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ABSTRACT: Laccase—mediator systems (LMS) are potential OH

green tools for oxidative degradation and modification of lignin. /@/ d

Although LMS convert both phenolic and nonphenolic lignin N
HyCO

structures, phenolic structures are more prone to react.

Remarkably, in a previous study on laccase/HBT treatment of

grasses, we observed the accumulation of p-coumaroyl moieties in OCH, 7
residual lignin, even though such groups are free phenolic ienn-° HO_H;c0 oH o

structures. To provide more insights into this apparent paradox, o %

here, we studied the reactivity of p-coumaroyl groups in lignin and H CH,

model compounds using HSQC NMR and RP-UHPLC-PDA-MS", ’

respectively. It was found that a p-coumaroylated model N

compound (VBG—pCA), in contrast to its nonacylated 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. On the basis of 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.

KEYWORDS: Lignocellulosic biomass, Corn stover, Wheat straw, Enzyme catalysis, Mediator, Laccase, Degradation, p-Coumarate

B INTRODUCTION 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 nonphenolic
substructures of lignin, which account for up to 90% of the
lignin polymer.'” 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 nonphenolic

Lignocellulosic biomass is a promising resource for the
sustainable production of biobased fuels and chemicals.
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 recent years, laccase

(EC 1.10.32) and laccase—mediator systems have gained lignin substructure. In the case of a laccase/HBT system, the
extensive attention as potential green tools for lignin latter step is generally suggested to occur via hydrogen atom
degradation. However, despite the insights from various transfer (HAT), resulting in benzylic radicals.” These radicals
mechanistic studies,” > the reactivity of lignin in laccase and can, subsequently, react further via multiple pathways. The
LMS incubations is still not fully understood. final outcome of these radical reactions is dependent on the
Lignin consists, depending on its botanical origin, of syringyl local structures neighboring the benzylic radical.* In various
(S), guaiacyl (G), and p-hydroxyphenyl (H) subunits. These biomass substrates, LMS treatments have been shown to
subunits form a polymer through various C—O and C-C induce oxidation and degradation of lignin interunit linkages,
linkages, of which the $-O-4" linkage is the most abundant resulting in delignification (up to 50%) of the biomass." >~
ne.”” The botanical origin of lignin affects not only the S/G/
H ratio but also the extent and type of C,-acylation. Whereas Received: March 26, 2020 §ffsﬂtg|{pgahlg
no C,-acylation occurs in softwood lignin, several hardwood Revised: ~ May 16, 2020

lignins (i.e., those from willow, aspen, poplar, and palms) are Published: May 22, 2020
C,-acylated by p-hydroxybenzoyl and acetyl groups,”~” and

grass lignins can be extensively p-coumaroylated and acetylated

at the C,—OH group.”' !
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Recently, we observed that laccase/HBT treatment of milled
corn stover and wheat straw resulted in extensive loss (>40%)
of interunit linkages, which are largely part of nonphenolic
lignin structures. In contrast, p-coumaroylated substructures
accumulated in the residue upon laccase/HBT treatment,
suggesting that these substructures are poor targets for the
laccase/HBT system.'® A similar observation was reported by
Rencoret et al. upon laccase/HBT treatment of sugar cane
bagasse.'* These observations are remarkable, as p-coumaroyl
moieties in lignin are generally suggested to occur as free
phenolic groups (i.e., unetherified at the phenolic OH
group).'”'®'”" Admittedly, compared to other phenolic
structures, p-coumaric acid is poorly oxidized by laccase and
by ABTS radical cations (and possibly also for laccase/
HBT).'"® Nonetheless, based on its phenolic structure, it
should still be more easily oxidized than the nonphenolic
substructures of lignin.lg_21 Thus far, it remains unknown how
this apparent recalcitrance of p-coumaroylated lignin sub-
structures could be explained. 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 investigated
the reactivity of p-coumaroyl groups in detail. Hereto, we
studied the reactions of a p-coumaroylated lignin model
compound (VBG-pCA, Figure 1) in laccase and laccase/HBT

(o} (o]
HO. o O
H H
[o) OQ HO. O/Q [o) O/Q
OCH, OCH, OCH,
OCHj OCH, OCH,
OCHj3 OCH3 OCH3
VBG VBG-pCA VBG-CinA

Figure 1. Molecular structures of the model compounds VBG, VBG-
pCA, and VBG-CinA used in this study.

treatments and compared this to the reactivity of a
cinnamoylated model compound (lacking the phenolic
hydroxyl group) and a nonacylated model compound (VBG-
CinA and VBG, respectively, Figure 1) using RP-UHPLC-
PDA-MS". In addition, to investigate whether the reactivity of
p-coumaroyl moieties in polymeric lignin was comparable to
that 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.

