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Abstract

The utility of simple syringyl-type phenolics of plant origin
and some common synthetic compounds were com-
pared with regard to their ability to act as laccase medi-
ators in the oxidation of non-phenolic lignin model
compounds. It was demonstrated that syringyl-type phe-
nols, especially acetosyringone and methyl syringate,
were able to mediate the oxidation of substrates of high
oxidation potential by a laccase with a low redox poten-
tial. A mediator dose around 10% showed good perform-
ance compared to the equimolar quantities needed when
the synthetic compounds 1-hydroxybenzotriazole or N-
hydroxyacetanilide were used.
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Introduction

One of the most important challenges in modern indus-
trial biotechnology is the eco-efficient and sustainable
conversion of plant biomass into value added products
and to substitute fossil fuels as a primary source for
energy and chemicals. In such processes, the conversion
of renewable organic materials often includes oxidation
steps, either to degrade the material or to bring new
reactive sites on it. These reactions are usually performed
in the presence of inorganic chemical oxidants, but they
can also be carried out enzymatically (Burton 2003). The
enzymatic modification of lignocellulose could be based
on the natural process of lignin degradation (a key step
for carbon recycling in forest ecosystems) that has been
defined as an ‘enzymatic combustion’ where fungal oxid-
oreductases play a central role (Kirk and Farrell 1987;
Martinez et al. 2005). Until today, most oxidative enzy-

matic applications have focused on fungal laccases (EC
1.10.3.2), which can be produced at industrial scale.

Laccases are multicopper oxidases widely distributed
in fungal and plant species, and they are involved in both
lignin biosynthesis and biodegradation (Mayer and Stap-
les 2002). Contrary to enzymes in general, laccases are
quite unspecific with a wide substrate-specificity includ-
ing substituted phenols, polyphenols, aromatic amines
and thiols and even inorganic salts, and are able to con-
vert substrates to their corresponding radicals with con-
comitant reduction of oxygen to water (Xu 1996). The
active research on laccases spanning over decades has
revealed that these enzymes require chemical sub-
stances with low molecular weight, the so-called medi-
ators (Morozova et al. 2007). In combination with
mediators, the substrate spectrum is large including even
non-phenolic aromatic species and the recalcitrant lignin
polymer with its predominantly non-phenolic substruc-
tures. In the absence of mediators, the access of laccase
to lignin is hampered because it is embedded in the
compact structure of the cell wall (d’Acunzo et al. 2006).

Most of the studied mediators are synthetic com-
pounds based on nitrogen heterocyclics. Usually, these
compounds are required in high amounts (Cantarella et
al. 2003b) to enhance the catalytic effect, as shown for
1-hydroxybenzotriazole (HBT) due to the instability of the
mediating radical (Bourbonnais et al. 1998). Accordingly,
the process costs are high. In addition, many of the syn-
thetic compounds are potentially problematic in environ-
mental aspects (Xu 2005).

Recently, it has been found that some compounds
derived from syringyl-type plant phenolics are good sub-
strates for laccases, and they seem to be able to effec-
tively mediate electron transfer between the oxidized
laccase and target substrates (Cho et al. 2004; Camarero
et al. 2005, 2007). As by-products of chemical pulping of
hardwood, such phenolics are readily available, and their
use already has resulted in promising effects in bioblea-
ching of paper pulps (Camarero et al. 2007). These sub-
stances were also successful in decolorization of
recalcitrant dyes (Camarero et al. 2005; Dupé 2008) and
in removal of lipophilic extracts from kraft pulp (Gutiérrez
et al. 2007). The properties of these new type of media-
tors are not fully known. Their application in other pro-
cesses — such as in remediation of xenobiotics in waste
water effluents and wood fiber functionalization (Widsten
and Kandelbauer 2008) — will open interesting new fields
for further investigations.

