open dot, purple line) and ABTS CLP (m/z
258) (orange dot). For the abundance (Y axis), the time point with the largest peak area was set
to 100%. For the other time points, the abundance was calculated as the peak area relative to the
area of this largest peak. Amounts withdrawn per time point and injected to UHPLC-MS analysis
were the same for all time points.

The decrease of GBG-HBT CP coincided with an increase in its oxidized equivalent GBG-
HBT CPoy, confirming that GBG-HBT CP is oxidized further to GBG-HBT CPox. For such a
conversion from alcohol to ketone at Cq, a benzylic radical should be formed. This may
have occurred via radical hydrogen abstraction by a HBT radical. As a phenolic lignin
structure itself could also act as HAT-type mediator,3® radical hydrogen abstraction may
also have occurred by a phenoxyl radical of a GBG-related structure. If the latter indeed
occurred, the oxidant probably was an oligomeric GBG radical, as all GBG was converted
before conversion of GBG-HBT CP to GBG-HBT CPoy took place (Fig. 2.4).

These findings indicate that upon incubation with both laccase and laccase/HBT,
extensive polymerization of GBG takes place. Radical coupling between GBG and HBT
occurred, but only to a small extent. The coupling product was further oxidized, and is
probably prone to further polymerization. The rate of conversion of GBG and its oligomers
does not seem to be influenced by the presence of HBT, suggesting that the role of HBT
is negligible when laccase/HBT is used on phenolic substrates. A schematic overview of
the proposed reactions is depicted in Fig. 2.5.

2.3.5 Reaction pathways of laccase/ABTS with GBG

Similar to the incubations with laccase and laccase/HBT, the reaction of GBG with
laccase/ABTS was monitored over time. Fig. 2.4C shows that all GBG was converted
within the first minute of incubation. Based on this and on the annotations discussed
above, it can be stated that the laccase/ABTS system differs from laccase and
laccase/HBT in two ways: (i) GBG is converted faster (higher rate), and (ii) GBG is
converted into different reaction products (other pathways).
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Further
polymerization

BT Further
polymerization

GBG-HBT CPox

Fig. 2.5 Overview of proposed reactions occurring after incubation of GBG with laccase alone or a
laccase/HBT system. The thick arrows represent the major reaction pathway. The reactions
represented by thin arrows do occur, but slower and/or to a smaller extent. In the case of laccase
alone, all GBG reacts via route 1. In the case of a laccase/HBT system, GBG reacts via route 1 and
2, but route 1 is favored due to the slow oxidation of HBT. Oxidation of GBG-HBT CP is proposed
to occur via radical hydrogen abstraction by either a HBT radical (HBTe) or an oligomeric GBG
radical ((GBG)ne). The C—C coupling in the dimer is based on Ramalingam et al.3' For clarity,
reductions of Oz to H20 by laccase are not shown in the figure.

A possible explanation for the higher conversion rate might be the rapid formation of
ABTS radical cations (ABTS*), which might undergo a redox reaction with GBG. ABTS™*
has been shown to induce oxidative polymerization of creosol, a phenolic monomeric
lignin model compound?8 and to undergo a redox reaction with vanillyl alcohol.3” To check
whether a similar interaction between GBG and ABTS * occurred, GBG was incubated with
laccase-free ABTS'*. GBG was indeed converted upon addition of ABTS™, resulting
in several reaction products: GBG,x, GBG dimer, oxidized GBG dimer and GBG-ABTS CPI
(Fig. S2.3). The annotation of the latter two products can be found in Table S2.2 and
Fig. S2.4. As no GBG conversion was observed in a control reaction with neutral ABTS
(Fig. S2.3B), it was concluded that the higher GBG conversion rate by the laccase/ABTS
system is caused by the fact that GBG is oxidized via two mechanisms: directly by laccase
and via a redox reaction with ABTS"*. It cannot be excluded that also the dication ABTS*+
(formed via disproportionation of ABTS'*) is involved in the oxidation of GBG.
Nevertheless, as it has been shown with cyclic voltammetry that vanillyl alcohol can
rapidly be oxidized by ABTS *,3¢ we assume that the same applies to GBG.
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Fig. S2.3 also shows that Cy-oxidized GBG is formed upon addition of ABTS*. The fact
that C,-oxidized products were not observed in incubations with laccase alone implies
that Cg-oxidation is caused by ABTS'* rather than laccase. Fig. 2.4C shows that the
concentrations of GBGox, GBG-ABTS CPI. are highest after 1 min of incubation, and that
their concentration decreased relatively fast during the first 20 min. GBG-ABTS CPII was
also highest after 1 min, but its decrease was slower. In contrast, the concentrations of
GBG-ABTS CPII,x and ABTS CLP gradually increased during the first hour of incubation,
suggesting that they were formed upon conversion of the other reaction products. After
24 h, most reaction products from Fig. 2.4C had disappeared, except for ABTS CLP and
GBG-ABTS CPII,. The areas of these peaks had even increased with 33 and 23%,
respectively (data not shown). These results indicate that GBG formed coupling products
with ABTS in the presence of laccase, after which a part of the ABTS moiety was cleaved
off. The ultimate product formed after coupling of ABTS and GBG was GBG-ABTS CPIIo.
To our knowledge, coupling of ABTS to lignin and lignin model compounds has been
suggested by others, 827 but the structure of such lignin-ABTS coupling products has not
been elaborated so far.

Based on the above, an overview of the course of the reactions leading to the formation
of GBG-ABTS CPII.x was constructed (Fig. 2.6). We suggest that after oxidation, GBG’
undergoes two follow-up reactions: (i) Radical coupling with ABTS* to form an
intermediate product GBG-ABTS CPI, or (ii) A second oxidation (by ABTS™*) to form GBGox.
In the latter case, GBGox can be further oxidized (by laccase or ABTS *) to GBGox", which
then also couples to ABTS™* to form GBG-ABTS CPI,x. GBG-ABTS CPI and GBG-ABTS CPI
are subsequently converted to GBG-ABTS CPII and GBG-ABTS CPII,x, upon which ABTS
CLP was split off as a byproduct. The exact mechanism behind this is unknown, but it is
suggested to involve an oxidation step, as the intermediates (GBG-ABTS CPI and GBG-
ABTS CPI) did not react further after inactivation of the laccase (Fig. 2.4). Eventually,
the formed GBG-ABTS CPII can be oxidized to the ultimate reaction product GBG-ABTS
CPIIox.

2.3.6 Formation of larger oligomeric products

To investigate whether larger reactions products were formed upon incubation with
laccase or LMS, MALDI-TOF spectra were recorded. After 1 hour of incubation with
laccase and laccase/HBT, GBG oligomers up to DP 8 and DP 7 were detected, respectively
(Fig. 2.7). As precipitation of reaction products occurred in both incubations, and the
mixture still contained small amounts of insoluble material after dilution in methanol, it
cannot be excluded that insoluble oligomers of higher DP were formed. Besides the GBG
oligomers, no other peaks were detected, suggesting that incubation of GBG with laccase
or laccase/HBT (almost) solely resulted in oligomerization of GBG. In contrast, a
completely soluble reaction mixture was obtained after incubation with laccase/ABTS, in
which all of the GBG oligomers were absent.
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Fig. 2.6 Overview of proposed reactions occurring after incubation of GBG with a laccase/ABTS
system. GBG can be oxidized directly by laccase or indirectly via ABTS**, which is formed by laccase.
The GBG radicals may react further to GBGox or may undergo radical coupling with ABTS**. After
coupling of GBG and ABTS, further rearrangements take place in which part of the ABTS molecule
is cleaved from the reaction product. The inset shows the proposed mechanism of GBGox formation
from GBG". For clarity, reductions of O to H.0 by laccase are not shown in the figure.
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Instead, reaction products with m/z 657, 977, 989 and 1275 were detected. Assuming
that these my/z values, like all GBG oligomers, originate from Na* adducts, it seems
plausible that m/z 657 and 977 correspond to a GBG dimer with two oxidized Cq groups
(Mw=2xGBG-6H) and a GBG trimer with one oxidized Cq group (Mw=3xGBG-6H),
respectively. Although these products were not detected using UHPLC-MS, a GBG dimer
and oxidized dimer were detected upon incubation with ABTS* (Fig. S2.3). It can
therefore not be excluded that GBG is converted into (oxidized) oligomers in the
laccase/ABTS system. Another indication for this is that all GBG had reacted during the
first minute, but approximately 45% of the ABTS was still present after 1 hour. Since an
equimolar ratio of GBG and ABTS was used, it is impossible that all GBG coupled to ABTS,
and that GBG-ABTS CPIl is the only reaction product. Furthermore, polymerization of a
phenolic model compound with laccase and ABTS has been shown before, using SEC%”
and MALDI-TOF.28

15 | A Peak Tentative Ion m/z
1.0 " m v annotation observed
_ o.sﬂ J J Vow I GBG trimer [M+Na]*  979.2
é 0 th.. ; L . 7 GBG tetramer [M+Na]* 1297.3
x 15 I m B Vi GBG pentamer [M+Na]* 1615.4
> 1.0 v GBG hexamer [M+Nal]* 1933.5
Z 05 l ] J’V V  GBG heptamer [M+Nal*  2251.6
g o e 4 VI GBG octamer [M+Na]*  2569.6
£ 15 C Y GBGdimer20X) [MNa]* 6571
Lol v Ix VIII  GBG trimer (OX) [M+Na]* 977.2
05 X X Unknown Unknown  989.1
e X Unknown Unknown  1275.2

0
500 1000 1500 2000 2500 3000
m/z

Fig. 2.7 MALDI-TOF spectra (left) of GBG after 60 min incubation with laccase alone (A),
laccase/HBT (B) and laccase/ABTS (C) measured in positive mode, and corresponding tentative
peak annotations (right). OX = Cq hydroxyl oxidized to ketone.

2.3.7 The role of the mediator in LMS incubations of GBG

Lignin contains 70-90% non-phenolic and 10-30% phenolic subunits.> As the phenolic
lignin structures can be oxidized by laccase alone, the question remains whether and how
the mediator plays a role in the reaction rate and pathway when phenolic structures are
incubated with LMS. Based on the results discussed above, it can be concluded that the
role of HBT is very limited, in contrast to ABTS, which strongly influenced both rate and
pathway. Whereas the efficiency of a mediator towards non-phenolic lignin structures
has been reported to depend on its stability as a radical, and to its potency to abstract a
radical from a non-phenolic substrate37® (via electron transfer or radical hydrogen atom
transfer), we hypothesized that the role of the mediator towards phenolic substrates is
dominated by the rate of its oxidation. The large difference in redox potentials, i.e. 1.08
V vs. NHE for HBT and 0.69 V vs. NHE for ABTS/ABTS +,38 suggests that the oxidation of
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HBT by laccase occurs much slower than that of ABTS to ABTS'*. This was confirmed by
oxygen consumption measurements of both mediators and GBG with laccase (Fig. S2.5).
Oxygen consumption of ABTS is 1.9 times faster than that of GBG, whereas no substantial
oxygen consumption of HBT with laccase was detected within the time frame used. So,
although oxidized HBT may probably undergo a (redox) reaction with GBG, the conversion
of GBG by laccase alone is already complete before a substantial amount of HBT is
oxidized. Consequently, the role of HBT is negligible in this system. In contrast, the fast
conversion of ABTS to ABTS™* allows ABTS'* to compete with GBG radicals in coupling
reactions and to induce Cq-oxidations before GBG radicals start to polymerize. These
results indicate that the influence of the mediator on the conversion of a phenolic lignin
structure is highly dependent on its oxidation rate by laccase. It should be noted that the
formation of substrate-mediator adducts may also be influenced by the bulkiness and
presence of reactive groups on the mediator, but the comparison between HBT and ABTS
does not give any insights in this.

2.4 Conclusions

The mediators HBT and ABTS strongly differed regarding their influence on GBG
conversion by laccase. The influence of HBT was negligible, but ABTS strongly increased
the conversion rate of GBG and altered the followed reaction pathways. Whereas laccase
and laccase/HBT incubations resulted in extensive polymerization of GBG, incubation with
the laccase/ABTS system mainly resulted in Cq-oxidation and coupling between GBG and
ABTS. This difference in influence between HBT and ABTS can be explained by the much
higher oxidation rate of ABTS by laccase, as compared to that of HBT. Extrapolating to
polymeric lignin, our results suggest that the use laccase/ABTS will most likely result in
a large degree of ABTS grafting on the phenolic lignin subunits, whereas such grafting
reactions are less likely to occur with laccase/HBT. As the GBG-ABTS adducts were found
to be relatively stable, this suggests that, once ABTS has been grafted on phenolic lignin
subunits, further polymerization by laccase is blocked. These insights can be helpful for
choosing the optimal mediator in a LMS, in which the mediator should not only be selected
based on its efficiency in oxidation of non-phenolic lignin subunits, but also on its
reactivity with the phenolic subunits.
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2.6 Supporting Information

2.6.1 Laccase purification and activity determination

The crude laccase (3.7 g, 2.17% protein as determined by DUMAS using the method
described by Teuling et al.!) was partially purified using anion-exchange chromatography
with a 260 mL DEAE-Sepharose column. Elution was carried out with a sodium phosphate
buffer (pH 6.0, linear gradient from 0 to 1 M NaCl over 20 column volumes, 27 mL min-
1), The fractions with high laccase activity were pooled, desalted and concentrated using
Amicon Ultra centrifugal filters with a cut-off of 10 kDa (Merck Millipore) to give a blue
enzyme solution. The activity of the laccase was determined spectrophotometrically by
oxidation of ABTS.1” A 1 mL quartz cuvette was filled with 0.5 mM ABTS in a sodium
acetate buffer (pH 5, 100 mM). A solution of laccase was added and the increase in
absorbance at 420 nm was monitored over time (¢ = 36000 M-! cm-!). The laccase activity
was expressed in units (1 U = 1 pmol ABTS oxidized per minute).

2.6.2 RP-UHPLC-PDA analysis

Reaction products were separated using an Accela UHPLC system (Thermo Scientific, San
Jose, CA, USA) equipped with a pump, degasser, autosampler and photodiode array
(PDA) detector. Samples (5 pL) were injected onto an Acquity UPLC BEH C18 column
(150 x 2.1 mm, particle size 1.7 ym) (Waters, Milford, MA, USA). The flow rate was 400
pL mint at 45 °C. Water (A) and acetonitrile (B) were used as eluents, both acidified
with 0.1% formic acid. The following gradient was used: 0-1.5 min at 5% B (isocratic),
1.5-47 min from 5 to 35% B (linear gradient), 47-48 min from 35 to 99% B (linear
gradient), 48-53 min at 99% B (isocratic), 53-54 min from 99 to 5% B (linear gradient)
and 54-59 min at 5% B (isocratic). The PDA detector was set to record wavelengths
between 200 and 700 nm.

2.6.3 Electrospray Ionization — Ion Trap Mass Spectrometry
(ESI-ITMS)

Mass spectrometric data were obtained using an LTQ Velos Pro mass spectrometer
(Thermo Scientific) equipped with a heated ESI probe coupled to the UHPLC system.
Nitrogen was used as sheath gas and auxiliary gas. Data were collected in both positive
and negative ionization mode over the m/z range 120-2.000. Data dependent MS2
analysis was performed using collision-induced dissociation with a normalized collision
energy of 35%. The system was tuned using LTQ Tune Plus 2.7 (Thermo Scientific) upon
direct injection of GBG in both positive and negative ionization mode. The ion transfer
tube temperature was 300 °C, source heater temperature was 250 °C and the source
voltage was 3.5 kV. Data were processed using Xcalibur 2.2 (Thermo Scientific).

46



Conversion of phenolic lignin structures by laccase and LMS

2.6.4 Electrospray Ionization - Fourier Transform Mass
Spectrometry (ESI-FTMS) (accurate mass determination)

For accurate mass determination, reaction products were separated using a Vanquish
UHPLC system (Thermo Scientific). The same samples were used as for ESI-IT-MS, after
a 10-fold further dilution in MilliQ water. The injection volume was 1 pL. The column,
eluents and gradient were identical to those described for RP-UHPLC-PDA analysis. The
column compartment heater was set to 45 °C, the eluent preheater was set to 45 °C and
the post-column cooler was set to 40 °C. A Thermo Q Exactive Focus hybrid quadrupole-
orbitrap mass spectrometer (Thermo Scientific) equipped with a heated ESI probe
coupled to the Vanquish RP-UHPLC system was used to acquire accurate mass data. Half
of the flow was directed toward the MS. Full MS data were recorded in both negative and
positive ionization mode over a range of m/z 100-1500 at a resolution of 70000. The
mass spectrometer was calibrated in both positive and negative mode using Tune 2.8
software (Thermo Scientific) by direct infusion of Pierce LTQ ESI positive and negative
ion calibration solutions (Thermo Scientific). Nitrogen was used as sheath gas (30
arbitrary units) and auxiliary gas (20 arbitrary units). The capillary temperature was 320
°C; the probe heater temperature was 280 °C; the source voltage was 2.8 kV; and the
S-lens RF level was 50. Data processing was done using Xcalibur 2.2 (Thermo Scientific)
and Compound Discoverer 2.0 (Thermo Scientific). Molecular formulas of reaction
products were determined with a set of requirements unique for each incubation. In
incubations with GBG and laccase alone, the determination of molecular formulas was
restricted to C, H and O atoms, and a maximum mass error of 5 ppm. In the case of GBG
with laccase and HBT, also nitrogen atoms were allowed, with a maximum of 6 N atoms
per molecule. For GBG with laccase and ABTS, nitrogen and sulfur were included, with a
maximum of 8 N and S atoms per molecule. In all cases, this led to a list of candidates,
with only one plausible formula.

2.6.5 Matrix-Assisted Laser Desorption Ionization — Time Of
Flight Mass Spectrometry (MALDI-TOF-MS)

Spots were prepared by mixing 1 pL DHB with 1 pL sample on a MTP 384 ground steel
target plate (Bruker Daltonics). Drying was accelerated using a hairdryer. Mass spectra
(my/z 500-3500) were obtained in positive mode using an Ultraflextreme workstation
(Bruker Daltonics), equipped with a Smartbeam II laser of 355 nm. A laser intensity of
30-40 % was used with ion source voltages of 20.00 and 17.86 kV, reflector voltages of
20.96 and 10.84 kV and a lens voltage of 7.59 kV. The system was calibrated using
maltodextrin.
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Table S2.1 Reaction products detected in trace amounts with RP-UHPLC-MS after incubation of
GBG with laccase in presence or absence of HBT. These products were absent in incubations
containing ABTS.

RT Tentative Mol. Ion Observed/ Mass MS? Incubation
(min) annotation formula calculated error fragments
mass (ppm)
33.8 Unknown C33H34013 [M-HT 638.20003/ 0.13 453, 441 Lac,
638.19995 Lac/HBT
34.0 Unknown C33H34013 [M-HT 638.20003/ 0.13 453, 441 Lac,
638.19995 Lac/HBT
37.3 Unknown C33H34012 [M-HT 622.20457/ -0.58 573, 497, 467 Lac,
622.20503 Lac/HBT
37.7 GBG dimer C34H38012  [M+FA]"  638.23720/ 1.37 637 Lac,
(isomer) 638.23633 Lac/HBT
[M-H] 589, 465, 483,
513, 435, 359,
329
37.6 Unknown C33H34012  [M-HT 622.20457/ -0.58 573, 497, 467 Lac,
622.20503 Lac/HBT
40.2 Cq-oxidized C34H36012  [M-HT 636.22054/ -0.22 587, 605, 557 Lac,
GBG dimer* 636.22068 Lac/HBT
46.8 Unknown Cs2Hs6020  [M-HT 1000.33858/ 0.61 953, 775, 757, Lac,
1000.33650 935, 727, 829 Lac/HBT

* The oxidized dimer may be formed via radical hydrogen abstraction at one of the benzylic positions of
the GBG dimer shown in Fig. 2.3. The oxidant is proposed to be a phenoxyl radical of GBG or a phenoxyl
radical of a GBG oligomer.

Table S2.2 Reaction products of GBG detected with RP-UHPLC-ITMS after incubation with ABTS*,
which are not already shown in Table 2.1 and Fig. 2.3.

RT (min) Tentative Ion m/z MS? fragments
annotation
19.0 GBG-ABTS CPI [M-3H]* 415 574, 228, 256
[M-2HT 831
39.7 GBG dimerox [M-H] 635 587, 605, 481, 451,
511, 557
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Fig. S2.1 UHPLC-MS chromatograms in time of GBG incubations with laccase (A), laccase/HBT (B)
and laccase/ABTS (C) measured in positive (red) and negative ionization mode (black).
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GBG with laccase
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Fig. S2.2 MALDI-TOF-MS analysis of GBG incubated with laccase alone (left) and laccase/HBT
(right). Both incubations resulted in oligomerization of GBG. All annotated peaks corresponded to
Na* adducts of GBG oligomers, with n=the degree of polymerization.
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Fig. $S2.3 RP-UHPLC-UV chromatograms (280 nm) of GBG (A), GBG incubated with ABTS (B) and
GBG incubated with ABTS™* (C). Annotations of GBG-ABTS CPI and GBG dimerox can be found in

Table S2 and Fig. S2.3.
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Fig. S2.4 Proposed structures and MS? fragmentation pathways of reaction products of GBG after
incubation with ABTS*, which are not already shown in Table 2.1 and Fig. 2.3. Fragmentations with
an * are suggested to be radical fragmentations.

100

N

80 -

Rel. O, conc. (%)
=Y
o

N
o
1

0 T T T
0 200 400 600

time (s)

Fig. S2.5 Oxygen consumption of GBG (black), ABTS (green) and HBT (blue) incubated with 1 U
mL? laccase. Oxygen consumption was measured using an Oxytherm System (Hansatech Kings
Lynn, UK). GBG, HBT and ABTS were used as substrates at 1 mM in a sodium phosphate buffer (50
mM) at pH 4. After equilibration, laccase was added to obtain an activity of 1 U mL™* Incubations
with performed in a total volume of 1 mL at 25 °C. Data acquisition was performed using Oxygraph
Plus software (Hansatech).
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CHAPTER

The impact of lignin sulfonation on its
reactivity with laccase and laccase/HBT

Lignin is a highly abundant aromatic polymer in nature, but its controlled cleavage or
cross-linking is a major challenge and currently hindering industrial applicability. Laccase
(L) and laccase/mediator systems (LMS) are promising tools for enzymatic lignin
modification, but to date, their overall reaction outcome is hard to predict and control.
This research aimed to understand the reactivity of native and sulfonated B-0-4’ linked
lignin structures in L and LMS treatments. 7rametes versicolorlaccase, and the mediator
hydroxybenzotriazole (HBT) were used, and reaction products were analyzed using
UHPLC-MS" and MALDI-TOF-MS. Polymerization was observed for both the native and
sulfonated phenolic compounds, suggesting that sulfonation does not affect radical
coupling of the phenolic lignin subunits. In contrast, sulfonation of the non-phenolic
lignin structure prevented Cq-oxidation and cleavage by L/HBT, which was explained by
an increased Cq-H bond dissociation energy of ~10 kcal/mol upon sulfonation. Overall,
our results indicate that lignin sulfonation drives the overall outcome of LMS incubations
towards polymerization.

Based on: Roelant Hilgers, Megan Twentyman-Jones, Annemieke van Dam, Harry Gruppen, Han
Zuilhof, Mirjam A. Kabel and Jean-Paul Vincken. The impact of lignin sulfonation on its reactivity
with laccase and laccase/HBT. Catalysis Science & Technology 2019, 9 (6), 1535-1542.
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3.1 Introduction

Lignin is one of the main polymeric constituents of plant cell walls and is considered a
renewable precursor for chemicals and materials.!** Plants synthesize lignin via radical
coupling of the precursors sinapyl alcohol, coniferyl alcohol and p-coumaroyl alcohol (S,
G and H units, respectively). Upon polymerization, a variety of C-C and C-O interunit
linkages is formed, of which the B-0-4' linkage is the most abundant one, accounting for
45-94% of the total interunit linkages.? Polymeric lignin consists of 10-30% phenolic
subunits, mainly being the endcaps of the polymer, and 70-90% non-phenolic subunits,
forming the lignin backbone.>

Currently, lignin is still underutilized in industrial applications. Depending on the intended
application, lignin can be valorized via different routes, such as polymerization,
depolymerization and grafting.6® Preferably, valorization should occur via sustainable
approaches, such as enzymatic modifications. One of the few enzymes known to be active
toward lignin is laccase (E.C. 1.10.3.2), an oxidase that couples the reduction of
molecular oxygen to the one-electron oxidation of a wide variety of aromatic substrates.
Laccases have relatively low redox potentials: the most powerful laccases, produced by
white-rot fungi, have redox potentials up to 800 mV vs. NHE.3 In contrast, the non-
phenolic subunits have redox potentials up to 1500 mV vs. NHE and are, therefore,
recalcitrant to oxidation by laccase alone.® Consequently, laccases can only oxidize the
phenolic subunits of lignin. Nevertheless, when laccase is combined with a mediator, also
the non-phenolic lignin structures can be oxidized.!® In such a laccase/mediator system
(LMS), laccase oxidizes the mediator, which, in turn, can react with a non-phenolic lignin
subunit, via different mechanisms, dependent on the mediator. Among the most widely
used mediators are the synthetic compounds HBT and ABTS, but also small lignin-derived
phenolic compounds, such as syringaldehyde and methyl syringate.'!-'8 HBT and natural
phenolics have been reported to oxidize non-phenolic lignin subunits via a radical
hydrogen atom transfer (HAT) mechanism, whereas ABTS is suggested to operate via
electron transfer (ET) (Scheme 3.1).1° In the HAT mechanism, the oxidized mediator is
generally an oxygen centered radical species that abstracts a radical hydrogen atom from
the benzylic position of the lignin structure, forming back the non-radical mediator
species and a benzylic radical. The efficiency of this reaction depends on the bond
dissociation energies (BDEs) of the mediator O-H bond and the lignin Cq-H bond. In
contrast, in the ET mechanism, the mediator is an oxidized species that abstracts an
electron from the lignin structure, forming back the reduced mediator species and a
radical cation. The radical cation then spontaneously loses a proton to form a benzylic
radical. The efficiency of the ET reaction depends on the redox potentials of the mediator
and the lignin structure.?® After oxidation by laccase or LMS, lignin may undergo a variety
of follow-up reactions, such as radical coupling, Cs-oxidation and cleavage reactions.

In literature, LMS incubations on lignin are studied in several ways and with several
purposes: (i) on biomass or pulp, in order to degrade lignin and increase the yield of
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saccharification of the polysaccharides present, and (ii) on technical lignins, in order to
upgrade their structure for various applications. Among the technical lignins,
lignosulfonate is by far the most available one,?! and is, therefore, an interesting target
for lignin valorization. The main difference between native lignin and lignosulfonate is
that the majority of Cq-positions in lignosulfonate are substituted by a sulfonate group
instead of a hydroxyl group. Lignosulfonate and native lignin also seem to differ regarding
their reactions in the presence of LMS. So far, LMS incubations with lignosulfonate have
only been reported to result in polymerization, whereas comparable LMS treatments
mainly led to depolymerization and Cq-oxidation of native lignin.3 Currently, it is unknown
why these substrates react in such a different manner in LMS incubations. This is partly
due to the fact that the reaction pathways of LMS-induced lignin modifications have
mainly been studied using lignin model compounds that resemble the structural motifs of
native lignin. The information obtained via these studies, although valuable, cannot
directly be extrapolated to reactions of lignosulfonate, due to the large degree of Cg-
sulfonation in the latter. To date, it remains unknown whether and how C,-sulfonation
influences the reactivity of lignin structures. To be able to predict or even control the
reaction outcome of LMS incubations of lignin and lignosulfonate in the future, it is
essential to understand how their structural features influence the reactivity with laccase
and LMS.

&
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Med,¢q
OCH3 H*
Med, OCHj, -
ET route

HO_R HO. R Further
é\ reactions
R ——
OCH3 OCHj,
OCHjz OCH,
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Med-O- Med-OH

NS

Laccase

Scheme 3.1 Mechanisms of ET and HAT oxidation routes in laccase/mediator systems. A non-
phenolic lignin model is used as an example substrate. Adapted from Baiocco et al.*°

Therefore, in this study, we compared the reactivity of two types of lignin model
compounds in laccase and laccase/HBT incubations: one type representing the structure
of native lignin, and the other type representing the structure of lignosulfonate. To mimic
native lignin, two B-0-4’ linked lignin model compounds were used. Guaiacylglycerol-§-
guaiacyl ether (GBG; 1-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-
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1,3-diol) was used to mimic the phenolic lignin end caps, and veratrylglycerol-B-guaiacyl
ether (VBG; 1-(3,4-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol) was used
to mimic the non-phenolic lignin backbone (Fig. 3.1). Their sulfonated analogues SGBG
(3-hydroxy-1-(4-hydroxy-3-methoxyphenyl)-2-(2-methoxyphenoxy)propane-1-sulfonic

acid) and SVBG (1-(3,4-dimethoxyphenyl)-3-hydroxy-2-(2-methoxyphenoxy)propane-1-
sulfonic acid) (Fig. 3.1) were synthesized and used to mimic the end caps and backbone
of lignosulfonate. We picked HBT as a mediator for two reasons: (i) It has been widely
used in LMS incubations of both native lignin and lignosulfonate, 12:18:22-24 which enables
a direct comparison between our model compound study and results reported for LMS
incubations of polymeric lignins, and (ii) it operates via the HAT mechanism, which makes
it possible to extrapolate our results to incubations with natural phenolics as mediators.

3.2 Materials & Methods

3.2.1 Materials

Guaiacylglycerol-B-guaiacyl ether (GBG; Fig. 3.1) was obtained from TCI chemicals
(Tokyo, Japan), veratrylglycerol-B-guaiacyl ether (VBG; Fig. 3.1) was purchased from
ABCR (Karlsruhe, Germany) and 2,5-dihydroxybenzoic acid (DHB) was bought from
Bruker Daltonics (Bremen, Germany). Laccase, HBT, ABTS, SPE cartridges and all other
chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA). Laccase was partially
purified as described earlier,?®> after which the activity was determined spectrophoto-
metrically by oxidation of ABTS (1 U = 1 pmol ABTS oxidized per minute at pH 5). Water
was prepared using a Milli-Q water purification system (Merck Millipore, Billerica, MA).

3.2.2 Sulfonation and purification of lignin model compounds

GBG was sulfonated by heating a GBG solution (20 mL, 2 mM) for 4 h at 130 °C in the
presence of sodium bisulfite (3.5 M) at pH 2.5. Similarly, VBG was sulfonated by heating
for 4 h at 150 °C and pH 1.5. Reactions were performed in a Monowave 400 microwave
reactor (Anton Paar, Graz, Austria). Of both incubations, five batches were prepared,
which were pooled afterwards. The sulfonated lignin model compounds were desalted
and purified prior to use in experiments (see Supporting Information for details). To verify
that the model compounds were sulfonated, the purified sulfonated compounds were
analyzed by performing 2D HSQC and HMBC NMR spectroscopy (see Supporting
Information for details). After sulfonation and purification, diastereomeric mixtures were
obtained with an isomer ratio of 1:3 for both SGBG and SVBG, based on UHPLC-UV2g0
peak areas.

3.2.3 Incubation of lignin model compounds with laccase and
laccase/mediator systems

The phenolic model compounds, GBG and SGBG, were dissolved at 0.05 mM in sodium
acetate buffer (50 mM, pH 4) with or without an equimolar concentration of HBT. Laccase
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was added to reach a final substrate and mediator concentration of 0.04 mM and a
laccase activity of 0.04 U mL in a total volume of 1 mL. The mixtures were incubated at
40 °C and 400 rpm in a thermomixer (Eppendorf, Hamburg, Germany). After 2, 5, 10,
20, 35 and 60 min, 100 pL of the incubation mixture was collected and 10 pL of 20 mM
sodium azide was added to this aliquot to stop the reaction. Incubations with the non-
phenolic model compounds, VBG and SVBG, were performed similarly, with the
adaptations that the HBT concentration was 0.4 mM and the reactions were stopped after
1, 3, 6 and 24 h. The samples were centrifuged (10,0004, 5 min, 20 °C) and analyzed by
using RP-UHPLC-PDA-MS". Incubations for MALDI-TOF-MS were performed similarly, with
substrate and mediator concentrations of 0.4 mM and a laccase activity of 0.2 U mLtin
all incubations. Detailed descriptions of the RP-UHPLC-PDA-MS" and MALDI-TOF-MS
methods can be found in the Supporting Information. In addition, separate oxygen
consumption measurements were performed using HBT, GBG and SGBG as substrates
(see Supporting Information for details).
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Fig. 3.1 Molecular structures of the lignin model compounds GBG, VBG, SGBG and SVBG, and the
mediator HBT.

3.24 Computational analyses

All computational analyses were performed with the B97D functional and 6-311+G(d,p)
basis set, as implemented in Gaussian 16 (version B1), using a SMD solvent model for
water.26

Homolytic C-H bond dissociation energies were calculated by elongating the desired C-H
bond to 5 A (in triplet state), and subtracting the single-point energy of this geometry
from the (singlet) optimized geometry.

The ionization energy of all four compounds in the neutral state was determined as the
difference between the single-point energies of the uncharged ground state and that of
the corresponding radical cation in the geometry of the optimized neutral ground state.
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3.3 Results

3.3.1 Reactions of phenolic lignin model compounds with
laccase and laccase/HBT

The phenolic model compounds GBG and SGBG (Fig. 3.1) were first incubated with
laccase in the absence of HBT. After oxidation by laccase, both GBG and SGBG underwent
radical coupling to form dimers (Mw=2xGBG-2H) (Fig. 3.2, Fig. 3.3, Table 3.1 and
Fig. S3.5/S3.6/S3.9). It should be noted that the GBG and SGBG dimers consist of four
aromatic rings. From that perspective, they should be considered tetramers. Although
dimerization may occur via either C-C or C-O coupling, dimerization of GBG resulted in
only one clear peak. Based on previous research, this product was annotated as a C-C
coupled GBG dimer.?” A second GBG dimer peak was only present in trace amounts. This
dimer showed a slightly different fragmentation pattern (Fig. $3.10) and was tentatively
annotated as the C-O coupling product. A peak corresponding to a GBG trimer was also
detected, especially after prolonged incubation times. Treatment of SGBG yielded several
dimeric products, which were poorly separated by UHPLC. Due to the poor separation
and relatively low intensity, the exact number of SGBG dimers formed was difficult to
determine. Nevertheless, two areas of SGBG dimers could be distinguished in the
chromatogram (region A and B in Fig. 3.2E), which showed slightly different
fragmentation patterns (Fig. $3.11).

4
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Fig. 3.2 RP-UHPLC-UV280 chromatograms of GBG (A-C) and SGBG (D-F) incubated for 2 min
without laccase (A and D), with laccase alone (B and E) and laccase/HBT (C and F). Note that the
substrate SGBG was used as a diastereomeric mixture, resulting in two chromatographic peaks.
Chromatograms of other time points can be found in the Supporting Information.

It was speculated that region A, containing the major SGBG dimer peaks, corresponded
to C-C coupling products, and that region B, containing the minor SGBG peaks,
corresponded to C-O coupling products. Within the two areas, multiple peaks were
present, which can be explained by the fact that the SGBG substrate was a mixture of
two diastereomers. Upon coupling, the number of diastereomers is increased, resulting
in a more complex mixture of reaction products. In addition to dimers, also oligomeric
reaction products were detected, by using MALDI-TOF-MS (Fig. $3.12/S3.13). Although
laccase treatment of other phenolic lignin models has been reported to result in
Cq-oxidized products,?® no indications for this were found in the present study.
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Prolonged incubation of GBG (>60 min) was also tested, but mainly resulted in
precipitation of the reaction products. Upon incubation of GBG and SGBG with the
laccase/HBT system, the same dimers and oligomers, as were formed in the incubations
with laccase alone, were found. In addition, trace amounts of coupling products between
substrates and HBT were detected (GBG-HBT and SGBG-HBT) (Table 3.1 and Fig. S3.9).
An overview of the major reaction pathways of GBG and SGBG in laccase and laccase/HBT
incubations is shown in Fig. 3.3.
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Fig. 3.3 Schematic representation of the outcomes of laccase and LMS incubations of GBG (A) and
SGBG (B). The solid arrows show the major reaction pathway and the dotted arrows display the
minor reaction pathway. Detailed information on identification of the compounds can be found in
Table 3.1 and Fig. S3.9.

In addition to product formation, the substrate conversion was monitored over time (Fig.
3.4). In the absence of HBT, laccase converted 68% of the GBG and 52% of the SGBG
in 2 min, based on UVyg peak area. This indicated that laccase oxidizes GBG faster than
SGBG. The same trends were observed for the laccase/HBT incubations: After 2 min, the
laccase/HBT system converted 69% and 51% of GBG and SGBG, respectively.
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Fig. 3.4 Conversion of GBG (solid lines) and SGBG (dotted lines) in time by laccase (black) and
laccase/HBT (blue). Rel. substrate conc. refers to the substrate concentration in the incubation
relative to the substrate concentration at t=0.
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Table 3.1 Compounds detected with RP-UHPLC-PDA-ESI-ITMS and RP-UHPLC-PDA-ESI-FTMS after
incubation of the phenolic lignin model compounds GBG and SGBG with laccase from 7. versicolor
in the presence or absence of HBT. The MS? fragments are given with their relative abundance (%)
in parentheses. When no fragment with an abundance of 100% is reported, the most abundant
fragment ion was equal to the parent ion. Proposed fragmentation patterns can be found in Fig.
S3.9.