B MATERIALS AND METHODS

Materials. Acylated lignin model compounds were enzymatically
synthesized and purified using a previously reported method.”> The
used VBG-pCA and VBG-CinA (Figure 1) consisted for approx-
imately 95% and 100% of trans isomers, respectively.”” Veratryglycer-
ol-f-guaiacyl ether (VBG) was purchased from ABCR Chemicals
(Karlsruhe, Germany), and guaiacylglycerol-f-guaiacyl ether (GBG)
was obtained from TCI Chemicals (Tokyo, Japan). Laccase from
Trametes versicolor was obtained from Sigma-Aldrich (St. Louis, MO,
USA) and was partially purified as described earlier.”® The activity of
both enzymes was determined spectrophotometrically by oxidation of
ABTS (1 U = 1 pumol of ABTS oxidized per minute at pH 5). Wheat
straw lignin isolate (WSL) and corn stover lignin isolate (CSL) were
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obtained from previous studies at our laboratory. Briefly, CSL was
obtained by aqueous dioxane extraction of ball-milled corn stover
followed by lyophilization and was further purified by incubation with
a cellulolytic enzyme cocktail.>* WSL was obtained similarly but with
cellulolytic enzyme treatment before dioxane extraction.”> WSL and
CSL had lignin contents of 85% and 90% (w/w), respectively.”** All
other chemicals were obtained from Sigma-Aldrich and were of
analytical grade. Water was prepared using a Milli-Q water
purification system (Merck Millipore, Billerica, MA).

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. Addition of methanol was
necessary to ensure complete solubilization of the acylated model
compounds. No spontaneous hydrolysis or transesterification was
observed, indicating that the ester bonds of the model compounds
were stable under these solvent conditions. 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 and 400 uM, respectively, and a laccase
activity of 2 U mL™". The relatively high HBT:mediator ratio was
used to ensure (i) a clear difference between incubations with and
without HBT and (ii) a reasonable conversion of nonphenolic lignin
models under the nonoptimal conditions used (i.e,, 25% methanol).
After 1 and 24 h, 40 uL 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, S min, 4
°C) and immediately transferred to the autosampler of the UHPLC
system (at 4 °C) prior to RP-UHPLC-PDA-MS analysis.

Incubation of Lignin Models with Laccase-Free Oxidized
VBG-pCA. Nonacylated lignin model compounds were dissolved at 1
mM in citrate/phosphate buffer (pH 4, 20/40 mM) containing 25%
(v/v) methanol, and 60 uL of these solutions was 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 uL of buffer and 20
uL of VBG-pCA solution (1 mM). Subsequently, 20 uL of 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 using
RP-UHPLC-PDA-MS". The retentates were mixed with 200 uL of
MeOH and centrifuged (10000 X g S min, 20 °C) prior to RP-
UHPLC-PDA-MS" analysis.

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 xL of a 200 mM citrate buffer at pH
4 containing 100 mM HBT. To this suspension, 60 yL 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 ¢! lignin
isolate. In addition, control samples were prepared by suspending 12
mg of WSL and CSL in 300 uL of buffer. In contrast to the model
compound incubations, no methanol was added, as methanol addition
did not solubilize WSL and CSL. 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 $ times with 1 mL of MQ
water. The residues were frozen in liquid nitrogen and lyophilized
prior to NMR spectroscopy.

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 of 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 (10 000 X g, S min,
20 °C), the supernatants were collected and stored at 4 °C. Prior to
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RP-UHPLC-PDA-MS analysis, the supernatants were diluted 20
times in MQ water. The residue was washed 4 times with 1 mL of
MQ_ water, frozen in liquid nitrogen, and lyophilized prior to NMR
spectroscopy.

B RESULTS AND DISCUSSION

Reactivity of Acylated and Nonacylated Model
Compounds with Laccase and Laccase/HBT. VBG,
VBG-pCA, and VBG-CinA were incubated with laccase in
the 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 nonphenolic
structure (Figures 2A and 3, Tables 1 and 2).2"*” In the case
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Figure 2. RP-UHPLC-UV,g, chromatograms of VBG (A), VBG-pCA
(B), and VBG-CinA (C) after incubation with buffer, laccase, or
laccase/HBT for 1 or 24 h. HBT and BT (see Table 1) eluted within
5 min and are therefore not visible in the figure. Second VBG-pCA
peak corresponds to the cis isomer of VBG-pCA and was formed
spontaneously upon exposure to light.

where 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 cosolvent in the current study, which
decreases laccase activity.””*® The conversion mainly resulted
in formation of its C,-oxidized analogue (VBG,,) and trace
amounts of a cleavage product (CLP), as also found in
previous studies (Figures 2A and 3, Tables 1 and 2).*"*’

In the case of VBG-pCA, several conversions were observed.
First, trans—cis isomerization was shown to occur (Figure 2B,
Table 1). Isomerization also occurred in the absence of laccase
and has been reported more often upon exposure of pCA
derivatives to light.3’0’3'1 Moreover, in contrast to VBG, VBG-
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pCA was readily oxidized by laccase alone with 39% and 82%
substrate conversion after 1 and 24 h, respectively (Figure 2B,
Tables 1 and 2). This conversion resulted in formation of
multiple products with molecular formula Cs,Hs,O,4 which
were annotated as VBG-pCA dimers. In addition, after 24 h, a
small amount of VBG-pCA trimers and (unacylated) VBG was
formed (Figures 2B and 3, Tables 1 and 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.”>** The
fact that multiple VBG-pCA dimers were formed is most likely
related to trans—cis isomerization but possibly also due to
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.