In the present paper, mediated laccase oxidation has
been investigated on monomeric and dimeric lignin
model compounds mimicking the most abundant sub-
structures both in hardwoods and softwoods. The aim of
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the present study was to test the real potential of prom-
ising “natural mediators”, such as G-type and S-type lig-
nin fragments, in oxidative degradation of lignocellulosic
material. For this purpose, the oxidation of high redox
potential non-phenolic 4-O-methylated lignin model
compounds with a low redox potential laccase from
Myceliophthora thermophila was examined using various
syringyl-type lignols as mediators. According to the lit-
erature, the non-phenolic model compounds possess
oxidation potentials higher than 1.4 V (Galli and Gentili
2004), whereas the oxidation potential for the M. ther-
mophila laccase is approximately 0.5 V (Xu et al. 1996).
For comparison purposes, similar oxidations were then
also performed on common synthetic mediators, HBT
and N-hydroxyacetanilide (NHA).

Materials and methods

Model compounds and mediators

Veratryl alcohol (7) (Acros Organics), acetosyringone (70)
(Aldrich), syringaldehyde (77) (Aldrich) and HBT (74) (Aldrich)
were of commercial grade. NHA (75) was synthesized following
the procedure by Oxley et al. (1989). 5-Hydroxyvanillin (72) was
prepared from vanillin by bromination and subsequent copper
catalyzed basic hydrolysis (Ellis and Lenger 1998), 3,4,5-trime-
thoxybenzylalcohol (2) was obtained from corresponding alde-
hyde by reaction with NaBH, in ethanol. Arylglycerol B-ether
compounds adlerol (pure erythro and mixture of erythro and
threo) (4), erol (mixture of e/t) (3), (6) and (6), were synthesized
according to the method by Nakatsubo et al. (1975). In some
instances, 4-O-methylation was also performed by CH,I/K,CO,
in acetone or dimethyl formamide. 4-O-methylated dehydrodi-
coniferyl alcohol derivative, non-phenolic phenylcoumaran-type
model (Me-PC, 7), was isolated from oxidative dehydrogenation-
mixture (by the zulauf-method) of methyl ferulate followed by
reduction with LiAIH, and methylation. Accordingly, dibenzo-
dioxocin (Me-DBD, 8) was prepared from coniferyl alcohol and
dehydrodivanillyl alcohol, and syringaresinol (SR, 9a) from sina-
pyl alcohol, its methylated derivative also being prepared (9b).
Methyl 6-O-sinapoyl-a-D-glucopyranoside (76) was prepared
according to Kylli et al. (2008). Methyl syringate was obtained
by esterification of the corresponding acid. Sulfonylated model
compounds (78-21) were synthesized by the microwave method
modified according to Glennie (1966), in microwave reactor Bio-
tage Initiator 8 (Figure 1). Veratraldehyde and 3,4,5-trimethoxy-
benzaldehyde, which were used for quantification of the
oxidation mixtures were of commercial grade (both from Fluka)
and adlerone [2-(2-methoxyphenoxy)-3-hydroxy-1-(3,4-dime-
thoxyphenyl)propan-1-one] was prepared in the laboratory by
us. 1,3,5-trimethoxybenzene, which was used as internal refer-
ence in HPLC, was purchased from Fluka. All the synthesized
compounds were purified with silica column chromatography
before further use. For identification, NMR spectra were record-
ed with Varian Inova 500 and Varian Mercury Plus 300 spec-
trometers ('H: 500 and 300 MHz, and *C: 125 and 75 MHz,
respectively) in CDCl,, D,O, DMSO-d, or acetone-ds. The 2D
NMR technigues (HSQC, HSQC-TOCSY and HMBC) were used
for the identification of products using standard pulse sequenc-
es provided by the manufacturer in acquisition and data
processing.

Mediator screening

Screening of natural mediators was based on decolorization of
Reactive Black 5 (DyStar, Germany) according to Camarero et

al. (2005). The effect of acetosyringone, syringaldehyde, methyl
syringate, sinapic acid, methyl 6-O-sinapoyl-a-D-glucopyrano-
side, vanillin, 5-hydroxyvanillin and 5-hydroxyacetovanillone as
mediators on decolorization of Reactive Black 5 with laccase
was monitored at 598 nm with a Varian Cary spectrophotometer.
The reaction of 50 wM Reactive Black 5 with 50 M of mediator
and 5 nkat ml* of laccase in 3 ml 50 mM sodium succinate
buffer at pH 4.5 was followed for 30 min at 22°C.