Tent. Mol. RT Ion Observed/ Mass MS? Amax Incub.
annotat. formula (min) calculated error fragments (nm)
mass (Da) (ppm)

Reaction products of GBG

GBG Ci7H2006 17.2 [M+Na]*  320.12602/  0.11 295 (44), 302 277 Lac,
320.12599 (12), 147 (8), Lac/HBT
201 (8), 219
(8)
GBG dimer  CsaH3s012 26.0 [M-HT" 638.23707/  1.17 589 (100), 483 277 Lac,
638.23633 (64), 513 (28), Lac/HBT

435 (26), 329
(20), 541 (14),
465 (12), 359

(8)
Unknown C24H23NOs 27.0 [M-HT" 469.13765/  0.78 424 (100), 312 308 Lac,
469.13728 (38), 409 (36), Lac/HBT

287 (26), 268
(16), 296 (14),
344 (12), 272

(8)
GBG trimer  CsiHs6O1s 32.5 [M-H] 956.34718/ 0.54 907 (100), 889 N.D. Lac,
956.34666 (52), 919 (26), Lac/HBT
859 (18)
GBG-HBT Ca3H23N507 19.7 [M-HT 453.15328/ -0.7 404 (100), 328 330 Lac/HBT
453.15360 (42), 298 (38)
Reaction products of SGBG
SGBG Ci7H200sS 10.6, [M-HT 384.08827/ 1.00 259 (100), 179 276 Lac,
11.1 384.08789 (68), 203 (38), Lac/HBT
165 (30), 229
(22), 195 (6)
SGBG C34H3801652 15.0, [M-2H]* 766.16073/ 0.79 561 (100), 320 277 Lac,
dimers 15.8, 766.16013 (64), 123 (24), Lac/HBT
17.1, 273 (20), 449
(16), 577 (18),
437 (10)
SGBG-HBT C23H23Ns0oS  15.2 [M-HT 517.11580 0.56 312 (100), 392 332 Lac/HBT
517.11550 (60), 298 (34),
203 (10)
HBT and related
HBT CeHsNsO 3.8 [M-HT 135.04325/ -0.07 106 (100), 78 306, Lac/HBT
135.04325 (6) 276,
[M+H]* 91 (32), 80 268
(30), 107 (20),
53 (18)
BT CeHsN3 6.9 [M+H]* 119.04827/ -0.65 N.D. 258, Lac/HBT
119.04835 280
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3.3.2 Reactions of non-phenolic lighin model compounds with
laccase and laccase/HBT

As expected, in incubations with laccase alone, no VBG and SVBG was converted (Fig.
3.5). In the laccase/HBT incubation, the native model compound VBG was mainly
converted to its ketone analogue VBGox. In addition, small peaks corresponding to
C11H1404 and Cy2H1604 were formed (Fig. 3.5 and 3.6, Table 3.2, Fig. $3.15). These
peaks were tentatively annotated as cleavage products VBG CLPI and VBG CLP II,
respectively. The former cleavage product is suggested to be formed via [ ether cleavage,
which has been reported before.?®39 The exact structure of VBG CLP II could not be
elucidated. In contrast to their phenolic analogues, VBG and SVBG did not form coupling
products with HBT, suggesting that coupling to HBT occurs at the aromatic ring rather
than at the benzylic position. After 24 h, 47% of the VBG was converted, based on UV s
peak area. In contrast, the laccase/HBT system was unable to convert SVBG. Even after
24 h, the areas of the SVBG peaks remained unchanged. A schematic overview of the
incubation outcomes of VBG and SVBG is shown in Fig. 3.6.

4
4E /VBG A SVBG D
0 {/SVBGisomer
< 4E4 B E
L
< 0 .
4E HBT
VBGCLP|  VBGCLP || VBGox HBT F
0 - — \,,.; 7 "_ A

5 10 15 20 15 20 25 30
Time (min) Time (min)
Fig. 3.5 RP-UHPLC-UV2s0 chromatograms of VBG (A-C) and SVBG (D-F) incubated for 24 h without
laccase (A and D), with laccase alone (B and E) and laccase/HBT (C and F). The unlabelled peaks
correspond to degradation products of the mediator. Chromatograms of other time points can be
found in the Supporting Information.
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Fig. 3.6 Schematic representation of the outcomes of laccase and LMS incubations of VBG (A) and
SVBG (B). Whereas VBG is oxidized by both LMS, SVBG is completely inert in all incubations. The
structure of VBG CLP II (Ci2H1604) could not be elucidated.
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Table 3.2 Compounds detected with RP-UHPLC-PDA-ESI-ITMS and RP-UHPLC-PDA-ESI-FTMS after
incubation of the non-phenolic lignin model compounds VBG and SVBG with laccase from 7.
versicolor in the presence or absence of HBT. The MS? fragments are given with their relative
abundance (%) in parentheses. When no fragment with an abundance of 100% is reported, the
most abundant fragment ion was equal to the parent ion. Proposed fragmentation patterns can be
found in Fig. S3.15.

Tent. Mol. RT Ion Observed/ Mass MS? fragments Amax Incub.
annotat. formula (min) calculated error (nm)
mass (Da) (ppm)
Reaction products of VBG

VBG CisHz0s  21.7 [M+Na]* 334.14123/  1.21 309 (42), 215 (8), 276 Lac,
334.14164 147 (4), 233 (4) Lac/HBT
VBGCLPI CiiHiOs  11.9 [M+H]*  210.08920/ 0.04 139 (100), 165 (20), 275,  Lac/HBT
210.08921 124 (10) 303
VBG CiHi0s  15.4 [M+H]*  224.10467/ -0.85 165 (100), 139 (18), 276,  Lac/HBT
CLP II 224.10486 181 (8) 308
[M+Nal* N.D.
VBGox CisH200s  26.6 [M+H]*  332.12563/ -1.08 149 (100), 167 (84), 279,  Lac/HBT
332.12599 285 (84), 165 (74), 312

181 (72), 209 (52),
177 (30), 303 (28),
121 (20), 192 (12)

[M+Na]* 325 (100), 232 (18),
201 (10)
Reaction products of SVBG
SVBG CisH220sS  14.8, [M-HT 398.10353/  -0.02 273 (100), 203 (20), 277 Lac,
15.1 398.10354 123 (18), 215 (18), Lac/HBT
329 (8)
HBT and related
HBT CsHsNsO 3.8 [M-HT 135.04325/  -0.07 106 (100), 78 (6) 306, Lac/HBT
135.04325 276,
[M+H]* 91 (32), 80 (30), 268
107 (20), 53 (18)
BT CsHsNs 6.9 [M+H] * 119.04827/ -0.65 N.D. 258, Lac/HBT
119.04835 280
3.4 Discussion

3.4.1 The effect of sulfonation of phenolic lignin model
compounds on their conversion by laccase and
laccase/HBT

The reaction pathways of GBG and SGBG were highly similar. Both model compounds
underwent oligomerization in the laccase and laccase/HBT incubations. Hence,
sulfonation of the phenolic end caps in lignin does not affect their proneness to undergo
radical coupling reactions. Thus, both native and sulfonated lignin may undergo
polymerization when oxidized by laccase. The presence of HBT had only a minor effect
on the reaction pathway (Fig. 3.3), which can be explained by the fact that laccase
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oxidizes GBG and SGBG much faster than it oxidizes HBT (Fig. $3.14). Consequently,
GBG and SGBG are already converted before a substantial amount of HBT is oxidized.
Laccase converted SGBG more slowly than it converted GBG. The conversion rate of
phenolic substrates by laccase has been reported to be dependent on the difference in
redox potentials of the laccase and the substrate.3! To check whether the sulfonation
may have affected the redox potential of the phenolic model compounds, we calculated
their ionization energies in water using B97D/6-311+G(d,p) calculations and an SMD
solvent model for water (Table 3.3). As the ionization energies of GBG and SGBG are
very similar, it is unlikely that the lower conversion rate of SGBG as compared to GBG is
due to different redox properties of the compounds. An alternative explanation might be
that the sulfonation decreases the affinity of the substrate for the active site of the
laccase. It has been reported that the substrate binding cavity of a laccase from 7.
versicolor, is dominated by negative charges.32 As the sulfonic acid group on SGBG is also
negatively charged, electrostatic repulsion may occur, resulting in a lower binding affinity
and, consequently, to a lower conversion rate.

3.4.2 The effect of sulfonation of non-phenolic lignin model
compounds on their reactions by laccase/HBT

Whereas laccase/HBT slowly converted VBG to both its ketone analogue and cleavage
products, it was unable to convert SVBG. Since in a laccase/HBT system oxidation of the
substrate by the mediator occurs via a HAT mechanism,!° the reaction is dependent on
the difference in bond dissociation energy (BDE) between the O-H bond of HBT and the
Cq-H bond in the lignin model compound. In order to explain the difference in reactivity
of VBG and SVBG, we calculated the Cq-H BDE of both molecules (Table 3.3). As can be
observed, the C,-H BDE of SVBG (94 kcal/mol) is substantially higher than that of VBG
(87 kcal/mol), indicating that radical hydrogen abstraction is less favourable in the
sulfonated structure. According to literature, the BDE of the O-H bond in HBT is
approximately 85 kcal/mol.33

Table 3.3 Calculated ionization energies in water (IE) and Cq-H
bond dissociation energies (BDE) of the model compounds used.
N.D. = Not determined.

Co-H BDE (kcal/mol) IE (kcal/mol)

GBG 84 121
SGBG 94 118
VBG 87 N.D.
SVBG 94 N.D.
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As this value is in the same range as that of VBG, it seems plausible that radical hydrogen
abstraction by the HBT radical can occur in the case of VBG. In contrast, the BDE of SVBG
is too high for the HBT radical to abstract a radical hydrogen atom, making it inert to the
laccase/HBT system, in line with our experiments (scheme 3.2).

ca. 85 kial/mol R
oe HO: ooy HO
N/ = 84-87 kcal/mol h/,\
C[,\/;N + P AH = 0 kcal/mol
OCHj il OCHj
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5 058 O—H 0:8
Nf tos kcal/mol keal/mol
AH = 9 kcal/mo
Oy - e O -
oY CHs OCHs
OCHs CH,

Scheme 3.2 Sulfonation of lignin structures increases the Co,-H BDE, and thereby makes non-
phenolic lignin structures inert to conversion by the laccase/HBT system.

3.4.3 Sulfonation of lignin polymers: implications for reactivity
with laccase and LMS

Several studies have investigated the effect of laccase and LMS on polymeric lignin, and
both polymerization and depolymerization have been reported as outcomes.?3 It has been
suggested that polymerization and depolymerization are in competition with each other,
and that this competition may be influenced by reaction conditions and the presence of
mediators.3 Obviously, the final outcome of this competition is dependent on the reactions
of both the phenolic and non-phenolic structures in lignin. It is a general trend that the
activity of laccase alone leads to lignin polymerization, whereas the activity of LMS leads
to depolymerization.3 This can be rationalized, as laccase alone can only oxidize the
phenolic subunits, which tend to undergo radical coupling, leading to lignin
polymerization. LMS also oxidizes the non-phenolic structures, which generally leads to
Cq-oxidation or bond cleavage.

Remarkably, when lignosulfonate is used as a substrate, both laccase and LMS
incubations are shown to induce polymerization.#62223.34 To date, there was no
mechanistic explanation for this observation, since the effects of laccase and LMS have
only been investigated on polymeric lignosulfonate. These studies reported changes in
molecular weight or overall changes in chemical structure, but did not describe detailed
reaction pathways. To overcome this knowledge gap, in the present study, we used
phenolic and non-phenolic sulfonated lignin model compounds. This enabled us to
rationalize the observation that lignosulfonate is polymerized by both laccase and LMS:
Polymerization, which generally occurs upon oxidation of phenolic lignin subunits, can
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still occur when lignin is sulfonated. In contrast, cleavage of the B-0-4’ bond, which
generally occurs upon oxidation of non-phenolic lignin subunits, is impaired after
sulfonation. This drives the polymerization/depolymerization competition to an overall
result of lignin polymerization, even in the presence of mediators. Obviously, the extent
of this effect is dependent on the degree of sulfonation of the lignosulfonate preparation
and the ratio phenolic/non-phenolic subunits. In addition, it should be taken into account
that the model compounds used, consist of G-units linked by a B-0-4’ bond. In lignin and
lignosulfonate, S and H units and other interunit linkages may be present, which may
also play a role in the overall reaction outcome.

3.5 Conclusions

This work reports the effect of sulfonation of lignin model compounds on their reactivity
in laccase and LMS incubations. Phenolic lignin model compounds, both native and
sulfonated, underwent radical coupling reactions, indicating that laccase is able to induce
polymerization of both native and sulfonated lignin. Sulfonation of a non-phenolic B-0-4'
linked lignin model compound had a larger impact on its reactivity: whereas Cq-oxidation
and cleavage of the native model compound were observed in LMS incubations, the
sulfonated model compound was completely unreactive in laccase and laccase/HBT
incubations. Overall, since sulfonation prevents cleavage of the non-phenolic lignin
backbone, while keeping radical coupling of phenolic end groups possible in LMS
incubations, we conclude that sulfonation of lignin drives the overall outcome of LMS
incubations toward polymerization. The insights obtained from this study can be used to
rationalize and predict the effect of laccase and LMS on native lignin and lignosulfonate.
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3.7 Supporting Information

3.7.1 Purification of sulfonated lignin model compounds

After the sulfonation step in the microwave reactor, the incubation mixtures were cooled
down to room temperature and desalted by using solid phase extraction. Supelclean
ENVI-Carb cartridges (Sigma Aldrich, St. Louis, MO, USA) were activated with 80% ACN
and washed with water. Subsequently, the incubation mixture was applied onto the
cartridge and the cartridges were washed with 10 column volumes of water to remove
salts. The model compounds were then eluted using 3 column volumes of 100% ACN,
and dried under a nitrogen flow. The residue was dissolved in 1 mL water and was further
purified by using a Reveleris Flash system (Grace Davison Discovery Sciences, Columbia,
MD, USA), equipped with a 4 g Reveleris RP Flash cartridge, ELSD detector and UV
detector. The eluents used were water (eluent A) and ACN (eluent B), both containing
1% (v/v) formic acid. After activation of the cartridge with eluent B, and washing with 5
column volumes of eluent A, the desalted reaction mixtures were injected. The sulfonated
model compounds were then separated from byproducts using the following gradient
profiles: For SGBG, 0-1 min at 3% B (isocratic), 1-9.3 min from 3 to 16% B (linear
gradient), 9.3-9.6 min from 16 to 100% B (linear gradient), 9.6-11 min at 100% B
(isocratic); For SVBG: 0-1 min at 5% B (isocratic), 1-9.3 min from 5 to 18% B (linear
gradient), 9.3-9.6 min from 18 to 100% B (linear gradient), 9.6-11 min at 100% B
(isocratic). The flow was set at 18 mL min! and fractions of 4 mL were collected. The
resulting fractions were diluted 10 times with water and analyzed by using RP-UHPLC-
PDA-MS. Fractions that contained the sulfonated model compounds and that were free
of byproducts were pooled. Remaining ACN was evaporated under reduced pressure,
after which the model compound solutions were freeze-dried and stored in a desiccator.

3.7.2 2D HSQC NMR analysis of the lignin model compounds

In order to verify that the model compounds SGBG and SVBG were sulfonated at the Cq-
position, the lignin model compounds were analyzed by using 2D NMR. For GBG and VBG,
approximately 1 mg was dissolved in 500 yL DMSO-ds, and for SGBG and SVBG,
approximately 150 pg was dissolved in 450 uL DMSO-ds. The NMR experiments were
recorded at 25 °C by using hsqcetgpsisp2.2 and hmbcgpndgf pulse sequences on a Bruker
AVANCE III 600 MHz NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany)
equipped with a 5 mm cryo-probe. The internal temperature of the probe was set at 298
K. Spectral widths were 6,000 Hz (10-0 ppm) for the H-dimension and 25,000 Hz (165-
0 ppm) for the 13C dimension. The solvent peak (DMSO-ds) was used as an internal
reference (dc 39.5 ppm; o 2.49 ppm).
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Fig. S3.1 2D HSQC NMR spectrum and peak annotations of the model compound GBG. Both the
side chain and aromatic region are included. Peak assignment was based on Ralph et al.?
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Fig. S3.2 2D HSQC (blue) and HMBC (red) NMR spectrum and peak annotations of the model
compound SGBG. Both the side chain and aromatic region are included. Peak assignment was done
based on the combination of HSQC and HMBC data, and by comparison of the chemical shifts with
the chemical shifts of sulfonated lignin models reported by Lutnaes et al.3 The peak in light blue

corresponds to the least abundant diastereomer of SGBG (C1-Hy' and Ce-Hs').
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Fig. S3.3 2D HSQC NMR spectrum and peak annotations of the model compound VBG. Both the
side chain and aromatic region are included. Peak assignment was based on Ralph et al.3
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Fig. S3.4 2D HSQC (blue) and HMBC (red) NMR spectrum and peak annotations of the model
compound SVBG. Both the side chain and aromatic region are included. Peak assignment was done
based on the combination of HSQC and HMBC data, and by comparison of the chemical shifts with
the chemical shifts of sulfonated lignin models reported by Lutnaes et al.*® In the table, only the
chemical shifts of the most abundant diastereomer are included. In the table, only the chemical
shifts of the most abundant diastereomer are included. The peaks of the other diastereomer are
indicated in light blue.
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3.7.3 RP-UHPLC-PDA analysis

Reaction products were separated by using an Accela UHPLC system (Thermo Scientific,
San Jose, CA, USA) equipped with a pump, degasser, autosampler and photodiode array
(PDA) detector. Samples (5 pL) were injected onto an Acquity UPLC BEH C18 column
(150 x 2.1 mm, particle size 1.7 ym) (Waters, Milford, MA, USA). The flow rate was 400
pL mint at 45 °C. Water (A) and acetonitrile (B) were used as eluents, both acidified
with 0.1% (v/v) formic acid. The following gradient was used: 0-1.5 min at 5% B
(isocratic), 1.5-32 min from 5 to 35% B (linear gradient), 32-33 min from 35 to 100% B
(linear gradient), 33-38 min at 100% B (isocratic), 38-39 min from 99 to 5% B (linear
gradient) and 39-44 min at 5% B (isocratic). The PDA detector was set to record
wavelengths between 200 and 700 nm.

3.7.4 Electrospray Ionization — Ion Trap Mass Spectrometry
(ESI-IT-MS)

Mass spectrometric data were obtained with an LTQ Velos Pro mass spectrometer
(Thermo Scientific) equipped with a heated ESI probe coupled to the UHPLC system.
Nitrogen was used as sheath gas and auxiliary gas. Data were collected in both positive
and negative ionization mode over the m/z range 120-2,000. Data dependent MS?2
analysis was performed on the most intense ion by using collision-induced dissociation
with a normalized collision energy of 35%. To gain MS? spectra of the second and third
most abundant ions, dynamic exclusion was used, with a repeat count of six MS?2 spectra
per parent ion within a time frame of 15 s. The most intense ion was selected The system
was tuned with LTQ Tune Plus 2.7 (Thermo Scientific) upon direct injection of GBG in
both positive and negative ionization mode. The ion transfer tube temperature was 300
°C, source heater temperature was 250 °C and the source voltage was 3.5 kV. Data were
processed with Xcalibur 2.2 (Thermo Scientific).

3.7.5 Electrospray Ionization - Fourier Transform Mass
Spectrometry (Accurate mass determination)

For accurate mass determination, reaction products were separated using a Vanquish
UHPLC system (Thermo Scientific). The same samples were used as for ESI-IT-MS, after
a 10-fold further dilution in MilliQ water. The injection volume was 1 pL. The column,
eluents and gradient were identical to those described for RP-UHPLC-PDA analysis. The
column compartment heater was set to 45 °C, the eluent preheater was set to 45 °C and
the post-column cooler was set to 40 °C. A Thermo Q Exactive Focus hybrid quadrupole-
orbitrap mass spectrometer (Thermo Scientific) equipped with a heated ESI probe
coupled to the Vanquish RP-UHPLC system was used to acquire accurate mass data. Half
of the flow was directed toward the MS. Full MS data were recorded in both negative and
positive ionization mode over a range of m/z 100-1,500 at a resolution of 70,000. The
mass spectrometer was calibrated in both positive and negative mode using Tune 2.8
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software (Thermo Scientific) by direct infusion of Pierce LTQ ESI positive and negative
ion calibration solutions (Thermo Scientific). Nitrogen was used as sheath gas (30
arbitrary units) and auxiliary gas (20 arbitrary units). The capillary temperature was 320
°C; the probe heater temperature was 280 °C; the source voltage was 2.8 kV; and the
S-lens RF level was 50. Data processing was done using Xcalibur 2.2 (Thermo Scientific)
and Compound Discoverer 2.0 (Thermo Scientific). Molecular formulas of reaction
products were determined with a set of requirements unique for each incubation. In
incubations with GBG or VBG and laccase alone, the determination of molecular formulas
was restricted to C, H and O atoms, and a maximum mass error of 5 ppm. In the case of
GBG or VBG with laccase and HBT, also nitrogen atoms were allowed, with a maximum
of 6 N atoms per molecule. The requirements for reaction products of the sulfonated
model compounds were the same, with the adaptation that 8 sulfur atoms were allowed
in all cases. For every peak, this led to a list of candidates, with only one plausible
formula.

3.7.6 Matrix-Assisted Laser Desorption Ionization — Time Of
Flight Mass Spectrometry (MALDI-TOF-MS)

Prior to analysis, a cation exchange resin (AG 50W-X8 DOWEX) was added to the samples
for at least 3 h. Under continuous flow of a hairdryer, 1 yL of 25 mg mL'! 2,5-
dihydroxybenzoic acid (DHB) was mixed with 1 pL sample on a MTP 384 ground steel
target plate (Bruker Daltonics). Mass spectra (m/z 500-3,500) were acquired using a
Bruker UltraFlextreme MALDI-TOF (Bruker Daltonics) instrument equipped with a
Smartbeam2 nitrogen laser (337 nm) operated in reflector mode with an acceleration
voltage of 25 kV. Ion voltages were set to 20.00 and 17.90 kV, reflector voltages to 20.80
and 10.90 kV and the lens voltage to 7.85 kV. Ionization in positive mode was carried
out with a laser beam intensity of 20-30% at 500 Hz. Each mass spectrum (m/z 500 —
3,500) was obtained from four additions of 250 laser shots to a total of 1,000 shots.
Calibration was carried out with a 1 mg/ml maltodextrin solution (DP 20; Mw 400 — 3,500
Da). Data was processed using FlexAnalysis 3.3 (Bruker Daltonics).

3.7.7 Oxygen consumption

Oxygen consumption was measured with an Oxytherm System (Hansatech Kings Lynn,
UK). Lignin model compounds and mediators were used as substrates at 0.4 mM in a
sodium acetate buffer (50 mM) at pH 4. Also in incubations containing both a model
compound and a mediator, the individual concentrations were 0.4 mM. After equilibration,
laccase was added to obtain an activity of 1 U mL. Here, a higher laccase activity was
used than in the incubations described in the article, in order to obtain a more clear
decrease in O, concentration within the short time frame of the measurement.
Incubations were performed in a total volume of 1 mL at 25 °C. Data were acquired by
using Oxygraph Plus software (Hansatech).
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Fig. $3.9 Proposed fragmentation patterns of GBG, SGBG and their reaction products formed after
incubation with laccase and laccase/HBT. The dotted lines represent the proposed fragmentation
pattern, resulting in the MS? fragments reported in Table 3.1. The patterns correspond to
fragmentation of parent ions [M+Na]* for GBG, [M-2H]% for SGBG dimer, and [M-H] for all other
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Fig. S3.12 MALDI-TOF-MS spectra in time of GBG incubated with laccase (A) and laccase/HBT (B).
The table shows the observed my/z values and their corresponding tentative annotations.
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Fig. $3.13 MALDI-TOF-MS spectra in time of SGBG incubated with laccase (A) and laccase/HBT
(B). The table shows the observed m/z values and their corresponding tentative annotations.
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Fig. S3.14 Oxygen consumption of lignin model compounds, mediators and combinations thereof
in the presence of laccase: GBG (solid, black); SGBG (dotted, black); GBG+HBT (solid, blue);
SGBG+HBT (dotted, blue); HBT (solid, light blue).
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CHAPTER

Boosting degradation of lignin 3-0-4’
linkages by laccase/HBT: the overlooked
effect of buffer properties

Over the past years, laccase/mediator systems (LMS) have received a lot of attention as
potential green tools for lignin degradation. Nevertheless, it has often been reported
that Cq-oxidation, rather than bond cleavage, is the main result of LMS treatment.
Remarkably few studies have attempted to influence this product profile and thereby
enhance the effectivity of LMS in cleaving lignin structures. Here, we show for the first
time that the ratio between B-0-4' ether cleavage and Cq-oxidation can be substantially
increased, from <10% to 80% ether cleavage, by altering buffer pH and buffer strength.
The underlying reactions were further studied with experimental and computational
(Density Functional Theory; DFT) approaches. Based on the outcomes, we propose
detailed reaction mechanisms for the reactions underlying ether cleavage and Co-
oxidation. We propose that increasing buffer pH and strength, enhances H-bonding
between the lignin model and buffer anions, which drives the overall reaction outcome
towards ether cleavage.

Based on: Roelant Hilgers, Annemieke van Dam, Han Zuilhof, Jean-Paul Vincken and Mirjam A.
Kabel. Controlling the competition: boosting laccase/HBT-catalyzed cleavage of a B-O-4" linked
lignin model. ACS Catalysis 2020, 10, 8650-8659.



Chapter 4

4.1 Introduction

Lignin is a highly abundant aromatic polymer in plant cell walls, and its selective
degradation is a major challenge in biorefinery. Lignin mainly consists of syringyl (S),
guaiacyl (G) and p-hydroxyphenyl (H) units, coupled via a variety of inter-unit linkages,
of which the B-0-4' linkage is most abundant (45-94% of the total inter-unit linkages).!
The polymer consists of phenolic subunits (10-30%), mainly being the endcaps of the
polymer, and non-phenolic subunits (70-90%), forming the backbone.? Although lignin
can be degraded by using thermochemical treatments, green alternatives are preferred,
and are receiving increasing attention.

A potential green approach for selective lignin degradation is the use of laccase/mediator
systems (LMS). Laccases (EC 1.10.3.2) are oxidases with redox potentials of <800 mV'!
that use molecular oxygen to perform one-electron oxidations of aromatic substrates.
Laccases can oxidize the phenolic lignin subunits, which have sufficiently low redox
potentials, but oxidation of the non-phenolic subunits having redox potentials up to 1500
mV is hampered.? To overcome the inertness of non-phenolic subunits, a mediator can
be added to form a LMS. In such a system, laccase oxidizes the mediator, which
subsequently oxidizes the non-phenolic lignin structure. The most widely used mediator
is 1-hydroxybenzotriazole (HBT).

HBT is generally assumed to oxidize non-phenolic lignin structures via hydrogen atom
transfer (HAT),%* although it has been suggested that electron transfer (ET) may also
occur in the case of relatively electron-rich lignin substructures.® Oxidation of lignin
substructures via HAT and ET results in the formation of benzylic radicals and radical
cations, respectively. These radicals react further (non-enzymatically) via several routes,
depending on the structure of the substrate.”!! Studies on LMS treatments of non-
phenolic B-0-4' linked lignin model compounds mainly report Cq-oxidation!? and bond
cleavage as outcomes,®-11:13.14 and it has been suggested that their formation occurs via
competing routes.!® Typically, Co-oxidation is the major reaction outcome, whereas
cleavage products are only formed in minor amounts.'%13:14 Qbviously, when LMS
treatments are performed with the aim to degrade lignin, this product distribution is
undesirable, and should be shifted in favor of bond cleavage.

In principle, to increase the efficiency of LMS-catalyzed lignin degradation, two strategies
could be followed: i) maximizing the total extent of oxidation by increasing the catalytic
performance of the LMS, or ii) steering the non-enzymatic follow-up reactions towards
bond cleavage (at the cost of Cg-oxidation). Whereas multiple studies have been
published related to the catalytic performance of different laccases and mediators (in line
with the first approach),>-1° to the best of our knowledge, no studies have been published
that follow the second approach. In addition, as LMS treatments are often performed at
those conditions under which the laccase is optimally active, it is largely unknown
whether and how reaction conditions can affect the reaction product profile.
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Here, we show that altering buffer pH and buffer strength can dramatically enhance
degradation of a non-phenolic lignin model, veratrylglycerol-B-guaiacyl ether (VBG), by a
laccase/HBT system. Furthermore, based on additional experiments and a computational
(DFT) study, we provide new insights into the competition between Cy-oxidation and
ether bond cleavage and the underlying mechanisms.

4.2 Materials & Methods

4.2.1 Materials

Veratrylglycerol-B-guaiacyl ether (VBG) was purchased from ABCR (Karlsruhe, Germany).
Laccase from Trametes versicolor, HBT, ABTS and all other chemicals were purchased
from Sigma Aldrich (St. Louis, MO, USA). The laccase was partially purified as described
earlier.?% Laccase activity was determined spectrophotometrically by oxidation of ABTS
(1 U = 1 pmol ABTS oxidized per minute at pH 5). The partially purified laccase had a
specific activity of approximately 50 U/mg. Water was prepared by using a Milli-Q water
purification system (Merck Millipore, Billerica, MA).

4.2.2 Buffers used in this study

In this study, citrate/phosphate buffers were used at various pH values and buffer
strengths. In this article, a X/Y mM citrate/phosphate buffer refers to a buffer prepared
from X mM citric acid and Y mM dibasic phosphate stock solutions. It should be noted
that the actual concentrations of citrate and phosphate are pH dependent.

4.2.3 Incubation of VBG with the laccase/HBT system

Incubations at varying pH values

Stock solutions of 0.2 mM VBG, 1 mM HBT, and 10 U/mL laccase were prepared in MQ
water. Citrate/phosphate buffers were prepared at pH 3, 4, 5, 6 and 7 by mixing 50 mM
citric acid and 100 mM dibasic sodium phosphate at different ratios. VBG, HBT, laccase
and buffer were then mixed in a ratio of 1:1:1:2, to obtain final concentrations of 0.04
mM VBG, 0.2 mM HBT, 2 U/mL laccase and 20/40 mM citrate/phosphate buffer. All
samples were prepared in duplicate. The mixtures were incubated at 40 °C and 400 rpm
in a thermomixer (Eppendorf, Hamburg, Germany). After 2, 6, 24 and 48 h, 40 L of the
incubation mixture was collected and 10 pL of 20 mM sodium azide was added to the
aliquots to stop the reaction. The samples were centrifuged (10,000 x g, 5 min, 20 °C)
and analyzed by using RP-UHPLC-PDA-MS". Calibration curves of VBG (5-50 uM), and the
main reaction products CLP (0.2-20 pM) and VBGox (1-40 pM) (see section: large-scale
preparation and purification of reaction products) were prepared in triplicate, and were
included in the RP-UHPLC-PDA-MS analysis to quantify VBG, VBGox and CLP after
incubation. To estimate the formed quantities of the reaction product CLP II, the
calibration curve of CLP was used. From these calibration curves, the extinction
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coefficients of CLP and VBGox relative to that of VBG were determined. In further
experiments, only calibration curves of VBG were included, and quantities of CLP and
VBGox Were calculated based on their relative extinction coefficients.

Incubations at varying buffer strengths

Samples were prepared according to the procedure described above, with final
citrate/phosphate buffer concentrations of 5/10, 20/40, 40/80 and 80/160 mM
(citrate/phosphate) and incubated for 48 h. Similarly, incubations were performed in MQ
water instead of buffer. The pH of these incubation mixtures was adjusted to 4 or 6 by
addition of HCl and NaOH. During incubation, the pH change of these samples was less
than 0.15 pH point. Incubations (48 h) in concentrated citrate buffers (only at pH 4 and
6) were performed with a final citrate concentrations of 2 M and a laccase activity of 4
U/mL. For comparison, incubations (48 h) in a 20/40 mM citrate/phosphate buffer were
performed with an equal laccase dose (i.e. 4 U/mL).

4.2.4 Large-scale production and purification of reaction
products

To enable quantification of the main reaction products, a large-scale incubation of VBG
with laccase/HBT was performed, after which the reaction products were purified. Hereto,
two batches of 50 mg VBG and 125 mg HBT were incubated in 40 mL citrate/phosphate
buffers (20/40 mM) at pH 4 and 6. Laccase was added to obtain a final activity of 10
U/mL. After 48 h, the reaction mixtures were centrifuged (5000 x g, 20 °C, 10 min) and
the reaction products were separated using Flash chromatography. Hereto, the
centrifuged reaction mixtures were injected on a Reveleris Flash system (Grace Davison
Discovery Sciences, Columbia, MD, USA), equipped with a 4 g Reveleris RP Flash
cartridge, ELSD detector and UV detector. The eluents used were water (eluent A) and
ACN (eluent B), both containing 1% (v/v) formic acid. After activation of the cartridge
with eluent B, and washing with 5 column volumes of eluent A, the reaction mixtures
were injected. The reaction products and remaining VBG were then separated using the
following elution profile: 0-5 min at 0% B (isocratic), 5-33 min from 0 to 32% B (linear
gradient), 33-33.6 min from 32 to 100% B (linear gradient), 33.6-36 min at 100% B
(isocratic). The flow was set at 18 mL/min and fractions of 4 mL were collected. The
resulting fractions were diluted 10 times with water and analyzed by using RP-UHPLC-
PDA-MS. Fractions that contained the reaction products and that were free of byproducts
were pooled. Remaining ACN was evaporated under reduced pressure, after which the
model compound solutions were freeze-dried and stored in a desiccator.

The fractions containing pure CLP or VBGox were pooled and freeze-dried. The obtained
CLP and VBGox were analyzed using RP-UHPLC-PDA-MS and 2D NMR (HSQC, HMBC and
COSY) to confirm purity and identity of the products. Since no completely pure fractions
of CLP II could be obtained, the most pure fraction was freeze-dried and analyzed using
HSQC and HMBC NMR.
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4.2.5 2D NMR analysis

The purified reaction products were analyzed by using 2D NMR. Hereto, VBGox (490 ug),
CLP (360 pg) and CLP II (300 pg, partly purified) were dissolved in 450 uL DMSO-dg, after
which the solutions were transferred to Shigemi NMR tubes. The NMR experiments were
recorded at 25 °C by using hsqcetgpsisp2.2 and hmbcgpndgf pulse sequences on a Bruker
AVANCE III 600 MHz NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany)
equipped with a 5 mm cryo-probe. For VBGox and CLP, a cosygpqf pulse sequence was
used as well. The internal temperature of the probe was set at 298 K. The solvent peak
(DMSO-ds) was used as an internal reference (dc 39.5 ppm; oy 2.49 ppm). Data
acquisition and processing was performed by using Topspin 4.0.1 (Bruker).

4.2.6 RP-UHPLC-PDA-MS analysis

Analysis of reaction mixtures were performed using a Vanquish UHPLC system (Thermo
Scientific, San Jose, CA, USA) coupled to a PDA detector and either a Thermo LTQ Velos
Pro ion-trap mass spectrometer or a Thermo Q Exactive Focus hybrid quadrupole-orbitrap
mass spectrometer. Previously reported methods were used for both UHPLC-PDA-MS
systems,!4 with the only adaptation being the elution profile: 0-1.5 min at 5% B
(isocratic), 1.5-28 min from 5 to 35% B (linear gradient), 28-28.8 min from 35 to 100%
B (linear gradient), 28.8-33.3 min at 100% B (isocratic), 33.3-34 min from 100 to 5% B
(linear gradient) and 34-38 min at 5% B (isocratic).

4.2.7 Preparation of Cq.-deuterated VBG (VBGca-p)

For the preparation of Co-deuterated VBG, purified VBGox was used as starting material.
Hereto, 2 mg VBGox was dissolved in 2 mL of 5% methanol, and approximately 1 mg
NaBD4 was added. The mixture was left at room temperature for 1 h, after which the Ce-
deuterated VBG (VBGco-p) Was extracted three times with 0.5 mL diethyl ether. The
diethyl ether was evaporated under a continuous flow of N;, and VBGce-p Was dissolved
in 5% methanol. The purity was checked by using RP-UHPLC-PDA-MS. A single peak was
observed with my/z 358, corresponding to the [M+Na]* ion of VBGcep. NO remaining
VBG,x, non-deuterated VBG or other impurities were observed. The deuterated VBG was
freeze-dried and stored in a desiccator until further use.

4.2.8 Determination of kinetic isotope effects

Kinetic isotope effects (KIE) were determined at pH 3, 4, 5 and 6 by performing
intermolecular competition experiments. Hereto, VBG and VBGcq-p were incubated for 48
h with the laccase/HBT system, starting with equimolar concentrations of 0.04 mM (see
section ‘Incubation of VBG with the laccase/HBT system: incubations at varying pH
values’ for details). The KIE was then determined by quantification of VBG and VBGcq-p
using high resolution RP-UHPLC-PDA-MS.
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4.2.9 Computational analyses

All quantum chemical calculations were performed with the B97D functional and 6-
311+G(d,p) basis set, as implemented in Gaussian 16 (version B1), using a SMD solvent
model for water.2!