When VBG-pCA was incubated with the laccase/HBT
system, 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 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,,H,304 (VBG-
pCAg) and C,;H,0,, (VBG-pCA,;) were detected as well as
trace amounts of C,;H,s0,, (VBG-pCA,,), indicating that
hydroxylation of VBG-pCA occurred (Figure 2B and Table 1).
After 24 h, the abundance of hydroxylated VBG-pCA products
had decreased, which coincided with formation of relatively
large amounts of VBG and VBG,, (Figures 2B and 3, Tables 1
and 2). In addition, a compound corresponding to C,0H,,0,
and small amounts of C,;H,;0, were detected, which were
tentatively annotated as a VBG-oxalate ester (VBG-OxA) and
its C,-oxidized analogue (VBG-OxA,,). Thus, overall, 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.

On the basis of the fact that the abundance of hydroxylated
products decreased along with 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.”” The HBT
adducts could then decompose into hydroxylated VBG-pCA
and either HBT or its degradation product benzotriazole (BT)
(see Figure 4). Corroborating evidence for the latter pathway
is the remarkably high conversion of HBT to BT in VBG-pCA
incubations (Figure S2). Although reduction of HBT to BT is
common in laccase/HBT incubations”**** and was also
observed in incubations with VBG or VBG-CinA, this occurred
to a substantially higher extent in incubations of VBG-pCA
(see Figure S2). On the basis of the above discussion, we
propose that the laccase/HBT system first hydroxylates VBG-
pCA, after which subsequent degradation takes place, yielding
VBG and VBG-OxA (Figures 3 and 4).

The latter two species may then undergo C,-oxidation, as
generally observed in laccase/HBT treatments,”"”’ to form
VBG,, and VBG-OxA,,. Laccase-catalyzed conversion of VBG-
CinA, a nonphenolic analogue of VBG-pCA, was only observed
in the presence of HBT with VBG-CinA,, as the only reaction

https://dx.doi.org/10.1021/acssuschemeng.0c02376
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Figure 3. Schematic overview of the final reaction outcomes of VBG (A), VBG-pCA (B), and VBG-CinA (C) incubations with laccase and laccase/
HBT. Proposed fragmentation patterns of substrates and products resulting in the MS> fragments reported in Table 1 are shown in the gray boxes.
Since multiple isomers of the VBG-pCA dimers are formed, the linkage type between the two VBG-pCA molecules is not specified in this figure.
Hydroxylation of VBG-pCA (to VBG-pCAg and VBG-pCAy;) is suggested to occur prior to eventual degradation to VBG-OxA, VBG, and VBG,,
but is not shown in the figure. *This fragmentation is suggested to be a radical fragmentation. *The NH," ion is lost during this fragmentation. “For

fragmentation pattern, see Figure 3A.

product detected (Figures 2C and 3, Tables 1 and 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 2).

Overall, the above-described incubations show that p-
coumaroylation increases rather than decreases the reactivity
of a nonphenolic 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
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straw and corn stover cannot be attributed to an intrinsic
recalcitrance of the pCA moieties."

Reactivity of pCA Moieties upon Laccase/HBT Treat-
ment 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 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

https://dx.doi.org/10.1021/acssuschemeng.0c02376
ACS Sustainable Chem. Eng. 2020, 8, 8723—8731
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Table 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*

molecular mass error
RT (min) annotation formula ion obs/calc mass (Da) (ppm) MS? fragments
substrates and mediator

3.63 HBT CHN,0  [M+H]* 135.04329/135.04326 023 119 (100), 80 (86), 91 (75), 53 (39), 116 (37)

6.64 BT CeH,N, [M+H]* 119.04842/119.04835 030 92 (100), 102 (43), 65 (25)

15.00 VBG-pCA (trans) CpHyOp  [M+Nal* 480.17841/470.17842 —0.02 379 (100), 488 (27), 485 (25), 215 (26),
309 (24),, 321 (15), 339 (11)

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

19.71 VBG-CinA CyH,0,  [M+Nal* 464.18308/464.18350 —0.87 363 (100), 469 (40), 472 (38), 215 (28),
321 (23), 339 (18), 197 (16)

reaction products

5.40 CLP C,H,0, [M+H]" 210.08961/210.08921 192 139 (100), 193 (18)

7.42 VBG-OxA CHpO,  [M+NH,]*  406.12656/406.12639 041 299 (100), 389 (43)

8.61 VBG CisHpOs  [M+Nal®  334.14155/344.14164 —025 309 (100), 339 (22), 342 (14), 215 (6), 233 (6)

9.30 VBG-OxA,, CpoHy0p  [M+H]* 404.11146/404.11074 180  ND.

10.68 VBG-pCAgs CyH,0,,  [M—H]" 528.16410/528.16316 1.7 509 (100)

10.75 VBG,, CisHy 00  [M + HJ 332.12586/332.12599 —037 315 (100), 181 (69), 167 (68), 149 (66),
285 (42), 165 (43), 209 (40)

11.20 VBG-pCAo, CpH,0p  [M#+Na]* 512.16904/512.16825 148  ND.

13.36 VBG-pCAs CyH,0,  [M—H]™ 496.17380/496.17334 —0.89 371 (100), 161 (14)

19.80—21.50  VBG-pCA dimers CoHyO  [M—H]" 958.34141/958.34119 142 833, 709, 641, 623, 499”

(multiple)
22.10-2330 VBG-pCA trimers  CgHgO,,  [M+NH,]*  1436.5061/1436.5040 147  ND.
(multiple)
21.57 VBG-CinA,, CyH,s0,  [M +H]* 462.16774/462.16786 —-024 315 (100), 339 (8)

“MS? fragments were obtained using RP-UHPLC-PDA-ESI-ITMS. All other values were obtained using RP-UHPLC-PDA-ESI-FTMS. Proposed
fragmentation patterns are shown in Figure 3. MS® spectra of substrates and products can be found in Figure S1. N.D. = Not determined.

b . . .
‘Abundance varies between dimer isomers.

