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The recalcitrant nature of lignocellulose, in particular due to the presence of lignin, is found to decrease the efficiency of cellulases 

during the saccharification of biomass. The efficient and cost effective removal of lignin is currently a critical biotechnological challenge 

in order to improve the enzymatic digestibility of cellulose for bioethanol production. In this study the role and reactivity of laccase from 

Trametes versicolor (TvL) was assessed with and without mediators for the improved saccharification of acid-pretreated wheat straw. 

Lignin model compound studies using veratryl alcohol and β-O-4 dimers revealed that 1-hydroxybenzotrizole (1-HBT) was the most 10 

effective mediator. Combination of TvL and TvL+1-HBT treatments with an alkaline-peroxide extraction step increased the released 

glucose concentration following hydrolysis by up to 2.3g/L compared to an untreated control. Pyrolysis-gas chromatography-mass 

spectrometry (py-GC-MS) with tetramethylammonium hydroxide (TMAH) thermochemolysis analysis of the extracted lignin revealed 

structural changes that are consistent with lignin degradation mechanisms typical of fungi. 

 15 

Introduction 
 

Lignocellulosic substrates are attractive feedstocks for second 

generation biofuel production due to their high abundance and 

low cost. They are widely considered as waste or by-products 20 

from forestry and agricultural industries and unlike first 

generation biofuel feedstocks such as corn, they do not compete 

with food [1]. The removal of lignin from lignocellulosic 

substrates remains a critical issue in biomass processing for the 

production of bioethanol. The presence of residual lignin 25 

following conventional pretreatment methodologies is reported to 

negatively affect ethanol production via several mechanisms: 

 

1) Lignin can bind non-specifically to the cellulases employed 

for saccharification, resulting in the reduced catalytic activity 30 

of these enzymes due to the potential blocking of active sites 

and the prevention of cellulose binding [2-4]. 

2) Lignin that remains bound to cellulose following pretreatment 

causes a reduction in the surface area of the cellulose that is 

available for enzymatic hydrolysis [4]. 35 

3) Lignin derived products such as aromatic phenols, acids and 

aldehydes are often toxic to the yeasts that perform the 

ethanol fermentation. Small concentrations of these inhibitors 

have been found to destroy the integrity of the yeast 

membrane systems preventing growth and sugar assimilation 40 

[5-8]. 

 

The first two issues directly affect the efficiency of cellulose 

hydrolysis during biomass processing and contribute to the 

recalcitrance-related obstacles that currently make second 45 

generation bioethanol production a costly and energy intensive 

process. There is a need for effective pretreatment technologies 

that can remove or reduce this recalcitrance issue whilst still 

maintaining cost competitive fuel production. 

Biocatalytic approaches to lignin removal are currently being 50 

explored as greener alternatives to pre-existing chemical, thermal 

and physical pretreatment strategies. White-rot fungi from the 

basidiomycete phyla degrade all components in wood including 

lignin. Lignin degradation is carried out via the oxidative 

activities of a panel of ligninolytic enzymes from the fungal 55 

secretome. The majority of these enzymes are peroxidases such 

as lignin peroxidase (LiP EC 1.11.1.14) and manganese 

peroxidase (MnP EC 1.11.1.13), however laccases (EC 1.10.3.2; 

benzenediol: oxygen oxidoreductase) are also suggested to play a 

role in lignin degradation and are attractive enzymes industrially 60 

due to their catalytic dependence on molecular oxygen as 

opposed to hydrogen peroxide. This dependence results in the 

higher stability of most laccases compared to peroxidases which 

suffer from deactivation by hydrogen peroxide [9]. Laccases are 

phenol-oxidases that catalyse the one electron oxidation of 65 

phenolics, aromatic amines, di-amines and other electron rich 

substrates via the four-electron reduction of oxygen to water [9-

11]. Interestingly the substrate range of laccase can be expanded 

through the oxidation of lower molecular weight molecules 

known as mediators or enhancers. Oxidation of these mediators 70 

by laccase generates charged intermediates which are able to act 

as chemical oxidants, overcoming the steric and redox limitations 

that prohibit laccases from oxidising bulky and/or nonphenolic 

substrates [12-14]. 

Interest into the role of laccases on lignin degradation has 75 

developed due to reports of some white rot basidiomycetes that 

are found to degrade lignin or lignin model compounds in the 

absence or deficiency of LiP and/or MnP [15-18]. This 

observation suggests that degradation mechanisms by other 

enzymes such as laccase or aryl-alcohol oxidase (AAO) can 80 

predominate in lignin depolymerisation. However, a typical 

lignin polymer is 10-15% phenolic in composition, rendering up 

to 90% of the polymer unreactive to laccase. Fungi are assumed 

to use laccase for non-phenolic lignin degradation through self- 

generation of reactive phenoxy radicals which act as natural 85 

mediators. This is said to occur from the laccase catalysed 

oxidation of phenolic lignin components and or/existing lignin 

degradation products [18-20] or through the oxidation of their 

secreted phenolic metabolites [16]. 

 In this study we initially investigated the development of an 90 

effective laccase-mediator system (LMS) using laccase from 

Trametes versicolor (TvL) in the presence of both synthetic and 
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natural mediators. Selected systems were thereafter evaluated for 

their ability to improve the saccharification reaction of acid-

pretreated wheat straw by analysing the concentration of glucose 

released. The mechanism of laccase and laccase-mediated lignin 

modification and degradation was explored using a series of 5 

model lignin β-O-4 linked dimers and py-GC-MS with TMAH. 

 

Results and Discussion 

Redox mediator screening for lignin studies 

 10 

A panel of 30 phenolic compounds were selected for assessment 

of their suitability as natural redox mediators with Trametes 

versicolor laccase (TvL redox potential ~800mV [21]). A 

preliminary high throughput screening assay was developed 

based on the previous work of Camarero et al., [22] using the 15 

recalcitrant dye Reactive Black-5 (RB-5). The data revealed that 

under optimised mediator and dye concentrations most of the 30 

phenolic compounds screened were successful at decolourising 

RB-5 to varying degrees within 3h. Syringaldehyde, 

acetosyringone and 2,4,6-trimethylphenol were found to be the 20 

best mediators for decolourising RB-5 (see SI Table 1).  No 

decolourisation was observed in the absence of mediators. 