4.3 Results & Discussion
4.3.1 Conversion of VBG by the laccase/HBT system

Incubations of VBG with laccase/HBT were performed in citrate/phosphate buffers at pH
3-7. In all cases, three reaction products were detected: The Cq-ketone analogue of VBG
(VBGox), and two ether cleavage products (CLP and CLP II) (Fig. 4.1 and 4.2; see Table
S4.1 and Fig. S4.1-4.3 for UHPLC-MS and NMR based identification). VBGox was found
to be the major product, which is in line with previous findings in literature. 1314 During
the incubation, HBT was partly converted to benzotriazole (BT). It should be noted that,
upon formation of CLP and CLP II, other cleavage products should have been formed as
well (i.e. products containing the other aromatic ring of VBG). These products were not
detected, most likely because they reacted further to multiple other products.

4E4 A
VBG
—
O |
> 0
X 4EYY  |HBT B
< BT
CLPII §'—P VBG,,
0 [k / N )\
2 4 6 8 10 12 14 16 18 20 22 24 26

Time (min)

Fig. 4.1 RP-UHPLC-UV2s0 chromatograms of VBG (A) and VBG incubated for 48 h with laccase/HBT
in a 20/40 mM citrate/phosphate buffer at pH 6 (B). BT = benzotriazole. Chromatograms of
incubations at other pH values and incubations times and data used for product identification can
be found in the Supporting Information.

4.3.2 The effect of pH and buffer strength on product
distribution

Laccase/HBT incubations performed at pH 3-7 in 20/40 mM citrate/phosphate buffers
were followed over time (Fig. S4.4). Regarding the extent of VBG conversion, pH 4 and
5 were found to be the optimum pH values, showing 45 and 54% conversion,
respectively, after 48 h (Fig. 4.3). The relatively high conversion may justify why most
lignin and lignin model compound incubations in literature are performed at these, for
the laccase more optimal, pH values.10.11.22-26 Nevertheless, the pH was shown to strongly
affect the product distribution. At pH 3 and 4, mainly VBGox was formed and the cleavage
products were only formed to a minor extent (i.e. both < 6% of the reaction products).
At higher pH values, the product distribution shifted in favor of the cleavage products,
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mainly due to an increased formation of CLP (Fig. 4.3). At pH 6 and 7, the cleavage
products together accounted for 38% of the reaction products. Regarding absolute
amounts, the optimal pH for cleavage of VBG was pH 6, due to a higher laccase activity
at pH 6 than at pH 7. The formation of CLP II was highest at low pH values, but rather
low yields (<1%) were found in all incubations, indicating that cleavage of the (-4’ bond
occurs only to a very limited extent. Therefore, in further investigations, we focused on
the formation of VBGox and CLP.

HO.
/@ O,
OCHjg Laccase OCH3
OCHj OCH, OCH, OCHj3

OCH; OCH, ocH3 OCH,
VBG VBG,, CLP CLP Il

Fig. 4.2 Reaction products of VBG formed upon incubation with the laccase/HBT system.
Identification of the reaction products was based on RP-UHPLC-PDA-MS and NMR (see Supporting
Information).
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Fig. 4.3 Molar concentration of the reaction products VBGox (blue), CLP (green) and CLP II (dark
green) after incubation with laccase/HBT for 48 h in 20/40 mM citrate/phosphate buffers.
Percentages refer to the conversion of VBG. The error bars represent the standard deviation of two
independent incubations.

Although it seemed that the pH influenced the reaction product profile, it is important to
note that by increasing the buffer pH, also the phosphate/citrate ratio and the
dissociation of citrate and phosphate increased. Therefore, we investigated whether the
observed differences in product ratios (see Fig. 4.3) were effects of pH or (also) of the
concentration of specific ions. Hereto, the incubations of VBG were repeated in 5/10 mM,
40/80 mM and 80/160 mM citrate/phosphate buffers. Interestingly, the molar ratio
CLP/VBGox was found to increase not only with increasing pH, but also with increasing
buffer strength (Fig. 4.4). In absence of a buffer, a pH effect was still observed, although
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the ratio CLP/VBGox was significantly lower than in buffered incubations. These results
indicate that the product ratio is not determined by a ‘simple’ pH dependence, but that
the ratio CLP/VBG,x is considerably affected by the presence of buffer ions.

1 -
80/160 mM

40/80 mM
20/40 mM
5/10 mM

0.8 -

0.6 -

0.4 -

[CLP]/ [VBG,,]

0.2 -

pH

Fig. 4.4 Molar ratios between CLP and VBGox after incubation of VBG for 48 h with laccase/HBT in
buffers prepared from 5/10 mM (red), 20/40 mM (purple), 40/80 mM (blue) and 80/160 mM
citrate/phosphate (black) or non-buffered solutions of which the pH was adjusted using NaOH and
HCI (yellow). The error bars represent the standard deviation of two independent incubations.

Based on the insights described above, we attempted to further enhance ether cleavage
of VBG by performing incubations in highly concentrated (2 M) citrate buffers at pH 4
and 6. After 48 h, 34-40% of the VBG was converted, and CLP/VBG,x ratios as high as
0.9 and 3.9 were obtained at pH 4 and 6, respectively (Fig. 4.5). The latter ratio is 138
times higher than that obtained in the control experiment (20/40 mM citrate/phosphate
buffer at pH 4), and demonstrates the enormous impact of the buffer properties on the
reaction outcome. Interestingly, after 48 h of incubation, the residual laccase activity was
larger in the concentrated citrate buffers than in the weak citrate/phosphate buffers
(Table S4.3). Hence, the increased extent of ether bond cleavage does not occur at the
cost of enzyme stability.

4.3.3 Experimental insights into the effect of reaction conditions
on product distribution

Competing or sequential formation of VBGyx and CLP?

Our next step was to understand in more detail how the buffer properties affect the
product distribution in laccase/HBT incubations. Firstly, we verified that the two dominant
reaction products (i.e. VBGox and CLP) are true end products of the incubation, and that
they are formed through competing, rather than sequential reactions. To this aim,
purified VBGox and CLP were incubated with laccase/HBT at pH 4 and 6. After 24 h, no
conversion was found for both products, confirming that both VBG.x and CLP are end
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products of the laccase/HBT treatment, formed via competing reaction pathways (Fig.
S$4.5).

N
o

41% 26% 34% 40%

[
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20/40 mM 20/40 mM 2M 2M

Fig. 4.5 Molar concentrations of the reactions products VBGox (blue) and CLP (green) after
incubation of VBG with laccase/HBT in 20/40 mM citrate/phosphate or 2 M citrate buffers for 48h.
Percentages refer to the conversion of VBG. The error bars represent the standard deviation of two
independent incubations.

The role of laccase activity

As the results shown in Fig. 4.3 were obtained from incubations with the same amount
(and not activity) of laccase at all pH values, we checked whether the observed pH effects
were caused indirectly by the effect of pH on laccase activity towards HBT. Although
laccase loading slightly affected the ratio CLP/VBGox (Fig. S4.6), the differences were
too small to explain the results shown in Fig. 4.3. Thus, it was concluded that CLP and
VBGox should be formed from laccase-independent, competing reactions.

Buffer or salt effects in the competing reactions?

The ratio CLP/VBGox was found to increase with increasing pH and buffer strength. As
both buffer strength and pH are positively correlated with ionic strength, due to increased
concentration and dissociation of ions, respectively, we investigated whether the ratio
CLP/VBGox could also be enhanced by increasing the ionic strength with a non-buffer salt
(i.e. KNO3). As can be observed from Fig. 4.6, the addition of 0.5 M KNOs did not
significantly affect the product ratio. From this, it can be inferred that the product ratio
is not affected by the ionic strength of the reaction medium, but rather by the
concentration of specific buffer ions.

Do buffer pH and strength affect the oxidation mechanism?

To define the exact starting point of the observed competition reactions, we investigated
whether oxidation of VBG by the HBT radical would result in the formation of benzylic
radicals (via HAT) and/or radical cations (via ET). Although it is generally assumed that
the laccase/HBT system operates via a HAT mechanism, evidence for this has only been
obtained by using monomeric lignin model substrates, and only at pH 5.%27 In another
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Fig. 4.6 Molar product ratios (CLP/VBGox) after incubation of VBG for 48 h with laccase/HBT in
buffers at pH 4 and 6 prepared from 20/40 mM citrate/phosphate, and in the same buffers
supplemented with 0.5 M KNOs. The error bars represent the standard deviation of two independent
incubations. The percentages refer to the conversion of VBG.

study, in which a dimeric lignin model was used, it has been suggested that laccase/HBT
can operate via both HAT and ET.® We, therefore, investigated whether a HAT or an ET
mechanism would be more plausible in the case of VBG oxidation, and whether a shift in
oxidation mechanism could occur when changing the buffer pH. To this end, we
determined the kinetic isotope effect (KIE) of VBG and its Cq-deuterated analogue
(VBGco-p) in intermolecular competition experiments in 20/40 mM citrate/phosphate
buffers at pH 3, 4, 5 and 6 (see Fig. 4.7).

HO HO
HO HO
o) o) . .
D laccase/HBT High resolution
OCH; 4 OCH, )
citrate/phosphate RP-UHPLC-MS
OCH, OCH, 20/40 mM pH 3-6 o
OCHg, equimolar OCH; 24h KIE = n(1- VBG)
VBG VBG_ oo In(1-Fyggca-)

Fig. 4.7 Schematic overview of the kinetic isotope effect (KIE) determination. The KIE was
determined by comparing conversion rates of VBG and its C.-deuterated analogue VBGcan in an
intermolecular competition experiment. The KIE was then determined by using the formula shown
in the figure, wherein F = fraction of substrate converted.?®

In case of a HAT mechanism, a substantial primary KIE can be expected, as cleavage of
the Cqo-H/D bond occurs at the rate-limiting step. In contrast, no substantial KIE is
expected in the case of ET, as the Cq-H/D bond is not involved in the rate-limiting step.*
Relatively large KIEs (4.1-6.3) were found for all pH values. As these KIE values clearly
point into the direction of a HAT mechanism, and as no clear increasing or decreasing
trend in KIE was observed with increasing pH, a shift in oxidation mechanism seems
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implausible. Thus, we concluded that the competition between CLP and VBG.x formation
starts after formation of a VBG benzylic radical.

Table 4.1 Kinetic isotope effects obtained from an intermolecular competition between oxidation
of VBG and Cq-deuterated VBG (VBGca-p ) upon incubation with laccase/HBT for 48 h. Averages and
standard deviations of two independent incubations are shown.

pH 3 4 5 6

KIE (H/D) 5.1+£0.7 5.1 +£0.3 6.3 4.1+0.5

4.3.4 Computational insights into the competing reaction
mechanisms

To gain further insights into the competing reactions of the VBG benzylic radical, we
zoomed in on the reaction mechanisms underlying Cq-oxidation and Cg-O ether cleavage.
Mechanisms have been suggested for both reactions, although few efforts have been
made to provide evidence for these mechanisms.®2° To check the plausibility of the
suggested mechanisms and to obtain more insights into the structures of the transition
states (TS) and intermediates, we performed a Density Functional Theory (DFT) study to
determine the relative enthalpies of all structures involved.

Cq-oxidation

For Cq-oxidation, a mechanism has been suggested in literature that involves addition of
O, to the benzylic radical, after which the C,-ketone is formed by splitting off a
hydroperoxyl radical (Fig. 4.8, pathway A).52° As the energy-minimized starting point of
this step (i.e. structure 1 + 0;) has quartet spin, while the resulting peroxyl radical
intermediate (structure 3) has doublet spin, TS 2 is likely to have a blended spin state.
We, therefore, started out by potential energy scans assuming either quartet spin
(coming from structure 1 and O3) or doublet spin (coming from structure 3). The quartet-
state trajectory yielded a clear TS upon specific geometric restrictions (see Fig. S4.7),
while the doublet trajectory did not yield a TS. Since the quartet trajectory was higher in
energy than the doublet one, this was analyzed in detail, so as to obtain an upper limit
to the TS energy. The resulting (quartet) TS structure (Fig. S4.7, Table S4.2) has a
relative energy of 29.7 kcal/mol compared to the starting materials. As O, addition is
overall exothermic by 52.6 kcal/mol, it was concluded that O, addition is irreversible. The
second step of pathway A involves splitting off a hydroperoxyl radical. For this step, a
clear TS (structure 4) containing a five-membered ring was found, indicating that the
hydroperoxyl radical leaving group is formed through intramolecular H-transfer. The
activation energy of this second step equals 17.5 kcal/mol. Thus, depending on how much
doublet spin character is involved in TS 2, the activation energy of pathway A is predicted
to be in the range of 17.5-29.7 kcal/mol. Although the calculated enthalpy gain of splitting
of a hydroperoxyl radical is essentially zero, the reaction is probably driven forward by
entropy gain and/or further reactions of the hydroperoxyl radical.
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Fig. 4.8 Proposed reaction mechanisms in literature (panel A) for Cq-oxidation (pathway A) and Cg-
O cleavage (pathway B&C) of the VBG benzylic radical, with calculated relative enthalpies of
intermediates, transition states and products (panel B). As structure 6b and 6c rapidly react further,
the final relative enthalpies of the cleavage pathways (B and C) are expected to be significantly
lower than the presented values. Based on the calculations, pathway B is a more plausible cleavage
mechanisms than pathway C (grey). * This enthalpy should be interpreted as an upper limit

Cp-O ether cleavage

For Cg-O ether cleavage, two different mechanisms have been reported in literature. The
first mechanism involves a homolytic cleavage of the Cg-Obond directly from the benzylic
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radical (Fig. 4.8, pathway B), whereas the second mechanism involves O, addition
followed by heterolytic cleavage of the Cg-O bond (Fig. 4.8, pathway C).6:2°

In pathway B, the relative enthalpy of the TS for the Cg-O bond cleavage was calculated
to be 25.5 kcal/mol (structure 5). As the subsequent keto-enol tautomerization is
expected to be very fast, and thus not rate-limiting,3° no further TS was calculated. The
overall activation energy of pathway B, thus, equals 25.5 kcal/mol. Although the
calculated enthalpy gain of pathway B only equals 14.0 kcal/mol, it should be noted that
the formed guaiacol radical (structure 6b) rapidly reacts further, which is expected to
further decrease the relative enthalpy of the products. Based on the overall energy gain,
and a surmountable activation energy, pathway B seems to be a plausible route. Pathway
C has a slightly higher overall energy gain than pathway B. However, the intermediate
after splitting off the superoxide (structure 6c) lies 51.5 kcal/mol higher than its precursor
(structure 3), making this pathway unlikely to occur.

4.3.5 Towards an explanation for the buffer-dependent
competition

Based on the DFT study, a competition between pathway A and pathway B seems
possible. However, based on the reactions shown in Fig. 4.8, it is not directly clear how
this competition would be influenced by the buffer pH and/or strength. Theoretically, as
0 solubility decreases at high salt levels,3! pathway A could be slowed down at increased
buffer strength and pH. Nevertheless, no significant effects of buffer salts on O, solubility
are expected in weak buffers, nor did we find any significant differences in O3
concentrations between buffers at pH 3 and 7 using Oxygraph measurements (data not
shown). In addition, if the O, solubility would have been the main reason underlying the
observed buffer effects, it would be expected that also high concentrations of other salts
would affect the product profile. As can be clearly observed from Fig. 4.6, this was not
the case. Since it was found that only buffer ions, and not KNO3, affected the product
ratio, a more plausible scenario is that specific buffer ions interact with the lignin
structure during the course of the reaction, and thereby influence the competition
between ether cleavage and Cq-oxidation. Interestingly, based on the pK, equalization
principle,32 strong H-bonding can be expected between the secondary alcohol proton in
structure 1 and 3 and the citrate trianion or phosphate dianion (see Supporting
Information for detailed explanation). As the concentrations of these anions increase with
increasing pH (in the used pH range) and buffer strength, it is plausible that these anions
are indeed involved in the observed buffer effect.

Furthermore, by performing DFT calculations, we investigated whether H-bonding
between the VBG benzylic radical (structure 1) and citrate would be more favorable for
the citrate trianion than for the dianion. Although, in both cases, such intermolecular H-
bonding would require disruption of the intramolecular H-bond between the C,-OH and
C,-OH groups of structure 1, we found that H-bonding between structure 1 and the citrate
trianion is overall favorable by 3.9 kcal/mol (Fig. 9). In contrast, for the citrate dianion it
is unfavorable by 1.9 kcal/mol, i.e. in that case the intramolecular H-bond would be
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preferred (data not shown). This finding strengthens our suggestion that only specific
anions are involved in H-bonding to the lignin structure.

Fig. 4.9 Optimized geometry of the VBG benzylic radical (structure 1) and the citrate>. The
molecules are linked via two H-bonds: one between the Co,-OH proton of the VBG radical and a
citrate carboxylate group (bond length = 1.678 &), and one between the C,-OH oxygen and the
tertiary alcohol proton of citrate (bond length = 1.819 A). The overall enthalpy gain obtained by
H-bonding is 3.9 kcal/mol. In case of citrate?, H-bonding to structure 1 is enthalpically unfavorable
by 1.9 kcal/mol. It should be noted that the O-atom of the aryl-ether is present, but largely hidden
behind the Cy-atom.

Two scenarios can be described via which such H-bonding between anions and lignin
could affect the observed competition (Fig. 4.10).

Firstly, it has been shown that the rate of O, addition to (benzylic) radicals can be
substantially diminished by e.g. steric or electronic stabilization of the radical.33:3% As H-
bonding of buffer anions to the secondary alcohol proton would bring the anions in close
proximity of the radical-bearing carbon atom, it is not inconceivable that such H-bonding
somehow increases the stability of the radical, and thereby decreases the rate of O;
addition. A lower O addition rate would slow down pathway A, but not pathway B,
resulting in relatively more ether cleavage (Fig. 4.10A). As there is currently no good
model to predict O, addition rates to radicals, it remains to be investigated whether H-
bonding between buffer anions and lignin radicals indeed slows down O addition.

The second possibility is that the competition between Cg-O ether cleavage and Cq-
oxidation takes place after the addition of O,. Although pathway C was shown to be
implausible, it could be speculated that there is an alternative and more favorable ether
cleavage pathway, starting from the peroxyl intermediate (structure 3 in Fig. 4.8). If
that is the case, it is highly conceivable that H-bonding between buffer anions and
structure 3 would affect the competition, in favor of ether cleavage. As the second step
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Fig. 4.10 Two possible scenarios for the effect of H-bonding on the competition between Cg-O
ether cleavage and Cq-oxidation. H-bonding between VBG benzylic radicals and buffer anions may
slow down the rate of O addition, resulting in relatively more ether cleavage (A). Alternatively, an
alternative Cg-O ether cleavage pathway may exist after Oz addition. In that case, H-bonding to the
VBG peroxyl radical may impair formation of TS 4 and, thereby, slow down VBGox formation,
resulting in relatively more ether cleavage (B). Based on the pKa. equalization principle,3? it is
expected that citrate®- and HPO4+* can form reasonably strong hydrogen bonds with the secondary
alcohol proton. It should be noted that, also in scenario A, the hydroperoxyl radical is expected to
only be split off from a non-H-bonding peroxyl intermediate. Nevertheless, as O: addition is
irreversible, the competition between ether cleavage and Cq-oxidation in scenario A is not dependent
on the rate of hydroperoxyl split-off, but purely governed by the rates of ether cleavage and O:
addition. HBac«c = Hydrogen bond acceptor.
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of pathway A involves an intramolecular H-transfer (TS 4 in Fig. 4.8), strong H-bonding
of the secondary alcohol proton to buffer anions would slow down this reaction step by
impairing the formation of TS 4 (Fig. 4.10B). Valgimigli et al. reported previously that the
rate of a comparable reaction is, indeed, decreased by H-bond formation between
substrate and solvent.3®> Whether an alternative and favorable ether cleavage pathway
exists after O, addition remains to be investigated.

4.4 Conclusions

In conclusion, we have shown that the competition between ether cleavage and Cq-
oxidation of a non-phenolic B-O-4" linked lignin structure in LMS incubations is highly
dependent on the reaction conditions. Both the relative and absolute extent of ether
cleavage can be dramatically enhanced by increasing buffer pH and buffer strength.
Furthermore, based on both experimental and computational efforts, we have provided
new insights into the reaction mechanisms underlying Cq-oxidation and ether cleavage,
and proposed that increased H-bonding between buffer anions and the Cq-OH group of
the lignin structure drives the outcome of LMS treatment towards ether bond cleavage.
We expect that these insights will be useful in further studies and optimizations of
oxidative lignin degradation in industrial settings.
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4.6 Supporting Information

4.6.1 H-bond formation between the VBG radicals and buffer
anions: Expectations based on the pKa equalization
principle

According to the pKa equalization principle (or pKj slide rule), the strength of hydrogen

bonds is dependent on the difference between the pK, values of the hydrogen bond donor

(HBD) and acceptor (HBA).! The smaller the pK, difference between HBD and HBA, the

stronger the hydrogen bond. The pKj of the secondary alcohol group of VBG is unknown,

but it is expected to be similar to that of benzyl alcohol and 1-phenylethanol, which have
pK, values of 14.9 and 15.5, respectively.?2 The pK, values of the VBG benzylic radical
and peroxyl radical (structures 1 and 3), however, are expected to be several pH points
lower, due to the strong electron withdrawing nature of the radical and peroxyl group.3

Assuming a pK, of ~10 for the secondary OH structures 1 and 3, strong charge-assisted

H-bond formation can be expected between structure 1/3 and citrate3" (pK, citrate

/citrate3” = 6.4) or HPO4? (pKa H2PO47/ HPO42 = 7.2). Such H-bonds are much stronger

than between structure 1/3 and H,O0 (pKa H30*/H,0 = -1.74).

Table S4.1 Compounds detected using UHPLC-PDA-ESI-ITMS and UHPLC-PDA-ESI-FTMS after
incubation of VBG with laccase from 7. versicolor and HBT.

Annotat. Mol. RT Ion Observed/ Mass MS2 fragments
formula (min) calculated error
mass (Da) (ppm)
HBT CeHsN3O  3.74 [M+H]* 135.04329/135.04326  0.22 119, 91, 80, 116,
53
BT CeHsN3 6.64 [M+H]* 119.04836/119.04835 0.08 102, 92, 65

CLPII CiiH140s  7.41 [M+H]* 226.08409/226.08413 -0.16 N.D.

CLP CiH1404  11.09  [M+H]*  210.08925/210.08921 0.19 139, 193, 165

VBG CisH220s  19.95 [M+Nal]* 334.14149/334.14164 -0.45 309, 339

VBGox CisHa00s 24.39  [M+H]*  332.12599/332.12599  0.00 315, 181, 167, 149,
285, 209
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Fig. S4.1 HSQC (blue), HMBC (red) and COSY (green) spectra of purified VBGox. Grey peaks
correspond to one-bond correlations from the HMBC experiment.
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Fig. S4.2 HSQC (blue), HMBC (red) and COSY (green) spectra of purified CLP. Grey peaks
correspond to one-bond correlations from the HMBC experiment.
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Fig. S4.3 HSQC (blue) and HMBC (red) spectra of partially purified CLP II. Grey peaks correspond
to one-bond correlations from the HMBC experiment and an unknown impurity.
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Fig. S4.4 RP-UHPLC-UV2s0 chromatograms of VBG incubated for 2, 6, 24 and 48 h with laccase/HBT
at in 20/40 mM citrate/phosphate buffers at pH 3-7.
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Fig. S4.5 RP-UHPLC-UV2s0 chromatograms of purified CLP (A-C) and VBGox (D-F) after 24 h of
incubation in 20/40 mM citrate/phosphate buffers in the presence or absence of laccase/HBT. A&D:
Controls without laccase/HBT, B&E: Incubation with laccase/HBT at pH 4, and C&F: Incubation with
laccase/HBT at pH 6.

4.6.2 Oxygen consumption measurement

Oxygen consumption measurements were performed by using a Hansatech Oxytherm
system (Hansatech Kings Lynn, UK). HBT solutions (20 mM) were prepared in
citrate/phosphate buffer (20/40 mM) at pH 4 and pH 5. The solutions (1 mL) were added
to the measuring cell and were left to equilibrate at 40 °C under magnetic stirring (75
rom). Once the oxygen concentration was stable, laccase was added at a final
concentration of 2 U/mL. The relative rates (at pH 4 and 5) were calculated from the O,
consumption between 20 and 220 s after laccase addition. Data acquisition was
performed using the associated Oxygraph Plus software.

A 100 -+ B 0.4
g 801 303 -
S 60 - a
& 2 0.2 |
S 40 - -
° 50 | 02 consumption rate 2 0.1 -
2 pH 4/pH 5 = 1.4 =

0 T T T T | 0

0 100 200 300 400 500 0.5U/mL 2U/mL 4U/mL
time (s) Laccase dosage

Fig. S4.6 Relative laccase activity toward HBT at pH 4 (blue) and 5 (navy) based oxygen
consumption measurements (A) and molar ratios CLP/VBGox at pH 4 (blue) and 5 (navy) with varying
laccase dosages (B). Although laccase loading slightly affected the product distribution, the figure
shows that the effect of an 8-fold increase in laccase dosage is rather small compared to the effect
of pH. As the laccase activity toward HBT is only 1.4-fold higher at pH 4 than at pH 5, it can be
concluded that the observed pH effect is not (indirectly) caused by the effect of pH on laccase
activity.
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Fig. S4.7 Optimized geometry of the transition state (TS) of Oz addition to the VBG benzylic radical,
assuming quartet spin (TS 2 in Fig. 4.8). The quartet spin trajectory yielded a clear TS only if the
0-0 bond length in the incoming 0> molecule was restricted at 1.57 A and the H-O bond of the
secondary hydroxyl group was restricted at 0.97 A. Without doing so, TS 4 instead of TS 2 was
found (see Fig. 4.8).

Table S4.2 Cartesian coordinates of the optimized geometry of TS 2

X Y z atom X Y z

o
8
3

1.303512 -0.03576 1.209347 H 2.518265 -1.40857 -1.66234
2.361979 0.834927 1.49746 H -0.73754 -0.47034 -1.65906
3.490709 0.903712 0.668318 H -2.93384 -1.30225 -1.7602

3.553271 0.068738 -0.48595 H -1.85073 -2.71384 -1.9459

2.491632 -0.79775 -0.76463 H -5.08507 2.607132 -0.21456
1.356343 -0.85804 0.076675 H -3.67073 4.393891 -1.1675

0.219704 -1.76514 -0.28696 H -1.21613 4.035638 -1.47799
4.561827 1.720824 0.873609 H -0.19997 1.837347 -0.7924

-1.05298 -1.06743 -0.78346 H -3.08508 -1.99326 0.48525

-2.22102 -1.96617 -1.23501 H 5.741516 -0.37688 -2.87277
-1.50358 -0.18572 0.263031 H 4.762562 -1.69803 -2.14433
-2.0627 1.004987 -0.15396 H 3.961886 -0.42296 -3.12696
-3.45366 1.201472 0.025232 H -5.91474 -0.6727 1.098828
-4.01985 2.433836 -0.3427 H -5.811 1.098157 1.395637
-3.21352 3.446476 -0.88619 H -6.04223 0.477884 -0.27727
-1.84064 3.246414 -1.0633 C 4.537565 2.570147 2.026264
-1.26841 2.021434 -0.68938 H 3.684019 3.265609 1.985623
-2.85563 -2.66139 -0.17838 H 4.480814 1.975884 2.952035
4.674372 0.197445 -1.25592 H 5.477695 3.129474 1.997496
4.779293 -0.63021 -2.41714 0] 0.522782 -2.7948 -1.15114
-4.14722 0.145368 0.551807 H 1.331197 -3.22117 -0.83002
-5.56585 0.283236 0.696598 (0] -0.3973 -3.29038 2.57884

0.44404 -0.08636 1.868289 0] -0.17157 -2.54168 1.220137
2.303289 1.458727 2.384976

T ITO0OO00OOOO0OO0O0O0OO0O0OO0OO0OO0n
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Table S4.3 Residual laccase activities after 48 h of incubation with VBG and HBT in different

buffers.
Buffer pH Buffer molarity & type Residual laccase activity (%)
4 20/40 mM citrate/phosphate 0.2
4 2 M citrate 6.6
6 20/40 mM citrate/phosphate 1.1
6 2 M citrate 12.4

References Supporting Information
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CHAPTER

Understanding laccase/HBT-catalyzed
grass delignification at the molecular level

Laccase/mediator systems (LMS) are potential green tools to improve the valorization of
lignocellulosic biomass by selective degradation of lignin. Despite extensive attention
devoted to lignin degradation by LMS in literature, knowledge on the underlying
mechanisms is largely limited to model compound studies. Here, we report a mechanistic
study on the delignification of wheat straw (WS) and corn stover (CS) by a laccase/HBT
system. Quantitative 3C-IS py-GC-MS analysis revealed that WS and CS were delignified
in the range of 28-51% (w/w). Based on a combination of py-GC-MS, 2D NMR, SEC and
RP-UHPLC-MS, extensive structural characterization of both residual and solubilized
lignin structures was performed, from which we reconstructed the degradation pathway
of native lignin by laccase/HBT. For the first time, we show that degradation of native
lignin in the plant cell wall matrix by LMS occurs via both Co-Cg cleavage and ether
cleavage of B-0-4' aryl ethers, and that the latter primarily occurs via cleavage of the f3-
O bond. C,-coumaroylated substructures were found to be more recalcitrant towards
degradation than non-acylated substructures. In addition to lignin degradation, our
results provide evidence for grafting of HBT onto lignin.

Based on: Roelant Hilgers, Gijs van Erven, Vincent Boerkamp, Irina Sulaeva, Antje Potthast,
Mirjam A. Kabel and Jean-Paul Vincken. Understanding laccase/HBT-catalyzed grass delignification
at the molecular level. Green Chemistry 2020, 22 (5), 1735-1746.



Chapter 5

5.1. Introduction

Agricultural by-products, such as wheat straw (WS) and corn stover (CS), are promising
sources of polysaccharides for e.g. biochemical and biofuel production. Nevertheless, the
co-occurrence of lignin in these lignocellulosic materials hinders efficient (enzymatic)
conversion of the polysaccharides.! Hence, degradation or removal of lignin prior to
polysaccharide conversion is advantageous.?3 Although multiple chemical and/or physical
delignification strategies have been reported, most of these require harsh conditions. 2
Therefore, green alternatives are receiving increasing attention, such as biological pre-
treatments (e.g. by using white-rot fungi) or fractionation with deep eutectic
solvents.>7 Another promising approach, especially with respect to industrial applicability,
is enzymatic lignin degradation.8

Lignin is an aromatic polymer, built up via polymerization of the phenylpropanoids sinapyl
alcohol, coniferyl alcohol and p-coumaryl alcohol. When incorporated in the lignin
polymer, these building blocks form syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H)
subunits, respectively. Grass lignins also contain acetate, p-coumaric acid and ferulic
acid, and also tricin may be incorporated.®19 Polymerization of the phenylpropanoids
results in a variety of interunit linkages, of which the B-O-4 linkage is the most
abundant.!! As most interunit linkages are formed via radical coupling of the phenolic
hydroxyl groups of the phenylpropanoids, the majority (70-90%) of subunits in the lignin
polymer are non-phenolic, while only 10-30% of the subunits are phenolic.!2

Several classes of enzymes are known to be active toward lignin, including laccases and
various peroxidases (i.e. lignin peroxidases, versatile peroxidases and manganese
peroxidases). For industrial delignification of biomass, laccases are preferred to
peroxidases, as laccases use molecular O, rather than H,O; as electron acceptor, and
are, in contrast to peroxidases, not inactivated by their electron acceptor.!3 Due to their
relatively low redox potential (< 800 mV vs. NHE),? the phenolic subunits in lignin are
most prone to direct laccase activity. In contrast, the non-phenolic subunits have higher
redox potentials (> 1400 mV),'*1> and are, therefore, resistant to oxidation by laccase
alone. Nevertheless, when laccase is combined with an appropriate mediator, its oxidizing
capacity can be extended to non-phenolic lignin structures. In such a laccase/mediator
system (LMS), laccase oxidizes the mediator, which subsequently undergoes a redox
reaction with a (non-phenolic) lignin subunit. One of the most effective mediators known
is 1-hydroxybenzotriazole (HBT).1>17

After oxidation by the mediator, the formed lignin radical can react further via a variety
of pathways. These pathways have, so far, mainly been investigated by using low
molecular weight model compounds, resembling substructures of lignin.!826 Dependent
on the structure of the lignin radical, bond cleavage, radical coupling and a number of
other modifications have been reported, and it has been suggested that these reaction
pathways are in competition with each other. Obviously, this competition determines
whether LMS treatment eventually results in overall polymerization or depolymerization.
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Although these insights from model compound studies are valuable, so far, it remains
unclear to what extent these insights can be extrapolated to LMS-induced lignin
degradation in situ.

Over the past years, various studies have been published that report successful
degradation or removal of lignin from biomass and paper pulp upon LMS treatment.27-3°
In most of these studies, however, high laccase and mediator concentrations were used,
which is undesirable from both economical and sustainability perspectives. In addition,
these studies focused on the effectiveness of the LMS treatments, without performing
in-depth structural characterization of the LMS treated lignin. Structural characterization
may reveal accumulation of both degraded and recalcitrant substructures, and thereby
provide insights into the mechanisms and bottlenecks underlying LMS based
delignification. These insights are essential in order to increase the efficiency of LMS
based biomass delignification. Although a number of previous studies included structural
characterization of LMS treated lignin (e.g. by 2D NMR spectroscopy), limited insights
were obtained into the effect of LMS on lignin structure, due to the following reasons:
(i) Structural characterization was focused on the structure of residual lignin, rather than
that of solubilized lignin, even in cases where lignin removal up to 50% was reported,
and (ii) LMS treatments were often combined with alkaline peroxide treatments, which
are known to induce structural changes in oxidized lignin.40

In this study, our goal was to provide more insights into the mechanisms and bottlenecks
underlying LMS-induced delignification of grasses. Wheat straw and corn stover were
treated with a laccase/HBT system, after which lignin fractionation and purification was
performed to allow detailed characterization of both residual and solubilized lignin
populations. Treatments were done at both pH 4 and 6, as the used laccase has been
reported to show optimal enzyme activity at pH 4, but optimal lignin model compound
oxidation in a LMS at pH 6.4' A combination of py-GC-MS, 2D NMR, SEC and RP-UHPLC-
MS was used to provide both quantitative and qualitative information on the structure of
LMS treated lignin and enabled us to deduce the underlying ligninolysis mechanisms.

5.2. Materials & Methods

5.2.1. Materials

Wheat straw (7riticum aestivum, WS) and corn stover (Zea mays, CS) were kindly
provided by CNC (Milsbeek, The Netherlands). Uniformly 13C-labeled wheat straw lignin
isolate (13C-IS, 97.7 atom% !3C) was available in our laboratory from previous research,*?
as well as 1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one and 1-(3,4-dimethoxy-
phenyl)-2,3-dihydroxypropan-1-one.*?* Laccase from 7rametes versicolor was purchased
from Sigma Aldrich (St. Louis, MO, USA) and was used without any further purification.
Laccase activity was measured spectrophotometrically by oxidation of ABTS
(1 U = 1 pmol oxidized ABTS min-!, see Supporting Information). Rovabio® Advance was
obtained from Adisseo (Antony, France) and ViscoStar 150L was purchased from Dyadic
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(Jupiter, FL, USA). All other chemicals were of analytical grade, purchased from
commercial suppliers, and used without further purification. Water was purified using a
MilliQ system (Millipore, Billerica, MA, USA).

5.2.2. Preparation of biomass for incubations

WS and CS were milled with a Centrifugal Mill ZM 200 (Retsch, Haan, Germany) (< 0.7
mm), after which acetone soluble material was removed using Soxhlet extraction.
Subsequently, the acetone insoluble solids were dried overnight at 20 °C, followed by 3
h at 40 °C to remove the last traces of acetone. The residues were milled by using a
Retsch PM100 planetary ball mill. Hereto, a 500 mL ZrO; grinding jar was charged with
30 g of sample and 100 ZrO; balls with a diameter of 10 mm. The net milling time was 1
h at an intensity of 600 rpm. To limit overheating, a 30 min break was inserted after
every 15 min of milling. It should be noted that milling in a 500 mL jar setup proceeds
with a higher intensity compared to the (routine) 50 mL scale, resulting in the same
extent of milling in a much shorter time. The ball-milled biomass was washed multiple
times with 100-300 mL aliquots of water until nearly colorless supernatants were
obtained. The water-washed residues were lyophilized to yield milled wheat straw (MWS)
and milled corn stover (MCS).