Table 2. Substrate Recoveries and (Estimated) Product Yields of VBG, VBG-pCA, and VBG-CinA after 1 and 24 h Incubations

with Laccase or Laccase/HBT*

product yields (%)

CLP (0.3); VBG,, (3.7)
VBG (4.1); VBG-pCA dimers and trimers (N.D.)
VBG (5.6); VBG-pCA dimers and trimers (N.D.)

VBG (5.3); VBG-OxA” (1.4); VBG-pCAy (N.D.); VBG-pCAo,(N.D.);VBG-pCAo;(N.D.)

VBG (24.7); VBG-OxA” (16.9); VBG,, (N.D.€); VBG-OxA,(N.D.);VBG-pCA;(N.D.)

incubation time  substrate recovery (%)

VBG + laccase 1h 100 -
24 h 100 -

VBG + laccase/HBT 1h ~100 VBG,, (0.9)
24 h 96

VBG-pCA + laccase 1h 61
24 h 18

VBG-pCA + laccase/HBT 1h 29
24 h 3

VBG-CinA + laccase 1h 100 -
24 h 100 -

VBG-CinA + laccase/HBT 1h 81 VBG-CinA,, (1.1)
24 h 63

VBG-CinA,, (11.1)

“In control incubations without laccase, no conversion was observed in all cases. N.D. = Not determined. *Yields of VBG-OxA were estimated by
assuming a molar extinction coefficient equal to VBG. “In this incubation, VBG,, could not accurately be quantified due to coelution with VBG-

pCAg

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 C,-oxidized structures for CSL and WSL,
respectively, and a ~37% decrease in interunit linkages (Figure
S, Table 3). The relative abundance of pCA groups was shown
to increase in both CSL and WSL (Table 3). These findings
are in good agreement with those previously obtained in
incubations of (unfractionated) CS and WS, indicating that
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the cell wall matrix does not play a major role in the reactivity
of lignin pCA moieties in laccase/HBT treatments.
Potential Explanations for the Accumulation of pCA
Groups in Residual Lignin upon Laccase/HBT Treat-
ment. 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

https://dx.doi.org/10.1021/acssuschemeng.0c02376
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pCA

coumarate

Figure S. Aromatic regions of HSQC spectra of residues (i.e., insoluble and washed material) of CSL (A and B) and WSL (C and D) after
incubation with buffer (A and C) or laccase/HBT (B and D). Lignin substructures corresponding to the colored annotations are shown on the
right. Phe = phenylalanine. Correlations in gray are unannotated; those in orange correspond to signals from HBT and its degradation products.'®
Annotation was performed based on the literature.'®*>*® Aliphatic regions of the spectra can be found in Figure S5.
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Table 3. Relative Abundances of Lignin Subunits,
Hydroxycinnamates and Interunit Linkages in CSL and
WSL after Incubation with Buffer (Control) Or Laccase/
HBT

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

lignin subunits (%)
H 2 2 3 3
G 55 49 63 48
G, 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 N 10
interunit linkages”
B-0-4' 2 23 43 28
Bs' 2 0 6 3
BB 1 0 0 0
p-p' (tetrahydrofuran) S 2 0 0
total 40 25 49 31

“Amount per 100 lignin subunits (i.e, S + Sox + G + Gy + H).

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.

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. On the basis of
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.”’

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 using HSQC NMR to determine the
residual pCA content, and the supernatant was analyzed 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 the 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 saponi-
fication (Table 4, Figure S6), suggesting that laccase/HBT
treatment did not induce coupling between pCA groups and
the lignin backbone to a substantial extent. The fact that, even
for untreated CSL, a small fraction of pCA was still present
after complete saponification could be due to the following
reasons: (i) despite extensive washing, a small amount of free
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Table 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”

pCA/100 Ar pCA/100 Ar  pCA released

unsaponiﬁedb saponiﬁedb (ug/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

“Saponification of pCA groups was complete in all samples (see
Figure S3). YDetermined using HSQC NMR (see Figure S5 for
spectra). “Determined using RP-UHPLC-PDA-MS

pCA was not removed, or (ii) a minor fraction of pCA does
not occur as free phenolic groups in native corn stover lignin
but is etherified at the p-OH group, as recently proposed for
sugar cane bagasse.”®

Surprisingly, the results obtained from HSQC experiments
did not match with the RP-UHPLC-PDA-MS analysis.
Whereas HSQC analysis of the residues suggested a similar
removal of pCA upon saponification, RP-UHPLC-PDA-MS
analysis showed an 18% lower release of pCA from the laccase/
HBT-treated CSL than from the control sample (Table 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
4). Although it remains unclear why the HSQC and RP-
UHPLC-PDA-MS data showed nonmatching results in the
case of CSL, the above suggests that part of the pCA groups
may undergo coupling to other lignin substructures. In none of
the samples, dicoumarates were detected using RP-UHPLC-
PDA-MS, suggesting that radical coupling between pCA
moieties did not occur (data not shown).