The best 13 phenolic compounds from the decolourisation of 

RB-5 were further screened against the lignin model compound  

veratryl alcohol 1 along with synthetic compounds 1-25 

hydroxybenzotriazole (1-HBT), 2,2’-azinobis(3-

ethylbenzthiazoline-6-sulphonic acid) ABTS, and violuric acid 

which are reported to be effective mediators for laccase catalysed 

oxidations [14, 23, 24]. In addition, several dyes/indicators were 

screened following reports of these compounds acting as laccase 30 

substrates and mediators [20, 22, 25]. 1 is a widely utilised 

monomeric lignin model compound for laccase mediator studies 

[12, 13, 24, 26-28]. Oxidation leads to the formation of a single 

product veratryl aldehyde 2, which is simple to detect by HPLC. 

Laccase is unable to oxidise 1 in the absence of a mediator 35 

making this a suitable candidate for assessing the non-phenolic 

oxidation ability of laccase mediators. Analysis of the oxidation 

of 1 over time showed that 1-HBT, violuric acid and ABTS were 

efficient redox mediators for this reaction, with conversions to 2 

reaching up to 99% after 24h under optimal conditions (Table 1). 40 

Of the dyes investigated, only phenol red (PR) and remazol 

brilliant blue (RBB) acted as potential mediator substrates for 

TvL, resulting in 50 & 52% conversion respectively. No 

oxidation of 1 was observed in the absence of mediators.  

In agreement with previous studies [19, 29], the natural 45 

phenolic mediators were not found to oxidise 1 to 2 in significant 

quantities which is in contrast to the results observed with RB-5. 

Presumably substrate 1 is less effective at reducing the 

intermediate phenoxy radicals produced by laccase compared 

with RB-5. This will explain the slower reaction rate observed 50 

with 1 which would promote undesired non-catalytic mechanisms 

leading to radical coupling and polymerisation, thus preventing 

the conversion of 1 to 2 [20, 30].  Under the assumption that 

lignin model compounds such as 1 can provide a reasonable 

indication of laccase reactivity towards natural lignin, then 55 

naturally occurring phenolic structures such as those investigated 

here would be expected to act poorly as mediators due to their 

instability in the catalytic cycle. The rapid decolourisation of RB-

5 suggests a role for these compounds in technologies linked with 

dye detoxification/decolourisation in the textile industry.  60 

 

 

Table 1: Oxidation of veratryl alcohol (1) by TvL in the presence of a redox 
mediator 

 

 
            1                                                                              2                        

 Mediator                                                         %  Conversion to 2
[a]

  

                                               A                     B                    C                   D 

 1-HBT                                   99                   94                   98                  92 
 ABTS                                    74                   61                   87                  88 
 Violuric acid                          31                   71                   24                  74 
 Phenol red                            50                   19                   17                  33 
 Remazol Brilliant Blue           21                    9                   22                  52 

Oxidation of 3mM 1 under four different enzyme-mediator conditions. A: 
1.6U/ml TvL, 3:1 lac-med ratio, B: 1.6U/ml TvL, 1:1, C: 0.4U/ml TvL, 3:1 D: 
0.4U/ml 1:1

[a]
% conversion was determined by LC-MS after 24h, optimal 

conversions are shown in bold. 

 

The effect of laccase and LMS on lignocellulosic 

saccharification 65 

 

In order to determine the effectiveness of the successful laccase 

mediator systems (LMS) investigated with 1 towards a 

lignocellulosic bioprocess, laccase and LMS treatments were 

carried out on wheat straw that had previously been treated with 70 

dilute sulphuric acid. Dilute acid hydrolysis is a commonly 

employed pretreatment method that effectively solubilises the 

hemicellulose component within lignocellulose. Removal of 

hemicellulose improves the digestibility of cellulose by 

increasing the porosity of the substrate [31]. Wheat straw slurries 75 

treated with different concentrations of TvL were initially 

analysed for free phenol content using the Folin-ciocalteu total 

phenol assay [32]. In accordance with a previous study [33], a 

decrease in soluble phenol content was observed in wheat straw 

slurries treated with TvL (see SI, Figure 2) supporting the role of 80 

laccase in the oxidation of phenolic structures within biomass and 

the removal of the reactive intermediate phenoxy radicals by 

polymerisation.. A cellulase preparation (Genencor GC-220) was 

added to the slurries following treatment with the different TvL 

concentrations to allow hydrolysis of the cellulose fraction. 85 

Following quantification of the released glucose it was revealed 

that no increase in glucose concentration was observed in the TvL 

treated slurries compared to the laccase free and denatured 

laccase negative controls. The reaction was further investigated 

with TvL and the addition of synthetic mediator 1-HBT. An 90 

increase in glucose release was not observed following hydrolysis 

despite the incorporation of wash steps to remove potential 

inhibitory compounds and both the enzyme and mediator. In fact, 

it appeared that laccase treated slurries were inhibiting the 

saccharification process (Figure 1 top graph).  95 

A recent study by Gutierrez et al., [34] reported an increase in 

polysaccharide hydrolysis for eucalypt wood and elephant grass 

treated with T. villosa laccase and 1-HBT after the incorporation 

of an alkaline-peroxide extraction (APE) step. This step was 

therefore applied to all wheat straw slurries following laccase 100 

treatments. Quantification of released glucose during hydrolysis 

following this additional step revealed that slurries pretreated 

with TvL and TvL+1-HBT now released higher concentrations of 

glucose following hydrolysis compared to the no laccase no 
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Figure 1. Concentration of glucose released from 0.6g (d.w) wheat straw 

hydrolysed by 2.9FPU GC220 for 48h following treatment with/without TvL 
and TvL+1-HBT. Top: No APE step after laccase treatment. Bottom: APE 5 

treatment performed after laccase treatment. Error bars represent standard 
error of three biological replicates. 
 