5.2.3. Laccase/mediator treatments

Laccase/HBT treatments of MWS and MCS were performed based on the experimental
conditions reported by Rencoret et al.28 Samples were prepared in duplicate at pH 4 and
6 in 75 mL Parr 2890HC reactors (Parr, Moline, IL, USA). Hereto, approximately 1.5 g
MWS or MCS was suspended in 25 mL 0.2 M citric acid buffer. HBT was added at a
concentration of 78 mM and incubations were started by adding laccase at doses of 50 U
g! MWS/MCS (pH 4 and 6) or 125 U g' MWS/MCS (only pH 6). Incubations were
performed at 40 °C under magnetic stirring (550 rpm) and 2 bar O; atmosphere. After
16 h, fresh laccase was added (half of the original dose) and the samples were incubated
for another 8 h under the same conditions. Additional control incubations of MWS and
MCS without laccase and HBT were also performed. After a total incubation time of 24 h,
the suspensions were centrifuged (4,700 x g, 10 min, 20 °C). The residue was washed
five times with water at a 3.75 % (w/w) loading, and finally Iyophilized to obtain the
residue of laccase/HBT treatment (RES, see Fig. 5.1). The supernatants of the reaction
suspensions, and the supernatants of the five washing steps were pooled and lyophilized
to obtain water extractable lignin (WEL, Fig. 5.1). In addition to the above described
incubations, an incubation with only laccase (3.1 U mL?) and HBT (78 mM) was
performed in citric acid buffer at pH 5 (as a compromise pH) for 24 h at 40 °C. This
sample was used as a control in NMR and RP-UHPLC-PDA-MS analyses.
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5.2.4. Preparation of cellulolytic enzyme lignin (CEL) and water
extractable cellulolytic enzyme lignin (WECEL)

For preparation of CEL (Fig. 5.1), approximately 650 mg (for WS) or 550 mg (for CS)
RES was suspended in sodium acetate buffer (0.05 M, pH 4.8) to a 5% (w/w) loading.
Subsequently, a xylanase-enriched enzyme cocktail (ViscoStar 150L) was added to a
concentration of 0.01% (w/w), obtaining a 1/500 ratio (w/w; enzyme/biomass). The
suspension was incubated under rotary shaking (20 rpm) for 24 h at 50 °C, after which
it was centrifuged (60,000 x g, 15 min, 20 °C). The residue was incubated for a second
time, using fresh ViscoStar 150L and fresh buffer. The supernatant of the first incubation
was stored at 4 °C. After incubation and centrifugation, the residue was washed three
times with water at ~0.5% (w/w) solid loading, and lyophilized to yield cellulolytic enzyme
lignin (CEL). The supernatants of both ViscoStar treatments and the supernatant from
the three wash steps were combined and lyophilized to obtain water extractable
cellulolytic enzyme lignin (WECEL).

5.2.5. Purification of WEL and WECEL

In order to remove free and lignin-bound carbohydrates, remaining HBT and related
products, WECEL and WEL fractions were purified. As the amount of lignin in WEL
fractions of control incubations was negligible, only WEL fractions of laccase/HBT treated
WS and CS were purified. In the case of WECEL, both controls and laccase/HBT treated
samples were included. For purification, treatment duplicates of the lyophilized WECEL
and WEL fractions were pooled, after which 550-600 mg WS WECEL, 450-550 mg CS
WECEL and 850-1270 mg WS and CS WEL (i.e. 50% of the obtained WEL) were weighed
and dissolved at 5% (w/w) solid loading in 0.2 M citric acid buffer at pH 5.5 containing
57 pug mL* of a xylanase-enriched enzyme cocktail containing also ferulic acid esterase
activity (Rovabio® Advance). The solutions were incubated for 24 h at 40 °C under rotary
shaking (20 rpm), and lyophilized afterwards. The dried samples were suspended in 1%
(v/v) formic acid and centrifuged (4,700 x g, 20 °C, 5 min). The pellet was washed three
times with 0.5 mL 1% (v/v) formic acid. All supernatants were pooled and fractionated
by using reversed phase Flash chromatography (see Supporting Information for detailed
procedure). The purified fractions, WECELpure and WELpyre Were used for further analyses.

5.2.6. Quantitative 13C-IS py-GC-MS

Quantification of lignin was performed by using a previously described py-GC-MS method,
based on the use of a uniformly 13C-labeled lignin internal standard.*244 In addition, the
py-GC-MS data were used to fingerprint structural changes in lignin upon laccase/HBT
treatment. A detailed description of the method can be found in the Supporting
Information.
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Fig. 5.1 Schematic overview of the incubations, fractionations and purifications in this study. (M)WS
= (Milled) wheat straw; (M)CS = (Milled) corn stover; RES = Residue; WEL = Water-extractable
lignin; CEL = Cellulolytic enzyme lignin; WECEL = Water-extractable cellulolytic enzyme lignin.

5.2.7. Klason lignin determination

Klason lignin determination was performed in duplicate based on a previously described
method.**> Hereto, 400 mg dried RES was weighed and 4 mL of 72% w/w sulfuric acid
was added. Samples were incubated for 1 h at 30 °C, after which they were diluted with
44 mL water and incubated for 3 h at 100 °C. During both hydrolysis steps, samples were
shaken and vortexed every 30 min. After hydrolysis, the suspensions were filtered over
G4 glass filters. The residue was extensively washed with water until pH paper indicated
that no residual acid was present. After drying overnight at 105 °C, the residue was
weighed. The ash content (triplicates) of this residue was then determined by subjecting
1 mg portions of the sample, weighed on an XP6 excellence-plus microbalance (Mettler
Toledo, Columbus, OH, USA) for 7 h to a temperature of 550 °C. The weight of the
resulting residues relative to weight of the starting material (i.e. 1 mg) was taken as the
ash content. The protein content was measured in duplicate according to the Dumas
method using a Flash EA 1112 N analyzer (Thermo Scientific). Methionine was used as
calibration standard, and a nitrogen to protein conversion factor of 6.25 was used. It
should be noted that part of the nitrogen in laccase/HBT treated samples may have
originated from HBT instead of protein. Since the contribution of HBT could not be
accurately estimated, the calculated protein concentrations were reported without further
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correction. The acid-soluble lignin content was not determined, due to interference of UV
absorption of HBT.

5.2.8. 2D NMR spectroscopy

Structural characterization of the lignin fractions was performed by using 2D NMR
analyses (HSQC and HMBC). Analysis of CEL samples was performed in gel state, based
on a previously published method.*¢ WECELpure and WELpyre Samples were measured in
dissolved state. Detailed descriptions of the methods and integration procedures can be
found in the Supporting Information. As no HSQC spectra of sufficient quality could be
recorded for the RES fractions, relative abundances of structural features in the residue
were determined based on the CEL and WECELr. fractions, which were both obtained
from RES. Hereto, mass-weighted averages of HSQC integrals of CEL and WECELpure
fractions were determined according to equation 1:

Jres = (MceL * [ceL + Mwecerpure * Jwecerpure) / (MceL + MweceLpure) (1)

Where [res is the mass-weighted averaged HSQC integral for residual lignin; Mcg. and
MweceLpure are the masses of lignin in the CEL and WECEL,ure fraction, respectively; [ce
and [wecepure are the HSQC integrals obtained for the CEL and WECELpue fraction,
respectively.

5.2,9. RP-UHPLC-PDA-MS

WECELpure fractions were analyzed to screen for lignin-HBT coupling products. Hereto,
WECELp.re fractions were dissolved at 1 mg mL!, centrifuged (12,500 x g, 5 min, 20 °C)
and analyzed using RP-UHPLC-PDA-MS. A detailed description of the method can be found
in the Supporting Information.

5.2.10. Size-exclusion chromatography

Size-exclusion chromatography (SEC) was performed on CEL and WECELpye Samples.
Hereto, fractions were dissolved at 4-8 mg mL! in DMSO containing 0.5 w/v% LiBr, and
were filtered through a 0.45 pm PTFE syringe filter. WECEL,.re completely dissolved,
whereas some residue was observed in the case of CEL fractions. The soluble material
was analyzed by using SEC-MALSry analysis, as described by Zinovyev et al.¥

5.3. Results & Discussion

5.3.1. Delignification of MWS MCS

After laccase/HBT treatment of MWS and MCS, the water-washed and lyophilized residues
(i.e. WS and CS-RES fractions) were weighed and analyzed by using quantitative py-GC-
MS analysis with 13C wheat straw lignin as internal standard. The analysis indicated that
the laccase/HBT treatment resulted in a delignification of 44-51% and 36-44% for MWS
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and MCS, respectively, whereas only 0-5% delignification was observed in control
incubations without laccase/HBT (Fig. 5.2). These values are in a similar range as those
reported in a previous study on laccase/HBT based wheat straw delignification and
confirm that grasses can be effectively delignified by laccase/HBT treatments. 28 The used
py-GC-MS based lignin quantification method has been validated for quantification of
both wheat straw and corn stover lignin, 244 but this was the first time the method was
used for lignin quantification in LMS treated biomass. Therefore, for comparison, a Klason
lignin determination was performed on the WS-RES fractions incubated at pH 4. Although
the latter method suggested a MWS delignification of 32% at pH 4 (Table S5.5), which
is, admittedly, lower than the values obtained by using py-GC-MS, both methods show a
significant decrease in lignin content after laccase/HBT treatment. As both lignin
quantification methods have their drawbacks (see Supporting Information for a more
detailed discussion), and only py-GC-MS provides additional structural information, we
used this method for lignin quantification on all other samples in this study.

Although no lignin quantification could be performed for the unpurified WEL fractions, 8
it was assumed that all removed lignin ended up in the WEL fractions (see Fig. 5.1), as
no volatile reaction products were expected to be formed.

Lignin removal (%)

pH 4 pH4 pH6 pH 6 pH 6
control 50U/g control 50U/g 125U/g

Fig. 5.2 Estimated lignin removal from milled wheat straw (solid bars) and milled corn stover
(dotted bars) by laccase/HBT treatments based on quantitative '3C-IS py-GC-MS analysis (see
Supporting Information for details).

5.3.2. Purification of lignin fractions

After LMS treatment, the residue (RES) and supernatant (WEL) were further fractionated
and purified to facilitate structural lignin analysis by 2D NMR. Hereto, cellulolytic enzyme
lignin (CEL) was prepared from RES, which resulted in a 2.0 to 2.7-fold increase in lignin
content (Table $5.9-S5.12). The resulting supernatant (WECEL) contained the released
carbohydrates, but also a significant amount of lignin (i.e. 31-64% of the lignin
originating from RES), indicating that also WECEL lignin should be analyzed for a
complete overview the residual lignin structure. To facilitate analysis, WECEL was purified
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by treatment with a xylanase-enriched enzyme cocktail containing additional ferulic acid
esterase activity, and subsequent Flash chromatography. Based on py-GC-MS analysis it
was estimated that this purification increased the lignin content from <10.6% (w/w) in
WECEL to >50.4% (w/w) in WECELpure (Table S5.13-S5.16). The same strategy was
used to remove sugars and mediator from WEL fractions, which resulted in WELpure
fractions with estimated lignin contents of 6.6-23.2% (w/w) (Table $5.17). The summed
lignin yields of the three final fractions (i.e. CEL, WECELpure and WELpure) Were estimated
to be 93-100% for control incubations and 39-67% for laccase/HBT incubations (see
Table $5.9-S5.17), though it should be noted that the yields of the laccase/HBT treated
fractions are expected to be underestimations (see discussion in Supporting Information).

5.3.3. Overall extent of lignin oxidation and degradation in CEL,
WECELpure and WELpure fractions

As a measure for the extent of lignin oxidation in the purified WS and CS fractions (i.e.
CEL, WECELpuwe and WELpure), the relative abundance of Cg-oxidized structures was
determined based on semi-quantitative processing of 2D HSQC NMR spectra (see Fig.
S5.1 for spectra and Table S5.3 for all assignments). It was observed that laccase/HBT
treatment increased the relative content of Cy-oxidized subunits in all fractions, due to
oxidation of both S and G-units (Fig. 5.3A and Fig. S5.2). The extent of Cq-oxidation
was also estimated based on the abundance of Cg-oxidized products in py-GC-MS analysis
of the same fractions (Fig. 5.3B). Although absolute values differed from the HSQC
analysis, a very similar trend was observed: Cq-oxidation increased in all fractions, but
the extent was vastly different for each fraction. Whereas CEL fractions of laccase/HBT
treated MWS only showed 3-18% Cg-oxidation (based on HSQC NMR), for WECELpyre and
WEL,ure fractions, Cq-oxidation was 24-40% and 69-75%, respectively.

A _ 80 - B _40
& 7 |HSACNMR , % £ 35
£ 60 % '§ 30
350 / 225
E 40 S 20
£30 E 15
220 T 10
x xX
95 10 ?u 5
Yoo © o0
pH4 pH4 pH6 pH 6 pH 6 pH4 pH4 pH6 pH6 pH6
control 50U/g control 50U/g 125U/g control 50U/g control 50U/g 125U/g

Fig. 5.3 Relative abundance of Cq-oxidized subunits as determined by using HSQC NMR (A) and
estimated based on py-GC-MS (B) in RES (black), CEL (grey), WECELpure (blue) and WELpure (green)
fractions of laccase/HBT treated MWS and controls. RES was only analyzed by using py-GC-MS.
Solid and striped bars correspond to G and S units, respectively. Because of their low abundance,
H-units are not included. Error bars in B represent the standard deviation of two treatment
duplicates and two analytical duplicates. N.D. = Not determined. Cq-oxidation upon treatment of
MCS showed similar trends and can be found in Fig. S5.2.
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To verify that delignification of MWS and MCS was truly caused by cleavage of interunit
linkages, the amount of intact interunit linkages per 100 aromatic subunits (S, G, H and
oxidized analogues) was determined from the HSQC spectra. Indeed, in all fractions of
laccase/HBT treated samples a decrease (up to 51%) in intact interunit linkages was
observed (Fig. 5.4A and Fig. S5.3). We also estimated the amount of interunit linkages
based on the py-GC-MS data. Hereto, the relative amount of pyrolysis products with intact
3-carbon side chains (PhC,) were taken, after correction for cleavage markers (i.e.
diketones and vinylketones, as shown previously).>*3 Although the absolute values
differed from those obtained using HSQC NMR, similar trends were observed (Fig. 5.4B).
Interestingly, the amount of interunit linkages in WELpure was 2-4 times lower than in CEL
and WECELpyre.

Overall, the results shown in Fig. 5.3 and 5.4 indicated that oxidized and degraded
substructures accumulated in WELpure (i.€. solubilized lignin) and to a lower extent in
WECELpure. Consequently, analysis of only residues, as often performed in
literature, 28293849 would heavily underestimate the overall effect of the laccase/HBT
treatment on the structure of lignin, especially since a considerable amount of lignin is
solubilized upon laccase/HBT treatment (Fig. 5.2).
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Interunit linkages / 100 AR

pH4 pH4 pH6 pH 6 pH6 pH4 pH4 pH 6 pH6 pH6
control 50U/g control 50U/g 125U/g control 50U/g control 50U/g 125U/g

Fig. 5.4 HSQC NMR based (A) and py-GC-MS based (B) estimation of intact interunit linkages in
RES (black), CEL (grey), WECELpure (blue) and WELpure (green) fractions of laccase/HBT treated WS
and controls. RES was only analyzed by using py-GC-MS. Data corresponding to CS showed similar
trends (Fig. S5.3). In B, solid and striped bars refer to G and S units, respectively. Error bars in B
represent the standard deviation of two treatment duplicates and two analytical duplicates.
N.D. = Not determined.

5.3.4. Detailed insights into laccase/HBT induced reactions of
lignin

To shed more light on the degradation pathways underlying the observed delignification,

we zoomed in on the structural features of the most oxidized lignin fractions of

laccase/HBT-treated MWS and MCS (i.e. WECELpure and WELpure), and compared those to

the structural features of the WECELpyre fraction of the corresponding control (Fig. 5.5).

Although the spectra of laccase/HBT fractions showed multiple correlations that could
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not be annotated (grey correlations in Fig. 5.5), the vast majority of these correlations
also occurred in spectra from the Rovabio enzyme cocktail and the control incubation
containing only laccase and HBT (Fig. S5.5). Thus, these correlations were mostly
unrelated to lignin and were, therefore, not included in further processing of the spectra.
From the lignin-related correlations in the aliphatic region it was observed that the
decreased abundance of interunit linkages upon laccase/HBT treatment (Fig. 5.4) was
caused by a decrease in B-0-4’ linkages, as well as phenylcoumaran (B-5) and resinol
(B-B") linkages (Fig. 5.5A-C). Concurrently, several new C-H correlations appeared,
which were annotated based on comparison to HSQC spectra of purified degradation
products of a lignin model dimer, and additional HMBC experiments (Fig. $5.6). Based
on these annotations, it was concluded that three new structural features appeared:
(i) Cq-oxidized intact B-O-4’ linkages, (ii) hydroxypropiovanillone/syringone residues
(HPV/HPS), and (iii) dihydroxy-propiovanillone/syringone residues (DHPV/S) (Fig. 5.5).
HPV/S and DHPV/S resulted from cleavage of the -0 and 0-4' bonds of B-0-4' linkages,
respectively, and have been reported in studies on LMS-induced degradation of dimeric
lignin model compounds.!%23:25 To the best of our knowledge, our research is the first to
show evidence for such degradation pathways in a LMS treatment of actual lignocellulosic
biomass.

In addition to the new structural features mentioned above, one of the formed
correlations (F in Fig. 5.5) was tentatively annotated as a cyclohexadienone ketal
(CHK).*? Such structures have been reported as products from one-electron oxidation of
B-O-4' linked model compounds,>° but could in our study only be tentatively annotated,
as no other evidence for CHK formation was found than the HSQC correlation at &¢/du
51.6/3.60.

The aromatic region also showed new C-H correlations after laccase/HBT treatment (Fig.
5.5D-F). In addition to Cs-oxidized S and G units, several new correlations appeared that
showed overlap with HSQC correlations of HBT or its degradation products (Fig. S5.5).
The presence of HBT-related correlations in WECELpyre and WELpure fractions could be
explained by the fact that, even after purification, some residual (free) HBT and its
degradation product benzotriazole (BT) were present (Table S5.6). Nevertheless, as
these HSQC correlations were, with lower intensity, also visible in the laccase/HBT treated
CEL fractions (Fig. S5.1), and because the CEL fractions were extensively washed with
water, it indicated that grafting of HBT on WS and CS lignin occurred during incubation,
as has been suggested more often in literature.5>2 Corroborating evidence for HBT
grafting was found in RP-UHPLC-MS analysis of WECELpure fractions, which revealed the
formation of reaction products that were tentatively annotated as lignin-HBT coupling
products, based on their molecular formula with 3 nitrogen and >>6 carbon atoms
(Table S5.6). Therefore, the grey peaks in Fig. 5.5E and F, likely, predominantly
correspond to a combination of free, degraded and lignin-grafted HBT.
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Fig. 5.5 (see previous page) Aliphatic (A-C) and aromatic (D-F) regions of HSQC spectra of
(un)treated WS at pH 4: WECELpure of control incubation (A&D), WECELpure Of laccase/HBT treatment
(B&E) and WELpure of laccase/HBT treatment (C&F). Lignin substructures corresponding to the
colored annotations are shown in (G). Dashed lines correspond to —H or —OCHs. Annotations Phe
and Tyr correspond to phenylalanine and tyrosine residues, respectively. Grey correlations are
unassigned signals, mainly originating from Rovabio Advance and (reaction products of) HBT.
Annotation was done based on literature and by comparison with purified degradation products of
a lignin model compound (see Fig. S5.5).%3>3% Note that F is a tentative annotation, and that the
displayed structure is only one of the possible cyclohexadienone structures (see van Erven et al. for
other possible structures).** A complete list of annotations can be found in Table S5.3. HSQC spectra
of other incubations (pH 6 and CS) showed similar correlations (data not shown).

In addition to HSQC NMR, SEC-MALSgry was performed on the CEL and WECELpure
fractions to investigate the effect of the LMS treatment on the molecular weight
distribution. No significant effect was observed in the case of CEL fractions. Remarkably,
WECELpure fractions showed a slightly increased molecular weight after LMS treatment
(Fig. S5.4). This suggests that degradation coincided with (re)polymerization.

As lignin model compound studies have shown that, in addition to ether cleavage
products, also benzoic acids could be formed (via Cq-Cg cleavage) upon LMS
treatment, 2325 and such structures would lack diagnostic correlations in HSQC spectra,
we compared HMBC spectra of the WECELpure and WEL,yre fractions. The HMBC spectra
indeed showed that, in addition to phenylketones, benzoic acids were formed upon
laccase/HBT treatment, and that they were absent in the control sample (Fig. 5.6). In
WELpure @ small peak was also observed at 8¢ 192 ppm, that was annotated as an aldehyde
based on the presence of a correlation at 8¢/0n 192/9.8 in the corresponding HSQC
spectrum (data not shown).>” Nevertheless, as this HSQC correlation was also observed
in WECELpure control samples, and laccase/HBT treatment did not result in more than 1
aldehyde group per 100 aromatic rings, we concluded that aldehyde formation was not
a main degradation pathway during LMS treatment. Remarkably, very clear correlations
were observed that corresponded to S-ketones and S-acids (&n 7.1-7.3), whereas the
intensity of their G-analogues was very low. Possibly, G-units selectively undergo
(re)polymerization and grafting, and that, via C-O coupling at Cs, this results in aromatic
rings with HSQC correlations that overlap with those of S-units.58>° Nevertheless, this
hypothesis does not match with HSQC spectra, which showed formation of both
Cq-oxidized G and S units, and py-GC-MS data, which showed that the cleavage markers
(i.e. vinyl ketones and diketones)*® are formed from both G and S units (Tables S5.9-
S§5.17). Therefore, the reason behind this discrepancy remains to be elucidated.

5.3.5. Relative susceptibility of lignin substructures to
laccase/HBT activity

To get more insights into the relative susceptibility of lignin substructures towards
degradation by laccase/HBT, lignin mass-weighted averages of the HSQC integrals of the
residual lignin fractions (i.e. CEL and WECEL,.re) Were determined (see Methods section
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for calculation). Based on these integrals, relative abundances of structural features in
the residual lignin were calculated (Table 5.1). The most apparent observations are
discussed below.
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Fig. 5.6 Aromatic regions of 'H-'3C HMBC spectra obtained from WECELpure (A&B) and WELpure (C)
fractions of WS incubated at pH 4. A = control, B&C = laccase/HBT treated. Annotation was done
based on comparison with reported chemical shifts of lignin model compounds.®’ The black
correlation at ¢ 192 ppm in C most likely corresponds to an aldehyde, but is only present in small
amounts (see main text). Substructures corresponding to the annotated correlations are shown on
the right. A full 3x zoomed version of the WELpure fraction, showing more ketone correlations, can
be found in Fig. S5.7.

Firstly, Table 5.1 shows that, although the overall decrease in intact linkages was mainly
caused by degradation of B-0-4’ linkages, the relative abundances of the interunit
linkages suggested a preferential degradation of phenylcoumaran and resinol linkages.
Although it is unknown whether these linkages are truly degraded or only modified, at
least these findings show that not only B-0-4' linkages, but also B-5" and B-B’ linkages
are targets of the LMS treatment.

Secondly, in all laccase/HBT treated samples the S/G ratio of the residue increased, and
this has previously been suggested to result from a preferential removal of G-units.28:2°
At first sight, the increased S/G ratio indeed hints at a preferential removal of G-units,
and this seems to be confirmed by the results shown in Fig. 5.4B and Fig. S5.3B, which
indicates that mainly linkages are degraded that have their Cq atom connected to a G-
unit (G-X linkage). Nevertheless, in case of preferential removal of G-units from the
residue, an accumulation of G-units (low S/G ratio) is expected in the solubilized lignin.
This is clearly not the case, as the S/G ratios in WELpure fractions are all higher than the
S/G ratios of the residual lignin (Table S5.7). Another explanation for the observed
increase in S/G ratio could be a higher degree of side-reactions of G-units (e.g. grafting
and repolymerization at the C5 position), after which they may be excluded from data
processing. A preferential removal of G-units and degradation of G-X linkages is therefore
not proven.
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Thirdly, the results shown in Table 5.1 indicate that pCA moieties accumulate in the
residual lignin, in particular in CS. This accumulation is confirmed by an increased
abundance of 4-vinylphenol in py-GC-MS analysis of laccase/HBT treated samples (Table
$5.18).%1 Hence, it was concluded that pCA-esterified linkages were more recalcitrant
toward degradation by laccase/HBT than other linkages. This may explain the somewhat
lower degree of delignification in incubations of MCS (Fig. 5.2), since the pCA content
of CS is much higher than that of WS (Table 5.1). Extrapolating this observation to other
lignocellulosic materials, it could be expected that materials with a low degree of pCA-
acylation, such as barley straw and rye straw,%? are better targets for LMS based
delignification strategies than highly pCA-acylated materials like sugarcane bagasse.>>
Lastly, a remarkable pH effect was observed for the degradation of tricin after
laccase/HBT treatment. Whereas the relative abundance of tricin remained unaltered at
pH 4, a decrease was observed at pH 6. As no accumulation of tricin was observed in the
WEL,yre fraction, tricin was truly degraded, rather than only solubilized.

In summary, these insights show that the laccase/HBT acts on a broad range of lignin
substructures, and that the relative susceptibility is dependent on both the local structure
of lignin and the reaction conditions.

5.3.6. Mechanisms underlying grass delignification by
laccase/HBT

Overall, our results indicate that the B-0-4' linkages of MWS and MCS lignin undergo four
types of reactions in laccase/HBT treatments: (i) Co-Cg cleavage, yielding carboxylic acid
residues (route A in Fig. 5.7); (ii) O-4'cleavage, yielding DHPV/S residues (route B in
Fig. 5.7); (iii) B-O cleavage, yielding HPV/S residues (route C in Fig. 5.7); and
Co- oxidation of intact linkages (route D in Fig. 5.7). As HPV/S residues and Cq-oxidized
B-0-4' linkages are formed to a much larger extent than DHPV/S residues (Table 5.1
and Table S5.7), we concluded that C,-oxidation and B-O cleavage are the major
reactions induced by laccase/HBT treatments and that O-4’ cleavage only occurs to a
minor extent. A quantitative comparison between these pathways and Cq-Cg cleavage
was not possible, as benzoic acids (formed via Cq-Cg cleavage) lacked diagnostic HSQC
correlations.

Lignin oxidation by HBT radicals is generally suggested to occur via hydrogen atom
transfer (HAT), which results in the formation of benzylic radicals.'* The formation of
carboxylic acids, HPV/S and C,-oxidized linkages can, indeed, be explained from benzylic
radical intermediates (Fig. 5.7). The formation of DHPV/S, however, is more likely to
occur via a radical cation intermediate. The latter is formed via direct electron transfer
(ET), rather than HAT. Although the redox potentials of non-phenolic lignin subunits
(> 1.4 V vs. NHE)!*15 are higher than that of HBT (1.08 V vs. NHE), !> a slow ET between
HBT radicals and non-phenolic lignin subunits with relatively low redox potentials seems
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plausible, and has been suggested more often.?3 Since S-units have a lower redox
potential than G-units, due to the presence of an extra methoxyl group, it is expected
that 0-4' cleavage preferentially occurs in -0O-4' linkages with a 4'-linked S-unit. Route
B in Fig. 5.7 could, in theory, also occur via one-electron oxidation of Cs-oxidized
structures and subsequent cleavage. Since we found that a Cgs-oxidized lignin dimer
(veratrone) was inert to the laccase/HBT system (data not shown), we consider the
mechanism displayed in Fig. 5.7 more plausible. Considering that we observed that
Cq-oxidation and B-O cleavage were more predominant than -4’ cleavage, our results
confirm that HAT is the main oxidation mechanism underlying lignin degradation by
laccase/HBT.

Upon cleavage of B-0-4' linkages, phenoxyl radicals are expected to be formed.?® We
suggest that these radicals undergo coupling (grafting) to HBT radicals present in
solution. This is further evidenced by model compound studies, in which HBT-coupling
was observed with phenoxyl radicals, and not with benzylic radicals.8!° In addition to
HBT grafting, phenoxyl radicals may also undergo radical coupling to other lignin-derived
radicals (repolymerization).864 Although no NMR based evidence could be obtained for
this, SEC results indeed suggested that (re)polymerization of lignin occurred (Fig. S5.4).

The insights presented in this study can be used as a starting point for further
optimization of lignin degradation by LMS. Our results indicated that the presence of
esterified pCA decreases the susceptibility of linkages toward degradation by LMS.
Therefore, removal of pCA esters, either during a pretreatment step or simultaneously
with LMS treatment, is expected to increase LMS-induced lignin degradation. A green
approach for pCA removal could be the addition of feruloyl or coumaroyl esterases. 6566

5.4. Conclusions

By fractionation, purification and comprehensive analysis of laccase/HBT treated milled
wheat straw (MWS) and milled corn stover (MCS), we were able to elucidate laccase/HBT
induced delignification pathways. We have shown that laccase/HBT treatment
successfully degrades lignin in MWS and MCS, via both ether cleavage and Cq-Cpg
cleavage. For the first time, we showed that B-0-4’ ether cleavage predominantly occurs
via cleavage of the B-O bond, rather than the 0-4' bond. Furthermore, our findings
suggested that pCA-esterification decreased the susceptibility of linkage degradation in
lignin and that HBT grafts onto lignin. These mechanistic insights contribute to the
fundamental understanding of enzymatic lignin degradation and can be used to optimize
lignin degradation by LMS or comparable treatments in the future.
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5.6. Supporting Information

5.6.1. Laccase activity determination (ABTS assay)

The activity of the commercial laccase preparation was determined spectrophoto-
metrically by oxidation of ABTS. Hereto, a 1 mL quartz cuvette was filled with 0.5 mM
ABTS in a sodium acetate buffer (pH 5, 100 mM). A solution of laccase was added and
the increase in absorbance at 420 nm was measured over time (¢ = 36,000 M-! cm™).
The laccase activity was expressed in units (1 U = 1 pmol ABTS oxidized per minute).

5.6.2. Estimation of total laccase activity in laccase/HBT
treatments

Incubations at pH 6 were performed both at equal laccase concentration and at equal
laccase activity, as compared to pH 4. In order to determine the required laccase
concentration at pH 6 to obtain equal laccase activity as compared to pH 4, we
determined: (i) the ratio (pH 4 to pH 6) of initial laccase activity toward HBT, and (ii) the
ratio (pH 4 to pH 6) of integrated residual laccase activity in incubations with HBT and
milled wheat straw (MWS). The product of these two ratios was used to determine the
required laccase concentration at pH 6, to obtain a similar overall activity as in the
incubation with 50 U of laccase at pH 4.

Determination of laccase activity toward HBT

Relative laccase activity (pH 4 compared to pH 6) toward HBT was determined by using
two methods: oxygen consumption and UV/VIS spectrophotometry. The average between
the two measurements was used in further calculations.

For the oxygen consumption measurements were performed by using an Oxytherm
System (Hansatech Instruments, Pentney, UK). Hereto, 1 mL of a 78 mM HBT solution in
200 mM citrate buffer at pH 4 or 6 was added to the measuring cell, and the sample was
allowed to equilibrate at 40 °C under magnetic stirring (75 rpm) for approximately 1 h.
Next, 0.12 U laccase was added and the oxygen concentration was monitored over time.
The slopes of the oxygen consumption measurements were then corrected using blank
measurements (without laccase) and used to estimate the ratio of laccase activity at pH
4 relative to pH 6 (Table S5.1).

For UV/VIS spectrophotometry, 1 mL aliquots of the same HBT solution as described
above were used at 40 °C. Laccase (0.23 U) was added, and spectra (300-600 nm) were
recorded every minute on a Shimadzu UV1800 spectrophotometer equipped with a CPS-
240A temperature controller. The absorbance at 420 nm was plotted over time, and the
slope was used to estimate the ratio of laccase activity at pH 4 relative to pH 6 (Table
S5.1).
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Determination of integrated residual laccase activity in incubations with HBT and MWS
HBT solutions (250 pL, 78 mM) at either pH 4 or pH 6 in a 200 mM citrate buffer were
added to 650 pL Eppendorf tubes. MWS was suspended at a 6% (w/w) concentration and
laccase was added at a dose of 33 U g'! MWS. Immediately after enzyme addition, a 10
HML sample was withdrawn and stored at 4 ©C. Next, the tubes were incubated in a
thermomixer (40 °C; 1,100 rpm). Samples of 10 yL were taken after 1, 2, 4.5, 7 and 21
h, and stored at 4 °C. To determine the laccase activity, samples were diluted with sodium
acetate buffer (100 mM, pH 5), vortexed, centrifuged, and the activity of the supernatant
was determined by using the ABTS assay (see section 5.6.1).! The residual laccase
activity (RA, %) was plotted versus time and a first-order exponential decay was fitted
to the data according to the equation:

RA = eg#t

where k (s!) is the inactivation rate constant an £ (s) is the time. The functions were
then integrated to obtain the areas under the curves, which are a measure for the total
laccase activity in a 21 h incubation. The ratio between the areas at pH 4 and pH 6 was
used to compensate for differences in laccase stability (Table S5.1).

Table S5.1. Ratio (pH 4 to pH 6) of laccase activity and of integrated residual laccase
activity.

Ratio pH 4 to pH 6

Activity toward HBT (O2 consumption) 59 +£0.71
Activity toward HBT (spectrophotometry) 7.4 £ 0.93
Integrated residual activity 0.38 £ 0.05
Overall activity 2.5

Based on the results displayed in Table S5.1, incubations at pH 6 were performed with
both 50 and 125 U gt MWS/MCS.

5.6.3. Flash chromatography purification of WECEL and WEL
fractions

The Rovabio® Advance treated and pooled WECEL and WEL fractions were injected on a
Grace Reveleris Flash chromatography system (Grace, Columbia, MD, USA), equipped
with a Reveleris C18 RP 40 g cartridge (particle size 40 pm). Eluents used were water
(A) and acetonitrile (B), both containing 1% (v/v) formic acid. The flow rate was 30 mL
min~t. UV absorbance at 280 and 310 nm and evaporative light scattering detector (ELSD)
were used to monitor the elution of compounds. The following elution program was used:
0-3 min, isocratic at 0% B; 3—6.5 min, linear gradient to 14 % B; 6.5-12.5 min, isocratic
at 14% B; 12.5-26 min, linear gradient to 68% B; 26—29.2 min, linear gradient to 100%
B; 29.2-37.2 min, isocratic at 100% B; 37.2-39.2 min, linear gradient to 0% B; 39.2—
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43.2 min, isocratic at 0% B. The eluent was collected from 16.5-39.2 min, after which it
was concentrated under reduced pressure at 30 °C, and lyophilized to obtain purified
water extractable lignin (WELpure).

For WECEL purification, a slightly different elution program was used with a flow rate of
40 mL min~!: 0-2.9 min, isocratic at 0% B; 2.9-12.9 min, linear gradient to 20% B; 12.9—
20.9 min, linear gradient to 68% B; 20.9-23.4 min, linear gradient to 100% B; 23.1-29.1
min, isocratic at 100% B; 29.1-31.1 min, linear gradient to 0% B; 31.1-34 min, isocratic
at 0% B. The eluent was collected from 12.5-31 min, after which it was concentrated
under reduced pressure at 30 °C, and lyophilized to obtain purified water extractable
cellulolytic enzyme lignin (WECELpure).

5.6.4. Quantitative py-GC-MS with 13C-lignin as internal
standard

Quantitative pyrolysis-gas chromatography-mass spectrometry (py-GC-MS) was
performed by using an EGA/PY-3030D Multi-shot pyrolyzer (Frontier Laboratories, New
Ulm, MN, USA) equipped with an AS-1020E Autoshot auto-sampler as described
previously.? The pyrolyzer was coupled to a GC-MS system consisting of a Trace GC
(Thermo Scientific, Waltham, MA, USA) equipped with a DB-1701 fused-silica capillary
column (30 m x 0.25 mm i.d. 0.25 um film thickness), of which the first meter is employed
as pre-column, and an Exactive Orbitrap Mass Spectrometer (Thermo Scientific). Samples
were weighed using an XP6 excellence-plus microbalance (Mettler Toledo, Columbus, OH,
USA). Sample masses were used roughly according to their estimated lignin content: ~60
Mg for CEL, ~40 pg for WELpure, ~40 pg for WECELpure, and ~80 pg for all other
samples. To all samples, 10 pL of a '3C-labeled wheat straw lignin isolate solution (1 mg
mL-1 in CHCI3:EtOH 50:50 v/v) was added as an internal standard. Samples were then
air dried at room temperature prior to analysis. Pyrolysis was performed at 500 °C for 1
min with an interface temperature of 300 °C. Pyrolysis products were injected on the
column via split/splitless injection at 250 °C with a split ratio of 1:133 and helium was
used as carrier gas with constant flow at 1.5 mL min—!. The GC oven was programmed
from 70 °C (2 min) to 270 °C at 5 °C min-! and held at 270 °C for 15 min. MS detection
was used with EI at 70 eV, a source temperature of 275 °C, a resolution of 60,000, AGC
target at 10%, maximum IT at ‘auto’ and a scan range of my/z 35-550. Fifty one lignin
pyrolysis compounds were identified by comparing retention time and mass spectrum
with literature (Table $5.2).2

Pyrograms were processed by Tracefinder 4.0 software (Thermo Scientific). For each
compound, the most abundant ion was selected and automatically integrated using ICIS
peak integration with optimized settings per compound. Manual corrections were only
performed when irregular peak shapes were observed that led to erroneous peak
integration with automated integration. From the processed data, lignin contents and
relative abundances of lignin-derived pyrolysis products were calculated as described
previously.3 For absolute lignin quantification, all lignin-derived pyrolysis products were
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included in the processing. In case pyrolysis data were used to fingerprint structural
changes in lignin, two pyrolysis products were excluded from processing: 4-vinylphenol
(4-VP) and 4-vinylguaiacol (4-VG). This was mainly done to improve the comparability
between the py-GC-MS results and the results from HSQC NMR experiments. The
rationale behind this, is that in HSQC NMR analysis, FA and pCA can be distinguished
from ‘core lignin’ units, while pyrolysis of hydroxycinnamic acids and lignin interunit
linkages both yield vinyl products.*>

In more detail, for relative quantification of Cq-oxidation and intact interunit linkages in
HSQC NMR, only S, Sox, G, Gox and H-units were taken into account. For comparative
purposes, the origin of the vinyl products in py-GC-MS based relative quantifications
should be dealt with. Although 4-VP can also be formed from pyrolysis of H-units, the
abundance of H-units is low compared to that of pCA (especially in corn stover). It can
therefore be fairly assumed that 4-VP mainly originates from pyrolysis of pCA, and that
exclusion from 4-VP increases the comparability between HSQC and py-GC-MS results.
The formed 4-VG, however, can originate from both FA and G-units, which are both highly
abundant in WS and CS lignin. Therefore, neither inclusion nor exclusion of 4-VG would
result in a perfect comparability between both techniques. We decided to exclude 4-VG
from data comparison. For py-GC-MS based estimation of the pCA content, the relative
abundance of 4-VP was taken from the total abundance of lignin-derived pyrolysis
products (i.e. including 4-VP and 4-VG) and reported separately (Table S5.18).