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
formation of other lignin radicals and that pCA radicals do not
undergo oxidative coupling.’” 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 mediator between laccase and other
lignin model compounds. Hereto, incubations were performed
in a centrifugal filter with a 10 kDa cutoft 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 (guaiacylgly-
cerol-f-guaiacyl ether). The filtrates were then analyzed using
RP-UHPLC-PDA-MS to investigate whether VBG or GBG
was oxidized by laccase-free oxidized VBG-pCA. In a control
incubation, in which laccase (without VBG-pCA) was filtered
onto an ABTS solution (I mM), no color formation was
observed, confirming that the filtrate was free of laccase (data
not shown). Upon filtration of laccase-treated VBG-pCA onto
GBG, a new peak corresponding to C;,H3;30,, was formed,
which was annotated as a dimer of GBG (Figure 6C and 6D),
indicating that the produced VBG-pCA radicals were able to

https://dx.doi.org/10.1021/acssuschemeng.0c02376
ACS Sustainable Chem. Eng. 2020, 8, 8723—8731


http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02376/suppl_file/sc0c02376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02376/suppl_file/sc0c02376_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02376/suppl_file/sc0c02376_si_001.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c02376?ref=pdf

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

5ES A
AVBG VBG-pCA
0 A
5E5 B
T )\
g 5o -
< C |[GBG
0 \ A
5E5 D
GBG
dimer
0 A A
6 8 10 12 14 16 18 20 22
Time (min)

Figure 6. RP-UHPLC-UV,,, 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). GBG dimer was identified based
on its molecular formula (C3,H;30,,; 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.

act as redox shuttles and thereby oxidize GBG. Nevertheless,
the newly formed GBG dimer accounted for only 7% of the
UV, 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 Figure 6. Upon incubation of VBG with oxidized
VBG-pCA, no conversion of VBG was observed (Figure 6A
and 6B). 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 VBG,, (i.e, <1%) occurred (data not shown). Overall, these
results indicate that VBG-pCA could act as a redox shuttle
toward 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.
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 Figure 4) require
covalent bond formation to the pCA groups, it is not
inconceivable that these reactions are very slow in the case
where 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 (>1S
A).*® On the basis of the available data, this can, however, not
be proven.

B CONCLUSIONS

We studied the reactivity of p-coumaroyl groups in laccase and
laccase/HBT treatments of lignin and lignin model com-
pounds 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/
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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.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376.

Detailed experimental information (RP-UHPLC-PDA-
MS" and 2D NMR spectroscopy), additional UHPLC-
UV,4 chromatograms, MS* spectra and HSQC NMR
spectra, and putative reaction mechanisms for aromatic
ring hydroxylation of pCA moieties and VBG-OxA
formation (PDF)

B AUTHOR INFORMATION

Corresponding Author
Jean-Paul Vincken — Laboratory of Food Chemistry,
Wageningen University & Research, 6708 WG Wageningen,
The Netherlands; ® orcid.org/0000-0001-8540-4327;
Phone: +31 (0)317 482234.; Email: jean-paul.vincken@
wur.nl

Authors
Roelant Hilgers — Laboratory of Food Chemistry, Wageningen
University & Research, 6708 WG Wageningen, The
Netherlands; ® orcid.org/0000-0002-3410-8795
Mirjam A. Kabel — Laboratory of Food Chemistry, Wageningen
University & Research, 6708 WG Wageningen, The
Netherlands; ® orcid.org/0000-0002-1544-1744

Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.0c02376

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Li, M; Pu, Y.; Ragauskas, A. J. Current understanding of the
correlation of lignin structure with biomass recalcitrance. Front. Chem.
2016, 4, No. 45.

(2) Munk, L; Sitarz, A. K.; Kalyani, D. C.; Mikkelsen, J. D.; Meyer,
A. S. Can laccases catalyze bond cleavage in lignin? Biotechnol. Adv.
2015, 33 (1), 13-24.

(3) Du, X; Li, J; Gellerstedt, G.; Rencoret, J.; Del Rio, J. C,;
Martinez, A. T.; Gutierrez, A. Understanding pulp delignification by
laccase—mediator systems through isolation and characterization of
lignin—carbohydrate complexes. Biomacromolecules 2013, 14 (9),
3073-3080.

(4) Kawai, S.; Nakagawa, M.; Ohashi, H. Degradation mechanisms
of a nonphenolic $-O-4 lignin model dimer by Trametes versicolor
laccase in the presence of 1-hydroxybenzotriazole. Enzyme Microb.
Technol. 2002, 30 (4), 482—489.