 

mediator negative control (NLNM) (Figure 1 bottom graph). 10 

This LMS can induce a positive effect on the saccharification 

process of wheat straw. The results in Figure 1 also demonstrate 

that use of an APE step leads to a decrease in released glucose 

concentration both in the presence and absence of laccase (Figure 

1). This can be explained by the additional biomass handling 15 

steps during three consecutive extractions and subsequent wash 

steps which results in biomass loss. In addition, the alkali 

oxidative environment can induce undesired cellulose cleavage 

reactions. The addition of magnesium sulphate has been reported 

to minimise peroxide induced cellulose degradation suggesting 20 

the opportunity to minimise these undesired reactions during 

process optimisation and development [35].  

Optimisation of laccase loading and mediator concentration 

revealed that 500U/g d.w WS (units TvL per gram dry weight of 

wheat straw) was optimal for increased saccharification (see SI, 25 

Figure 4) however due to commercial enzyme costs, subsequent 

experiments were carried out using 150U/g (d.w WS). Use of the 

redox mediator 1-HBT at 5% (w/w) with 150U/g TvL proved 

optimal and lead to an increase of 1.4g/L (13%) glucose after 64h 

hydrolysis compared to the mediator free control (Table 2).   30 

Based on the mediator screening data, some synthetic and 

natural mediators were applied to the optimised bioprocess to 

assess their suitability and reactivity on wheat straw lignin. 1- 

HBT was found to be the most effective mediator, increasing the 

concentration of released glucose following hydrolysis by 2.3g/L 35 

(35%) compared to the NLNM negative control (Table 3). This is 

in support of previous studies whereby 1-HBT was reported to be 

the most efficient mediator in the delignification and 

biobleaching of lignocellulose [14, 36-38]. Violuric acid also 

proved to be an effective mediator, increasing glucose 40 

concentration by 1.7g/L (26%). 1-HBT and violuric acid belong                      

Table 2: Investigating the optimum concentration of 1-
hydroxybenzotriazole (1-HBT) with TvL to improve wheat straw 
saccharification 

Biomass treatment
a
                    Glucose concentration g/L

d
 

150U/g
b 
 TvL                                                         10.8 (0.13) 

150U/g
b  

TvL + 2.5%
b
 1-HBT

c
                               11.0 (0.23) 

150U/g
b  

TvL + 5%
b
 1-HBT

c
                                  12.2 (0.37) 

150U/g
b  

TvL + 7.5%
b
 1-HBT

c
                               11.2 (0.80) 

a
 0.5g d.w wheat straw incubation for 40h, 28°C, 200rpm  

b 
enzyme units 

per g dry weight wheat straw biomass 
c
 % (g/g) mediator per dry weight 

wheat straw biomass  
d
 glucose concentration determined by HPLC-RID 

following 64h hydrolysis with 2.9 FPU GC220. Parentheses represent 
standard error of three biological replicates. Bold indicates most 
successful treatment. 

 
Table 3: Screening of synthetic and natural mediators with TvL for the 
improvement of wheat straw lignocellulosic saccharification 

            Biomass treatment
a 
                   Glucose concentration g/L

d 

NLNM                                                                      6.6 (0.03) 
150U/g TvL                                                              7.8 (0.19) 
150U/g TvL 1-HBT

b
                                                 8.9 (0.20) 

150U/g TvL ABTS
b
                                                  7.7 (0.22) 

150U/g TvL violuric acid
b
                                         8.3 (0.10) 

150U/g TvL syringaldehyde
c
                                    7.7 (0.08) 

150U/g TvL acetosyringone
c 
                                   7.5 (0.25) 

a
 0.5g d.w wheat straw incubation for 40h, 28°C, 200rpm 

b 
mediator 

concentration of 1-HBT was 5% (g/g) d.w biomass, molar concentration of 
ABTS and violuric matched to molar concentration of 1-HBT 

c
 mediator 

concentration 7mM 
d
 glucose concentration determined by HPLC-RID 

following 42h hydrolysis with 2.9 FPU GC220. Parentheses represent 
standard error of three replicates. Bold indicates most successful 
treatment. 

 

 

the hydroxylamine laccase mediator class and share the N-OH 45 

structural feature. Previous studies have revealed that these 

mediators undergo laccase catalysed oxidation to produce 

aminoxyl radicals following deprotonation as outlined with 1-

HBT in Scheme 1. Oxidation reactions promototed by these 

aminoxyl radicals are reported to follow a hydrogen-atom transfer 50 

(HAT) mechanism by abstraction of the benzylic hydrogen of the 

reduced substrate [28, 39]. 

 

 

 55 

 
Scheme 1. The oxidation of 1-hydroxybenzotriazole (1-HBT) by laccase to 
produce the corresponding nitroxy radical 

 

 60 

The use of potential TvL mediators acetosyringone and 

syringaldehyde did not improve saccharification when compared 

to the mediator free control. This result was expected following 

the previous unsuccessful oxidation of model compound 1 by 

both LMS. Surprisingly, the reaction of TvL with the synthetic 65 

mediator ABTS did not improve saccharification despite the 

excellent conversion of 1 to 2 using this LMS (Table 1). A 

similar result was also observed by Chen [37], who reported little 

differences between the measured water soluble carbohydrate 

concentration released from hydrolysed ensiled corn stover after 70 

TvL and ABTS treatment. Similarly, the application of PR and 

RBB as mediators failed to result in an increased glucose 

concentration compared with the mediator free control (see SI, 

Figure 6). These observations suggest that the ability of a LMS to 

successfully oxidise the monomeric guaiacyl (G-type) lignin 75 

model compound 1, does not necessarily correlate with an ability  

 

0 

5 

10 

15 

20 

25 

30 

NLNM 50U/gTvL 50U/g TvL + 1-HBT 

[G
lu

co
se

 g
/L

] 

0 

5 

10 

15 

20 

NLNM 50U/g TvL 50U/g TvL + 1-HBT 

[G
lu

co
se

 g
/L

] 

Page 3 of 8 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  4 

 
Scheme 2: Reactions of lignin model β-O-4 dimers 3, 4,and 5 

a 
Product 6 characterised by MS and NMR following purification 

b
 Product 7 characterised by MS 

and by comparison with an authentic standard 
c
 Degradation products were identified by LC-MS and comparison with degradation products reported in the 

literature [40]. 