5.6.5. NMR spectroscopy

Sample preparation

NMR spectroscopy of CEL samples was performed in gel-state, based on a previously
described protocol.® Hereto, approximately 40 mg CEL was swollen with 500 pL (for CS)
or 650 pL (for WS) deuterated dimethyl sulfoxide (DMSO-d) in a 5 mm NMR tube,
followed by sonication for 1-5 h to obtain a homogeneous gel. WECELpure samples (15-
60 mg) were dissolved in 450 uL DMSO-d, vortexed, and transferred to a 5 mm NMR
tube. For WELpure samples, solutions of 15-45 mg in 200 yL DMSO-ds were prepared,
vortexed, and transferred to a 5 mm Shigemi NMR microtube.

HSQC NMR analysis

HSQC experiments were performed based on previously reported methods.® Spectra were
recorded at 25 °C on a Bruker AVANCE III 600 MHz NMR spectrometer (Bruker BioSpin,
Rheinstetten, Germany) equipped with a 5 mm cryoprobe. Spectra were recorded using
a standard Bruker pulse sequence ‘hsqcetgpsisp2.2’. The spectral widths were 0-12 ppm
(7,200 Hz) for the 'H dimension and 0-200 ppm (30,000 Hz) for the 3C dimension.
Sixteen scans were acquired with a relaxation time of 1 s and a FID size of 2018 in the
'H dimension, and 400 the !3C dimension. For 'Jey 145 Hz was used.

Data was processed with Bruker TopSpin version 4.0.5. DMSO-d6 (6C 39.5 ppm; 6H 2.49
ppm) was used to calibrate the chemical shifts. Processing was performed by Gaussian
apodization, and a squared cosine function in the 'H and 3C dimensions, respectively.
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Table S5.2. Identity and structural classification of lignin-derived pyrolysis products by 3C-IS py-

GC-MS.
# Compound Rt Struct. Side- Mw uan ion Mw uan ion
(min) feature chain E2C 12C [M-e] 13C 13C [M-e]
length (Da) (Da)
1 phenol 9.79 H, unsub. — 94 94.041320 100 100.06145
2 guaiacol 10.03 G, unsub. — 124 124.05188 131 115.04853
3 2-methylphenol 11.03 H, methyl 1 108 108.05698 115 115.08045
4 ?+n3?e|\t/|?> Iphenol 12.00 H, methyl 1 108 107.04914 115 114.07263
5 4-methylguaiacol 12.71 G, methyl 1 138 138.06753 146 146.09437
6 2,4-imethylphenol  13.18 H, methyl 1 122 107.04914 130 114.07263
7 4-ethylphenol 14.25 H, misc. 2 122 107.04914 130 114.07263
8 4-ethylguaiacol 14.83 G, misc. 2 152 137.05971 161 145.08654
9 4-vinylguaiacol? 16.29 G, vinyl 2 150 150.06753 159 159.09754
10  4-vinylphenol? 16.46 H, vinyl 2 120 120.05697 128 128.08381
11 eugenol 16.89 G, misc. 3 164 164.08318 174 174.11673
12  4-propylguaiacol 16.99 G, misc. 3 166 137.05971 175 145.08654
13  syringol 17.64 S, unsub. — 154 154.06245 162 162.08928
14  cis-isoeugenol 18.25 G, misc. 3 164 164.08318 174 174.11673
15 4-propenylphenol 19.24  H, misc. 3 134 133.06479 143 142.09498
16 trans-isoeugenol 19.50 G, misc. 3 164 164.08318 174 174.11673
17  4-methylsyringol 19.86 S, methyl 3 168 168.07810 177 177.10829
18  vanillin 19.99 G, Cs0 3 152 151.03897 160 159.06581
19 4-propyneguaiacol  20.23 G, misc. 3 162 162.06753 172 172.10108
20  4-alleneguaiacol 20.49 G, misc. 3 162 162.06753 172 172.10108
21 homovanillin 21.44 G, CsO 2 166 137.05971 175 145.08654
22 4-ethylsyringol 21.58 S, misc. 2 182 167.07022 192 176.10046
23  vanillic acid 21.82 G, CsO 1 182 182.05736 191 191.08766
methyl ester
24  acetovanillone 21.89 G, CsO 2 166 151.03897 175 159.06581
25 g-hydroxK- 22.76 H,Cs0 1 122 121.02848 129 128.05189
enzaldehyde
26  4-vinylsyringol 22.90 S, vinyl 2 180 180.07810 190 190.11164
27  guaiacylacetone 23.10 G, CsO 3 180 137.05971 190 145.08654
28  4-allylsyringol 23.31 S, misc. 3 194 194.09373 205 205.13065
29  propiovanillone 23.79 G, CsO 3 180 151.03897 190 159.06581
30 g%ﬁceyl vinyl 24.09 G, CsO 3 178 151.03897 188 159.06581
31  guaiacyl diketone 24.32 g, (ci)a-O, 3 194 151.03897 204 159.06581
32  cis-4-propenyl- 24.43 S,ﬁ-misc. 3 194 194.09373 205 205.13065
syringol
33  4-propynesyringol  25.06 S, misc. 3 192 192.07810 203 203.11500
34  4-allenesyringol 25.27 S, misc. 3 192 192.07810 203 203.11500
35 trans-4- 25.72 S, misc. 3 194 194.09373 205 205.13065
propenylsyringol
36 dihydroconiferyl 25.81 S, CyO 3 182 137.05971 192 145.08654

alcohol

133




Chapter 5

Table S5.2 continued.

# Compound Rt Struct. Side- Mw uan ion Mw uan ion
(min) feature chain 12¢ 12C [M-e] 13C 13C [M-e7]
length (Da) (Da)

37  syringaldehyde 26.34 S,CrO 1 182 182.05736 191 191.08755

38 cll's-cr?nliferyl- 26.42 G, CyO 3 180 137.05971 190 145.08654
alcoho

39 Homosyring- 27.32 S,Cp0 2 196 167.07027 206 176.10046
aldehyde

40  syringic acid 27.66 S, Cs0O 1 212 212.06793 222 222.10147
methyl ester

41  acetosyringone 27.76 S, Cs0O 2 196 181.04954 206 190.07973

42 t{anﬁ-cloniferyl 28.11 G, C,0 3 180 137.05971 190 145.08654
alcoho

43 trans-conifer- 28.50 G, C/O 3 178 147.04406 188 156.07425
aldehyde

44 syringylacetone 28.68 S, CzO 3 210 167.07027 221 176.10046

45  propiosyringone 29.29 S,Cs0 3 210 181.04954 221 190.07973

46  syringyl diketone 29.43 E, %7—0, 3 224 181.04954 235 190.07973

s

47  syringyl vinyl 29.57 S,Cs0 3 208 181.04954 219 190.07973
ketone

48 dlihyﬂrcI)sinapyI 31.13 G, CyO 3 212 168.07841 223 177.10829
alcoho

49 cis-sinapyl alcohol 31.63 S, C,-O 3 210 167.07027 221 176.10046

50 t/l'anrs]-slinapyl 33.31 S,Cy0 3 210 167.07027 221 176.10046
alcoho

51 trans-sinap- 33.54 S, C,0 3 208 208.07301 219 219.10994
aldehyde

@ 4-vinylphenol and 4-vinylguaiacol were excluded from all calculations. The relative abundance of
4-vinylphenol is reported separately in Table S5.18.

For the different sample fractions slightly different values for LB and GB were used,
WELpure, and WECELpure: LB = -0.2 and GB = 0.001; WS-CEL LB = -0.20 and GB =
0.0005; CS-CEL LB = -0.30 and GB = 0.0005. LPfr linear prediction in F1 of 32 points was
performed. Prior to Fourier transformation, the 13C dimension was zero filled up to 1024
points. HSQC correlations were assigned in accordance to literature (Table S$5.3).7-!
Semi-quantitative volume integration was performed as previously described by Del Rio
et al.,® on a single zoom level within each sample.

The abundances of B-0-4’ substructures and the cleavage products (DHPV, DHPS, HPV,
HPS) were determined using their Cg-Hp correlations. For phenylcoumaran (B) and resinol
(C) substructures Cq-Hq correlations were used. The signals of HPV+HPS (L) and resinol
(C) were logically halved. Sy6, Gz, and Hye signals were used for S, G, and H units,
respectively, where S and H integrals were halved as well. Abundances of oxidized
analogues were estimated in a similar manner. Tricin, pCA, and FA were determined from
their respective Ty ¢, pCAze, and FA; signals. Hye integrals were corrected for the
overlapping phenylalanine cross peak (PHE3,s) by subtraction of the isolated PHE>,¢ cross-
peak integral.12 Amounts were calculated relative to the total aromatic lignin subunits (H
+ G+ Gox + S + Sox = 100).
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HMBC experiments

HMBC experiments were performed with the following WS fractions: WECELpure (pH 4,
control), WECELpyre (pH 4, 50 U g*) and WELpure (pH 6, 125 U gt). Hereto, 20, 32 and
49 mg of the fractions, respectively, were dissolved in 200 uyL DMSO-a5, vortexed, and
transferred into Shigemi NMR microtubes. Experiments were performed similar to the
HSQC experiments, using the standard Bruker pulse program ‘hmbcgplpndgf’. Sixteen
dummy scans and 88 scans were acquired with an evolution period of 53 ms for long
range coupling. The FID size was 8192 in the 'H dimension, and 400 the 13C dimension.
Processing used Gaussian apodization (LB=-5, GB=0.8), and a squared cosine function
(SSB=1) in the 'H and 13C, respectively.

Table S5.3 Assignments of the lignin *H/*3C correlation signals in HSQC NMR spectra. Assignments
are based on literature.”? t = tentative annotation.

Label dc/du (ppm) Assignment

Es 40.3/3.08 Cp-Hp of HPV and HPS, i.e. B-O cleaved B-0O-4’ linkage
F-och3 51.6/3.60 C-H in methoxyl groups of cyclohexadienone ketals (t)
Cs 53.0/3.43 Cg-Hg in resinol substructures

Bs 53.6/3.05 Cg-Hp in phenylcoumaran substructures

-OCHs 55.6/3.73 C-H in methoxyl groups

Ey 56.9/3.75 Cy-Hy in HPV and HPS, i.e. B-O cleaved B-0-4’ linkage
Ay 59.6/3.4 and 3.7 Cy-Hy in B-0-4' substructures

Jy 61.4/4.09 Cy-Hy in cinnamyl alcohol end groups

A'y/A"y 62.3/4.02 Cy-Hy in Cq-oxidized B-0O-4" substructures

By 62.6/3.67 Cy-Hy in phenylcoumaran substructures

Dy 64.0/3.64 Cy-Hy in DHPV and DHPS, i.e. 0-4' cleaved B-0-4’
Ay(ac) 64.2/4.1 and 4.3 Cy-Hy in acylated B-0-4’ substructures

Aa (G) 70.9/4.71 Co-Ha in B-0-4' substructures linked to a G-unit

Cy 71.0/3.79 and 4.16 Cy-Hy in resinol substructures

Aa (S) 71.8/4.81 Ca-Ha in B-0-4' substructures linked to a S-unit

Dg 73.8/4.98 Cp-Hp of DHPV and DHPS, i.e. 0-4' cleaved B-0-4'
A"s (G) 81.2/5.88 Cp-Hp in Co-oxidized B-0-4" substructures linked to a
A’ (S) 83.2/5.18 Cg-Hp in Cq-oxidized B-0-4' substructures linked to a S-
A"s (S) 83.2/5.57 Cp-Hp in Co-oxidized B-0-4" substructures linked to a
Ag (H) 83./4.49 Cp-Hp in B-0-4' substructures linked to a H-unit

As (G) 83.5/4.27 Cp-Hp in B-0-4' substructures linked to a G-unit

Ca 84.9/4.64 Cqo-Ha in resinol substructures

Ap (Seryttio) 85.9/4.09 Cg-Hp in B-0-4' substructures linked to an Sepnro-unit
Ag (T) 86.2/4.36; 86.7/4.26 Cp-Hg in B-O-4" substructures linked to a T-unit*

Ap (Strreo) 86.9/3.97 Cg-Hp in B-0-4' substructures linked to an Sereo-unit
Ba 86.9/5.43; 87.6/5.54 Ca-Ha in phenylcoumaran substructures

Ts 94.1/6.57 Cs-Hg in tricin

Te 98.8/6.21 Cs-He in tricin

S2,6 103.9/6.69 C2-H2 and Ce-He in S-unit
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Table S5.3 Continued.

Label dc/du (ppm) Assignment

T2e 104.0/7.31 C2"-H2" and Ce’-He'in tricin

T3 104.6/7.04 C3-Hs in tricin

Soxz,6 (carbonyl)  106.4/7.30 C2-H2 and Ce-Hs in Co-oxidized (Ca=0) S-unit
Soxz,6 (acid) 106.5/7.19 C2-H2 and Ce-H6 in Cq-oxidized (CcOOH) S-unit
G2 110.8/6.96 C2-H2 in G-unit

FA2 110.9/7.34 C2-Hz in ferulate

Goxz 111.4/7.51; 112.4/7.45 C2-Hz in Cq-oxidized G-unit

Hs,s/FAs 114.6/6.70 C3-H3 and Cs-Hs in H-unit, Cs-Hs in FA

Gs/Gs 114.9/6.76, 118.7/6.81 Cs-Hs and Ce-Hs in G-unit, C3-Hs

Goxs 115.0/6.80 Cs-Hs in Cq-oxidized G-unit

PCA3,5 115.0/6.75 Cs-Hs of pCA

FAg/ pCAp 115.3/6.33 Cp-Hg in ferulate/ p-coumarate

FAe 122.5/7.09 Ce-He in ferulate

Goxs 122.7/7.51 Ce-He in Cq-oxidized G-unit

Phes 126.3/7.18 C4-Ha in phenylalanine

Hz,6/Phes s 127.7/7.18 Cx-H2 and Ce-He in H-units, C3-H3 and Cs-Hs in
Phezs 129.0/7.21 C2-H2 and Cs-Hs in phenylalanine

Tyra6 129.8/7.00 Cs-Hs in Co-oxidized G-unit

PHEz,6 128.0/7.21 C>-H2 and Cs-Hs in phenylalanine

PCA26 130.1/7.50 C2-Hz and Ce-He in p-coumarate

FAa/ pCAq 144.2/7.49 Co-Ha in ferulate/ p-coumarate

* Or electron-withdrawing moieties other than tricin.

5.6.6. RP-UHPLC-PDA-MS

High resolution RP-UHPLC-PDA-MS analysis was performed as described in a previous
study,! using water (A) and acetonitrile (B) as eluents, both containing 0.1% formic acid.
An adapted elution gradient was used: From 0-1.5 min at 5% B (isocratic), 1.5-35 min
from 5 to 60% B (linear gradient), 35 to 41.2 min from 60 to 100% B (linear gradient),
41.2-45.7 min at 100% B (isocratic), 45.7-46.2 min from 100 to 5% B (linear gradient)
and 46.2-50 min at 5% B (isocratic). The capillary temperature was 254 °C; the probe
heater temperature was 408 °C; S-lens RF level was 50 and the source voltages were 3.5
and 2.5 kV in positive and negative ionization mode, respectively. Nitrogen was used as
sheath gas (46.6 arbitrary units) and auxiliary gas (10.8 arbitrary units). All other settings
were the same as described in Hilgers et al.!
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Table S5.4 Recoveries (%) of residues of wheat straw and corn stover during extraction, ball

milling and washing relative to the starting material (dry matter) of each step. N.D. = Not
determined.

Step Wheat straw Corn stover

Soxhlet extraction 98 N.D.

Ball-milling 92 93

Washing (water) 80 84

Table S5.5 Klason lignin determination of MWS and its RES fractions after control and laccase/HBT
incubations (24h) at pH 4. Acid-soluble lignin could not be determined, due to the interfering UV
absorption of HBT and its degradation products.

MWS Control Laccase/HBT
Acid-insoluble lignin (AIL) (%)? 21.0 £ 0.6 20.1 £ 0.7 150+ 0.4
Klason lignin (mg)?® - 292 £ 10 216 £ 7
Ash (% of AIL) 14.7 £1.0 16.3 £ 1.8 16.3 £ 1.5
Protein (% of AIL)® 3.2+0.0 3.7+0.1 8.1+1.0
Delignification (%) 7.4 31.7

@ Corrected for ash and protein content.
b As determined by using the Dumas method with N-to-protein ratio 6.25, assuming that all nitrogen
originates from protein

5.6.7. Effects of laccase/HBT treatment on lignin quantification
by using Klason and py-GC-MS methodologies

The most widely applied method for lignin quantification is the Klason lignin
determination method, which relies on gravimetric analysis of samples after a hydrolytic
treatment with sulfuric acid (including correction for ash and protein content). Although
this method gives a fairly accurate estimation of the lignin content of untreated biomass,
the presence of HBT, either in free form or grafted, may heavily interfere with the lignin
determination. In our case, HBT and its degradation product BT were, despite extensive
washing, still present in the residue (see Table $5.6). During the Klason method, free
HBT and BT are expected to end up in the acid-soluble fraction. Since these products
show absorbance at 205 nm, no reliable acid-soluble lignin content could be determined
in this study. For grafted HBT it is unclear how it influences the Klason lignin
determination. If grafted HBT is cleaved off during the sulfuric acid treatment, it will also
end up in the acid-soluble fraction, but if it ‘survives’ the sulfuric acid treatment, it will
be measured as acid-insoluble lignin, and thereby result in an overestimation of the lignin
content. The presence of grafted HBT will also interfere with the protein correction, which
is based on nitrogen content.

To overcome the major drawback of the Klason method (i.e. poor selectivity for lignin),
recently, a py-GC-MS based lignin quantification method was developed.?2 In this method,
lignin-derived pyrolysis products are measured exclusively, and quantification is
performed using a 13C-labeled wheat straw lignin isolate as internal standard. The method
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has been shown to accurately quantify lignin in several grasses, amongst which wheat
straw and corn stover. Nevertheless, it is possible that reactions such as
(re)polymerization and grafting resulted in substructures that are considerably more
resistant against pyrolysis than those originally present in the substrate and internal
standard.31* These substructures may, therefore, have accumulated in the pyrolysis
residue or may have been released as (dimeric) products that were not quantified in the
used method. Consequently, the formation of such substructures likely resulted in an
underestimation of the lignin content of the laccase/HBT treated samples, and thus in an
overestimation of delignification. Although we cannot prove that py-GC-MS is a more
accurate quantification method for laccase/HBT samples, we chose to use this method
for quantification of lignin since it also provides useful information on the lignin structure
and it can also be used on soluble fractions.

o
A B B T ‘
Ts Te |
= = l100
Toe Sas ,E’i, T, Sas
N —T‘ Soxz,; — =
FA; ?**‘GZ 3 Gox2 FAZ er 1110
=50 FAWpPCAg === FAs/pCAg
Gsis —=pCAss Gsis = —pCA,s
6 - A G == L120
A 5
pCAy; = Phess _ TataPhess
== Phe,s Yrae pCAZ‘;—-— Pheys Yrae 130
- 140
FAo/PCA. FAW/pCA.
80 75 70 65 8, 80 75 70 65 5,

Fig. S5.1 Aromatic regions of the HSQC spectra obtained from CEL fractions of MWS treated with
laccase/HBT at pH 4 (B) and the corresponding control (A). HSQC analyses of other CEL fractions
showed the same peaks with different intensities. Only processed data from these spectra are shown
(in other Figures and Tables). Example spectra of WECELpure and WELpure fractions are shown in Fig.
5.5.
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Fig. S5.2 Relative abundance of Cq-oxidized structures as determined by HSQC NMR (A) and
estimated based on py-GC-MS (B) in RES (black), CEL (grey), WECELpure (blue) and WELpure (green)
fractions of laccase/HBT treated MCS and controls. Solid and striped bars correspond to G and S
units, respectively. Because of their low abundance, H-units are not included. Error bars in B
represent the standard deviation of two treatment duplicates and two analytical duplicates. N.D. =
Not determined.
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Fig. S5.3 HSQC NMR based (A) and py-GC-MS based (B) estimation of intact interunit linkages in
RES (black), CEL (grey), WECELpure (blue) and WELpure (green) fractions of laccase/HBT treated MCS
and controls. In B, solid and striped bars refer to G and S units, respectively. Error bars in B
represent the standard deviation of two treatment duplicates and two analytical duplicates. N.D. =
Not determined.
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Fig. S5.4 Molecular weight distributions of WS CEL (A) CS CEL (B) and CS WECELpure fractions as
determined by using SEC-MALSry. pH 4 control = dark blue; pH 4 - 50U = light blue; pH 6 control
= black; pH 6 - 50U = dark grey; pH 6 - 125U = light grey.
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Table S5.6 Summarized RP-UHPLC-MS data of WECELpure Samples of laccase/HBT treated samples
(LMS) and controls. Several compounds were tentatively annotated as lignin-HBT adducts, based
on their molecular formula (shown in bold). These structures were absent in control incubations
and in the control containing only laccase and HBT.

Rt Molecular Ion Observed/ Mass Tentative Detected
(min) formula calculated mass error annotation in
(ppm)
3.84 CeHsNsO [M+H]* 135.04333/135.04326  0.53 HBT LMS
6.41 CeHsN3 [M+HT* 119.04841/119.04835 0.55 Benzotriazole LMS
8.33 CoHg03 [M-H] 164.04751/164.04735 1.03 p-coumaric Control &
acid LMS
9.25 C13H11N30s4  [M+H]* 273.07496/273.07496 0.03 Lignin-HBT LMS
adduct
9.38 C19H19N307  [M+H]* 401.12263/401.12230  0.83 Lignin-HBT LMS
adduct
9.76 C10H1004 [M-H] 194.05801/194.05791 0.54 Ferulic acid Control &
LMS
11.00 C20H2208 [M+Na]* 390.13175/390.13147  0.68 Unknown Control &
LMS
11.32 C14H13N304  [M+H]* 287.09065/287.09061 0.17 Lignin-HBT LMS
adduct
13.78  Caz0H2008 [M+Na]* 388.11610/388.11582  0.68 Unknown Control &
LMS
13.92 C21H2209 [M+Na]* 418.12650/418.12639  0.26 Unknown Control &
LMS
14.01 C19H19N306 [M+HT* 385.12752/385.12739 0.36 Lignin-HBT LMS
adduct
15.31 C13H11N303 [M+HT* 257.08018/257.08004 0.55 Lignin-HBT LMS
adduct
15.86  CisH1806 [M+H]* 342.11043/342.11034  0.28 Unknown Control &
LMS
17.01 C20H18010 [M+H]* 418.09022/418.09000  0.54 Unknown Control &
LMS
18.54  Ci7H1407 [M+H]* 330.07399/330.07396  0.12 Tricin Control &
LMS
21.62 C22H2206 [M+Na]* 382.14158/382.14164  -0.15 Unknown LMS
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Fig. S5.5 Overlay of aromatic (A) and aliphatic (B) regions of the HSQC spectra obtained from the
WELpure fraction of laccase/HBT treated MWS (pH 4), the Rovabio Advance enzyme cocktail, pure
HBT, and an incubation containing only laccase and HBT. Colors and annotations of the WELpure
fraction are as displayed in Fig 5.5 and Table S5.3. Correlations from the Rovabio enzyme cocktail
are shown in red, those of pure HBT and the laccase+HBT mixture are shown in pink and navy,

respectively.
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Fig. $5.6 NMR spectra used for the annotation of ether cleavage structures D (yellow) and E
(purple): diagnostic HSQC and HMBC correlations in WELpure fraction of laccase/HBT treated MWS
(pH 6, 125 U) between a, B and y positions of E (A), and overlapping HSQC signals of D and E with
purified 1-(3,4-dimethoxyphenyl)-3-hydroxypropan-1-one (green) and 1-(3,4-dimethoxyphenyl)-
2,3-dihydroxypropan-1-one (blue), respectively. Due to low intensity, diagnostic HMBC correlations

of structure D are not visible in (A).
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Fig. S5.7 HMBC spectrum of WELpure fraction of laccase/HBT treated MWS at pH 4. The spectrum
is identical to the spectrum in Fig. 5.6C, but zoomed in (3x). The spectrum shows that a large
variety of phenylketones are present, mainly corresponding to S-units. The black peak most likely

corresponds to an aldehyde.
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Understanding LMS-catalyzed grass delignification

Table S5.18 '3C-IS py-GC-MS relative abundance of 4-vinylphenol in fractions of laccase/HBT
treated MWS and MCS and controls.

pH 4 pH 6
Laccase (U g'1) 0 50 0 50 125
Wheat straw
RES 8.1+0.9 8.2 +0.9 8.1 +£0.7
CEL 8.7+ 0.8 8.9+0.9 94+1.1 10,0+ 1.1 10.1 £ 0.9
WECELpure 8.7 £ 0.8 10.6 £ 1.1 7.6 £0.6 9.4 £ 0.8 9.8 £ 0.8
WELpure 6.5 £ 0.5 8.5+0.7 - 1.0+ 0.1 1.2+£0.1
Corn stover - 1.0 +£0.1
RES 30.6 £ 2.7 39.3 £ 3.5 31.7+£ 3.4 36,9+ 29 354+ 3.0
CEL 38.5+34 44.1 + 3.8 40.0 + 3.3 41.3 + 3.9 41.0 + 3.8
WECELpure 16.8+ 1.4 38.6 £ 3.1 184+ 1.5 35.9 + 3.0 31.5+ 25
WELpure - 8.7+ 0.7 - 4.6 +0.4 5.0+ 0.4
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CHAPTER

Facile enzymatic Cy-acylation of lignin
model compounds

Simple B-O-4' linked dimeric model compounds are often targeted as substrate to mimic
the reactivity of lignin in enzymatic or chemical treatments. These models mimic the
structure and reactivity of regular B-0-4' linkages in lignin, but are less suitable to predict
the reactivity of acylated B-0-4’ substructures, which are abundant in various types of
lignin. Here, we present a one-step lipase-catalyzed acylation of a commercially available
lignin model compound with p-coumaric acid, p-hydroxybenzoic acid, cinnamic acid and
acetic acid as acyl donors. This facile procedure allows to obtain new and relevant lignin
model compounds at milligram scale, with simple purification of products and unreacted
substrate.

Based on: Roelant Hilgers, Jean-Paul Vincken and Mirjam A. Kabel. Facile enzymatic Cy-acylation
of lignin model compounds. Catalysis Communications 2020, 136: 105919.



Chapter 6

6.1 Introduction

Lignin is an aromatic polymer that occurs in the cell wall of plants. Its selective removal,
and degradation, is one of the major challenges in biorefinery and (bio-)catalysis, and
consequently, it receives a lot of attention in the scientific literature. The main building
blocks of lignin are sinapyl alcohol, coniferyl alcohol and p-coumaroyl alcohol, which
couple oxidatively to form a heterogeneous polymer consisting of syringyl (S), guaiacyl
(G) and p-hydroxycoumaroyl (H) units. Upon polymerization, several C-O and C-C inter-
unit linkages are formed, of which the B-0O-4' linkage is the most abundant one in all
types of native lignin (Fig. 6.1).1

The exact structure of lignin depends on multiple factors, but in general three classes are
distinguished: softwood, hardwood and grass lignin. They differ in their S/G/H ratio, but
also in their degree and type of acylation at the C,-position. Whereas C,-acylation is
absent in softwood, grass lignins can be extensively Cy-acetyled and C,-coumaroylated
(Fig. 6.1A).2 Similarly, several hardwood lignins (i.e. those from willow, poplar, aspen
and palms) contain C,-esterified acetyl and p-hydroxybenzoyl groups (Fig. 6.1B).?

Most fundamental insights on the reactions of lignin (e.g. during degradative treatments)
have been obtained by studying the reactivity of low-molecular-weight lignin model
compounds, as recently reviewed by, amongst others, Vangeel et al. and Liu et al.3*
Hereto, mostly simple B-0-4' linked dimers have been used, such as veratrylglycerol-§-
guaiacyl ether (VBG; Fig. 6.2).>7 Although structures like VBG are suitable to mimic the
reactivity of regular B-0-4' bonds in lignin, their reactivity cannot directly be extrapolated
to other lignin structural elements, such as the above-mentioned C,-acylated
substructures in grass and hardwood lignins. Consequently, little is known on how
acylation of the Cy-position influences the reactivity of B-0O-4" bonds in lignin. To
overcome this gap, Cy,-coumaroylated, C,-p-hydroxybenzoylated and C,-acetylated lignin
model compounds are required.

Synthesis of Cy-coumaroylated and C,-hydroxybenzoylated models has been described in
literature, but the synthesis of both models entails a relatively complex multistep chemical
synthesis starting from monomeric building blocks (Fig. 6.2A).8° In addition, thus far,
only phenolic model compounds were synthesized (i.e. models bearing a hydroxyl group
on the aromatic ring), which often do not reflect the reactivity of the more recalcitrant
non-phenolic lignin structures, accounting for up to 90% of the native polymer.!
Obviously, a more simple procedure for the synthesis of acylated lignin models is
preferable. Recently, a relatively simple procedure was described for Cy-acetylation of
VBG, a non-phenolic lignin model compound, which entails ball milling of the lignin model
in presence of a suitable acetyl donor and an immobilized lipase. ' Although successful,
the method was only shown to work with liquid esters as acetyl donors. Acylation with
small linear acyl groups was also reported, but more complex acylations with p-coumaroyl
or p-hydroxybenzoyl groups were not yet investigated (Fig. 6.2A).1°

Here, we present a facile one-step enzymatic synthesis of C,-coumaroylated,
C,-hydroxybenzoylated and C,-acetylated lignin models, using an immobilized lipase from
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Candida antarctica (CALB) as catalyst and p-coumaric acid (pCA), p-hydroxybenzoic acid
(pHBA) or acetic acid (HOAc) as acyl donors. For screening purposes, and to provide a
non-phenolic analogue of the VBG-pCA ester, acylation was also performed using
cinnamic acid (CinA) as acyl donor (Fig. 6.2B). This facile procedure opens up
possibilities to study the reactivity of acylated lignin substructures in more detail.

HO H3C

% B o 4
OCHj
HaCO 7
HO, H@J@I\ N

OCH;

H3CO % ~OCH;

OCHs

HO'

OH
]
LIG

Fig. 6.1 Highly simplified example structures of grass lignin (A) and hardwood lignin (B), illustrating
B-0-4' bonds (yellow), p-coumaroyl groups (green), acetyl groups (blue) and p-hydroxybenzoate
groups (red). LIG = lignin polymer.

6.2 Materials & Methods

6.2.1 Materials

Veratrylglycerol-B-guaiacyl  ether (VBG; 1-(3,4-dimethoxyphenyl)-2-(2-methoxy-
phenoxy)-propane-1,3-diol) was obtained from ABCR (Karlsruhe, Germany) and
immobilized CALB (Novozym 435) was a kind gift of Novozymes (Bagsvaerd, Denmark).
All other chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA). Water was
prepared by using a Milli-Q water purification system (Merck Millipore, Billerica, MA, USA).

6.2.2 Screening of different solvents for VBG acylation

In order to determine the optimal solvent for Cy-acylation of VBG, esterification of VBG with
CinA was performed in different solvents. Hereto, mixtures of VBG (30 mM) and CinA (30
mM) were prepared in acetone, acetonitrile, #-butanol, toluene and #butanol/toluene 1:1
(v/v), all dried with 3 A molecular sieves. Total reaction volumes of 200 pL were incubated
with ~10 mg CALB in 1.5 mL glass vials at 55 °C under 600 rpm shaking in a thermomixer.
After two days of incubation, samples were diluted 200 times in methanol, centrifuged
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Fig. 6.2 Syntheses of acylated lignin model compounds reported in literature (A) and those
described in this study (B).

(12500g, 5 min, 20 °C) and analyzed using RP-UHPLC-PDA-MS. The molar ratio VBG:VBG-
CinA ester was then determined from the ratio of their UV peaks (280 nm) and calibration
curves of VBG and purified VBG-CinA ester (see Supporting Information for purification
details and calibration curves).

6.2.3 Acylation of lignin model compounds

Acylations of VBG were performed in #butanol:toluene 1:1 (v/v) dried with 3 A molecular
sieves, unless stated otherwise. Cinnamic acid (CinA), p-coumaric acid (pCA),
p-hydroxybenzoic acid (pHBA) and acetic acid (HOAc) were employed as acyl donors.
Stock solutions were prepared of VBG (60 mM) and acyl donors (60 mM). The stock
solutions were mixed in 1.5 mL glass vials in a 1:1 ratio to obtain a total reaction volume
of 500 pL. For acetylation in pure HOAc, VBG was directly dissolved in 500 pL HOAc at a
concentration of 30 mM. To all incubations, ~30 mg CALB and ~10 mg molecular sieves
(3 A) were added. The vials were incubated at 45, 55 and 65 °C in thermomixers under
600 rpm shaking. After four or six days the samples were removed and stored at 4 °C
prior to analysis. After samples for analysis were withdrawn, the three reaction mixtures
(i.e. those incubated at the three different temperatures) were pooled in case pCA or
CinA was used as acyl donor. From the resulting pooled samples, VBG-pCA ester and
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VBG-CinA ester were purified (see Supporting Information for details). In the case of acyl
donor pHBA, only the incubation performed at 65 °C was purified.

6.2.4 Analytical methods

From all incubations, 1 pL aliquots were collected and diluted 200 times in methanol.
Samples were then centrifuged (12500¢g, 5 min, 20 °C) and analyzed by using RP-UHPLC-
PDA-MS. Hereto, reaction products were separated by using a Vanquish UHPLC system
(Thermo Scientific, San Jose, CA, USA), equipped with a pump, degasser, autosampler
and photodiode array (PDA) detector. Samples (1 pL) were injected onto an Acquity UPLC
BEH C18 column (150 x 2.1 mm, particle size 1.7 pm) with a VanGuard guard column (5
x 2.1 mm) of the same material (Waters, Milford, MA, USA). The flow rate was 400 uL
min-! and the column temperature was 45 °C. Water (A) and acetonitrile (B) were used
as eluents, both acidified with 1% formic acid. The following elution profile was used: 0-
1.5 min at 5% B (isocratic), 1.5-3 min from 5 to 20% (linear gradient), 3-28 min from 20
to 75% (linear gradient), 28-28.8 min from 75 to 100%, 28.8-33.3 min at 100%
(isocratic), 33.3-34 min from 100 to 5% (linear gradient) and 34-38 min at 5% (isocratic).
The PDA detector was set to record wavelengths between 190 and 700 nm. After
purification, the obtained VBG-pCA and VBG-CinA esters were analyzed at various
concentrations using the same method, to check their purity and to determine their molar
extinction coefficient (A = 280 nm) relative to that of VBG. The resulting factor was used
to calculate the molar ratio VBG:VBG-pCA ester and VBG:VBG-CinA ester in the incubated
(non-purified) samples. The molar ratios VBG:ester in incubations with pHBA and HOAc
were estimated by assuming an equal molar extinction coefficient for VBG and the
corresponding esters. Although it is unlikely that VBG and VBG-pHBA ester have exactly
the same extinction coefficients, the calculated molar ratios were in good agreement with
gravimetrically determined yields.

High resolution mass spectrometric data were recorded on a Q Exactive Focus hybrid
quadrupole-orbitrap mass spectrometer (Thermo Scientific) equipped with a heated ESI
probe coupled to the UHPLC system. In order to obtain CID fragmentation patterns, the
analysis was repeated using a Velos Pro ion-trap mass spectrometer (Thermo Scientific)
coupled to the UHPLC system. For a detailed description of the methods see the
Supporting Information.

In addition to UHPLC-MS analysis, the purified VBG-pCA, VBG-CinA and VBG-pHBA esters
were analyzed by using 2D NMR, to confirm that acylation occurred at the Cy-position
(see Supporting Information).

6.3 Results & Discussion

6.3.1 Screening of solvents for VBG acylation

In order to determine the best conditions for CALB-catalyzed C,-acylation of VBG, we first
performed a screening of different solvents. For this experiment, CinA was picked as an
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acyl donor. Although cinnamoyl-groups do not occur in lignin, CinA has been reported to
be a reasonably good acyl donor for CALB-catalyzed acylations of a variety of (non-lignin)
compounds, and was therefore considered to be a good acyl donor for a first screening
experiment.t-14 Acetonitrile, acetone, fbutanol, toluene and #butanol/toluene were
employed as comparative solvents. In all solvents a product was formed that
corresponded to C;7H280s. Based on accurate mass and MS? fragmentation pattern, this
product was annotated as the VBG-CinA ester (Table 6.2 and Fig. $6.2). The results
indicated that the highest conversion was obtained in toluene, followed by
t-butanol/toluene (Table 6.1). Although incubation in toluene resulted in the highest
product/substrate ratio, pCA and pHBA were poorly soluble in pure toluene. Therefore,
t-butanol/toluene was selected as the solvent for further incubations.