(5) Baiocco, P.; Barreca, A. M.; Fabbrini, M.; Galli, C.; Gentili, P.
Promoting laccase activity towards non-phenolic substrates: a
mechanistic investigation with some laccase—mediator systems. Org.
Biomol. Chem. 2003, 1 (1), 191—197.

https://dx.doi.org/10.1021/acssuschemeng.0c02376
ACS Sustainable Chem. Eng. 2020, 8, 8723—8731


https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.0c02376/suppl_file/sc0c02376_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Paul+Vincken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8540-4327
mailto:jean-paul.vincken@wur.nl
mailto:jean-paul.vincken@wur.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roelant+Hilgers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-3410-8795
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mirjam+A.+Kabel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1544-1744
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376?ref=pdf
https://dx.doi.org/10.3389/fchem.2016.00045
https://dx.doi.org/10.3389/fchem.2016.00045
https://dx.doi.org/10.1016/j.biotechadv.2014.12.008
https://dx.doi.org/10.1021/bm4006936
https://dx.doi.org/10.1021/bm4006936
https://dx.doi.org/10.1021/bm4006936
https://dx.doi.org/10.1016/S0141-0229(01)00523-3
https://dx.doi.org/10.1016/S0141-0229(01)00523-3
https://dx.doi.org/10.1016/S0141-0229(01)00523-3
https://dx.doi.org/10.1039/B208951C
https://dx.doi.org/10.1039/B208951C
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c02376?fig=fig6&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c02376?ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

(6) Vanholme, R.; Demedts, B.; Morreel, K.; Ralph, J.; Boerjan, W.
Lignin biosynthesis and structure. Plant Physiol. 2010, 153 (3), 895—
90S.

(7) Ralph, J; Lapierre, C.; Boerjan, W. Lignin structure and its
engineering. Curr. Opin. Biotechnol. 2019, 56, 240—249.

(8) Ly, F; Karlen, S. D.; Regner, M.; Kim, H.; Ralph, S. A;; Sun, R.-
C.; Kuroda, K.-i.; Augustin, M. A.; Mawson, R.; Sabarez, H,; et al.
Naturally p-hydroxybenzoylated lignins in palms. BioEnergy Res. 20185,
8 (3), 934—952.

(9) Morreel, K; Ralph, J.; Kim, H; Lu, F.; Goeminne, G.; Ralph, S.;
Messens, E.; Boerjan, W. Profiling of oligolignols reveals monolignol
coupling conditions in lignifying poplar xylem. Plant Physiol. 2004,
136 (3), 3537—3549.

(10) del Rio, J. C.; Rencoret, J.; Prinsen, P.; Martinez, A. T.; Ralph,
J.; Gutierrez, A. Structural characterization of wheat straw lignin as
revealed by analytical pyrolysis, 2D-NMR, and reductive cleavage
methods. J. Agric. Food Chem. 2012, 60 (23), 5922—5935.

(11) Del Rio, J. C; Lino, A. G.; Colodette, J. L; Lima, C. F;
Gutiérrez, A.; Martinez, A. T.; Lu, F.; Ralph, J; Rencoret, J.
Differences in the chemical structure of the lignins from sugarcane
bagasse and straw. Biomass Bioenergy 2015, 81, 322—338.

(12) Lundquist, K; Parkas, J. Different types of phenolic units in
lignins. BioResources 2011, 6 (2), 920—926.

(13) Rico, A.; Rencoret, J.; Del Rio, J. C.; Martinez, A. T.; Gutiérrez,
A. In-depth 2D NMR study of lignin modification during pretreat-
ment of Eucalyptus wood with laccase and mediators. BioEnergy Res.
2015, 8 (1), 211-230.

(14) Rencoret, J.; Pereira, A; del Rio, J. C.; Martinez, A. T,
Gutierrez, A. Delignification and saccharification enhancement of
sugarcane byproducts by a laccase-based pretreatment. ACS
Sustainable Chem. Eng. 2017, 5 (8), 7145—7154.

(15) Hilgers, R.; Van Erven, G.; Boerkamp, V.; Sulaeva, I; Potthast,
A.; Kabel, M. A,; Vincken, J.-P. Understanding laccase/HBT-catalyzed
grass delignification at the molecular level. Green Chem. 2020, 22,
1735—1746.

(16) Ralph, J; Hatfield, R. D.; Quideau, S.; Helm, R. F.; Grabber, J.
H,; Jung, H.-J. G. Pathway of p-coumaric acid incorporation into
maize lignin as revealed by NMR. J. Am. Chem. Soc. 1994, 116 (21),
9448—9456.

(17) Sun, R;; Sun, X. F,; Wang, S. Q;; Zhu, W,; Wang, X. Y. Ester
and ether linkages between hydroxycinnamic acids and lignins from
wheat, rice, rye, and barley straws, maize stems, and fast-growing
poplar wood. Ind. Crops Prod. 2002, 1S (3), 179—188.

(18) Camarero, S.; CaNas, A L Nou§iainen, P.; Record, E;
Lomascolo, A.; Martinez, M. J.; Martinez, A. T. p-Hydroxycinnamic
acids as natural mediators for laccase oxidation of recalcitrant
compounds. Environ. Sci. Technol. 2008, 42 (17), 6703—6709.

(19) Bourbonnais, R;; Paice, M. G. Oxidation of non-phenolic
substrates: an expanded role for laccase in lignin biodegradation.
FEBS Lett. 1990, 267 (1), 99—102.

(20) Crestini, C.; Argyropoulos, D. S. The early oxidative
biodegradation steps of residual kraft lignin models with laccase.
Bioorg. Med. Chem. 1998, 6 (11), 2161—2169.

(21) Hilgers, R.; Twentyman-Jones, M.; van Dam, A.; Gruppen, H.;
Zuilhof, H.; Kabel, M. A,; Vincken, J.-P. The impact of lignin
sulfonation on its reactivity with laccase and laccase/HBT. Catal. Sci.
Technol. 2019, 9 (6), 1535—1542.