Enzyme activity assay and stability testing

A commercial laccase, obtained from the ascomycete Myce-
liophthora thermophila (NS 51003), kindly provided by Novo-
zymes (Bagsvaerd, Denmark) was applied. Laccase activity was
determined at 25°C by following the oxidation of 2,6-dimethoxy-
phenol (DMP) in 50 mM malonate buffer at pH 4.5, to the cor-
responding dimeric product (e,,, 27 500 M-' cm-, referred to
substrate concentration) (Jaouani et al. 2005). The laccase sta-
bility was then tested using the same procedure in the 50 mM
malonate buffer with different concentration of methanol or
freshly distilled 1,4-dioxane (% vol/vol) (Figure 2). Laccase was
clearly less reactive in the presence of dioxane than with meth-
anol. Interestingly, approximately 40% of activity was still pres-
ent at the concentration of 20% dioxane. As the dimeric model
compounds were scarcely soluble even in 30% of methanol, all
model compound experiments were then performed in 20%
dioxane. Also, in order to ascertain the activity of laccase in the
reaction systems for longer reaction times, the amounts of oxi-
dation products were in some cases followed by HPLC as a
function of time for 5-7 days. In all of those experiments, the
oxidation was found to have proceeded for longer than 2 days.
In addition, the laccase activity (originally 5 nkat ml") in 20%
buffered dioxane/water solution was also determined as a func-
tion of time (samples of 0 h, 5 h, 24 h, 48 h, and 7 days) in
separate assays by measuring the oxidation rate of ABTS [2,2'-
azino-bis-(3-ethylthiazoline-6-sulfonate), Sigma] at 22°C fol-
lowed at 420 nm (Eggert et al. 1996; see also Cantarella et al.
2003a). The results clearly showed that after 2 days in the aque-
ous dioxane, 90% of the activity of the original laccase solution
still remained and in 7 days 20-30% of the activity was left.

Model compound experiments

The oxidation of model compounds was performed in vials cov-
ered with parafilm under magnetic stirring at room temperature
(22°C). Each reaction in total volume of 1 ml was a mixture of
50 mM succinate buffer (pH 6) and freshly distilled 1,4-dioxane
as a co-solvent (20% vol/vol), 12 mM in substrate (lignin model
compound), 1.2 mM or 12 mM in mediator, 12 mM in 1,3,5-
trimethoxybenzene as internal standard, and 5 nkat (in reactions
of low substrate to mediator ratio 12 mM:12 mM, referred to
as 10:1) or 200 nkat (high substrate to mediator ratio
12 mM:12 mM, 1:1) laccase. In all solutions MilliQ-water was
used. The reaction was followed for 0 min (control sample), 5 h,
24 h, and 48 h periods. Samples (0.1 ml) were diluted to 1.0 ml
with 1:1 MeOH:H,O containing 1 mM of NaN, in order to inac-
tivate the enzyme (Johannes and Majcherczyk 2000), after which
the samples were filtered through 45 pum GHP Membrane HPLC
filter (Acrodisc) and analyzed by HPLC.

HPLC analysis

The conversion of the model compounds was followed by HPLC
Agilent 1200 with detection wavelength of 270 nm. Conversion
products were separated on Agilent reverse-phase Zorbax
Eclipse XDB-C18 column (2.1 mmXx 100 mm, 3.1 pm) connect-
ed to a pre-column. Diode array UV-detector was used in the
detection and peaks were identified and quantified by compar-
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ison of the UV spectra and the retention times, and referenced
when possible to commercially available or synthetically pro-
duced compounds. The quantification was made with external
standard curves in the case of veratryl alcohol, veratraldehyde,
adlerol, adlerone, 3,4,5 trimethoxybenzyl alcohol, and 3,4,5 tri-
methoxybenzaldehyde. In the case of methylated dibenzodioxo-
cin, only the disappearance of the starting material was
followed. In the HPLC studies, a sample of 5 wl was injected
with autosampler and eluted with MeOH:H,O (MilliQ) gradient:
0-10 min 50:50 isocratic 0.15 ml min-'; 10-20 min linear gradient
0.15 ml min-* from 50:50 to 100:0 and 21 min 0.2 ml min-'. The
column was equilibrated by applying 22-28 min linear gradient
from 100:0 to 50:50 0.2 ml min*; 28-31 min 50:50 0.15 ml min-’
and 31-40 min 50:50 0.15 ml min-".