 5 

 
of the LMS to react with lignin to improve cellulose hydrolysis. 

Monomeric substrates such as 1 are likely to represent poor lignin 

model compounds due to the absence of β-linked structures that 

are predominant in natural lignin. Furthermore, the structural 10 

complexity of lignin regarding the heterogeneously linked G-

type, S-type (syringly) and H-type (p-hydroxylphenyl) sub-

structures highlights the challenges associated with drawing 

meaningful conclusions from model studies.   

Interestingly, the incubation of wheat straw with TvL in the 15 

absence of mediator consistently improved saccharification.  This 

increase in glucose release following laccase treatment alone has 

been previously reported [4, 34, 36]. It has been speculated that 

the binding of laccase to lignin sites within biomass competes 

with, and reduces the non-specific binding of cellulases therefore 20 

improving saccharification. Furthermore, electron spectroscopy 

for chemical analysis (ECSA) has been used to probe surface 

modifications of spruce lignin following treatment with Trametes 

hirsuta laccase [36]. The study revealed an increase in carboxylic 

acid residues following laccase treatment and suggests that this 25 

modification to lignin may decrease the non-specific adsorption 

of negatively charged cellulases due to electrostatic repulsion. 

Conversely, the treatment of lignin with laccase has been reported 

to increase undesired cellulase binding thus inhibiting 

saccharification [4]. Although the mechanism of this has not been 30 

described, this effect may explain the decrease in saccharification 

following TvL and TvL + 1-HBT treatment without APE 

reported in this study.  Jurado et al., and Tabka et al., [33, 41] 

reported the same inhibitory effect with steam exploded wheat 

straw and two different fungal laccases, however they did not 35 

investigate the use of APE. 

The results obtained in this study consistently revealed an 

improvement of saccharification following the incubation of 

wheat straw with TvL and a successful LMS followed by APE, 

demonstrating the reproducibility of this effect even when 40 

different batches of washed substrate were used. To further 

investigate reproducibility, the optimised bioprocess with TvL, 1-

HBT and APE was repeated with two other agricultural residues, 

corn and sorghum stover. The same trends regarding the increase 

in glucose release was observed with both substrates (see SI 45 

Figure 7) demonstrating the success of the laccase and 1-HBT 

treatments with alternative substrates.  

 
 

Investigating the reaction of TvL and TvL + 1HBT with 50 

lignin model β-O-4 linked dimers 

 

β-O-4 linked dimers (3-5) were used in an attempt to gain an 

understanding of potential structural changes occurring within 

lignin as a result of laccase/LMS treatment. Dimers 3 and 4 were  55 

commercially available whilst dimer 5 was synthesised by a 

modified method of Kawai et al., [40, 42] (see SI section 1.9). 

Such structures have been used extensively to study lignin 

degradation mechanisms due to the predominance of this β-O-4 

linkage within lignin [42-46]. 60 

All 3 dimers were incubated with TvL both with and without 

1-HBT. Immediate sampling of the reaction of the phenolic dimer  

3 with TvL in the absence of 1-HBT and subsequent analysis by 

LC-MS revealed a product peak m/z 661, consistent with 

oxidative dimerisation of 3. After 24h, complete consumption of 65 

starting material 3 and initially formed dimerisation product was 

observed (see SI, Figure 8), presumably as a result of further 

polymerisation as anticipated with oxidised phenolic substrates. 

As expected, the reactions of non-phenolic dimers 4 and 5 with 

TvL in the absence of 1-HBT failed to result in the formation of 70 

oxidation products, with only starting material observed by LC-

MS. Consistent with previous studies [13, 47], oxidation of dimer 

4 with TvL in the presence of 1-HBT led to the formation of the 

uncleaved ketone product 6 as the sole oxidation product, 

providing evidence for a Cα oxidation mechanism (Scheme 1). 75 

The analogous Cα oxidation product was also observed when  
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Scheme 3. The proposed pathway for the degradation of a phenacylaryl 
ether (involving cleavage of the Cα-Cβ) by alkaline-peroxide treatment as 
investigated by Gierer et al., [50] 5 

 

 
dimer 5 (threo: erythro 5:2) was reacted with TvL + 1-HBT, 

however, in this instance a complex mixture of degradation 

products were also observed by LC-MS that were not present in 10 

the TvL and substrate only negative controls. Presumably these 

degradation products are derived from oxidation of the more 

electron rich aromatic ring in dimer 5 which bears an additional 

methoxy substituent. Comparison of the m/z values with the suite 

of oxidation products characterised by  Kawai et al., [44] from 15 

the same dimer allowed identification of degradation products 8-

12 (m/z 265, 293, 263, 247 and 291) (Scheme 2, refer to SI 

figures 8-11 for all LC-MS traces and product characterisation). 

The production of Cα oxidation products 6 and 7 from the non-

phenolic dimers 4 and 5 may provide a plausible explanation   for 20 

the role of APE in the improvement of saccharification following 

LMS treatment. During APE, the hydroperoxide anions produced 

are reported to react with the carbonyl structures within lignin 

resulting in C-C bond cleavage [48, 49]. The mechanism of 

degradation of phenyacylaryl ethers (e.g. structure 6) hydrogen 25 

peroxide in alkaline media has been studied previously and is 

outlined in Scheme 3 [50]. An increased presence of carbonyl 

structures in lignin following treatment with TvL + 1-HBT may 

correlate with increased lignin removal by C-C bond cleavage 

following APE. These studies conducted with non-phenolic 30 

dimers 4 and 5 may provide important mechanistic insights into 

the role of LMS towards lignin degradation.  