Table 6.1 Molecular ratios of VBG and VBG-CinA ester after 2 days of
incubation with CALB at 55 °C.

Solvent Molar ratio (%)
VBG:VBG-CinA ester

Acetonitrile 97:3

Acetone 97:3

t-Butanol 95:5

t-Butanol/toluene (1:1) 87:13

Toluene 19:81

6.3.2 CALB-catalyzed cinnamoylation of VBG

Enzymatic Cy-acylation of VBG with CinA was performed for four days at 45, 55 and 65
°C. In all cases, this resulted in the formation of one major product corresponding to
C27H2807 (Fig. 6.3A and Table 6.2). The highest conversion was obtained at 55 °C,
although the difference with other temperatures was minor (Table 6.3). The product
was then purified using Flash chromatography, which resulted in 14.2 mg of the
VBG-CinA ester. In order to prove that acylation occurred on the Cy-position and not on
the Cq-position, the purified VBG-CinA ester was analyzed by using 2D-NMR, which indeed
confirmed acylation at C, (Fig. $6.3). Overall, this showed that incubation with CALB in
combination with a simple Flash chromatography purification forms a facile and effective
procedure for the production of Cy-acylated lignin models.

6.3.3 CALB-catalyzed p-coumaroylation and acetylation of VBG

In order to form Cy-acylated lignin models that more accurately resemble the structure
of grass lignins, incubations with CALB were performed with pCA and HOAc as acyl
donors. After VBG incubation for six days with pCA and CALB, a few new peaks were
observed in the UHPLC-UV chromatogram, the most abundant of which corresponded to
Cy7H280s (Fig. 6.3B and Table 6.2). Based on accurate mass, fragmentation pattern
and 2D NMR, this product was annotated as the desired VBG-pCA ester (Table 6.2, Fig.
S$6.2 and Fig. S6.4). Similarly as in the case of cinnamoylation, the highest extent of
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p-coumaroylation was obtained at 55 °C (Table 6.3). Despite the modest conversion, a
simple Flash chromatography purification resulted in 2.0 mg of the pure VBG-pCA ester
(Table 6.3). In addition, due to the very limited formation of side-products, most of the
unreacted VBG (11.2 mg) was recovered after Flash chromatography. It should be noted
that during the incubation, pCA underwent slight isomerization to its c¢/s-form, which also
resulted in the formation of a VBG-cis-pCA ester. As Flash chromatography did not
baseline-separate the isomers, traces (~5% based on UVg peak area) of the VBG-cis-
PCA ester were still present in the purified product (Fig. $S6.4).

We attempted to increase the yield of the VBG-pCA ester by increasing the pCA
concentration to a VBG:pCA molar ratio 1:3 and by performing the reaction in pure
toluene (with pCA partly dissolved), but this mainly resulted in the formation of more
side-products (data not shown). In addition, we repeated the incubations with
4-acetoxycinnamic acid instead of pCA as acyl donor. As the former molecule lacks an
electron-donating p-hydroxyl group, it could be expected to be more reactive in lipase-
catalyzed esterification.'* The resulting ester could then be converted to the VBG-pCA
ester via a mild deacetylation step.

1001 A .-
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Fig. 6.3 RP-UHPLC-UV2s0 chromatograms of VBG incubated with CALB and CinA (A), pCA (B), HOAc
(C&D) and pHBA (E) at 55 °C (A-D) or 65 °C (E) for 6 (A, B and E) and 4 days (C&D). Incubation
D was performed in pure acetic acid (i.e. solvent-free). Mass spectrometric data corresponding to
the annotated peaks is displayed in Table 6.2. Mass spectrometric data corresponding to side-
products can be found in Table S6.1.
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Although incubation with 4-acetoxycinnamic acid resulted in @ much higher conversion of
VBG, mainly acetylated VBG was formed, showing that CALB catalyzed transesterification
at the acetoxy group of 4-acetoxycinnamic acid rather than esterification at the carboxylic
acid group (see Fig. S6.6 for a schematic overview of the desired and the observed
reaction).

Incubation of VBG with HOAc was performed both in #butanol:toluene 1:1 and in pure
HOACc. In both incubations, multiple products were formed (Fig. 6.3C/D). Two products
were detected corresponding to molecular formula CyH2407 (Table 6.2). Based on
comparison of their highly different MS? fragmentation patterns with that of the VBG-
CinA and VBG-pCA ester, we tentatively annotated the major product as the VBG-HOAc
Cy-ester and the minor one as the VBG-HOAc Cq-ester (Table 6.2 and Fig. S6.2).
Additional evidence for regio-isomerism comes from the fact that also a diester (C22H260s)
of VBG was detected (Fig. 6.3C/D, Table 6.1 and Fig. S6.2), suggesting that
acetylation by CALB can occur at both alcohol groups. Although the overall conversion of
VBG was higher in incubations with pure HOAc (except for the incubation at 45 °C), the
higher conversion mainly resulted in an increased formation of the diester. Therefore,
incubation in #butanol-toluene was better for a maximum vyield of the desired
Cy-acetylated VBG.

Table 6.3 Summarized results of the incubations of VBG with CALB and several acyl
donors. The underlined numbers in the column 'molar ratio' refer to the desired product
(i.e. Cy-esters of VBG).

Acyl Incubation T (°C) Molar ratio (%) Yield after
donor time (days) VBG:product(s) purification (%)
CinA 6 45 30:70
55 26:74 692
65 33:67
PCA 6 45 95:5
55 87:13 92
65 91:9
HOAc 4 45 28:6:57:95¢
55 29:5:57:9 N.D.
65 23:8:51:18
HOAc? 4 45 50:9:36:5
55 11:11:47:31 N.D.
65 8:10:45:37
PHBA 6 45 Traces of ester
55 Traces of ester
65 64:36° 30¢

2Yijelds of pooled incubations (45, 55 and 65 °C)  Ratio VBG:Cq-ester:C,-ester:diester. ¢ Molar ratio
estimated (see experimental section). ¢ This incubation was performed in pure HOAc (i.e. no organic
solvent was used). ¢Yield of (non-pooled) incubation at 65 °C. N.D. = Not determined. Molar ratios
were calculated as explained in the Supporting Information (see Fig. S6.1).
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6.3.4 CALB-catalyzed p-hydroxybenzoylation of VBG

In order to form VBG-pHBA ester, a relevant model compound for several hardwood
lignins, pHBA was employed as acyl donor. At 45 and 55 °C, acylation occurred in trace
amounts (data not shown). The limited reactivity of hydroxybenzoic acids towards
esterification by CALB has been reported multiple times in literature, and is suggested to
be related to the same electron-donating effect of the p-hydroxyl group as described for
pCA.1215-19 Remarkably, after incubation at 65 °C, a prominent peak corresponding to
Cas5H260s8 was observed in the UHPLC-UV2g9 chromatogram (Fig. 6.3E and Table 6.2).
Based on its molecular formula, fragmentation pattern and 2D NMR it was annotated as
the VBG-pHBA C,-ester (Table 6.2, Fig. $S6.2 and Fig. $6.5). In addition, a small peak
corresponding to the same molecular formula was detected. As the fragmentation pattern
of the compound was highly different from that of the major product, the minor product
was tentatively annotated as VBG-pHBA Cq-ester (Fig. 6.3E, Table 6.2 and Fig. S6.2).
Although the formation of a Cq-ester was unwanted, this only accounted for ~4% of the
total ester formation (based on UV.go peak area). After purification, the desired VBG-
PHBA C,-ester was obtained with a yield of 30% (Table 6.3), and the Cq-ester was only
present in trace amounts (<1%). It should be noted that a repetition of the incubation
with pHBA at 65 °C resulted in a lower conversion than initially found (VBG:VBG-pHBA
ester ratio 97:3). The reason behind this remains unknown. Increasing the incubation
temperature to 75 °C did not improve the conversion (data not shown).

All incubations described above were also performed in the absence of CALB, which
showed no acylation of VBG. This indicated that all acylations described above were truly
catalyzed by the enzyme. Although the product yields were strongly dependent on the
acyl donor, all desired products were obtained at mg scale, which is sufficient to perform
multiple model compound experiments followed by UHPLC-MS or GC-MS analysis.620-22

6.4 Conclusions

In summary, Cy-acylation of the commercially available lignin model compound VBG was
performed in #butanol/toluene by using CALB as a catalyst. This way, new lignin models
were obtained that resemble specific structural motifs of grass and hardwood lignins. A
one-step incubation and simple purification allowed to obtain the acylated products at
mg scale, while unreacted substrate could be recovered. The procedure provides a facile
and effective alternative for multi-step chemical synthesis.

164



Cy-acylation of lignin model compounds

6.5

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

References

Munk L, Sitarz AK, Kalyani DC, Mikkelsen JD and Meyer AS. Can laccases catalyze bond
cleavage in lignin? Biotechnology Advances 2015, 33 (1), 13-24.

Ralph J, Lapierre C and Boerjan W. Lignin structure and its engineering. Current Opinion in
Biotechnology 2019, 56, 240-249.

Vangeel T, Schutyser W, Renders T and Sels BF. Perspective on lignin oxidation: advances,
challenges, and future directions. Topics in Current Chemistry 2018, 376 (4), 30.

Liu C, Wu S, Zhang H and Xiao R. Catalytic oxidation of lignin to valuable biomass-based
platform chemicals: a review. Fuel/ Processing Technology 2019, 191, 181-201.

Kim KH, Dutta T, Walter ED, Isern NG, Cort JR, Simmons BA and Singh S. Chemoselective
methylation of phenolic hydroxyl group prevents quinone methide formation and
repolymerization during lignin depolymerization. ACS Sustainable Chemistry & Engineering
2017, 5(5), 3913-3919.

Hilgers R, Twentyman-Jones M, van Dam A, Gruppen H, Zuilhof H, Kabel MA and Vincken J-
P. The impact of lignin sulfonation on its reactivity with laccase and laccase/HBT. Catalysis
Science & Technology 2019, 9 (6), 1535-1542.

Zeng J, Mills MJL, Simmons BA, Kent MS and Sale KL. Understanding factors controlling
depolymerization and polymerization in catalytic degradation of B-ether linked model lignin
compounds by versatile peroxidase. Green Chemistry 2017, 19 (9), 2145-2154.

Helm RF and Ralph J. Lignin-hydroxycinnamoyl model compounds related to forage cell wall
structure. 2. Ester-linked structures. Journal of Agricultural and Food Chemistry 1993, 41
(4), 570-576.

Lu F, Karlen SD, Regner M, Kim H, Ralph SA, Sun R-C, Kuroda K-I, Augustin MA, Mawson R
and Sabarez H. Naturally p-hydroxybenzoylated lignins in palms. BioEnergy Research 2015,
8(3), 934-952.

WeiBbach U, Dabral S, Konnert L, Bolm C and Hernandez J]G. Selective enzymatic
esterification of lignin model compounds in the ball mill. Beilstein Journal of Organic
Chemistry 2017, 13 (1), 1788-1795.

Enaud E, Humeau C, Piffaut B and Girardin M. Enzymatic synthesis of new aromatic esters
of phloridzin. Journal of Molecular Catalysis B: Enzymatic 2004, 27 (1), 1-6.

Jakoveti¢ SM, Jugovi¢ BZ, Gvozdenovi¢ MM, Bezbradica DI, Antov MG, Mijin DZ and KneZevi¢-
Jugovi¢ ZD. Synthesis of aliphatic esters of cinnamic acid as potential lipophilic antioxidants
catalyzed by lipase B from Candida antarctica. Applied Biochemistry and Biotechnology
2013, 170(7), 1560-1573.

Tanaskovic¢ SJ, Joki¢ B, Grbavcic¢ S, Drvenica I, Prlainovi¢ N, Lukovi¢ N and KneZevié-Jugovic¢
Z. Immobilization of Candida antarctica lipase B on kaolin and its application in synthesis of
lipophilic antioxidants. Applied Clay Science 2017, 135, 103-111.

Cassani J, Luna H, Navarro A and Castillo E. Comparative esterification of phenylpropanoids
versus hydrophenylpropanoids acids catalyzed by lipase in organic solvent media. Electronic
Journal of Biotechnology 2007, 10 (4), 508-513.

Buisman GJH, Van Helteren CTW, Kramer GFH, Veldsink JW, Derksen JTP and Cuperus FP.
Enzymatic esterifications of functionalized phenols for the synthesis of lipophilic
antioxidants. Biotechnology Letters 1998, 20 (2), 131-136.

Stamatis H, Sereti V and Kolisis FN. Studies on the enzymatic synthesis of lipophilic
derivatives of natural antioxidants. Journal of the American Oil Chemists' Society 1999, 76
(12), 1505.

Bitencourt TB and da Graga Nascimento M. Chemo-enzymatic synthesis of N-
alkyloxaziridines mediated by lipases and urea-hydrogen peroxide. Green Chemistry 2009,
11(2), 209-214.

Otto RT, Scheib H, Bornscheuer UT, Pleiss J, Syldatk C and Schmid RD. Substrate specificity
of lipase B from Candida antarctica in the synthesis of arylaliphatic glycolipids. Journal of
Molecular Catalysis B: Enzymatic 2000, 8 (4-6), 201-211.

Ardhaoui M, Falcimaigne A, Engasser ], Moussou P, Pauly G and Ghoul M. Enzymatic
synthesis of new aromatic and aliphatic esters of flavonoids using Candida antarctica lipase
as biocatalyst. Biocatalysis and Biotransformation 2004, 22 (4), 253-259.

165




Chapter 6

20.

21.

22.

166

Hilgers RJ, Vincken J-P, Gruppen H and Kabel MA. Laccase/mediator systems: Their
reactivity towards phenolic lignin structures. ACS Sustainable Chemistry & Engineering
2018, 6 (2), 2037-2046.

Kawai S, Iwatsuki M, Nakagawa M, Inagaki M, Hamabe A and Ohashi H. An alternative B-
ether cleavage pathway for a non-phenolic f-0-4 lignin model dimer catalyzed by a laccase-
mediator system. Enzyme and Microbial Technology 2004, 35 (2-3), 154-160.

Kawai S, Nakagawa M and Ohashi H. Degradation mechanisms of a nonphenolic B-0-4 lignin
model dimer by T7rametes versicolor laccase in the presence of 1-hydroxybenzotriazole.
Enzyme and Microbial Technology 2002, 30 (4), 482-489.



Cy-acylation of lignin model compounds

6.6 Supporting Information

6.6.1 Electrospray Ionization - Fourier Transform Mass
Spectrometry

High-resolution mass spectra were recorded on a Q Exactive Focus hybrid quadrupole-
orbitrap mass spectrometer (Thermo Scientific), equipped with a heated ESI probe,
coupled to the UHPLC system. Two-thirds of the flow was directed toward the MS. Full
MS data were recorded in both negative and positive ionization mode over a range of
my/z 120-1,500 at a resolution of 70,000. The mass spectrometer was calibrated in both
positive and negative mode using Tune 2.8 software (Thermo Scientific) by direct infusion
of Pierce LTQ ESI positive and negative ion calibration solutions (Thermo Scientific).
Nitrogen was used as sheath gas (46.7 arbitrary units) and auxiliary gas (10.8 arbitrary
units). The capillary temperature was 254 °C; the probe heater temperature was 408 °C;
the source voltage was 2.5 kV in negative mode and 3.5 kV in positive mode; and the S-
lens RF level was 50. Data processing was performed using Xcalibur 2.2 (Thermo
Scientific) and Compound Discoverer 2.0 (Thermo Scientific).

6.6.2 Electrospray Ionization — Ion Trap Mass Spectrometry

Mass spectra were recorded on a Velos Pro ion-trap mass spectrometer (Thermo
Scientific), equipped with a heated ESI probe coupled to the UHPLC system. Data were
collected in both positive and negative ionization mode (m/z 120-2000), and data-
dependent MS2 analysis was performed using collision-induced dissociation with a
normalized collision energy of 35%. Gas flows, temperatures and voltages were identical
to those described for Fourier Transform Mass Spectrometry. The S-lens RF level was
65.30. Data processing was performed using Xcalibur 2.2 (Thermo Scientific).

6.6.3 Purification of acylated model compounds

The obtained VBG-pCA, VBG-CinA and VBG-pHBA esters were purified by using Flash
chromatography. Hereto, the (pooled) reaction mixtures were lyophilized and re-
dissolved in 1 mL methanol. The reaction mixtures were then purified by using a Reveleris
Flash system (Grace Davison Discovery Sciences, Columbia, MD, USA), equipped with a
4 g Reveleris RP Flash cartridge, ELSD detector and UV detector. The eluents used were
water (eluent A) and ACN (eluent B), both containing 1% (v/v) formic acid. After
activation of the cartridge with eluent B, and washing with 5 column volumes of eluent
A, the samples were injected. The following elution profiles were used: for VBG-pCA and
VBG-CinA, 0-1 min at 5% B (isocratic), 1-2 min from 5 to 20% B (linear gradient), 2-16
min from 20 to 52% B (linear gradient), 16-16.5 min from 52 to 100% B (linear gradient),
16.5-17.7 min at 100% B (isocratic); for VBG-pHBA: 0-1 min at 5% B (isocratic), 1-2 min
from 5 to 20% B (linear gradient), 2-16 min from 20 to 45% B (linear gradient), 16-16.5
min from 45 to 100% B (linear gradient), 16.5-17.7 min at 100% B (isocratic). The
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flowrate was 18 mL min-! and fractions of 6 mL were collected. The resulting fractions
were diluted 10 times with methanol and analyzed by using RP-UHPLC-PDA-MS. Fractions
that contained the desired esters and that were free of other products were pooled. From
the incubation containing VBG and pCA, also unreacted VBG was recovered after
purification. Remaining ACN was evaporated under reduced pressure, after which the
solutions were lyophilized. The ester yields and VBG recovery were then determined
gravimetrically.

6.6.4 2D NMR analysis of the purified VBG-pCA ester

In order to prove that acylation of VBG occurred on the Cy-postion, 2D NMR experiments
were conducted (both HSQC and HMBC). Hereto, approximately 1 mg of purified VBG-
PCA ester was dissolved in 250 L DMSO-ds. The NMR experiments were recorded at 25
oC by using hsqcetgpsisp2.2 and hmbcgpndgf pulse sequences on a Bruker Avance III
600 MHz (VBG-pCA ester) or Bruker Avance HD 700 MHz (VBG-CinA and VBG-pHBA ester)
NMR spectrometer (Bruker BioSpin, Rheinstetten, Germany) equipped with a 5 mm cryo-
probe. The internal temperature of the probe was set at 298 K. The solvent peak (DMSO-
ds) was used as an internal reference (¢ 39.5 ppm; oy 2.49 ppm).

6.6.5 Oxygen consumption

Oxygen consumption was measured with an Oxytherm System (Hansatech Kings Lynn,
UK). Lignin model compounds and mediators were used as substrates at 0.4 mM in a
sodium acetate buffer (50 mM) at pH 4. Also in incubations containing both a model
compound and a mediator, the individual concentrations were 0.4 mM. After equilibration,
laccase was added to obtain an activity of 1 U mL™1. Here, a higher laccase activity was
used than in the incubations described in the article, in order to obtain a more clear
decrease in O, concentration within the short time frame of the measurement.
Incubations were performed in a total volume of 1 mL at 25 °C. Data were acquired by
using Oxygraph Plus software (Hansatech).
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Fig. S6.1 UHPLC-UV2go calibration curves of VBG (orange), VBG-CinA (blue) and VBG-pCA (black).

The slopes from these calibration curves were used to calculate the molar ratio
product:VBG, according to the following formula:

Aproduct/(Slopeproduct * waroduct)

AVBG—ester AVBG
I M ts ]
Stopeproduct * MWproguct  SLOP€ypg * MWypg

% product =

Where A is the UV,g0 peak area obtained from RP-UHPLC-PDA-MS analysis of the reaction
mixtures and Mw is the molecular weight. % VBG = 100 - % product.
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Fig. $6.2 Proposed structures and fragmentation patterns of the substrates and products reported
in Table 6.1. *These fragmentations are suggested to form radical fragments. ** This fragmentation
is suggested to involve loss of the Na* ion. Since fragmentation of cis/ trans isomers were identical,
only the trans-isomers of pCA and VBG-pCA ester are shown. It should be noted that fragmentation
V could also correspond to fragmentation of one of the other methoxyl groups.
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Table S6.1 RP-UHPLC-MS data of substrates annotated and unknown products of VBG incubations
with CAL-B lipase and several acyl donors. The MS? fragments are given with their relative
abundance (%) in parentheses.

Acyl Rt Tent. Mol. Ion Observed/ Mass MS2?
donor (min) annot. formula calculated error
mass (ppm)
pCA 4.90 unknown C12H140s [M-HT 238.08417/ 0.18 119 (100), 163
238.08413 (69), 145 (44)
5.00 trans-pCA CoHsO3 [M-HT 164.04735/ 0.05 119 (100)
164.04735
5.39 cis-pCA CoHsO3 [M-HT 164.04742/ 0.45 119 (100)
164.04735
6.90 unknown C24H26010 [M+NaJ* 474.15275/ 0.31 N.D.
474.15260
8.65 VBG Ci18H2206 [M+Na]* 334.14159/ -0.15 309 (100), 339
334.14164 (24), 342 (23),
215 (4), 233 (4)
10.56 unknown C21H2007 [M-HT 384.12089/ -0.20 163 (100), 219
384.12091 (30), (13)
15.07 VBG-trans- Ca7H2808 [M+Na]* 480.17817/ -0.52 379 (100), 488
PCA ester 480.17842 (25), 485 (22),
215 (18)
15.74 VBG-cis-pCA  Ca7H280s [M+Na]* 480.17844/ 0.05 379 (100), 488
ester 480.17842 (25), 485 (22),
215 (18)
CinA 6.06 unknown Ci5H2007 [M+Na]*  312.12107/ 0.51 317 (100), 187
312.12091 (70), 171 (14)
7.72 unknown C12H1404 [M+HT* 222.08936/ 0.67 131 (100), 205
222.08921 (48), 183 (11)
8.65 VBG Ci18H2206 [M+Nal* 334.14161/ -0.10 309 (100), 339
334.14164 (24), 342 (23),
215 (4), 233 (4)
8.96 CinA CoHsO2 [M-H] 148.05260/ 1.15 103 (100)
148.05243
14.20 unknown C24H260s8 [M+Nal* 442.16318/ 0.93 447 (100, 317
442.16277 (68), 243 (11),
299 (8)
19.12 unknown C21H200s [M+Nal* 352.13099/ -0.26 205 (100), 227
352.13108 (34), 171 (18),
131 (13)
19.85 VBG-CinA Ca7H2807 [M+Na]*  464.18317/ -0.71 363 (100), 472
ester 464.18350 (48), 469 (40),
215 (37), 321
(21)
PHBA 3.97 PHBA C7HeO3 [M-H] 138.03161/ -0.58 93 (100)
138.03170
5.60 unknown Ci17H1607 [M-H] 332.08925/ -1.05 137 (100), 193
332.08961 (39)
5.92 unknown Ci17H1607 [M-H] 332.08931/ -0.87 137 (100), 211
332.08961 (24), 193 (10)
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Table S6.1 Continued.

Acyl Rt Tent. Mol. Ion Observed/ Mass MS2?
donor (min) annot. formula calculated error
mass (ppm)
8.65 VBG Ci8H2206 [M+Nal* 334.14143/ -0.59 309 (100), 339
334.14164 (24), 342 (23),
215 (4), 233 (4)
12.79 unknown C24H2009 [M-HT 452.11048/ -0.53 313 (100)
452.11074
13.06 VBG-pHBA CasH260s [M+Na]* 454.16264/ -0.27 309 (100), 339
Ca-ester 454.16277 (10)
13.85 VBG-pHBA Ca5H2608 [M+Na]* 454.16270/ -0.14 353 (100), 462
Cy-ester 454.16277 (44), 215 (30),
459 (27), 321
(18), 339 (17),
290 (15)
AcA 6.45 unknown CoH1406 [M+Na]* 218.07902/ -0.09 181 (100)
218.07904
8.65 VBG C18H2206 [M+Na]* 334.14161/ -0.09 309 (100), 339
334.14164 (24), 342 (23),
215 (4), 233
(4)
11.95 VBG-AcA C20H2407 [M+Na]* 376.15211/ -0.26 309 (100), 339
Ca-ester 376.15221 (6)
12.47 VBG-AcA C20H2407 [M+Na]* 376.15205/ -0.42 275 (100), 384
Cy-ester 376.15221 (93), 381 (56),
309 (45), 215
(38), 321 (35),
299 (34) 339
(22), 147 (22),
16.00 VBG-AcA C22H260s8 [M+Na]* 418.16260/ -0.41 299 (100), 381
diester 418.16277 (43)
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Fig. $S6.3 HSQC (blue) and HMBC (red) spectrum of the purified VBG-CinA ester. Exact chemical
shifts and annotations are shown in the table. Annotations in black correspond to the VBG moiety
and those in green correspond to the CinA moiety.
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Fig. S6.4 HSQC (blue) and HMBC (red) spectrum of the purified VBG-pCA ester. Exact chemical
shifts and annotations are shown in the tables. Annotations in black correspond to the VBG moiety
and those in green correspond to the pCA moiety. In addition to the expected VBG-trans-pCA ester,
trace peaks corresponding to a VBG-cis-pCA ester were detected. Peaks specifically belonging to
the cis-isomer are shown in light blue and red. Other signals of the cis-isomer overlap with those
of the trans-isomer. Annotation of trans and cis-isomers was performed based on published NMR
data of trans and cis-coumaroyl-esters.!?

174



Cy-acylation of lignin model compounds

N 25'%62'1'56' ™ ap vy -OCH,
6c
-OCH, cvmac
v o 60
o -
B : - 80
:
> +100
3"/5"
5 Sk
& i 1120
by
/6" | -e=e
1 L
140
x
4 i o
3
3
4n ! +160
ar " .
T T T T T
7 6 5 4 SH
Sc(ppm)  8u(ppm)
1 1344 -
2 1104 7.06
3 148.1 -
4 1478 - .,
5 1109 6.87 HO_ v 2 o
6 1187 6.95
1 1217 6.88 0
2 1125 6.90 1
3 150.0 -
& 147.2 -
5 1171 6.97 HO
6 1204 6.79 3
o 714 4385 CHj
B 81.0 4.66
v 63.2 4.39/4.45
2"/6” 131.1 7.56 OCHa
3”/5” 114.8 6.73
4" 1619 -
o 165.1 -
OCH;(3x) 552 3.67

Fig. $6.5 HSQC (blue) and HMBC (red) spectrum of the purified VBG-pHBA ester. Exact chemical
shifts and annotations are shown in the table. Annotations in black correspond to the VBG moiety
and those in red correspond to the pHBA moiety.
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Fig. $S6.6 Schematic overview of the incubation of VBG with 4-acetoxycinnamic acid and CALB
lipase, showing the formation of the desired esterification reaction at the carboxyl group (top) and
the undesired transesterification reaction at the acetoxy group (bottom).
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CHAPTER

On the reactivity of p-coumaroyl groups in
lignin upon laccase and laccase/HBT
treatments

Laccase/mediator systems (LMS) are potential green tools for oxidative degradation and
modification of lignin. Although LMS convert both phenolic and non-phenolic lignin
structures, phenolic structures are more prone to react. Remarkably, in a previous study
on laccase/HBT treatment of grasses, we observed accumulation of p-coumaroyl
moieties in residual lignin, even though such groups are free-phenolic structures. To
provide more insights into this apparent paradox, here, we studied the reactivity of
p-coumaroyl groups in lignin and model compounds, by using HSQC NMR and RP-UHPLC-
PDA-MS", respectively. It was found that a p-coumaroylated model compound (VBG-
PCA), in contrast to its non-acylated analogue, was rapidly converted by laccase and
laccase/HBT, resulting in oxidative coupling and HBT-mediated degradation,
respectively. The high reactivity of VBG-pCA was related to the phenolic character of the
p-coumaroyl group. Upon laccase/HBT treatment of two grass lignin isolates,
p-coumaroyl groups accumulated in residual lignin, indicating that p-coumaroyl groups
in polymeric lignin display different reactivity than those in model compounds. Based on
additional experiments, we propose that p-coumaroyl groups in lignin polymers can be
oxidized by laccase/HBT, but undergo HSQC-undetectable radical coupling or redox
reactions rather than degradation.

Based on: Roelant Hilgers, Mirjam A. Kabel and Jean-Paul Vincken. On the reactivity of
p-coumaroyl groups in lignin upon laccase and laccase/HBT treatments. ACS Sustainable Chemistry
& Engineering 2020, 8 (23), 8723-8731.



Chapter 7

7.1 Introduction

Lignocellulosic biomass is a promising resource for the sustainable production of biofuels
and biochemicals. Efficient conversion of lignocellulosic biomass, however, is challenging,
due to its recalcitrant structure. A major factor limiting efficient conversion is the
presence of lignin, a complex aromatic heteropolymer.! Over the past years, laccase (EC
1.10.3.2) and laccase/mediator systems have gained extensive attention as potential
green tools for lignin degradation. However, despite the insights from various mechanistic
studies,?> the reactivity of lignin in laccase and LMS incubations is still not fully
understood.

Lignin consists, depending on its botanical origin, of syringyl (S), guaiacyl (G) and
p-hydroxyphenyl (H) subunits. These subunits form a polymer through various C-O and
C-C linkages, of which the B-0-4’ linkage is the most abundant one.%” The botanical
origin of lignin does not only affect the S/G/H ratio, but also the extent and type of C,-
acylation. Whereas no Cy-acylation occurs in softwood lignin, several hardwood lignins
(i.e. those from willow, aspen, poplar and palms) are Cy-acylated by p-hydroxybenzoyl
and acetyl groups,’-? and grass lignins can be extensively p-coumaroylated and acetylated
at the C,-OH group.”:10.11

Laccases are oxidases that catalyze one-electron oxidation of aromatic substrates. Their
redox potential (<800 mV vs. NHE)? is, however, too low to oxidize the non-phenolic
substructures of lignin, which account for up to 90% of the lignin polymer.!2 To overcome
this recalcitrance, a mediator, such as 1-hydroxybenzotriazole (HBT) can be added to
form a laccase/mediator system (LMS). In such a LMS, laccase oxidizes the mediator,
which, in turn, oxidizes the non-phenolic lignin substructure. In the case of a laccase/HBT
system, the latter step is generally suggested to occur via hydrogen atom transfer (HAT),
resulting in benzylic radicals.>'3 These radicals can, subsequently, react further via
multiple pathways. The final outcome of these radical reactions is dependent on the local
structures neighboring the benzylic radical, as well as on the reaction conditions.*!3 In
various biomass substrates, LMS treatments have been shown to induce oxidation and
degradation of lignin interunit linkages, resulting in delignification (up to 50%) of the
biomass. 1416

Recently, we observed that, upon laccase/HBT treatment of milled corn stover and wheat
straw, p-coumaroylated substructures accumulated in the residue, suggesting that these
substructures are more recalcitrant toward LMS-catalyzed degradation than non-acylated
substructures.® This observation is remarkable, as the p-coumaroyl moieties in lignin are
generally suggested to occur as free-phenolic groups (i.e. unetherified at the phenolic
OH-group),1017.18 which are expected to be more easily oxidized than non-phenolic
(etherified) lignin structures.1®2! So far, the reason behind this apparent discrepancy
remains unknown. In fact, very little is known at all on the reactivity of p-coumaroyl
moieties in lignin upon oxidative treatments.

As an enhanced understanding of the reactivity of p-coumaroyl groups in lignin is
expected to be helpful in further optimization of LMS-based lignin conversion, we
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investigated the reactivity of p-coumaroyl groups in detail. Hereto, we studied the
reactions of a p-coumaroylated lignin model compound (VBG-pCA, Fig. 7.1) in laccase
and laccase/HBT treatments, and compared this to the reactivity of a cinnamoylated
model compound (lacking the phenolic hydroxyl group) and a non-acylated model
compound (VBG-CinA and VBG, respectively, Fig. 7.1) by using RP-UHPLC-PDA-MS". In
addition, to investigate whether the reactivity of p-coumaroyl moieties in polymeric lignin
was comparable to those in the model compound, we used 2D HSQC NMR to study the
structure of lignin isolates from corn stover and wheat straw, before and after

laccase/HBT treatment.
HO.
\Q\/YO @\/YO
HO O. (o)
HO. OQ HO OQ HO O/Q

OCH; OCH, OCH;
OCH, OCH; OCH;
OCH; OCH, OCH;
VBG VBG-pCA VBG-CinA

Fig. 7.1 Molecular structures of the model compounds VBG, VBG-pCA and VBG-CinA used in this
study.

7.2 Materials & Methods

7.2.1 Materials

Acylated lignin model compounds were enzymatically synthesized by using a previously
reported method.2? Veratryglycerol-B-guaiacyl ether (VBG) was purchased from ABCR
chemicals (Karlsruhe, Germany), and guaiacylglycerol-B-guaiacyl ether (GBG) was
obtained from TCI chemicals (Tokyo, Japan). Laccase from T7rametes versicolor was
obtained from Sigma Aldrich (St. Louis, MO, USA), and was partially purified as described
earlier.3 The activity of both enzymes was determined spectrophotometrically by
oxidation of ABTS (1 U = 1 pymol ABTS oxidized per minute at pH 5). Wheat straw lignin
isolate (WSL) and corn stover lignin isolate (CSL) were obtained from previous studies
and had lignin contents of 85% and 90% (w/w), respectively (unpublished data). All
other chemicals were obtained from Sigma Aldrich and were of analytical grade. Water
was prepared by using a Milli-Q water purification system (Merck Millipore, Billerica, MA).

7.2.2 Incubation of lignin models with laccase and laccase/HBT

Stock solutions were prepared by dissolving model compounds at a concentration of 1
mM in citrate/phosphate buffer (pH 4, 20/40 mM) containing 25% (v/v) methanol.
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Addition of methanol was necessary to ensure complete solubilization of the acylated
model compounds. Stock solutions of HBT (10 mM) and laccase (25 U mL™) were
prepared in the same buffer. The stock solutions were then mixed to obtain final substrate
and HBT concentrations of 80 uM and 400 uM, respectively, and a laccase activity of 2 U
mL-L. After 1 and 24 h, 40 pL aliquots of the samples were transferred to a clean tube,
and immediately cooled in ice-water to stop the enzymatic activity. Control incubations
containing only model compounds or only model compounds with HBT were performed
similarly. In these cases, only a sample incubated for 24 h was analyzed. After cooling
for 10 min in ice water, samples were centrifuged (10,000 x g, 5 min, 4 °C) and
immediately transferred to the autosampler of the UHPLC system (at 4 °C) prior to RP-
UHPLC-PDA-MS analysis.

7.2.3 Incubation of lignin models with laccase-free oxidized
VBG-pCA

Non-acylated lignin model compounds were dissolved at 1 mM in citrate/phosphate buffer
(pH 4, 20/40 mM) containing 25% (v/v) methanol, and 60 pL of these solutions were
transferred to 2 mL reaction tubes. Amicon® Ultra-0.5 centrifugal filters (Merck Millipore)
with a normalized molecular weight limit of 10 kDa were placed on top of these solutions,
and were loaded with 130 pL buffer and 20 uL VBG-pCA solution (1 mM). Subsequently,
20 pL laccase solution was added to obtain a final activity of 6 U mL™. The tubes were
then immediately centrifuged (10,000 x g, 40 °C) until >90% of the liquid had passed
through the filter (approximately 30 min). As controls, identical incubations were
performed in which laccase was replaced with buffer. The filtrates were collected and
analyzed by using RP-UHPLC-PDA-MS".

7.2.4 Incubation of lignin isolates with laccase/HBT

Laccase/HBT treatment of CSL and WSL was performed based on a previously described
protocol.!® Hereto, approximately 12 mg of WSL and CSL were suspended in 240 pL of a
200 mM citrate buffer at pH 4, containing 100 mM HBT. To this suspension, 60 pL of a
laccase stock solution (10 U mL') was added to obtain a final HBT concentration of 80
mM and a laccase activity of 50 U g lignin isolate. In addition, control samples were
prepared by suspending 12 mg of WSL and CSL in 300 pL of buffer. All samples were
incubated at 40 °C in a thermomixer at 650 rpm shaking. After 24 h, the samples were
removed from the thermomixer, and washed 5 times with 1 mL of MQ water. The residues
were frozen in liquid nitrogen and lyophilized prior to NMR spectroscopy.

7.2.5 Saponification of lignin isolates

For mild saponification of the laccase/HBT treated and untreated CSL and WSL,
approximately 10 mg of sample was incubated with 0.5 mL 1 M NaOH at 30 °C for 24 h
under 300 rpm shaking.?* Subsequently, the samples were acidified by adding 6 M acetic
acid to reach a pH of approximately 6 (as indicated by pH paper). After centrifugation
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(10,000 x g, 5 min, 20 °C), the supernatants were collected and stored at 4 °C. Prior to
RP-UHPLC-PDA-MS analysis, the supernatants were diluted 20 times in MQ water. The
residue was washed 4 times with 1 mL MQ water, frozen in liquid nitrogen and lyophilized
prior to NMR spectroscopy.