(22) Hilgers, R; Vincken, J.-P.; Kabel, M. A. Facile enzymatic Cy-
acylation of lignin model compounds. Catal. Commun. 2020, 136,
No. 105919.

(23) Hilgers, R.; Vincken, J.-P.; Gruppen, H.; Kabel, M. A. Laccase/
mediator systems: Their reactivity towards phenolic lignin structures.
ACS Sustainable Chem. Eng. 2018, 6 (2), 2037—2046.

(24) Underlin, E. N.; Frommhagen, M.; Dilokpimol, A.; Van Erven,
G.; de Vries, R. P.; Kabel, M. A. Feruloyl esterases for biorefineries:
subfamily classified specificity for natural substrates. Front. Bioeng.
Biotechnol. 2020, 8, No. 332.

(25) Van Erven, G.; Kleijn, A. F.; Patyshakuliyeva, A.; Di Falco, M;
Tsang, A.; de Vries, R. P.; van Berkel, W. J. H.; Kabel, M. A. Evidence

8731

for ligninolytic activity of the ascomycete fungus Podospora anserina.
Biotechnol. Biofuels 2020, 13 (1), No. 75.

(26) Masarin, F.; Gurpilhares, D. B; Baffa, D. C. F.; Barbosa, M. H.
P.; Carvalho, W,; Ferraz, A.; Milagres, A. M. F. Chemical composition
and enzymatic digestibility of sugarcane clones selected for varied
lignin content. Biotechnol. Biofuels 2011, 4 (1), No. SS.

(27) Heap, L.; Green, A.; Brown, D.; van Dongen, B.; Turner, N.
Role of laccase as an enzymatic pretreatment method to improve
lignocellulosic saccharification. Catal. Sci. Technol. 2014, 4 (8), 2251—
2259.

(28) Mattinen, M.-L.; Maijala, P.; Nousiainen, P.; Smeds, A;
Kontro, J.; Sipilg, J.; Tamminen, T.; Willfor, S.; Viikari, L. Oxidation
of lignans and lignin model compounds by laccase in aqueous solvent
systems. J. Mol. Catal. B: Enzym. 2011, 72 (3—4), 122—129.

(29) Hilgers, R.; Van Dam, A.; Zuilhof, H.; Vincken, J.-P.; Kabel, M.
A. Controlling the competition: boosting laccase/HBT-catalyzed
cleavage of lignin #-O-4' linkages.. Submitted for publication, 2020.

(30) Kort, R; Vonk, H; Xu, X; Hoff, W,; Crielaard, W,;
Hellingwerf, K. Evidence for trans-cis isomerization of the p-coumaric
acid chromophore as the photochemical basis of the photocycle of
photoactive yellow protein. FEBS Lett. 1996, 382 (1-2), 73—78.

(31) Mitani, T.; Mimura, H.; Ikeda, K.; Nishide, M.; Yamaguchi, M.;
Koyama, H.; Hayashi, Y.; Sakamoto, H. Process for the purification of
cis-p-coumaric acid by cellulose column chromatography after the
treatment of the trans isomer with ultraviolet irradiation. Anal. Sci.
2018, 34 (10), 1195—1199.

(32) Ramalingam, B.; Sana, B.; Seayad, J.; Ghadessy, F. J.; Sullivan,
M. B. Towards understanding of laccase-catalysed oxidative
oligomerisation of dimeric lignin model compounds. RSC Adv.
2017, 7 (20), 11951—-11958.

(33) Sealey, J; Ragauskas, A. J. Investigation of laccase/N-
hydroxybenzotriazole delignification of kraft pulp. J. Wood Chem.
Technol. 1998, 18 (4), 403—416.

(34) Potthast, A,; Rosenau, T.; Fischer, K. Oxidation of benzyl
alcohols by the laccase-mediator system (LMS) a comprehensive
kinetic description. Holzforschung 2001, S5 (1), 47—56.

(35) Van Erven, G.; Hilgers, R.; De Waard, P.; Gladbeek, E.-J.; Van
Berkel, W. J. H; Kabel, M. A. Elucidation of in situ ligninolysis
mechanisms of the selective white-rot fungus Ceriporiopsis sub-
vermispora. ACS Sustainable Chem. Eng. 2019, 7 (19), 16757—16764.

(36) Zeng, J.; Helms, G. L; Gao, X;; Chen, S. Quantification of
wheat straw lignin structure by comprehensive NMR analysis. ]. Agric.
Food Chem. 2013, 61 (46), 10848—10857.

(37) Ralph, S. A; Ralph, J.; Landucci, L. NMR database of lignin and
cell wall model compounds, 2009; www.glbrc.org/databases_and
software/nmrdatabase/ (accessed date 01—02—2020).

(38) Reinoso, F. A. M.; Rencoret, J.; Gutiérrez, A.; Milagres, A. M.
F.; Del Rio, J. C; Ferraz, A. Fate of p-hydroxycinnamates and
structural characteristics of residual hemicelluloses and lignin during
alkaline-sulfite chemithermomechanical pretreatment of sugarcane
bagasse. Biotechnol. Biofuels 2018, 11 (1), 153.

(39) Hatfield, R; Ralph, J.; Grabber, J. H. A potential role for sinapyl
p-coumarate as a radical transfer mechanism in grass lignin formation.
Planta 2008, 228 (6), No. 919.