 

 
 35 

Pyrolysis GC-MS with TMAH 

 

Thermally-assisted hydrolysis and methylation using 

tetramethylammonium hydroxide (TMAH) thermochemolysis 

followed by gas chromatography-mass spectrometry (GC-MS) 40 

has rapidly developed as a tool for characterising the relative 

proportions of lignin monomers in plant material [51]. Pyrolysis 

of lignin with TMAH is reported to induce cleavage of propyl-

aryl-ether bonds (β-O-4) and the methylation of both aromatic 

and alkyl side chain hydroxyl groups [52]. This technique has 45 

been used by researchers studying the degradation of lignin in the 

natural environment or by pure cultures of fungi [53-55] however 

in this study it is explored for the determination of the action of 

laccase and LMS on the lignin structure. The technique was used 

to investigate and compare the composition of organosolv 50 

extracted wheat straw lignin following pretreatment with TvL, 

TvL + 1-HBT and no enzyme and no mediator (NLNM). 

  
Figure 2: Partial chromatograms of the total ion current (TIC) for the TMAH 55 

thermochemolysis products  methyl, 3, 4, 5-trimethoxybenzoate (S6) (top), 
and methyl, 3,4-dimethoxybenzoate (G6) and 3,4,5-trimethoxybenzaldehyde 
(S4) (bottom) for both laccase and laccase mediator treated wheat straw 
lignins and the untreated control. 

 60 

 

A collection of guaiacyl (G) and syringyl (S) 

thermochemolysis products were liberated from the lignin 

samples. Peaks were identified by library searches and by the 

comparison of peak positions and characteristic mass ions from 65 

published data [53] (See SI Table 2). A peak of high abundance 

derived from the p-hydroxylphenyl (H) monolignol was also 

observed. Wheat straw lignin is reported to contain all 3 mono-

lignols (G, S and H) with a predominance of G and S-type lignins 

(H-type <10%) [56, 57] and S/G ratios around 1.2-1.4 [53, 58]. A 70 

partial chromatogram displaying the identified TMAH 

thermchemolysis products of organosolv extracted wheat straw 

lignin without enzymatic pretreatment is provided in the SI 

(Figure 12).  
The most significant observation from the total ion currents 75 

(TIC) was the differences observed in the peak intensities of 

methyl 3,4,5-trimethoxybenzoate (S6) and methyl 3,4-

dimethoxybenzoate (G6) between the laccase treated samples and 

the untreated control (Figure 2). Oxidative lignin degradation 

mediated by white rot fungi such as T. versicolor is reported to  80 

occur via Cα-Cβ side chain cleavage at the Cα position. This 

oxidative cleavage leads to the production of aromatic aldehydes 

such as 3,4,-dimethoxybenzaldehyde (G4) and 3,4,5- 

trimethoxybenzaldehyde (S4) from alcohol groups which are 

reported to undergo further oxidation to their carboxylic acids 85 

(such as G6 and S6) [53, 59, 60]. Researchers examining the ratio 

between the G and S unit acids (G6 and S6) and the aldehydes 

(G4 and S4) by calculating [Ac/Ald]G and [Ac/Ald]S have found  
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Table 4. [Ac/Al] ratios of both G and S units from organosolv extracted 
wheat straw treated with/without TvL/TvL+1-HBT 

Treatment
a 

[Ac/Al]G [Ac/Al]S 

Exp 1 NLNM 
150U/g TvL 
150U/g TvL+1-HBT

b 

0.79 
1.22 
1.55 

3.44 
4.91 
5.69 

Exp 2 NLNM 
150U/g TvL 
150U/g TvL+1-HBT 

0.76 
1.67 
1.82 

3.96 
5.21 
6.97 

Exp 3 NLNM 
150U/g TvL 
150U/g TvL+1-HBT 

1.13 
1.67 
1.82 

4.80 
5.36 
7.62 

  Average increase  
in [Ac/Al]G 

Average increase in 
[Ac/Al]S 

 NLNM to TvL 0.63 (0.15) 1.09 (0.27) 
 NLNM to TvL + 1-HBT 0.84 (0.11) 2.69 (0.23) 
 TvL to TvL + 1-HBT 0.21 (0.06) 1.6 (0.43) 
a 

Incubation of wheat straw for 40h, at 28°C and 200rpm 
b 

5% (g/g) d.w 
biomass. Parenthesis represent standard error of three biological 
replicates. Bold represents highest ratio. 

  

 

increased ratios in fungal-degraded lignin compared to native 

lignin [53, 55]. The same ratio increase was found when fungal-

degraded lignin was analysed via alternative methods such as 5 

solid state 13C-NMR, alkaline CuO and nitrobenzene oxidation 

[60-62]. Calculation of these ratios revealed an increase in the 

[Ac/Ald]G ratio from 0.79 (NLNM) to 1.22 (TvL) and a 

furtherincrease to 1.55 (TvL+1-HBT). A similar trend was 

observed for [Ac/Ald]S whereby the ratio increased from 3.44 10 

(NLNM) to 4.91 (TvL) and 5.69 (TvL+1-HBT) (Table 4).  The 

trend was reproducible across three separate experiments set up 

using wheat straw from different washed batches. The increase in 

both ratios following preincubation with TvL and TvL + 1-HBT 

is consistent with the reported Cα-Cβ oxidative cleavage 15 

mechanism of lignin by fungal enzymes [53, 59].  

 

 

Conclusions 
 20 

The saccharification of acid-pretreated wheat straw was 

successfully improved by the development of a bioprocess 

incorporating an alkaline-peroxide extraction step following the 

incubation with laccase and a laccase-mediator system. Mediator 

screening studies using the lignin model compound veratryl 25 

alcohol revealed that a correlation between the activity towards 

the substrate and real lignin could not be established for all 

mediators. 1-HBT was proven to be the most successful mediator 

for the bioprocess. Studies using non-phenolic β-O-4 dimers with 

the LMS provided evidence for a Cα oxidation mechanism and 30 

possible β-O-4 cleavage. We suggest that the increased formation 

of the Cα oxidised groups within lignin following LMS treatment 

positively assists with lignin removal by alkaline peroxide 

extractions. Extracted lignin from laccase and LMS treated wheat 

straw was found to contain a higher proportional of syringyl and 35 

guaiacyl acid monomers by py-GC-MS with TMAH 

thermochemolysis when compared to the aldehyde counterpart. 