7.2.6 RP-UHPLC-PDA-ESI-MS"

RP-UHPLC-PDA-ESI-MS" analysis was performed by using a Thermo Vanquish UHPLC
system (Thermo Scientific, San Jose, CA, USA), equipped with a pump, degasser,
autosampler, coupled to a PDA detector and either a Thermo LTQ Velos Pro ion-trap mass
spectrometer or a Thermo Q Exactive Focus hybrid quadrupole-orbitrap mass
spectrometer. Samples (1 pL) were injected onto an Acquity UPLC BEH C18 column (150
x 2.1 mm, particle size 1.7 ym) with a VanGuard guard column (5 x 2.1 mm) of the
same material (Waters, Milford, MA, USA). The flow rate was 400 puL min-! and the column
temperature was 45 °C. Water (A) and acetonitrile (B) were used as eluents, both
acidified with 1% formic acid.

For model compound incubations, the following solvent gradient was used: 0-1.5 min at
5% B (isocratic), 1.5-3 min from 5 to 20% (linear gradient), 3-28 min from 20 to 75%
(linear gradient), 28-28.8 min from 75 to 100%, 28.8-33.3 min at 100% (isocratic), 33.3-
34 min from 100 to 5% (linear gradient) and 34-38 min at 5% (isocratic). All other
settings were identical to a previously reported study.?? Quantification was performed
based on the UV peak areas at 280 nm. For quantification of VBG, VBG-pCA and VBG-
CinA, calibration curves (20-80 uM) were recorded in duplicate. In the case of VBG-pCA,
we assumed that trans-cis isomerization did not affect the extinction coefficient at 280
nm. This was verified by injecting equal concentrations of freshly prepared trans-VBG-
PCA and light-exposed partly isomerized VBG-pCA, which showed <1% difference in UV2sgp
peak area. Yields of the reaction products CLP and VBG.x were calculated based on
previously determined relative extinction coefficients.3 As no standards were available
for other reaction products, their yields were estimated by assuming a molar extinction
coefficient equal to that of the substrate.

For supernatants of saponified lignin isolates, the same procedure was used, with the
only adaptation being the eluent profile: 0-1.5 min at 5% B (isocratic), 1.5-28 min from
5 to 35% (linear gradient), 28-28.8 min from 35 to 100% (linear gradient), 28.8-33.3
min at 100% (isocratic), 33.3-34 min from 100 to 5% (linear gradient) and 34-38 min at
5% (isocratic). Quantification of released pCA was performed based on UV peak area
(280 nm) and a calibration curve of pCA (10-200 pg/mL, in duplicate).

7.2.7 2D NMR analysis

Structural characterization of laccase/HBT treated WSL and CSL and controls was
performed by using 2D HSQC NMR spectroscopy, based on a previously reported
method.?> Hereto, the lyophilized samples were dissolved in 250 pyL DMSO-ds and
transferred to a 5 mm Shigemi microtube. Spectra were recorded at 25 °C on a Bruker
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Avance HD 700 MHz NMR spectrometer equipped with a 5 mm BBI probe. Spectra were
recorded using a standard Bruker pulse sequence ‘hsqcetgpsisp2.2’. The spectral widths
were 12 ppm for the 'H dimension and 200 ppm for the 13C dimension. Thirty-two scans
were acquired with an acquisition time of 0.14 s and an interscan delay of 0.86 s. The
FID size was of 2048 in the 'H dimension, and 400 the 3C dimension. For ' Jy 145 Hz
was used. Settings for HSQC NMR analysis of saponified WSL and CSL were identical,
with the only adaptation that 96 scans were acquired. Data was processed with Bruker
TopSpin version 4.0.5. The central solvent peak (6C 39.5 ppm; dH 2.49 ppm) was used
as an internal reference. HSQC correlations were assigned in accordance to
literature.10.11.26-28 Semij-quantitative volume integration was performed as previously
described by Del Rio et al., 1% on a single zoom level within each sample. The abundances
of PCA,
S-units and H-units were determined using their C;6-H6 correlations, of which the
integrals were logically halved. For ferulic acid and G-units, the C,-H, correlation was
used.

7.3 Results & Discussion

7.3.1 Reactivity of acylated and non-acylated model compounds
with laccase and laccase/HBT

VBG, VBG-pCA and VBG-CinA were incubated with laccase in presence or absence of HBT
to investigate whether and how acylation of VBG influences its reactivity.

When unacylated VBG was incubated with laccase alone, no conversion was observed, as
expected based on its non-phenolic structure (Fig. 7.2A, Fig. 7.3, Table 7.1 and
7.2).21.2% In case the laccase/HBT system was used, a slight conversion of 4% was
observed after 24 h. This conversion is low in comparison to a previous study, and is
likely caused by the presence of MeOH as co-solvent in the current study, which
decreases laccase activity.213° The conversion mainly resulted in the formation of its Cq-
oxidized analogue (VBGox), and trace amounts of a cleavage product (CLP), as was also
found in previous studies (Fig. 7.2A, Fig. 7.3, Table 7.1 and 7.2).132

In the case of VBG-pCA, several conversions were observed. First of all, trans-cis
isomerization was shown to occur (Fig. 7.2B, Table 7.1). Isomerization also occurred
in absence of laccase, and has been reported more often upon exposure of pCA
derivatives to light.31:32 Moreover, in contrast to VBG, VBG-pCA was readily oxidized by
laccase alone, with 39% and 82% substrate conversion after 1 and 24 h, respectively
(Fig. 7.2B, Table 7.1 and 7.2). This conversion resulted in the formation of multiple
products with molecular formula CssHs54016, which were annotated as VBG-pCA dimers.
In addition, after 24 h, a small amount of VBG-pCA trimers and (unacylated) VBG was
formed (Fig. 7.2B, Fig. 7.3, Table 7.1 and 7.2). Hence, laccase is able to oxidize VBG-
PCA in the absence of a mediator, and this mainly results in oxidative coupling, as
previously also observed with other phenolic lignin substructures.?3:33 The fact that
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multiple VBG-pCA dimers were formed, is most likely related to trans-cis isomerization,
but possibly also due to the formation of various new C-C or C-O linkages. The exact
structures of the formed bonds (e.g. 5-5, -5’ and 4-0-5") were not further investigated.
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When VBG-pCA was incubated with the laccase/HBT system, a faster conversion was
observed than in the incubation with laccase alone, as indicated by substrate conversions
of 71 and 97% after 1 and 24 h, respectively (Table 7.2). In addition, a completely
different product profile was obtained. VBG-pCA dimers were absent at all incubation
times. Instead, after 1 h, reaction products corresponding to C;7H2809 (VBG-pCAo) and
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Ca7H28011 (VBG-pCAo3) were detected, as well as trace amounts of Cy7H28010 (VBG-
PCAp2), indicating that hydroxylation of VBG-pCA occurred (Fig. 7.2B and Table 7.1).
After 24 h, the abundance of hydroxylated VBG-pCA products had decreased, which
coincided with the formation of relatively large amounts of VBG and VBG.x (Fig. 7.2B,
Fig. 7.3, Table 7.1 and 7.2). In addition, a compound corresponding to CyoH»,09 and
small amounts of Cy0H2009 were detected, which were tentatively annotated as a VBG-
oxalate ester (VBG-OxA) and its Cq-oxidized analogue (VBG-OxAox). Thus, overall, the
addition of HBT to VBG-pCA incubations shifted the reaction outcome from polymerization
to degradation. The (hydroxylated) p-coumaroyl moieties that were cleaved off were not
detected in the RP-UHPLC-PDA-MS analysis, most likely due to further reactions (e.g.
polymerization) of these moieties.

Based on the fact that the abundance of hydroxylated products decreased along with the
formation of degradation products, it seems likely that VBG-pCA degradation occurred
(mainly) after initial hydroxylation. As no hydroxylation was observed in incubations with
laccase alone, it is clear that HBT is, somehow, involved in the hydroxylation reactions.
A plausible route for hydroxylation of VBG-pCA is via formation of covalent HBT adducts
as intermediates, as suggested earlier for hydroxylation of other phenolic molecules. 34
The HBT adducts could then decompose into hydroxylated VBG-pCA and either HBT or
its degradation product benzotriazole (BT) (see Fig. 7.4). Corroborating evidence for the
latter pathway is the remarkably high conversion of HBT to BT in VBG-pCA incubations
(Fig. S7.1). Although reduction of HBT to BT is common in laccase/HBT
incubations,?1:23:3> and was also observed in incubations with VBG or VBG-CinA, this
occurred to a substantially higher extent in incubations of VBG-pCA (see Fig. S7.1).
Based on the above, we propose that the laccase/HBT system first hydroxylates VBG-
PCA, after which subsequent degradation takes place, yielding VBG and VBG-OxA (Fig.
7.3 and 7.4). The latter two species may then undergo Cg-oxidation, as generally
observed in laccase/HBT treatments, 2129 to form VBGex and VBG-OxAox.
Laccase-catalyzed conversion of VBG-CinA, a non-phenolic analogue of VBG-pCA, was
only observed in the presence of HBT, with VBG-CinAs as the only reaction product
detected (Fig. 7.2C, Fig. 7.3, Table 7.1 and 7.2). Neither degradation of the ester
bond, nor hydroxylation was observed, as in the case of VBG-pCA, indicating that the
phenolic character of the p-coumaroylated model plays a key role in its reactivity.
Although VBG-CinA was converted slower than VBG-pCA, remarkably, its conversion was
faster than that of VBG (Table 7.2).

Overall, the above described incubations show that p-coumaroylation increases, rather
than decreases the reactivity of a non-phenolic lignin model in laccase and laccase/HBT
treatments. Thus, the previously found accumulation of pCA groups in the residual
fraction of laccase/HBT treated wheat straw and corn stover cannot be attributed to an
intrinsic recalcitrance of the pCA moieties. ¢
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Fig. 7.3 Schematic overview of the final reaction outcomes of VBG (A), VBG-pCA (B) and VBG-CinA
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during this fragmentation. © For fragmentation pattern, see Fig. 7.3A.
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Table 7.1 Compounds detected with RP-UHPLC-PDA-ESI-FTMS and RP-UHPLC-PDA-ESI-ITMS after
incubation of VBG, VBG-pCA or VBG-CinA with laccase in the presence or absence of HBT. MS?
fragments were obtained by using RP-UHPLC-PDA-ESI-ITMS. All other values were obtained using
RP-UHPLC-PDA-ESI-FTMS. Proposed fragmentation patterns are shown in Fig. 7.3. N.D. = Not
determined.

RT Annot. Mol. Ion Observed/ Mass MS2 fragments

(min) formula calculated  error

mass (Da) (ppm)

Substrates and mediator

3.63  HBT CeHsN3O  [M+HT* 135.04329/  0.23 119 (100, 80 (86), 91 (75),
135.04326 53 (39), 116 (37)
6.64 BT CeHsN3 [M+H]* 119.04842/  0.30 92 (100), 102 (43), 65
119.04835 (25)
15.00 VBG-pCA  CaH0s  [M+Na]*  480.17841/  -0.02 379 (100), 488 (27), 485
(trans) 470.17842 (25), 215 (26), 309 (24),

321 (15), 339 (11)
15.66  VBG-pCA  CaHs0s  [M+Na]*  480.17841/  -0.02 379 (100), 488 (27), 485
(cis) 480.17842 (25), 215 (26), 309 (24),

321 (15), 339 (11)
19.71  VBG-CinA CxHs07;  [M+Na]*  464.18308/ -0.87 363 (100), 469 (40), 472
464.18350 (38), 215 (28), 321 (23),

339 (18), 197 (16)

Reaction products
5.40 CLP Ci11H1404 [M+H]* 210.08961/ 1.92 139 (100), 193 (18)
210.08921
7.42 VBG-OxA  C20H2209 [M+NH4]*  406.12656/ 0.41 299 (100), 389 (43)
406.12639
8.61 VBG Ci8H2206 [M+Na]* 334.14155/ -0.25 309 (100), 339 (22), 342
344.14164 (14), 215 (6), 233 (6)
9.30 VBG- C20H2009 [M+H]* 404.11146/ 1.80 N.D.
OxAox 404.11074
10.68 VBG- Ca7H28011  [M-H] 528.16410/ 1.7 509 (100)
PCAO3 528.16316
10.75 VBGox Ci8H2006 [M+Na]* 332.12586/ -0.37 315 (100), 181 (69), 167
332.12599 (68), 149 (66), 285 (42),
165 (43), 209 (40)
11.20 VBG- Ca7H28010  [M+Na]* 512.16904/ 1.48 N.D.
PCAO2 512.16825
13.36  VBG- C27H2809 [M-H] 496.17380/ -0.89 371 (100), 161 (14)
PCAO 496.17334
19.80- VBG-pCA  Cs4Hs4O16  [M-HT 958.34141/ 1.42 833, 709, 641, 623, 499*
21.50 dimers 958.34119
(multiple)
22.10- VBG-pCA  CsiHgoO24 [M+NH4]*  1436.5061/ 1.47 N.D.
23.30 trimers 1436.5040
(multiple)
21.57  VBG- C27H2607 [M+H]* 462.16774/ -0.24 315 (100), 339 (8)
CinAox 462.16786

* Abundance varies between dimer isomers
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Table 7.2 Substrate recoveries and (estimated) product yields of VBG, VBG-pCA and VBG-CinA
after 1 h and 24 h incubations with laccase or laccase/HBT. In control incubations without laccase,
no conversion was observed in all cases. N.D. = Not determined.

Incubation Substrate Product yields (%)
recovery (%)

VBG + laccase 1h 100 -

24 h 100 -
VBG + 1h ~100 VBGox (0.9)
laccase/HBT

24 h 96 CLP (0.3); VBGox (3.7)
VBG-pCA + 1h 61 VBG (4.1); VBG-pCA dimers and trimers (N. D.)
laccase

24 h 18 VBG (5.6); VBG-pCA dimers and trimers (N. D.)
VBG-pCA + 1h 29 VBG (5.3); VBG-OxA? (1.4); VBG-pCAo (N.D.); VBG-
laccase/HBT PCAoc2 (N.D.); VBG-pCAo3 (N.D.)

24 h 3 VBG (24.7); VBG-OxA? (16.9); VBGox (N.D.P); VBG-

OxAox (N.D.); VBG-pCAo3 (N.D.)

VBG-CinA + 1h 100 -
laccase

24 h 100 -
VBG-CinA + 1h 81 VBG-CinAox (1.1)
laccase/HBT

24 h 63 VBG-CinAox (11.1)

@ Yields of VBG-OxA were estimated by assuming a molar extinction coefficient equal to VBG.
b In this incubation, VBGox could not accurately be quantified due to co-elution with VBG-pCAo
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Fig. 7.4 Proposed reaction mechanism for the hydroxylation of VBG-pCA observed upon
laccase/HBT treatment. R corresponds to VBG (without its primary hydroxyl group). It should be
noted that the exact position of the hydroxyl groups is unknown, and that VBG-pCAos is expected
to be hydroxylated at the aromatic ring.

7.3.2 Reactivity of pCA moieties upon laccase/HBT treatment of

wheat straw and corn stover lignin isolates

As the relatively high reactivity of VBG-pCA conflicts with the apparent low reactivity of
PCA groups upon laccase/HBT treatments of wheat straw and corn stover, we
investigated whether, somehow, the cell wall matrices of wheat straw and corn stover
could have selectively protected the pCA groups from laccase/HBT activity in our previous
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study.!® Therefore, here, the reactivity of pCA groups in purified lignin isolates from corn
stover (CSL) and wheat straw (WSL), lacking an intact cell wall matrix, was studied upon
treatment with laccase/HBT. 2D HSQC NMR analysis revealed that the laccase/HBT
treatment substantially altered the structure of lignin isolates, as shown by a 3 and 20-
fold increased abundance of Cq-oxidized structures for CSL and WSL, respectively, and a
~37% decrease in interunit linkages (Fig. 7.5 and Table 7.3). The relative abundance
of pCA groups was shown to increase in both CSL and WSL (Table 7.3). These findings
are in good agreement with those previously obtained in incubations of (unfractionated)
CS and WS, ¢ indicating that the cell wall matrix does not play a major role in the reactivity
of lignin pCA moieties in laccase/HBT treatments.
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Fig. 7.5 Aromatic regions of HSQC spectra of CSL (A&B) and WSL (C&D) after incubation with
buffer (A&C) or laccase/HBT (B&D). Lignin substructures corresponding to the colored annotations
are shown on the right. Dashed lines correspond to —H or —OCHs. Phe = phenylalanine. Correlations
in grey are unannotated, those in orange correspond to signals from HBT.!® Annotation was
performed based on literature. %2728 Aliphatic regions of the spectra can be found in Fig. 57.2
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Table 7.3 Relative abundances of lignin subunits, hydroxycinnamates and interunit linkages in CSL
and WSL after incubation with buffer (control) or laccase/HBT. 2Amount per 100 lignin subunits (i.e.
S+Sox+G+Gox+H).

CSL control CSL lac/HBT WSL control WSL lac/HBT

Lignin subunits (%)

H 2 2 3 3
G 55 49 63 48
Gox 1 4 1 10
S 39 39 33 30
Sox 2 7 0 10
S/G 0.73 0.85 0.53 0.68
Hydroxycinnamates®

PCA 60 78 8 9
FA 11 9 5 10
Interunit linkages®

B-0-4' 32 23 43 28
B-5' 2 0 6 3
B-B’ 1 0 0 0
B-B’ (tetrahydrofuran) 5 2 0 0
Total 40 25 49 31

7.3.3 Potential explanations for the accumulation of pCA groups
in residual lignin upon laccase/HBT treatment

From the above it is clear that, upon laccase/HBT treatment, pCA groups of p-
coumaroylated model compounds were rapidly hydroxylated and degraded, whereas pCA
groups in polymeric lignin isolates accumulated in the residue. Thus, the reactivity of pCA
groups in polymeric lignin is not accurately reflected by the reactivity of VBG-pCA. In
order to shine more light on this discrepancy and on the fate of pCA groups in polymeric
lignin, two scenarios were investigated, which are discussed in detail below.

3.3.3.1. HSQC-undetectable radical coupling of pCA groups in lignin upon
laccase/HBT treatment

Although, based on the accumulation of pCA groups in residual lignin, it seems that pCA
groups in polymeric lignin are relatively unreactive upon laccase/HBT treatments, it could
be speculated that pCA moieties underwent radical coupling to other pCA moieties or
other types of lignin substructures, and that the result of this was undetectable in the
HSQC NMR spectra. Based on reported chemical shifts of model compounds, it seems
indeed possible that covalent coupling of pCA results in very small changes in chemical
shifts (<1 ppm in the C-dimension and <0.1 ppm in the H-dimension), especially when
coupling occurs via 5-5’ bond formation or etherification of the p-OH group.36

In order to investigate whether new ether or C-C bonds were formed upon laccase/HBT
treatment, the residues of laccase/HBT treated CSL and WSL and control incubations
were saponified (1 M NaOH, 30 °C, 24 h). The saponification residues were analyzed by
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using HSQC NMR to determine the residual pCA content, and the supernatant was
analyzed by using RP-UHPLC-PDA-MS to quantify the released pCA. If radical coupling
between pCA and other lignin substructures occurred, saponification is expected to result
in a lower removal of pCA from laccase/HBT treated lignin than from control treated
lignin. In case of radical coupling between pCA groups, it can be expected that
dicoumarates are released upon saponification.

In the case of CSL, HSQC analysis showed an almost equal removal of pCA groups from
the laccase/HBT treated and control treated lignin upon saponification (Table 7.4 and
Fig. S7.3), suggesting that laccase/HBT treatment did not induce coupling between pCA
groups and the lignin backbone to a substantial extent. This was, however, contradicted
by the RP-UHPLC-PDA-MS analysis, which showed an 18% lower release of pCA from the
laccase/HBT treated CSL than from the control sample (Table 7.4). In the case of WSL,
both HSQC and RP-UHPLC-PDA-MS analysis showed an approximately 18% lower removal
of pCA from laccase/HBT treated lignin than from the control (Table 7.4). Although it
remains unclear why the HSQC and RP-UHPLC-PDA-MS data showed contradicting results
in the case of CSL, the above suggest that part of the pCA groups may undergo coupling
to other lignin substructures. In none of the samples, dicoumarates were detected by
using RP-UHPLC-PDA-MS, suggesting that radical coupling between pCA moieties did not
occur (data not shown).

Table 7.4 Relative abundance of pCA in CSL and WSL (control and laccase/HBT treated)
before and after saponification, and absolute amounts of pCA released upon
saponification. Saponification of pCA groups was complete in all samples (see Fig. S7.3).
aDetermined by using HSQC NMR (see Fig. S7.5 for spectra). PDetermined by using RP-
UHPLC-PDA-MS

PCA / 100 Ar pCA /100 Ar PCA released

unsaponified® saponified® (ng/mg)®
CSL control 60 15 74.2
CSL + laccase/HBT 78 16 60.5
WSL control 8.1 0] 12.0
WSL + laccase/HBT 9.4 1.7 9.9

3.3.3.2. pCA moieties as redox shuttles in lignin polymers

Another potential explanation for the apparent low reactivity of pCA groups in polymeric
lignin could be that pCA groups are oxidized by laccase/HBT, but act as redox shuttles
(or mediators) rather than undergoing coupling or degradation reactions. It has been
suggested that, during lignin biosynthesis, lignin-pCA conjugates function as redox
shuttles to assist in the formation of other lignin radicals, and that pCA radicals do not
undergo oxidative coupling.3” Possibly, pCA groups in polymeric lignin display similar
reactivity when incubated with laccase/HBT. As it is challenging to prove such mediator
activity in polymeric lignin or biomass, we tested whether VBG-pCA could act as a
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mediator between laccase and other lignin model compounds. Hereto, incubations were
performed in a centrifugal filter with a 10 kDa cut-off value. VBG-pCA solutions were
loaded on top of the filter. Laccase was then added and the samples were immediately
filtered onto a solution of VBG or its phenolic analogue GBG (guaiacylglycerol-B-guaiacyl
ether). The filtrates were then analyzed by using RP-UHPLC-PDA-MS, to investigate
whether VBG or GBG were oxidized by laccase-free oxidized VBG-pCA. In a control
incubation, in which laccase (without VBG-pCA) was filtered onto an ABTS solution (1
mM), no color formation was observed, confirming that the filtrate was free of laccase
(data not shown). Upon incubation of GBG, a new peak corresponding to C34H35012 was
formed, which was annotated as a dimer of GBG (Fig. 7.6C&D), indicating that the
produced VBG-pCA radicals were able to act as redox shuttles, and thereby oxidize GBG.
Nevertheless, the newly formed GBG dimer accounted for only 7% of the UV,sp peak
area, indicating that GBG was only converted to a limited extent. Upon incubation, also
dimerization of VBG-pCA occurred, but the resulting products accumulated above the
filter membrane (data not shown), and are therefore not visible in Fig. 7.6. Upon
incubation of VBG with oxidized VBG-pCA, no conversion of VBG was observed (Fig.
7.6A&B). In an additional experiment, equimolar amounts of VBG and VBG-pCA were
incubated with laccase (i.e. without filter membrane). After 24 h, extensive dimerization
of VBG-pCA was observed, although also a minor conversion of VBG to VBGx (i.e. <1 %)
occurred (data not shown). Overall, these results indicate that VBG-pCA could act as a
redox shuttle towards other lignin structures, but preferentially undergoes radical
coupling. Thus, based on these experiments, it seems not very likely that pCA groups in
lignin act as efficient redox shuttles.

5E5 A\

VBG-pCA

KVBG
A

5E%B ﬂ

GBG

A280 (_)

5E5D
GBG
dimer

A
6 8 10 12 14 16 18 20 22
Time (min)

Fig. 7.6 RP-UHPLC-UV280 chromatograms of VBG incubated with VBG-pCA (A), VBG incubated with
oxidized laccase-free VBG-pCA (B), GBG incubated with VBG-pCA (C) and GBG incubated with
oxidized laccase-free VBG-pCA (D). The GBG dimer was identified based on its molecular formula
(C34H38012; mass error 0.06 ppm). VBG-pCA dimers were formed in the presence of laccase, but
accumulated above the filter membrane, and were therefore not detected in the filtrates.
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Nevertheless, there is an important difference between VBG-pCA and the pCA groups in
polymeric lignin that is difficult to compensate for in model systems: whereas VBG-pCA
molecules are soluble, and can rapidly diffuse through the incubation buffer, the pCA
groups in polymeric lignin are covalently bound to the insoluble polymer, resulting in low
mobility. Since oxidative coupling of pCA groups, and possibly also hydroxylation and
degradation (see Fig. 7.4) require covalent bond formation to the pCA groups, it is not
inconceivable that these reactions are very slow in case the pCA groups are immobile
(i.e. in polymeric lignin). Possibly, these pCA groups undergo electron transfer instead,
as this can occur rapidly over relatively long distances (>15 A).38 Based on the available
data, this can, however, not be proven.

7.4 Conclusions

We studied the reactivity of p-coumaroyl groups in laccase and laccase/HBT treatments
of lignin and lignin model compounds in detail. p-Coumaroyl moieties of lignin model
compounds were shown to rapidly react in both laccase and laccase/HBT incubations,
resulting in oxidative coupling (with laccase) and various degradation products (with
laccase/HBT). The phenolic character of the p-coumaroyl moiety was found to be
essential for these rapid conversions. Upon laccase/HBT treatment of polymeric lignin
isolates, pCA groups accumulated in the residual lignin, implying that these groups do
not undergo degradation, and thus, display different reactivity than pCA groups of model
compounds. Although this discrepancy is still not fully resolved, we suggest that pCA
groups in lignin polymers may be oxidized by laccase/HBT, but undergo HSQC-
undetectable radical coupling or may act as redox shuttles instead of undergoing
degradation reactions.
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7.6 Supporting Information
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Fig. S7.3 Early regions of RP-UHPLC-UV2s0 chromatograms of VBG (A), VBG-pCA (B) and VBG-CinA

(C) after 24 h of laccase/HBT treatment (black lines). Blue lines correspond to incubation times of
1h.
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Fig. S7.2 Aliphatic regions of HSQC spectra of residues of CSL (A&B) and WSL (C&D) after
incubation with buffer (A&C) or laccase/HBT (B&D). Lignin substructures corresponding to the
colored annotations are shown on the right. HPV/S = hydroxypropiovanillone/
hydroxypropiosyringone. Dashed lines correspond to —H or —OCHs. Correlations in grey are
unannotated, and mainly belong to proteins.! Annotation was performed based on literature.?*
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Fig. S7.3 Aromatic regions of HSQC spectra of residues of lignin isolates after saponification. A =
CSL control, B = laccase/HBT treated CSL, C = WSL control and D = laccase/HBT treated WSL.
Lignin substructures corresponding to the colored annotations are shown on the right. Annotation
was performed based on literature. 0272824 Ag the abundance of pCA was determined by integration
of the Cz,6-H2,6 correlation, a value of 0 was found for the WSL control sample. It should be noted,
however, that still a small peak was visible corresponding to the Cq-Hq correlation of pCA or FA,
indicating that still small amounts of pCA may be present. Even in samples were pCA groups were
still present, saponification was complete, as evidenced by the shift of Co-Ha and Cp-Hg correlations

of pCA to 143.8/7.48 and 115.1/6.28, which are diagnostic for pCA moieties with free carboxyl

groups.
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Chapter 8

8.1. Outline of this discussion

In this thesis we aimed to enhance the understanding of lignin degradation and
modification by laccase and laccase/mediator systems (LMS). To this end, the reactivity
of both (novel) lignin model compounds and polymeric lignin was investigated upon
laccase and LMS treatments. In this chapter, the obtained insights from the previous
chapters and literature are combined in a discussion on four main topics: (i) the reactions
of the mediator in LMS-catalyzed lignin modification, (ii) the impact of lignin structure on
its reactivity in LMS treatments, (iii) the (non-)sense of lignin model compound studies,
and (iv) whether and how LMS-catalysis could become a sustainable tool for lignin
degradation or modification at industrial scale.

8.2. The reactions of the mediator in LMS-catalyzed
lignin modification

8.2.1. A critical reflection on the oxidation mechanisms of
laccase/HBT and laccase/ABTS systems

Lignin, majorly composed of non-phenolic substructures, can be oxidized by using LMS.
Oxidation of lignin structures by mediators can occur via different mechanisms, such as
electron transfer (ET), hydrogen atom transfer (HAT) and ionic mechanisms (as described
in detail in Chapter 1). The most common mediators, i.e. HBT and ABTS, have been
thoroughly investigated and suggested to operate via HAT and ET, respectively.2 These
mechanisms were proposed based on three types of experiments, which are depicted in
Table 8.1. Although, it is a widespread idea that the mediators HBT and ABTS operate
via HAT and ET, respectively, not all experimental data reported in this thesis and in
literature corroborate these suggestions, as discussed below in detail.

82.1.1. The laccase/HBT system
A HAT mechanisms has been proposed for lignin oxidation by laccase/HBT, based on the
following experimental observations:

e  Oxidation of monomeric C,-monodeuterated benzyl alcohols by laccase/HBT resulted
in large Co-H/D kinetic isotope effects (KIEs), suggesting that cleavage of the Cq-
H/D bond occurs during the rate-limiting step.?

e Upon oxidation of various substituted benzyl alcohols by laccase/HBT, a relatively
small negative Hammett reaction constant was found (i.e. -0.64), which is expected
in the case of HAT (see Table 8.1).%3

e Oxidation of a ‘probe substrate’ (see Table 8.1) resulted in ketone formation
exclusively, which also occurred under bona fide HAT conditions.?
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Table 8.1 Experiments used for mechanistic investigations of lignin oxidation by LMS and
corresponding expected outcomes as reported in literature.>*® It should be noted that the
appropriateness of the experiments and correctness of the expectations is partly disputed, as
further discussed in the main text. EWG = electron-withdrawing group. EDG = electron-donating
group.

Experiment Expected outcome

Determination of intramolecular C,-H/D KIE

KIE = [D- aIdehyde]I[H aldehyde]
ET :small KIE2

HAT : large KIE?
lonic : small KIE*S

OCH,4 OCH;, OCH;
D-aldehyde H-aldehyde

Determination of Hammett reaction constant (p)
ET :negative p?

Measure rate constant (k) X .
relatlve to X=H HAT : slightly negative p?
Determlnep lonic (X=EWG): slightly negative p®

_Me, MeO, CI, lonic (X=EDG) : positive p®
" NO2, other

Oxidation of probe substrate

ET :aldehyde?
HAT : ketone?
lonic : unknown

OCH,
aldehyde ketone

a pis the slope of the curve obtained by plotting kx/kn vs. the substitution constants (o), which are
positive for EWGs and negative for EDGs.

Indeed, most reactions reported in literature and in this thesis support a HAT mechanism,
and we also confirmed HAT oxidation by observation of a large /ntermolecular Cq-H/Cq-D
KIE upon oxidation of VBG (Chapter 4, see Fig. 4.2 for structure of VBG). Nonetheless,
it has been shown that one of the results of laccase/HBT treatment of non-phenolic model
dimers and polymeric lignin (Chapter 4 and 5) is 0-4’ cleavage of B-O-4' linkages.” Such
a reaction is difficult to envision starting from a benzylic radical, the initial product of
HAT, whereas it is reasonably logic starting from a radical cation, formed via ET (see Fig.
5.7 for mechanisms).” It seems, therefore, plausible that HBT (and probably also other
N-OH type mediators), can operate via both HAT and ET. The balance between those
mechanisms, and, thereby, the overall outcome of the LMS treatment, may be influenced
by the exact structure of the substrate, as further discussed in section 8.3.

8.2.1.2. The laccase/ABTS system
It is a generally accepted idea that the laccase/ABTS system oxidizes non-phenolic lignin
structures via ET, also based on the experiments depicted in Table 8.1.2 Indeed, the KIE
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observed for ABTS-mediated oxidation of benzyl alcohols was lower than that of HBT-
mediated oxidation, and similar to that obtained by using a bona fide ET oxidant,
suggesting that ABTS operates via ET.2 The reported Hammett reaction constant of
laccase/ABTS was, however, similar to that of a laccase/N-hydroxyphthalimide system,
which was suggested to operate via HAT.2 In addition, the authors claimed that oxidation
of a probe substrate allows unambiguous identification of either ET or HAT oxidations
(Table. 8.1). This, however, assumes that mediators only interact with the substrate
during oxidation, and not after oxidation. This assumption is tricky, e.g. because ABTS
has been shown to interact with phenoxyl radicals (see Chapter 2). It cannot be
excluded that ABTS also interacts with e.g. benzylic radicals, and thereby influences the
reaction pathway after the initial substrate oxidation. In addition, if the product profile
of a LMS treatment were indicative for the oxidation mechanism, it should be noted that
product profiles obtained from other substrates contradict ET as the mechanism involved.
For instance, treatment of VBG with bona fide ET oxidants mainly results in Cq-Cg
cleavage,® whereas laccase/ABTS treatment results in Cq-oxidation exclusively (Fig. 8.1
in text box 8.1).

Thus, in fact, the presented evidence for an ET mechanism in laccase/ABTS-catalyzed
oxidation of non-phenolic lignin structures is largely limited to the relatively low
intramolecular KIEs obtained upon oxidation of benzyl alcohols.

Another finding that is difficult to reconcile with an ET mechanism, is that the
laccase/ABTS system has been shown to be unreactive towards benzyl ethers, even
though it can oxidize benzyl alcohols with similar or even higher redox potentials.?
Laccase/ABTS was also unable to convert the Cq-sulfonated analogue of VBG, lacking a
benzylic hydroxyl group (SVBG, see Fig 3.1). These observations suggest that the
laccase/ABTS is only able to oxidize benzyl alcohols. In case of an ET oxidation
mechanism, such a specificity towards benzyl alcohols would not be expected.

Lastly, it should be noted that the relatively low Cq,-H/D KIEs (i.e. 3.1-3.6) for
laccase/ABTS reported by Baiocco et al.2 were obtained from /ntramolecular competition
experiments (see Table 8.1). Although the obtained values hinted at an ET mechanism,
it should be noted that only /nfermolecular KIEs obtained from parallel incubations
provide direct evidence for the involvement of Co-H or Cq-D cleavage in the rate-limiting
step (which is the case for HAT, but not for ET).°> When we performed such parallel
incubations of VBG and C,-deuterated VBG with laccase/ABTS, we found a KIE of 6.2+0.3
(data not shown).1? Admittedly, this value was only obtained from a single incubation
time (i.e. 24 h), so its accuracy could be questioned. Nevertheless, the high value
suggests that the Cq-H bond is involved in the rate-limiting step of VBG oxidation by
laccase/ABTS, which conflicts with an ET mechanism.

Although the above-mentioned findings seem to conflict with an ET mechanism, other
mechanisms, such as HAT or an ionic mechanism also do not match perfectly with the
set of observations described above. Based on the observed specificity for benzyl
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alcohols, it is tempting to suggest an ionic mechanism, similar to that of the
laccase/TEMPO system (see Chapter 1). This would also explain the fact that
laccase/ABTS treatment of VBG results in Cq-oxidation exclusively (Fig. 8.1), and could
match with a relatively large KIE (in case C,-H deprotonation is rate-limiting).®
Nevertheless, as indicated by Baiocco et al., oxidation of substrates by laccase/ABTS
seems to decrease with increasing redox potential of the substrate,? which is not expected
for an ionic mechanism, and, indeed, not found in the case of laccase/TEMPO.!!

A HAT mechanism does not seem to be completely impossible. As mentioned above, the
Hammett reaction constant of laccase/ABTS reported by Baiocco et al., was similar to
that of laccase/hydroxyphthalimide, a LMS suggested to operate via HAT.? In addition, a
HAT mechanism would explain the large KIE obtained from parallel incubations of VBG
and its Cqo-deuterated analogue. Nevertheless, if HAT were the oxidation mechanism of
laccase/ABTS, it remains difficult to explain that Baiocco et al. reported /ntramolecular
KIEs that perfectly match with a bona fide ET oxidant. Moreover, a specificity towards
benzyl alcohols would not be expected in the case of HAT.12

Overall, the above shows that laccase/ABTS-catalyzed oxidation of non-phenolic lignin
structures is not yet fully understood. In fact, even the exact structure of the oxidizing
ABTS species is still unclear.!3 Although it is a widespread idea that laccase/ABTS oxidized
non-phenolic lignin structures via ET, many data have been presented that are difficult
to reconcile with this mechanism, and thus, the oxidation mechanism should be
reconsidered. In addition, it cannot be excluded that a single mediator operates via
multiple mechanisms.

8.2.2. The potential of natural mediators

Although the synthetic molecules HBT and ABTS are still the most widely used mediators,
over the past years, several phenolic molecules have been described and promoted as
natural alternatives.'*15 Many of those molecules are lignin-derived monomers. Although
referred to as ‘efficient mediators’, the actual potential of these natural mediators has
only been tested to a very limited extent.!%1> Camarero et al. reported that various lignin-
derived monomers, especially acetosyringone and syringaldehyde, are efficient mediators
for laccase-catalyzed decolorization of recalcitrant dyes.!> Nevertheless, the only analysis
performed was spectrophotometric monitoring of the decolorization of dye solutions. As
the recovery of phenolic monomers was not determined, it actually remains unclear
whether these small phenolics are ‘efficient’ mediators. In fact, since the mechanism of
dye decolorization was not investigated at all, it is even unknown whether these phenolic
monomers act as ‘mediators’ or decolorize the dyes via non-redox mechanisms. Another
phenolic monomer, methyl syringate (MeS), has also been described as a promising
natural mediator.'* Indeed, MeS has been shown to enable laccase-catalyzed oxidation
of veratryl alcohol, a non-phenolic lignin model monomer, with reasonably high yields
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(31% after 24 h).* Nevertheless, when we repeated these incubations with VBG as
substrate, extensive degradation of MeS was observed, and only a marginal conversion
of VBG to VBGox occurred (~2%), which is much lower than in laccase/HBT or
laccase/ABTS incubations (see Fig. 8.2 in text box 8.1).