Results and discussion

The ascomycete Myceliophthora thermophila laccase
retains activity through a wide pH range (pH 4-9) and
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Figure 2 Myceliophthora thermophila laccase activity in differ-
ent water-to-dioxane ratio at pH 4.5 based on the oxidation of
2,6-dimethoxyphenol (DMP).
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The model compounds and the mediators used in oxidation systems: 7, veratryl alcohol; 2, 3,4,5-trimethoxybenzyl alcohol;

3-4, phenolic (3) and methylated (4) guaiacylglycerol-B-guaiacyl ether dimers; 5-6, phenolic (5) and methylated (6) syringylglycerol-
B-guaiacyl ether dimers; 7, methylated phenylcoumaran-type B-5 dimer (Me-PC); 8, methylated dibenzodioxocin (Me-DBD); 9a, syr-
ingaresinol (SR); and 9b, methylated syringaresinol (Me-SR), 70, acetosyringone (AS); 71, syringaldehyde (SA); 12, 5-hydroxyvanillin;
13, methyl sinapate; 74, 1-hydroxybenzotriazole (HBT); 15, N-hydroxyacetanilide (NHA); 76, methyl 6-O-sinapoyl-a-bd-glucopyranoside
(Sglp); 17, methyl syringate (MeS); 18-21, a-sulfonylated derivatives of vanillin (78), syringaldehyde (79), acetovanillone (20), and

acetosyringone (27; AS-SO;Na).
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Figure 3 HPLC analysis of products formed by M. thermophila laccase during the conversion of veratryl alcohol (verOH) with
mediator acetosyringone (AS), within 0, 24, and 48 h. The quantification of the conversion products was made by external standards
by following the conversion of veratryl alcohol (verOH) to veratraldehyde (verald). 1,3,5-Trimethoxybenzene (TMB) was used as an

internal standard.

has notable thermostability (Xu et al. 1996). It is therefore
an interesting enzyme for industrial applications, for
example, in the pulp and paper technologies, when the
target substrates have low redox potentials. The target
substrates, lignin-type natural phenols in this study, are
assayed as mediators.

To elucidate new mediating systems in oxidation of
lignocellulosic materials with M. thermophila laccase, the
oxidation system was studied first without a mediator. In
the absence of the mediator, the laccase was not able to
oxidize any of the non-phenolic model compounds. All
experiments were performed at pH 6 which is close to
the reported pH optimum for this laccase (Xu et al. 1996)
and the reaction conditions were not optimized for each
substrate in the reaction set-ups. To reveal the oxidation
capacity, the same substrate concentration was used for
each model compound and the substrate-to-mediator
ratio was low (10:1) and/or high (1:1). In view of expected
limitations for mediator loads in practical applications,
higher substrate-to-mediator ratios were not studied.

In the first mediator screening, the assay of Reactive
Black 5 decolorization showed the highest effect and
decolorization rate for methyl syringate and acetosyrin-
gone, followed by syringaldehyde. Also, sinapic acid and
methyl 6-O-sinapoyl-a-D-glucopyranoside showed some
mediating capacity, but vanillin and 5-hydroxy analogs
proved to be not suitable as effective mediators, as indi-
cated by the low decolorization rate in comparison to the
syringyl analogs.

The oxidation of veratryl alcohol (7) to veratraldehyde
by the laccase from M. thermophila in aqueous dioxane
(Table 1) was then followed by HPLC (Figure 3). We found
that acetosyringone (70) and especially methyl syringate
(77), which also acted as a good laccase substrate in the
study by Kulys et al. (2002), showed marked ability to
mediate the oxidation already at low mediator concen-
tration levels. Interestingly, they seem to be even more
effective as the commonly used synthetic mediators NHA
and HBT at low mediator-to-substrate ratios.