This observation is consistent with reported fungal-mediated 

lignin degradation mechanisms providing further evidence for the 

role of laccase and a laccase mediator system in lignin 40 

degradation.  

 

Notes and References 
 
 a School of Chemistry , University of Manchester, Manchester Institute of 45 

Biotechnology (MIB),  131 Princess street, M17DN,  UK. Fax: +44(0)161 

275 1311; Tel: +44(0)161 306 5173; E-mail: 

Nicholas.Turner@manchester.ac.uk 

b Shell International Exploration and Production, Westhollow Technology 

Centre, 333 Highway 6 South, Houston, TX, USA Tel: +128 1928 3254  50 

c School of Earth, Atmospheric & Environmental Sciences and Williamson 

Research Centre for Molecular Environmental Science, The University of 

Manchester, Williamson Building, Oxford Rd, Manchester, M139PL, UK  

† Electronic Supplementary Information (ESI) available: See ESI for 

supporting experimental results and all full experimental procedures. See 55 

DOI: 10.1039/b000000x/ 

 

1.  Sanchez, C. (2009) Lignocellulosic residues: Biodegradation and 

bioconversion by fungi, Biotechnology Advances. 27, 185-194. 

2.  Mansfield, S. D., Mooney, C. & Saddler, J. N. (1999) Substrate and 60 

enzyme characteristics that limit cellulose hydrolysis, Biotechnology 

Progress. 15, 804-816. 

3.  Eriksson, T., Borjesson, J. & Tjerneld, F. (2002) Mechanism of 

surfactant effect in enzymatic hydrolysis of lignocellulose, Enzyme and 

Microbial Technology. 31, 353-364. 65 

4.  Moilanen, U., Kellock, M., Galkin, S. & Viikari, L. (2011) The 

laccase-catalyzed modification of lignin for enzymatic hydrolysis, 

Enzyme and Microbial Technology. 49, 492-498. 

5.  Palmqvist, E., Almeida, J. S. & Hahn-Hagerdal, B. (1999) Influence of 

furfural on anaerobic glycolytic kinetics of Saccharomyces cerevisiae in 70 

batch culture, Biotechnology and Bioengineering. 62, 447-454. 

6.  Palmqvist, E. & Hahn-Hagerdal, B. (2000) Fermentation of 

lignocellulosic hydrolysates. II: inhibitors and mechanisms of inhibition, 

Bioresource Technology. 74, 25-33. 

7.  Himmel, M. E., Ding, S.-Y., Johnson, D. K., Adney, W. S., Nimlos, 75 

M. R., Brady, J. W. & Foust, T. D. (2007) Biomass recalcitrance: 

Engineering plants and enzymes for biofuels production, Science. 315, 

804-807. 

8.  Jonsson, L. J., Alriksson, B. & Nilvebrant, N.-O. (2013) 

Bioconversion of lignocellulose: inhibitors and detoxification, 80 

Biotechnology for Biofuels. 6. 

9.  Kunamneni, A., Camarero, S., Garcia-Burgos, C., Plou, F. J., 

Ballesteros, A. & Alcalde, M. (2008) Engineering and Applications of 

fungal laccases for organic synthesis, Microbial Cell Factories. 7. 

10.  Solomon, E. I., Sundaram, U. M. & Machonkin, T. E. (1996) 85 

Multicopper oxidases and oxygenases, Chemical Reviews. 96, 2563-2605. 

11.  Bento, I., Silva, C. S., Chen, Z. J., Martins, L. O., Lindley, P. F. & 

Soares, C. M. (2010) Mechanisms underlying dioxygen reduction in 

laccases. Structural and modelling studies focusing on proton transfer, 

Bmc Structural Biology. 10. 90 

12.  Diaz Gonzalez, M., Vidal, T. & Tzanov, T. (2009) Electrochemical 

Study of Phenolic Compounds as Enhancers in Laccase-Catalyzed 

Oxidative Reactions, Electroanalysis. 21, 2249-2257. 

13.  Bourbonnais, R. & Paice, M. G. (1990) Oxidation of nonphenolic 

substrates - An expanded role for laccase in lignin biodegradation,  Febs 95 

Letters. 267, 99-102. 

14.  Morozova, O. V., Shumakovich, G. P., Shleev, S. V. & Yaropolov, 

Y. I. (2007) Laccase-mediator systems and their applications: A review, 

Applied Biochemistry and Microbiology. 43, 523-535. 

15.  Srebotnik, E., Jensen, K. A. & Hammel, K. E. (1994) Fungal 100 

degradation of recalcitrant nonphenolic lignin structures without lignin 

peroxidase, Proceedings of the National Academy of Sciences of the 

United States of America. 91, 12794-12797. 

16.  Eggert, C., Temp, U., Dean, J. F. D. & Eriksson, K. E. L. (1996) A 

fungal metabolite mediates degradation of non-phenolic lignin structures 105 

and synthetic lignin by laccase, Febs Letters. 391, 144-148. 

Page 6 of 8Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  7 

17.  Mansur, M., Arias, M. E., Flardh, M., Gonzalez, A. E. & Copa-

Patino, J. L. (2003) The white-rot fungus Pleurotus ostreatus secretes 

laccase isozymes with different substrate specificities, Mycologia. 95, 

1013-1020. 

18.  Geng, X. & Li, K. (2002) Degradation of non-phenolic lignin by the 5 

white-rot fungus Pycnoporus cinnabarinus, Applied Microbiology and 

Biotechnology. 60, 342-346. 