(40) Kuss-Petermann, M,; Wenger, O. S. Electron transfer rate
maxima at large donor—acceptor distances. J. Am. Chem. Soc. 2016,
138 (4), 1349—13S8.

https://dx.doi.org/10.1021/acssuschemeng.0c02376
ACS Sustainable Chem. Eng. 2020, 8, 8723—8731


https://dx.doi.org/10.1104/pp.110.155119
https://dx.doi.org/10.1016/j.copbio.2019.02.019
https://dx.doi.org/10.1016/j.copbio.2019.02.019
https://dx.doi.org/10.1007/s12155-015-9583-4
https://dx.doi.org/10.1104/pp.104.049304
https://dx.doi.org/10.1104/pp.104.049304
https://dx.doi.org/10.1021/jf301002n
https://dx.doi.org/10.1021/jf301002n
https://dx.doi.org/10.1021/jf301002n
https://dx.doi.org/10.1016/j.biombioe.2015.07.006
https://dx.doi.org/10.1016/j.biombioe.2015.07.006
https://dx.doi.org/10.1007/s12155-014-9505-x
https://dx.doi.org/10.1007/s12155-014-9505-x
https://dx.doi.org/10.1021/acssuschemeng.7b01332
https://dx.doi.org/10.1021/acssuschemeng.7b01332
https://dx.doi.org/10.1039/C9GC04341A
https://dx.doi.org/10.1039/C9GC04341A
https://dx.doi.org/10.1021/ja00100a006
https://dx.doi.org/10.1021/ja00100a006
https://dx.doi.org/10.1016/S0926-6690(01)00112-1
https://dx.doi.org/10.1016/S0926-6690(01)00112-1
https://dx.doi.org/10.1016/S0926-6690(01)00112-1
https://dx.doi.org/10.1016/S0926-6690(01)00112-1
https://dx.doi.org/10.1021/es8008979
https://dx.doi.org/10.1021/es8008979
https://dx.doi.org/10.1021/es8008979
https://dx.doi.org/10.1016/0014-5793(90)80298-W
https://dx.doi.org/10.1016/0014-5793(90)80298-W
https://dx.doi.org/10.1016/S0968-0896(98)00173-4
https://dx.doi.org/10.1016/S0968-0896(98)00173-4
https://dx.doi.org/10.1039/C9CY00249A
https://dx.doi.org/10.1039/C9CY00249A
https://dx.doi.org/10.1016/j.catcom.2019.105919
https://dx.doi.org/10.1016/j.catcom.2019.105919
https://dx.doi.org/10.1021/acssuschemeng.7b03451
https://dx.doi.org/10.1021/acssuschemeng.7b03451
https://dx.doi.org/10.3389/fbioe.2020.00332
https://dx.doi.org/10.3389/fbioe.2020.00332
https://dx.doi.org/10.1186/s13068-020-01713-z
https://dx.doi.org/10.1186/s13068-020-01713-z
https://dx.doi.org/10.1186/1754-6834-4-55
https://dx.doi.org/10.1186/1754-6834-4-55
https://dx.doi.org/10.1186/1754-6834-4-55
https://dx.doi.org/10.1039/C4CY00046C
https://dx.doi.org/10.1039/C4CY00046C
https://dx.doi.org/10.1016/j.molcatb.2011.05.009
https://dx.doi.org/10.1016/j.molcatb.2011.05.009
https://dx.doi.org/10.1016/j.molcatb.2011.05.009
https://dx.doi.org/10.1016/0014-5793(96)00149-4
https://dx.doi.org/10.1016/0014-5793(96)00149-4
https://dx.doi.org/10.1016/0014-5793(96)00149-4
https://dx.doi.org/10.2116/analsci.18P102
https://dx.doi.org/10.2116/analsci.18P102
https://dx.doi.org/10.2116/analsci.18P102
https://dx.doi.org/10.1039/C6RA26975C
https://dx.doi.org/10.1039/C6RA26975C
https://dx.doi.org/10.1080/02773819809349588
https://dx.doi.org/10.1080/02773819809349588
https://dx.doi.org/10.1515/HF.2001.008
https://dx.doi.org/10.1515/HF.2001.008
https://dx.doi.org/10.1515/HF.2001.008
https://dx.doi.org/10.1021/acssuschemeng.9b04235
https://dx.doi.org/10.1021/acssuschemeng.9b04235
https://dx.doi.org/10.1021/acssuschemeng.9b04235
https://dx.doi.org/10.1021/jf4030486
https://dx.doi.org/10.1021/jf4030486
http://www.glbrc.org/databases_and_software/nmrdatabase/
http://www.glbrc.org/databases_and_software/nmrdatabase/
https://dx.doi.org/10.1186/s13068-018-1155-3
https://dx.doi.org/10.1186/s13068-018-1155-3
https://dx.doi.org/10.1186/s13068-018-1155-3
https://dx.doi.org/10.1186/s13068-018-1155-3
https://dx.doi.org/10.1007/s00425-008-0791-4
https://dx.doi.org/10.1007/s00425-008-0791-4
https://dx.doi.org/10.1021/jacs.5b11953
https://dx.doi.org/10.1021/jacs.5b11953
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c02376?ref=pdf