Text box 8.1

In various chapters of this thesis, the incubation of VBG with laccase/HBT has been
described. To investigate the effectiveness of alternative mediators in oxidation of
VBG, similar incubations were performed with ABTS and methyl syringate (MeS) as
mediators. In the case of ABTS, Cq-oxidation was observed as the only reaction
outcome. In addition, extensive hydroxylation of ABTS was observed (Fig. 8.1). In
the case of MeS, extensive degradation of MeS was observed, with only very minor
VBG oxidation (Fig. 8.2).
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Fig. 8.1 RP-UHPLC-UV2s0 chromatograms of VBG incubated with laccase/ABTS for 24 h at pH
4 (A) and pH 6 (B). ABTSon = ABTS with n additional oxygen atoms.
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Fig. 8.2 RP-UHPLC-UV:s chromatograms of MeS (A), VBG (B), MeS+laccase (C) and
VBG+MeS+laccase (D) after incubation for 48 h at pH 6 (A-D).
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A laccase/MeS system has also been used for delignification of Eucalyptus feedstock, but
also in this case its effectiveness was found to be lower than that of a laccase/HBT
system.16:17 Qverall, although some phenolic compounds seem to be natural alternatives
for synthetic laccase mediators, they are prone to degradation, resulting in a relatively
low efficiency.

8.2.3. Side-reactions of mediators

An ideal mediator acts as a diffusible redox shuttle without undergoing secondary
reactions. Clearly, none of the mediators reported in this thesis showed such ideal
behavior. In Chapter 2, it was shown that in presence of a phenolic lignin structure,
ABTS undergoes extensive coupling to the phenolic compound, followed by cleavage of
the ABTS moiety. Also in absence of a radical coupling partner, ABTS undergoes side-
reactions, such as hydroxylation (Fig. 8.1). When laccase is used in combination with
HBT, covalent bonds can be formed between lignin structures and the mediator (Chapter
2 and 5), although to a lower extent than in the case of ABTS. Furthermore, HBT
undergoes degradation to benzotriazole (BT) in the presence of laccase, as shown in
Chapter 2-5 and 7. This conversion is accelerated in the presence of p-coumaroyl
groups, presumably via the formation of covalent HBT-coumarate adducts (Chapter 7).
So far, it remains unknown how HBT is converted to BT in incubations containing only
laccase and HBT.

Despite its degradation and coupling reactions, HBT still seems to be one of the most
effective mediators for oxidation of lignin, as it oxidizes non-phenolic lignin structures
with relatively high yields, and its degradation and coupling reactions are slower than
that of ABTS and natural mediators, such as MeS.

8.3. The impact of lignin structure on its reactivity
upon laccase and LMS treatments

8.3.1. The reactivity of phenolic vs. non-phenolic lignin
substructures

Although, in native lignin, phenolic subunits are far less abundant than non-phenolic
subunits, their high reactivity might result in a relatively large contribution to the overall
incubation outcome. In addition, it seems likely that ether cleavage of non-phenolic B-O-
4" linked structures results in the formation of phenoxyl radicals (see Chapter 4), which
are, in fact, oxidized phenolic structures. Thus, although the initial abundance of phenolic
subunits is low, they may be formed /n situ upon cleavage of non-phenolic structures.

In incubations with laccase alone, the difference in reactivity between phenolic and non-
phenolic subunits is relatively simple: phenolic structures are readily converted (as further
discussed in section 8.3.2), whereas non-phenolic structures are recalcitrant.
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Nevertheless, as incubations of polymeric lignin are generally performed by using laccase
in combination with a mediator, it is also important to understand the reactivity of both
phenolic and non-phenolic substructures upon such LMS treatments. Hitherto, the
reactivity of phenolic lignin substructures upon LMS treatments had, however, hardly
been investigated. In Chapter 2, we showed that addition of a mediator may
substantially affect the reactions that a phenolic lignin model compound (GBG) undergoes
when incubated with laccase. Whereas GBG polymerized in incubations with laccase
alone, treatment with a laccase/ABTS system resulted in extensive substrate-ABTS
coupling (also referred to as grafting). The latter was not observed upon laccase/ABTS
treatment of VBG, a non-phenolic lignin model (Fig. 8.1).18 Overall, whereas VBG mainly
underwent Cg-oxidation and ether cleavage upon LMS treatments (Chapter 3 and 4),
GBG underwent oxidative coupling, grafting and Cg-oxidation, illustrating that phenolic
and non-phenolic structures undergo completely different reactions upon LMS treatment.

8.3.2. The reactivity of S and G-type lignin structures

With a few exceptions, most lignin model compound studies have focused on the
reactivity of one or two model compounds, probably due to the limited commercial
availability of lignin model compounds. Consequently, the difference in reactivity of S, G
and H-type models has hardly been investigated. In fact, the reactivity of model dimers
containing H-rings upon laccase and LMS treatments has, so far, not been investigated
at all. Nevertheless, combining results from this thesis and from literature allows to create
an overview of the reactivity of various S and G-type lignin model dimers upon laccase
and LMS treatment (Fig. 8.3). From this overview, it is clear that the reaction pathways
of lignin model compounds are strongly dependent on the type of subunits (i.e. S or G)
of the model.

In the case of non-phenolic B-0-4' linked model dimers, it has been observed that G-G
type dimers (i.e. VBG) mainly undergo Cy-oxidation and Cg-O cleavage upon laccase/HBT
treatment, whereas G-S type dimers also undergo Cq-Cg cleavage and aromatic ring
cleavage (Fig. 8.4).7:1%20 The reason behind this difference, most likely, lies in the
oxidation mechanisms involved. Whereas the laccase/HBT system oxidizes VBG primarily
via HAT, it can be postulated that it oxidizes the G-S analogue of VBG via both HAT and
ET. The latter is facilitated by an increased electron density at the S-ring, due to an extra
electron-donating methoxyl substituent.’

Also in the case of phenolic B-0O-4’ linked model dimers, different reactions have been
observed for G and S-type aromatic rings. Whereas G-G dimers (GBG) primarily undergo
radical coupling upon incubation with laccase, S-G dimers (SBG) undergo Cg-oxidation
and alkyl-aryl cleavage (Fig. 8.3 and 8.4). As the only difference between GBG and SBG
is the presence of an extra methoxyl substituent at Cs in SBG, this raises the question
whether phenolic G-rings, after substitution of Cs (e.g. via radical coupling), show
reactivity similar to S-rings. At first sight, the fact that GBG undergoes coupling to form
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Fig. 8.3 Overview of reported reaction outcomes upon incubation of phenolic and non-phenolic -
04’ linked model compounds in this thesis and literature.”!*2° All data were obtained at pH 4-5.
Although other types of B-0-4' linked model dimers could be synthesized (e.g. non-phenolic S-G
dimers), no reports of their reactivity with laccase or LMS are known.
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GBG trimers, tetramers and even larger oligomers, with only traces of Cq-oxidation and
no detectable alkyl-aryl cleavage (Chapter 2) suggests that this is not the case.
Nevertheless, when the 5-5' linked dimer of GBG was purified and incubated with laccase,
no oxidative coupling, but alkyl-aryl cleavage and Cq-oxidation were observed (Fig. 8.4).
Thus, we concluded that Cs-substituted phenolic G-units show reactivity similar to that
of phenolic S-units. Furthermore, these findings indicated that oligomerization of GBG
starts with 5-5’ coupling (see Chapter 2), and then continues via 4-0-5’ coupling to GBG
radicals, as 5-5’ coupling to dimerized GBG is not possible (Fig. 8.4). Radical coupling
between phenolic groups can, thus, occur between two G-units, between G and S-units,
but not between two S-units.

8.3.3. Other effects of lignin structure on its reactivity

In addition to the type of aromatic rings of the model dimers, other structural properties
of lignin model compounds have been shown to affect their reactivity in laccase and LMS
incubations. For instance, whereas a non-phenolic G-S model dimer undergoes aromatic
ring cleavage upon laccase/HBT treatment, this is not observed when the S-ring is
substituted with an aldehyde group, indicating that Cy-oxidation affects the reactivity of
adjacent rings. It has been proposed that this is caused by a decreased electron density
at the S-ring, due to the electron-withdrawing nature of the aldehyde group. The exact
reason is, however, unknown. Another example has been discussed in Chapter 3, where
we investigated the effect of Cq-sulfonation of phenolic and non-phenolic lignin models,
to understand the reactivity of lignosulfonate in more detail. Upon incubation with laccase
and laccase/HBT, sulfonated GBG followed a reaction pathway similar to that of GBG (i.e.
radical coupling), whereas sulfonated VBG was completely unreactive upon both
treatments. This was explained by an increased Cq-H bond dissociation energy after
sulfonation.

The above described examples show that the reactivity of lignin cannot simply be
predicted based on the abundance of S, G and H-units, and that also other structural
properties may affect the reactions pathway of a lignin substructure upon LMS treatment.

It should also be noted that, hitherto, only insights have been obtained into the reactivity
of B-O-4' linked substructures. Based on the above, it seems obvious that other linkages,
such as phenylcoumarans and resinols, will display reactivity different from that of
B-0-4' linkages. As we have shown that phenylcoumaran (B-5") and resinol (B-B’) linkages
are reactive upon LMS treatment (Chapter 5), it would be interesting to study the
reactivity of B-5" and B-B’ linked model dimers in more detail. Such models are, however,
not commercially available, and therefore need to be synthesized first.
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Text box 8.2

As a lignin dimer with a phenolic G-type ring (GBG) was found to undergo
polymerization upon incubation with laccase, presumably via the Cs position
(chapter 2),! we investigated whether a lignin model dimer with a phenolic S-type
ring, in which the Cs atom is substituted, would show different reactivity. The results
indicated that SBG undergoes Cq-oxidation, as well as alkyl-aryl cleavage (Fig. 8.4).
Polymerization was not observed at all. In addition, we investigated the reactivity of
5-5' dimerized GBG upon laccase treatment. This compound underwent the same
reactions as SBG, albeit substantially slower.
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Fig. 8.4 Schematic overview of the reaction outcomes of treatment of SBG (ABCR, Karlsruhe,
Germany), GBG and a purified 5-5’ linked dimer of GBG with laccase (pH 4, 40 °C), as
determined by using RP-UHPLC-PDA-MS (see Chapter 2 for detailed method). For product
annotation of GBG, see Chapter 2. Annotation of other reaction products was performed based
on high resolution RP-UHPLC-MS (mass error <0.5 ppm for all products) and MS? fragmentation
(not shown).
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8.4. What can we (not) learn from lignin model
compound studies?

8.4.1. The (non)-sense of studying lignin monomers, dimers and
oligomers

As lignin model compounds are much more simple than polymeric lignin, the relevance
of model compound studies in understanding lignin reactivity could be questioned. In
other words: to what extent can we extrapolate the findings obtained from model
compound studies to polymeric lignin?

An important factor related to this question is the size, or degree of polymerization, of
the model compound. Whereas only dimeric (or larger) lignin model compounds have
been used in this thesis, many studies reported in literature have investigated (chemo-)
enzymatic lignin conversion by using monomeric model compounds, even though a few
dimeric model compounds have become commercially available.!*21-24 Although, from a
biochemistry perspective, it could be interesting to study the interaction between an
enzyme and a monomeric substrate, understanding reactivity of lignin based on a model
compound that does not even possess an interunit linkage does not make much sense.
In fact, one might even question whether the term ‘lignin model compound’ is appropriate
for monomeric compounds. Admittedly, many studies do not aim to understand the
reaction pathways underlying lignin conversion in detail, but, for example, aim to
demonstrate new tools for lignin oxidation. Nevertheless, even in those cases it is tricky
to draw conclusions based on monomeric model compounds. This is, for instance,
illustrated by the fact that a laccase/MeS system effectively oxidizes veratryl alcohol,
whereas it is rather ineffective in oxidizing VBG (Fig. 8.2).1* Thus, it is essential to select
appropriate model compounds, even in studies that aim to demonstrate, rather than
understand (novel) tools for lignin conversion. As dimeric models reflect the structure of
lignin much better than monomers do, the use of monomeric lignin models should be
avoided as much as possible. It should be noted that, even when dimeric model
compounds are used, the obtained results can only be used to understand the reactivity
of lignin polymers with matching substructures. For example, the reactivity of S-type
lignin models is unlikely to be a good predictor of softwood lignin, which essentially only
contains G-subunits. And, VBG is not a suitable model compound to mimic the reactivity
of heavily sulfonated lignin.

Now that many reactions of phenolic and non-phenolic lignin model dimers have been
described, it would be interesting to also employ more complex oligomers as model
substrates for laccase and LMS treatments. For instance, trimeric model compounds
containing two different interunit linkages could be used,? which would provide insight
into which substructure is preferentially attacked. Such information contributes to a more
reliable extrapolation of the reactivity of model compounds to that of lignin polymers.
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8.4.2. Model compound studies as key steps to explore and
understand reactivity of polymeric lignin

The use of lignin model compounds offers several advantages as compared to polymeric
lignin. Firstly, it provides a facile approach for initial testing of novel lignin modification
and/or degradation methods. In general it can be stated that, if an approach is not
effective on a model compound, it will also not be effective on polymeric lignin.2¢ In the
past years, several innovative strategies for lignin degradation have been published, that
were initially tested on model dimers. After successful results, the approaches were
extended to polymeric lignin.%7:28

Also in this thesis, model compound studies have been proven highly useful in
understanding the reactions of polymeric lignin upon LMS treatment. For instance, in
Chapter 5, we identified Cg-Ocleavage, (-4’ cleavage and Cq-oxidation of lignin as major
reaction outcomes of laccase/HBT treatment of wheat straw and corn stover. The
elucidation of these reaction outcomes was facilitated by our earlier studies of VBG
treatment with laccase/HBT, in which the same reactions were observed (Chapter 4).
In fact, the purified reaction products of VBG were even used for annotation of HSQC
correlations that appeared after laccase/HBT treatment of wheat straw and corn stover.
Thus, lignin model compounds have predicting value for the reactivity of lignin, but can
also be used to facilitate analysis of polymeric lignin.

Lastly, insights into reaction mechanisms underlying degradation and/or modification,
such as presented in Chapter 4, can only be obtained when a well-defined substrate is
used, which is not possible in case of polymeric lignin. Such fundamental understanding
of reaction mechanisms is a stepping stone for optimization of existing approaches for
lignin conversion, or even the development of novel approaches (see section 8.5).

8.4.3. The issue of different mobility of model compounds and
polymeric lignin
In contrast to the fact that model compounds do not perfectly reflect the structure of
polymeric lignin, another drawback of using model compounds has received little
attention in literature: Model compounds are much more mobile than lignin polymers.
Whereas model compounds tend to be readily soluble in aqueous solutions, this is not
the case for lignocellulosic biomass and polymeric lignin isolates. As various reactions of
model compounds require that radicals can approach each other, it could be questioned
whether these reactions also play a major role in LMS treatment of insoluble lignin
polymers. Examples of such reactions are oligomerization (Chapter 2, 3 and 7), and
possibly also hydroxylation and degradation of p-coumaroyl groups (Chapter 7). In
Chapter 7, we compared the reactivity of p-coumaroylated VBG with that of p-coumaroyl
groups in lignin isolates, and found that p-coumaroylated VBG underwent extensive
hydroxylation and degradation upon laccase/HBT treatment, whereas p-coumaroyl
groups in polymeric lignin accumulated in the residue. Thus, in this case, the reactivity
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of the model compound was not a good predictor of the reactivity p-coumaroyl groups in
polymeric lignin, and it seems possible that this is due to a difference in mobility of model
compounds and polymeric lignin (see Chapter 7). To investigate the importance of
mobility in more detail, it would be interesting to study the reactivity of immobilized lignin
model compounds. Nevertheless, to the best of our knowledge, no suitable methods for
such immobilization have been reported. The use of oligomeric model compounds with
relatively high DP could also be a solution here, although it should be noted that such
structures may still be partly soluble in aqueous solutions, as evidenced by the detection
of GBG tetramers, having eight aromatic rings, in RP-UHPLC-PDA-MS analysis (Chapter
2).

Overall, it can be concluded that, in order to obtain reliable insights into the reactivity of
lignin, it is essential to select suitable and relevant model compounds. Even then, model
compound studies have limitations. Nevertheless, obtaining in-depth understanding of
the reactivity of lignin without using model compounds is highly challenging, if not
impossible.

8.5. Blue enzymes for green lignin degradation and
valorization: challenges and potential solutions

8.5.1. Issues of LMS-catalyzed biomass delignification strategies

Based on our results presented in Chapter 5, and a few studies reported in literature, it
can be concluded that substantial delignification can be obtained by treating
lignocellulosic biomass with a laccase/HBT system.29-31 Nevertheless, several issues have
been reported that may limit industrial applicability of LMS-catalyzed biomass
delignification. Firstly, as shown in several chapters of this thesis, (re)polymerization of
phenolic groups may occur. Even though it is not fully known to which extent such
(re)polymerization occurs in polymeric lignin (see Chapter 7), this issue has also been
reported by others,323% and negatively influences the overall degradation of lignin.
Although we reported substantial delignification (up to 51%) in Chapter 5, this was
obtained by using relatively high laccase and mediator concentrations. Probably, by
preventing (re)polymerization of phenolic groups, a higher delignification extent could be
obtained, or the laccase and mediator concentration could be decreased. Secondly, LMS-
catalyzed lignin oxidation may not only result in cleavage of interunit linkages, but also
in Cq-oxidation, as shown in various chapters of this thesis. After Cqo-oxidation, interunit
linkages are still intact and non-phenolic substructures are not oxidized by LMS anymore.
Thus, it is of interest to prevent Cq-oxidation and steer the overall outcome of the LMS
treatment towards bond cleavage. Lastly, it should be noted that in essentially all reports
of successful LMS-catalyzed delignification, ball milled biomass was used as a substrate.
Although, hitherto, the effect of substrate accessibility on the extent of delignification
has not been studied, it is very likely that substrate accessibility plays a large role in the
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effectivity of LMS treatments. After all, in order to achieve HAT (or ET) between the
mediator and lignin, these species should be able to approach each other.

8.5.2. Approaches for improvement of LMS-catalyzed biomass
delignification

8.5.2.1.  Solubilization of lignin

As mentioned above, the accessibility of lignin to the LMS may be an important factor
contributing to the efficiency of the LMS treatment. As ball-milling on industrial scale is
rather challenging, an alternative and possibly more effective strategy could be
solubilization of lignin prior to LMS treatment. One method for the solubilization of lignin
is the use of alkali. At high pH, lignin can be largely solubilized, even at low temperature.
This approach is, for instance, used to solubilize lignin for size-exclusion
chromatography,3* and also in a recently published laccase-based lignin degradation
process.36

Another approach for lignin solubilization could be the use of ionic liquids. In various
studies it has been reported that ionic liquids are promising solvents for (selective)
solubilization of native or technical lignins.37-40 In addition, recent publications showed
that several laccases retain high activity in case ionic liquids are used as co-
solvents, %142 indicating that ionic liquids may also be compatible with laccase-based
conversion strategies. However, at high ionic liquid concentrations, laccase activity is
diminished.#1#3 In addition, attention should be paid to the solubility of molecular oxygen
in the solvent, as this has been reported to be limited in various ionic liquids.*4

8.5.2.2.  Prevention of (re)polymerization

As discussed above, (re)polymerization of lignin upon LMS treatment may be an issue
that limits the overall degradation of lignin. From the results shown in Fig. 8.3, it seems
likely that (re)polymerization is mainly an issue when G-type (or H-type) phenolic
structures are abundant, as these substructures can undergo radical coupling via their Cs
atom. Therefore, it seems likely that ‘blocking’ Cs-positions of phenoxyl radicals would be
a suitable strategy to prevent (re)polymerization. In fact, the proof-of-principle for this
approach has already been shown in Chapter 2, where we reported that covalent
coupling of ABTS to GBG prevents laccase-induced polymerization of GBG. As ABTS also
promotes (undesired) Cq-oxidation (see Fig. 8.1), and undergoes rapid side-reactions,
especially under alkaline conditions, it would be beneficial to use alternative ‘Cs-capping’
molecules. Potentially interesting candidates are e.g. 2,4,6-substituted monomeric
phenols such as 4-tert-butyl-2,6-dimethylphenol (TBDMP).*> Such molecules do not
undergo polymerization upon oxidation by laccase, and may undergo radical coupling to
the Cs atom of a lignin G-unit, forming a 2,4,6-substituted phenolic lignin substructure.
In case the resulting structure is still oxidized by LMS, it is expected to undergo
Cq-oxidation or alkyl-aryl cleavage, rather than radical coupling (Fig. 8.5).
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Fig. 8.5 Proposed ‘Cs-capping’ strategy to counteract (re)polymerization of lignin upon laccase or
LMS treatment. In the figure, 4-tert-butyl-2,6-dimethylphenol (TBDMP) is shown in blue as an
example of a Cs-capping molecule.

Another approach to prevent repolymerization of phenoxyl radicals could be combining
LMS with enzymes that reduce phenoxyl radicals to phenols. Several enzymes have been
reported to show such activity, such as aryl alcohol oxidases and glucose oxidases, and
it has even been speculated that this is also their role in fungal lignin degradation. 46:47

An alternative and innovative approach was recently published by Salvachua et al.33,
wherein lignin was incubated with a combination of fungal secretomes, rich in laccases,
and bacteria that were able to catabolize low-molecular weight lignin. It was shown that
the bacteria successfully prevented repolymerization of lignin. Possibly, such bacteria
could also be effective in counteracting repolymerization upon LMS treatments of lignin.33

Lastly, (re)polymerization could also be prevented by using a more process-oriented
approach. For example, LMS treatments could be combined with ultrafiltration
membranes in a continuous process. Such a process has recently been developed and
has been reported to successfully counteract (re)polymerization.36

8.5.2.3.  Bond cleavage vs. Co-oxidation: maximizing degradation

As Cq-oxidation of lignin results in substructures that are unreactive towards LMS activity,
and not in bond cleavage, this reaction counteracts effective LMS-catalyzed degradation
of lignin. To increase the effectiveness of LMS treatments, two approaches can be
followed: (i) an additional processing step could be introduced that cleaves Cq-oxidized
interunit linkages, or (ii) the competition between Cy-oxidation and interunit cleavage
could be steered towards the latter.

In line with the first approach, a widely used strategy is to combine LMS treatments with
alkaline peroxide treatments. During the latter step, Cq-oxidized B-0O-4’ linkages undergo
a rearrangement that results in Cq-Cg cleavage.*® This way, unproductive Cq-oxidation is
converted into productive bond cleavage, and a higher extent of lignin degradation.3°
Nevertheless, this strategy would require an additional processing step. Alternatively, it
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would be of interest to explore the possibility to combine LMS with B-etherase, either in
a cocktail or in sequential treatments. B-Etherases are glutathione-dependent enzymes,
produced by various bacteria and fungi, that catalyze ether cleavage of C,-oxidized
B-0-4’ linkages. Although their effectivity has mainly been tested on lignin model dimers,
they also have been shown to be active on synthetic and technical lignins.49-51

In line with the second approach, an interesting strategy is optimization of reaction
conditions or even exploration of other solvent systems to steer the follow-up reactions
of the initial lignin oxidation towards bond cleavage. In Chapter 4, we described that
the outcome of a laccase/HBT treatment of a non-phenolic lignin model dimer is highly
dependent on the buffer properties. Whereas mainly Cq-oxidation, and only small extents
of ether cleavage were found at low pH and low buffer strength (regular conditions), this
balance shifted towards a main outcome of ether cleavage at near-neutral pH and high
buffer strengths. Based on several experiments and observations, we proposed that this
competition between Cg-oxidation and ether cleavage is dependent on the extent and
strength of H-bonding of the Co-OH groups of the lignin structure to the buffer anions
present. In case of strong H-bonding between the C,-OH proton and buffer anions,
Cq-oxidation is suggested to be impaired, resulting in relatively more ether cleavage.
Although it remains to be investigated whether degradation of polymeric lignin can also
be enhanced in concentrated buffers around neutral pH, it seems a promising and facile
strategy.

Lignin dissolution in ionic liquids has been proposed to be driven by H-bond formation
between the ionic liquid and lignin, disrupting intra and intermolecular H-bonds involved
in lignin-lignin or lignin-polysaccharide association.>>>% By using Density Functional
Theory (DFT) studies on the interaction between lignin model compounds and various
ionic liquids, it was demonstrated that strong H-bonds are formed between the anions of
the ionic liquid and the Co-OH proton of the lignin model dimer.52 As we proposed that
this is exactly the interaction required for shifting Cs-oxidation to ether cleavage upon
LMS treatments (Chapter 4), it seems possible that the use of ionic liquids promotes
ether cleavage, at the cost of Cq-oxidation, in a way similar to that of buffer ions. In that
case, ionic liquids would not only increase the accessibility of lignin, but also steer the
overall incubation outcome towards degradation.

In theory, another possibility would be to introduce a pretreatment step to modify the
lignin structure, in such a way that Cq-oxidation is prevented or bond cleavage is
promoted upon LMS treatment. For example, a formaldehyde pretreatment could be
introduced to etherify the Co-OH group.?® Such etherification is expected to prevent
Cq-oxidation, whereas ether cleavage might still occur (Fig. 8.6). Nevertheless, it remains
to be investigated whether this strategy indeed works. Furthermore, the use of
formaldehyde is undesirable, as it is harmful and toxic. Thus, the approaches described
above are preferred over this one.
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Fig. 8.6 Possible effect of formaldehyde pretreatment on the outcome of LMS treatments of non-
phenolic B-0-4" linked lignin structures.

8.5.2.4. A proposed strategy for LMS-catalyzed lignin degradation based on
the current knowledge

Based on the issues and potential solutions discussed above, a process for LMS-catalyzed
lignin degradation is proposed (Fig. 8.7). To maximize effectivity of lignin degradation,
several potential solutions discussed above have been combined. The first step is
solubilization of lignin. Hereto, alkali or ionic liquids could be used. The dissolved lignin
is then transferred to a continuous process involving a degradative treatment with
laccase/HBT and a suitable Cs-capping molecule, and ultrafiltration to remove low-
molecular-weight lignin. The use of a suitable ionic liquid or alkaline conditions with high
phosphate concentrations is expected to limit Cq-oxidation and promote ether cleavage.
It should be noted that, instead of phosphate, other anions could be used. A potential
issue of using ionic liquids is the relatively high viscosity of such solvents, which could be
problematic upon ultrafiltration. Nevertheless, several ionic liquids with relatively low
viscosity are known, and the viscosity could be decreased substantially by addition of
small amounts of organic co-solvents.>5:56

Lignin dissolution l
4 M phosphate
. pH 10-11 Laccase” ’ ;
Lignocellulose or | Ultrdfiltration
or lignin . ’
lonic C;-cap
liquid
l * High-redox potential l
& tolerant to solvent

Insoluble material *% £ g TBDMP LMW lignin

Fig. 8.7 Proposed future process for LMS-catalyzed lignin degradation. First, lignin is solubilized in
alkali (containing high phosphate concentrations) or ionic liquid. The dissolved lignin then enters a
continuous process wherein treatment with laccase, HBT and a suitable Cs-capping molecule and
ultrafiltration occur simultaneously. The laccase should be of high enough redox potential to oxidize
HBT, and should be sufficiently active and stable in the used solvent.
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The above described future process contains three suggested improvements compared
to the LMS treatment performed in Chapter 5: the use of concentrated buffer/ionic liquid
as solvent, addition of Cs-capping molecules, and ultrafiltration. It should be noted that
the combined effect of these improvements remains to be investigated, and that
combining two improvements might be more cost-effective than combining all three
improvements.

Lastly, it should be noted that this future process requires a laccase that is active and
stable under non-mainstream conditions (i.e. in ionic liquid or at highly alkali pH).
Although several laccases have been described to maintain high activity and stability
when ionic liquids are used as co-solvents, the activity is generally impaired at high ionic
liquid concentrations.*143 In contrast, alkali-tolerant laccases with high pH optima (up to
pH 10) have been reported, which makes lignin solubilization in alkali a more realistic
approach (at least in the short term).1436.57 Nevertheless, also here lies a challenge, as
such alkali-tolerant laccases are of bacterial origin and, consequently, have relatively low
redox potentials (400-500 mV vs. NHE).>8 Thus, it is unlikely that these laccases are able
to oxidize mediators of high redox potential, such as HBT. An optimistic note is that, over
the past years, several successful reports have been published on the increase of pH
optima of fungal (high redox potential) laccases via directed evolution.>?:%0 Thus, it does
not seem impossible that laccases can be engineered that are compatible with the process
described in Fig. 8.7.
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Summary

One of the major challenges in biorefinery is the degradation and valorization of lignin, a
complex aromatic heteropolymer, highly abundant in plant cell walls. Although various
strategies for lignin degradation have been described, most of these processes require
large amounts of chemicals or high energy input. Therefore, green alternatives are
searched for.

A potential sustainable approach for lignin degradation is by using laccase/mediator
systems (LMS). Laccases (E.C. 1.10.3.2) are oxidases, produced by various lignin-
degrading microorganisms. Due to their relatively low redox potentials, laccases can only
oxidize the phenolic substructures of lignin, which typically account for 10-20% of the
lignin polymer. Nevertheless, in combination with a mediator, a small molecule that
operates as a redox shuttle, laccases can also oxidize non-phenolic lignin substructures
(80-90%). Such oxidation may, eventually, result in lignin degradation, modification or
even polymerization. Despite various mechanistic studies on the effect of LMS treatments
on the structure of lignin, the exact outcome of such LMS treatments remains hard to
predict. This is partly caused by the fact that lignin has a complex and heterogeneous
structure and that structural analysis of lignin is highly challenging.

In this thesis, we aimed to enhance the understanding of laccase and LMS-catalyzed
lignin degradation and modification at the molecular level. To this end, we used various
(novel) B-0-4' linked lignin model dimers to study, in detail, the reactivity of multiple
important lignin substructures upon laccase and LMS treatments. B-O-4’ linked model
dimers were used, as the B-0O-4' linkage is, by far, the most abundant interunit linkage
in native lignin. In addition, lignocellulosic biomass and lignin isolates were used, to
investigate to what extent the findings obtained in model compound studies can be
extrapolated to LMS treatments of polymeric lignin.

In Chapter 2, we investigated the reactivity of a phenolic B-O-4’ linked lignin model
dimer guaiacylglycerol-B-guaiacyl ether (GBG) with laccase alone, and in the presence of
the mediators 1-hydroxybenzotriazole (HBT) or 2,2'-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid (ABTS). Although phenolic lignin structures, such as GBG, can be oxidized
by laccase without a mediator, polymeric lignin substrates are generally treated with LMS
rather than with laccase alone, to broaden the substrate range of the laccase. Thus, it is
important to understand how the addition of a mediator influences the reaction pathway
of phenolic lignin structures. We show, based on RP-UHPLC-PDA-MS" and MALDI-TOF-
MS, that GBG polymerizes extensively upon incubation with laccase alone. In the presence
of HBT, radical coupling between GBG and HBT was observed, although only to a minor
extent. Polymerization in presence of HBT occurred to a similar extent as in the incubation
with laccase alone. In contrast, in the presence of ABTS, no polymerization of GBG was
observed. Instead, extensive coupling between GBG and ABTS occurred, as well as Cq-
oxidation of the GBG moiety. This indicates that the selection of a mediator has a large
impact on the outcome of LMS treatments of lignin.
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In Chapter 3, we aimed to provide insights into the reactivity of lignosulfonate upon
laccase and LMS treatments. Lignosulfonate is a major by-product from pulp and paper
industry, and is extensively sulfonated at the Cq-positions. Although various studies aimed
to modify lignosulfonate by using LMS, it remained unclear whether and how sulfonation
of lignin influenced the reaction outcome of LMS treatments. To overcome this knowledge
gap, we investigated the reactivity of multiple model dimers, resembling the structure of
native or sulfonated lignin, upon laccase and laccase/HBT treatments. It was observed
that a sulfonated phenolic model dimer was converted slower by laccase and laccase/HBT
than its non-sulfonated ‘native’ analogue. Nevertheless, the reaction pathways of the
phenolic model dimers were similar: Upon both laccase and laccase/HBT treatments,
extensive polymerization was observed. A larger impact of sulfonation was found upon
incubation of non-phenolic model dimers. Whereas a ‘native’ non-phenolic lignin model
dimer underwent Cg-oxidation and ether cleavage upon laccase/HBT treatment, its
sulfonated analogue was completely unreactive. Based on Density Functional Theory
(DFT) calculations, we proposed that this inertness was caused by the fact that
sulfonation of lignin increases the Cq-H bond dissociation energy by 9 kcal/mol, which
would make hydrogen atom abstraction by the mediator (HBT) too endergonic to occur.
As sulfonation did not impede polymerization (of phenolic substructures), but completely
prevented cleavage of the non-phenolic structures, we concluded that sulfonation of
lignin steers the overall outcome of LMS treatments towards polymerization.

In Chapter 4, we zoomed in on the competition between Cq-oxidation and ether cleavage
of non-phenolic B-0-4' linked lignin structures upon laccase/HBT treatments. Although
ether cleavage, and not Cq-oxidation, contributes to degradation of lignin, Cq-oxidation is
generally the main result of LMS treatments. In this study, we report that this balance
between Cg-oxidation and ether cleavage can be shifted in favor of the latter by altering
the properties of the incubation buffer. Whereas ether cleavage products accounted for
<10% of the reaction products under standard conditions (i.e. weak buffer at pH 4), this
was enhanced to 80% in concentrated buffers at pH 6. By performing DFT calculations,
we proposed, for the first time, detailed reaction mechanisms for Cq-oxidation and ether
cleavage of non-phenolic B-0O-4' linked lignin structures. Based on additional experiments
and computational insights, we propose that increasing buffer pH and strength enhances
H-bonding between the C-OH group of lignin structures and buffer anions, and that such
H-bonding drives the overall reaction outcome towards ether cleavage.

In Chapter 5, laccase/HBT-catalyzed degradation of lignin in wheat straw and corn
stover was studied. Comprehensive fractionation and purification allowed to study the
effect of laccase/HBT treatment on native lignin at an unprecedented level of detail. To
this end, 2D NMR spectroscopy, py-GC-MS and several other techniques were used.
Laccase/HBT treatment was found to result in up to 51% biomass delignification.
Furthermore, by using various analytical techniques and insights obtained from model
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compound studies, we were able to show, for the first time, that laccase/HBT treatment
of wheat straw and corn stover resulted in Cq-oxidation and cleavage of Cp-O, O-4’ and
Cq-Cp bonds. Remarkably, upon laccase/HBT treatment, p-coumaroyl groups accumulated
in the residue, suggesting that they are relatively unreactive, despite their free-phenolic
character.

In Chapter 6, a facile procedure was reported for Cy-acylation of (non-phenolic) lignin
model dimers, by using a lipase from Candida antarctica as a catalyst. Following this
procedure, lignin model compounds were acylated at the Cy-position with p-coumaroyl,
cinnamoyl, p-hydroxybenzoyl and acetyl groups. The resulting novel model compounds
mimic highly abundant substructures of grass and hardwood lignins, and, thereby, enable
to study the reactivity of such lignins in more detail.

In Chapter 7, we zoomed in on the reactivity of p-coumaroyl groups in lignin upon
laccase and laccase/HBT treatments. Hereto, the reactivity of p-coumaroylated and
cinnamoylated lignin model dimers (Chapter 6) was studied by using RP-UHPLC-PDA-MS".
In addition, the effect of laccase/HBT treatment on lignin isolated from wheat straw and
corn stover was investigated by using HSQC NMR spectroscopy. The p-coumaroylated
lignin dimers were rapidly converted by laccase and laccase/HBT, resulting in dimerization
and HBT-mediated degradation, respectively. The high reactivity was clearly related to
the phenolic nature of the p-coumaroyl moiety, as non-acylated and non-phenolic
analogues showed low or no reactivity. Upon laccase/HBT treatment of the lignin isolates,
p-coumaroyl groups accumulated in the residue, indicating that p-coumaroyl groups in
polymeric lignin display different reactivity than those in model compounds. Based on
additional experiments, we proposed that p-coumaroyl groups in lignin polymers are
oxidized by laccase/HBT, but undergo HSQC-undetectable radical coupling or redox
reactions rather than degradation.

In Chapter 8, the insights obtained from previous chapters were combined in a general
discussion. We reflected on the role of the mediator in LMS treatments of lignin, and
concluded that the mechanisms underlying LMS-catalyzed lignin oxidations should be
partly reconsidered. In addition, based on additional (unpublished) data and literature,
we argued that natural phenolic molecules may be used as alternatives for synthetic
mediators like HBT, but that such natural alternatives are less effective and less efficient
than HBT. We also discussed, in detail, how (small) differences in lignin structure can
result in large differences in reactivity upon laccase and LMS treatments, and how lignin
model compound studies contribute to the understanding of such reactivity. Lastly, we
pointed out the main challenges related to LMS-catalyzed lignin degradation on industrial
scale, and provided a potential future approach to tackle these challenges, based on the
insights obtained from this thesis.
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