19.  Diaz-Gonzalez, M., Vidal, T. & Tzanov, T. (2011) Phenolic 

compounds as enhancers in enzymatic and electrochemical oxidation of 

veratryl alcohol and lignins, Applied Microbiology and Biotechnology. 10 

89, 1693-1700. 

20.  d'Acunzo, F. & Galli, C. (2003) First evidence of catalytic mediation 

by phenolic compounds in the laccase-induced oxidation of lignin 

models, European Journal of Biochemistry. 270, 3634-3640. 

21.  Piontek, K., Antorini, M. & Choinowski, T. (2002) Crystal structure 15 

of a laccase from the fungus Trametes versicolor at 1.90-angstrom 

resolution containing a full complement of coppers, Journal of Biological 

Chemistry. 277, 37663-37669. 

22.  Camarero, S., Ibarra, D., Martinez, M. J. & Martinez, A. T. (2005) 

Lignin-derived compounds as efficient laccase mediators for 20 

decolorization of different types of recalcitrant dyes, Applied and 

Environmental Microbiology. 71, 1775-1784. 

23.  Galli, C. & Gentili, P. (2004) Chemical messengers: mediated 

oxidations with the enzyme laccase, Journal of Physical Organic 

Chemistry. 17, 973-977. 25 

24.  Bourbonnais, R., Leech, D. & Paice, M. G. (1998) Electrochemical 

analysis of the interactions of laccase mediators with lignin model 

compounds, Biochimica Et Biophysica Acta-General Subjects. 1379, 381-

390. 

25.  Kandelbauer, A., Maute, O., Kessler, R. W., Erlacher, A. & Gubitz, 30 

G. M. (2004) Study of dye decolorization in an immobilized laccase 

enzyme-reactor using online spectroscopy, Biotechnology and 

Bioengineering. 87, 552-563. 

26.  Branchi, B., Galli, C. & Gentili, P. (2005) Kinetics of oxidation of 

benzyl alcohols by the dication and radical cation of ABTS. Comparison 35 

with laccase-ABTS oxidations: an apparent paradox, Organic & 

Biomolecular Chemistry. 3, 2604-2614. 

27.  Arzola, K. G., Arevalo, M. C. & Falcon, M. A. (2009) Catalytic 

efficiency of natural and synthetic compounds used as laccase-mediators 

in oxidising veratryl alcohol and a kraft lignin, estimated by 40 

electrochemical analysis, Electrochimica Acta. 54, 2621-2629. 

28.  Baiocco, P., Barreca, A. M., Fabbrini, M., Galli, C. & Gentili, P. 

(2003) Promoting laccase activity towards non-phenolic substrates: a 

mechanistic investigation with some laccase-mediator systems, Organic 

& Biomolecular Chemistry. 1, 191-197. 45 

29.  Larson, T. M., Anderson, A. M. & Rich, J. O. (2013) Combinatorial 

evaluation of laccase-mediator system in the oxidation of veratryl alcohol, 

Biotechnology Letters. 35, 225-231. 

30.  Polak, J. & Jarosz-Wilkolazka, A. (2012) Fungal laccases as green 

catalysts for dye synthesis, Process Biochemistry. 47, 1295-1307. 50 

31.  Chen, Y., Sharma-Shivappa, R. R., Keshwani, D. & Chen, C. (2007) 

Potential of agricultural residues and hay for bioethanol production, 

Applied Biochemistry and Biotechnology. 142, 276-290. 

32.  Singleton, V. L. (1985) Colorimetry of total phenolics with 

phosphomolybdic-phosphotungstic acid reagents, Current 55 

Contents/Agriculture Biology & Environmental Sciences, 18-18. 

33.  Jurado, M., Prieto, A., Martinez-Alcala, A., Martinez, A. T. & 

Martinez, M. J. (2009) Laccase detoxification of steam-exploded wheat 

straw for second generation bioethanol, Bioresource Technology. 100, 

6378-6384. 60 

34.  Gutierrez, A., Rencoret, J., Cadena, E. M., Rico, A., Barth, D., del 

Rio, J. C. & Martinez, A. T. (2012) Demonstration of laccase-based 

removal of lignin from wood and non-wood plant feedstocks, Bioresource 

Technology. 119, 114-122. 

35.  Gavriliu, M., Irving, J. & Chappel, D. (2000). Introduction of MgSO4 65 

in peroxide-reinforced oxidative extraction. Paper presented at the 

Pulping/process and product quality conference, Fort James, Camas. 

36.  Palonen, H. & Viikari, L. (2004) Role of oxidative enzymatic 

treatments on enzymatic hydrolysis of softwood, Biotechnology and 

Bioengineering. 86, 550-557. 70 

37.  Chen, Q., Marshall, M. N., Geib, S. M., Tien, M. & Richard, T. L. 

(2012) Effects of laccase on lignin depolymerization and enzymatic 

hydrolysis of ensiled corn stover, Bioresource Technology. 117, 186-192. 

38.  Camarero, S., Garcia, O., Vidal, T., Colom, J., del Rio, J. C., 

Gutierrez, A., Gras, J. M., Monje, R., Martinez, M. J. & Martinez, A. T. 75 

(2004) Efficient bleaching of non-wood high-quality paper pulp using 

laccase-mediator system, Enzyme and Microbial Technology. 35, 113-

120. 

39.  Fabbrini, M., Galli, C. & Gentili, P. (2002) Comparing the catalytic 

efficiency of some mediators of laccase, Journal of Molecular Catalysis 80 

B-Enzymatic. 16, 231-240. 

40.  Kawai, S., Asukai, M., Ohya, N., Okita, K., Ito, T. & Ohashi, H. 

(1999) Degradation of a non-phenolic beta-O-4 substructure and of 

polymeric lignin model compounds by laccase of Coriolus versicolor in 

the presence of 1-hydroxybenzotriazole, Fems Microbiology Letters. 170, 85 

51-57. 