The results clearly demonstrate that syringaldehyde
and acetosyringone, but also NHA, disappeared during
the oxidative reactions, as expected according to find-
ings by Kawai et al. (1989). In the case of syringaldehyde
(10:1) this took place already in 4 h, explaining the low
mediating effect with this phenol. At high mediator level
(1:1) it was able to mediate the reaction up to 5% con-
version. It can be concluded that the observed stabilities
for the natural mediators in our reaction system with
M. thermophila laccase were methyl syringate>
acetosyringone > syringaldehyde.

The high redox potential synthetic mediator HBT was
stable in our reaction conditions with the low redox lac-
case, but although possessing good mediating effect,
the oxidation reaction was quite slow also at equimolar

Table 1 Oxidation of veratryl alcohol (7) to veratraldehyde by
Myceliophthora thermophila laccase in the presence of five phe-
nolic mediators (70, 11, 16, 17, and 217) and two classical medi-
ators (14 and 15) after 2 days in aqueous dioxane, using two
different substrate-to-mediator ratios (10:1 and 1:1).

Mediator Ratio

codes substrate/ Oxidation to Mediator
(see Figure 1) mediator veratraldehyde, % oxidation?
AS (10) 10:1 5% vyield +
AS (10) 1:1 20% vyield +
SA (11) 10:1 (no reaction) ++
SA (11) 1:1 5% vyield ++
Sglp (76) 11 <5% (slow reaction) +
Sglp (16) 10:1 (very slow reaction) +
MeS (17) 10:1 10% yield -
MeS (17) 1:1 25% yield -
AS-SO;Na (27) 10:1 (no reaction) +
AS-SO;Na (27) 1:1 5% vyield +
HBT (74) 10:1 (very slow reaction) -
HBT (74) 1:1 20% vyield -
NHA (715) 10:1 (very slow reaction) +
NHA (15) 1:1 40% vyield +

aTentatively estimated from HPLC chromatograms.
For mediator abbreviations, see Figure 1.
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1:1 conditions. On the other hand, NHA-laccase system
oxidized model compounds faster and more effectively
than other laccase-mediator systems in this study.
Although NHA was gradually degraded in the reaction
mixtures, it still worked for several days (up to 7 days in
some instances).

To widen the substrate range, similar experiments were
then performed with veratryl alcohol as oxidation target
and syringaresinol (9a), syringylglycerol B-guaicyl ether
(5) and monomeric 5-hydroxyvanillin (72) as mediators
but now only at low mediator-to-substrate ratio. In the
presence of syringylglycerol B-ether, the system pro-
duced slowly veratraldehyde and the B-ether concomi-
tantly and slowly disappeared (data not shown).
Syringaresinol, on the other hand, showed no mediating
effect in the system, although it has earlier been de-
monstrated to mediate the Pycnoporus cinnabarinus
ss3-laccase catalyzed oxidation of Reactive Black 5
(Camarero et al. 2008). In the case of 5-hydroxyvanillin
(72) only a very rapid disappearance of the compound
was observed and the veratryl alcohol was not oxidized.
Also, lignosulfonate model compounds (78-27) were not
particularly active as mediators. Only at high concentra-
tion, a-methyl syringyl sulfonate was able to induce the
conversion veratryl alcohol to veratraldehyde (5%).

To investigate the reactivity of non-phenolic syringyl
structures in the oxidation system, a similar set of exper-
iments was performed with 3,4,5-trimethoxybenzyl alco-
hol (2), which is the syringyl analog to veratryl alcohol.
This time, the experiments were performed only with ace-
tosyringone (70), syringaresinol (9a), and syringylglycerol
B-ether (5) as mediators. The dose of the mediator was
uniformly low (1:10). Practically, similar results were
obtained as in the case of veratryl alcohol. Again, ace-
tosyringone showed marked activity, B-ether model was
less reactive, and syringaresinol showed nearly no
activity.

The oxidation of some dimeric non-phenolic model
compounds representing different substructures of lignin
were also tested at the same reaction conditions
(Table 2).

Non-phenolic guaiacylglycerol B-guaiacyl ether adlerol
(4) was oxidized in the 1:1 laccase-acetosyringone sys-
tem and yielded the a-carbonyl derivative of guaiacylgly-
cerol B-guaiacyl ether (adlerone) approximately to the
same extent as in laccase-HBT system. Yet, NHA (75)
proved to be the most effective mediator system with
adlerol giving adlerone in 15% yield. This value is mark-
edly lower than that (45%) obtained by Barreca et al.
(2003) in high redox potential Trametes villosa-laccase/
HBT system. The systems are, however, not comparable
since the reaction conditions were completely different
(for instance, the substrate-to-laccase ratio and the sub-
strate concentration). It was also found that methylated
phenylcoumaran (7) was not oxidized in any system stud-
ied; but interestingly, methylated dibenzodioxocin (8)
showed astonishingly good reactivity in the acetosyrin-
gone-laccase system, although at the moment the reac-
tion mechanism is not known. Various studies on isolated
lignins have shown that dibenzodioxocin structure is
most probably the main branching point in softwood lig-
nin with comparatively high abundance (Heikkinen et al.
2003; Ralph et al. 2004). In this light, its high reactivity in
our experimental system further increases the potential
of the tested “laccase-natural mediator concept” in var-
ious applications, as already shown by Camarero et al.
(2007). Methylated syringaresinol (9b), on the other hand,
did not react at all with laccase-HBT 1:1 and laccase-AS
1:1 systems.

Conclusions

The results demonstrate that syringyl-type compounds,
especially acetosyringone and methyl syringate, are able

Table 2 Oxidation of five dimeric/trimeric model compounds (3, 4, 7, 8, and 9b) by Myceliophtho-
ra thermophila laccase in the presence of two phenolic mediators (70 and 77) and two classical
mediators (74 and 15) after 2 days in aqueous dioxane, using two different substrate-to-mediator
ratios (10:1 and 1:1).

Ratio
Model compound Mediator model/ Characterization of Mediator
(see Figure 1) (see Figure 1) mediator the model oxidation, % oxidation?
Adlerol (4) e/t mixture AS (10) 10:1 (very slow reaction) +
Adlerol (4) e/t mixture MeS (17) 10:1 (very slow reaction) -
Adlerol (4) e/t mixture HBT (74) 10:1 (no reaction) -
Adlerol (4) e/t mixture AS (10) 1:1 <5% (slow reaction) +
Adlerol (4) e/t mixture MeS (17) 11 <5% (slow reaction) +
Adlerol (4) e/t mixture HBT (74) 1:1 <5% (slow reaction) -
Adlerol (4) e/t mixture NHA (75) 11 12% oxidized +
Adlerol (4) erythro AS (70) 10:1 (no reaction) +
Adlerol (4) erythro AS (10) 11 <5% (slow reaction) +
Adlerol (4) erythro MeS (17) 1:1 <5% (slow reaction) +
Adlerol (4) erythro NHA (715) 11 15% oxidized +
Erol (3) AS (10) 10:1 + +
Erol (3) AS (10) 1:1 + +
Me-PC (7) AS (10) 11 (no reaction) +
Me-PC (7) HBT (74) 11 (no reaction) -
Me-SR (9b) AS (10) 10:1 (no reaction) +
Me-DBD (8) AS (10) 1:1 30% oxidized +

aTentatively estimated from HPLC-chromatograms.
For model compound and mediator abbreviations, see Figure 1.
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to mediate the oxidation of substrates of high oxidation
potential by a laccase with low redox potential even in
small quantities (1:10). Interestingly, the results suggest
that such natural mediators are rather close in mediating
property to those of commonly used synthetic mediators.
This result opens an interesting field for further evaluation
whether these syringyl-type phenolics could be of com-
mercial value in degradation of lignocellulosic materials.
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