41.  Tabka, M. G., Herpoel-Gimbert, I., Monod, F., Asther, M. & 

Sigoillot, J. C. (2006) Enzymatic saccharification of wheat straw for 

bioethanol production by a combined cellulase xylanase and feruloyl 

esterase treatment, Enzyme and Microbial Technology. 39, 897-902. 90 

42.  Kawai, S., Umezawa, T. & Higuchi, T. (1985) Metabolism of a non-

phenolic beta-O-4 lignin substructure model compound by Coriolus 

versicolor, Agricultural and Biological Chemistry. 49, 2325-2330. 

43.  Srebotnik, E. & Hammel, K. E. (2000) Degradation of nonphenolic 

lignin by the laccase/1-hydroxybenzotriazole system, Journal of 95 

Biotechnology. 81, 179-188. 

44.  Kawai, S., Nakagawa, M. & Ohashi, H. (1999) Aromatic ring 

cleavage of a non-phenolic beta-O-4 lignin model dimer by laccase of 

Trametes versicolor in the presence of 1-hydroxybenzotriazole, Febs 

Letters. 446, 355-358. 100 

45.  Kawai, S., Nakagawa, M. & Ohashi, H. (2002) Degradation 

mechanisms of a nonphenolic beta-O-4 lignin model dimer by Trametes 

versicolor laccase in the presence of 1-hydroxybenzotriazole, Enzyme and 

Microbial Technology. 30, 482-489. 

46.  Kinne, M., Poraj-Kobielska, M., Ullrich, R., Nousiainen, P., Sipila, 105 

J., Scheibner, K., Hammel, K. E. & Hofrichter, M. (2011) Oxidative 

cleavage of non-phenolic beta-O-4 lignin model dimers by an 

extracellular aromatic peroxygenase, Holzforschung. 65, 673-679. 

47.  Li, K. C., Xu, F. & Eriksson, K. E. L. (1999) Comparison of fungal 

laccases and redox mediators in oxidation of a nonphenolic lignin model 110 

compound, Applied and Environmental Microbiology. 65, 2654-2660. 

Page 7 of 8 Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

48.  T.M, R., A.J, R. & T.J, M. (1998) Lignin structural changes by 

oxidation alkaline extraction in Pulping Conference  pp. 1541-1549, 

TAPPI press, Montreal, Quebec, Canada. 

49.  C.W, D. & eds, R. D. W. (1996) Chemistry of Chemical Pulp 

Bleaching in Pulp Bleaching-Prinicples & Practises  pp. 125-160, TAPPI 5 

press, Atlanta, GA. 

50.  Gierer, J., Imsgard, F. & Noren, I. (1977) Studies on degradation of 

phenolic lignin units of beta-aryl ether type with oxygen in alkaline 

media, Acta Chemica Scandinavica Series B-Organic Chemistry and 

Biochemistry. 31, 561-572. 10 

51.  Clifford, D. J., Carson, D. M., McKinney, D. E., Bortiatynski, J. M. 

& Hatcher, P. G. (1995) A new rapid technique for the characterization of 

lignin in vascular plants - Thermochemolysis with tetramethylammonium 

hydroxide (TMAH), Organic Geochemistry. 23, 169-175. 

52.  Challinor, J. M. (1995) Characterization of wood by pyrolysis 15 

derivatization gas-chromatography mass-spectrometery, Journal of 

Analytical and Applied Pyrolysis. 35, 93-107. 

53.  Vane, C. H., Abbott, G. D. & Head, I. M. (2001) The effect of fungal 

decay (Agaricus bisporus) on wheat straw lignin using pyrolysis-GC-MS 

in the presence of tetramethylammonium hydroxide (TMAH), Journal of 20 

Analytical and Applied Pyrolysis. 60, 69-78. 

54.  Robertson, S. A., Mason, S. L., Hack, E. & Abbott, G. D. (2008) A 

comparison of lignin oxidation, enzymatic activity and fungal growth 

during white-rot decay of wheat straw, Organic Geochemistry. 39, 945-

951. 25 

55.  Kabuyah, R. N. T. M., van Dongen, B. E., Bewsher, A. D. & 

Robinson, C. H. (2012) Decomposition of lignin in wheat straw in a sand-

dune grassland, Soil Biology & Biochemistry. 45, 128-131. 

56.  Buranov, A. U. & Mazza, G. (2008) Lignin in straw of herbaceous 

crops, Industrial Crops and Products. 28, 237-259. 30 

57.  Zeng, J., Helms, G. L., Gao, X. & Chen, S. (2013) Quantification of 

Wheat Straw Lignin Structure by Comprehensive NMR Analysis, Journal 

of Agricultural and Food Chemistry. 61, 10848-10857. 

58.  Camarero, S., Galletti, G. C. & Martinez, A. T. (1994) Preferential 

degradation of phenolic lignin units by 2 white-rot fungi, Applied and 35 

Environmental Microbiology. 60, 4509-4516. 

59.  Tien, M. & Kirk, T. K. (1983) Lignin-degrading enzyme from the 

hymenomycete Phanerochaete chrysosprorium burds, Science. 221, 661-

662. 

60.  Robert, D. & Chen, C. L. (1989) Biodegradation of lignin in spruce 40 

wood by Phanerochaete chrysosporium - Quantitative analysis of 

biodegraded spruce lignins by C-13 NMR spectroscopy, Holzforschung. 

43, 323-332. 

61.  Filley, T. R., Minard, R. D. & Hatcher, P. G. (1999) 

Tetramethylammonium hydroxide (TMAH) thermochemolysis: proposed 45 

mechanisms based upon the application of C-13-labeled TMAH to a 

synthetic model lignin dimer, Organic Geochemistry. 30, 607-621. 

62.  Goni, M. A., Nelson, B., Blanchette, R. A. & Hedges, J. I. (1993) 

Fungal degradation of wood lignins - Geochemical perspectives from 

CuO-derived phenolic dimers and monomers, Geochimica Et 50 

Cosmochimica Acta. 57, 3985-4002. 

 

 

Page 8 of 8Catalysis Science & Technology

C
at

al
ys

is
S

ci
en

ce
&

Te
ch

no
lo

gy
A

cc
ep

te
d

M
an

us
cr

ip
t


