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Summary

Lignocellulose biodegradation, an essential step
in terrestrial carbon cycling, generally involves
removal of the recalcitrant lignin barrier that other-
wise prevents infiltration by microbial polysaccha-
ride hydrolases. However, fungi that cause brown
rot of wood, a major route for biomass recycling in
coniferous forests, utilize wood polysaccharides
efficiently while removing little of the lignin. The
mechanism by which these basidiomycetes breach
the lignin remains unclear. We used recently devel-
oped methods for solubilization and multidimen-
sional 'H-'°C solution-state NMR spectroscopy of
ball-milled lignocellulose to analyse aspen wood
degraded by Postia placenta. The results showed
that decay decreased the content of the principal
arylglycerol-B-aryl ether interunit linkage in the
lignin by more than half, while increasing the fre-
quency of several truncated lignin structures
roughly fourfold over the level found in sound
aspen. These new end-groups, consisting of benz-
aldehydes, benzoic acids and phenylglycerols,
accounted for 6-7% of all original lignhin subunits.
Our results provide evidence that brown rot by P.
placenta results in significant ligninolysis, which
might enable infiltration of the wood by polysaccha-
ride hydrolases even though the partially degraded
lignin remains in situ. Recent work has revealed that

Received 19 May, 2010; accepted 3 December, 2010. *For corre-
spondence. E-mail kehammel@wisc.edu; Tel. (+1) 608 2319528; Fax
(+1) 608 2319262. TThese authors contributed equally to this work.

the P. placenta genome encodes no ligninolytic
peroxidases, but has also shown that this fungus
produces an extracellular Fenton system. It is
accordingly likely that P. placenta employs electro-
philic reactive oxygen species such as hydroxyl
radicals to disrupt lignin in wood.

Introduction

Most terrestrial biomass is sequestered in lignocellulose,
the principal structural material of vascular plants. Accord-
ingly, the continuous biodegradation of this complex
natural composite is a key step in the global carbon cycle
(Zeikus, 1981). However, few organisms can metabolize
lignocellulose because its cellulose and hemicelluloses,
the components that can support microbial growth, are
embedded in lignin. The lignin prevents saccharolytic
enzymes from accessing the underlying polysaccharides,
and is recalcitrant to hydrolytic depolymerization because
it is a combinatorial, racemic polymer of phenylpropanoid
subunits connected via ether and carbon—carbon bonds
(Ralph et al., 2004a). Hence, any organism that depends
on lignocellulose as a source of carbon and energy must
have some mechanism to penetrate or disrupt this lignin
barrier.

Wood decay basidiomycetes are the most efficient bio-
degraders of lignocellulose. Most of these, termed white
rot fungi, cleave the encrusting lignin oxidatively to
access the polysaccharides they require for growth, and
are generally thought to employ several specialized per-
oxidases to promote ligninolysis (Martinez, 2002).
However, brown rot basidiomycetes, a phylogenetically
related group principally responsible for lignocellulose
recycling in coniferous forests (McFee and Stone, 1966),
utilize wood polysaccharides efficiently while leaving
most of the lignin in situ (Cowling, 1961). They also gen-
erally lack detectable ligninolytic peroxidase activity
(Eriksson et al., 1990).

The question of how brown rot fungi access wood
polysaccharides without removing the lignin remains per-
plexing. Part of the explanation is probably that they
produce extracellular Fe** and H,O,, which are small
enough to infiltrate lignocellulose and react with each
other within the wood cell wall via the Fenton reaction
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(H20, + Fe?* + H* — H,O + Fe®* + *OH) to produce
hydroxyl radicals (‘OH) that oxidatively cleave cellulose
and hemicelluloses. Many brown rot basidiomycetes
produce extracellular hydroquinones (Goodell et al.,
1997; Hammel et al., 2002), which reduce Fe®** and O, to
drive Fenton chemistry (Guillén et al., 1997; Kerem et al.,
1999; Goémez-Toribio et al., 2009). Brown rot fungi have
also been reported to oxidize a variety of polymers,
including cellulose, to products that suggest the involve-
ment of "OH (Kirk et al., 1991; Kerem et al., 1998; Cohen
et al., 2002).

However, brown rot fungi also produce cellulases and
hemicellulases (Eriksson efal, 1990), which suggests
a requirement for ligninolysis to enable cell wall infiltra-
tion by these enzymes. In agreement, there are some
indications that lignin is cleaved during brown rot: (i) the
fungi cause low to moderate decreases in the acid-
insoluble material (Klason lignin) that is generally
interpreted as residual lignin after decay (Eriksson
et al., 1990), (ii) ultrastructural changes characteristic of
ligninolysis have been observed in the secondary cell
wall of decayed wood specimens (Eriksson et al., 1990),
(i) a solid-state *C NMR spectrum of brown-rotted
wood was reported to exhibit a signal attributable to
lignin benzoic acid residues (Davis et al., 1994) and (iv)
it has been observed that brown-rotted lignin is enriched
in carbonyl and carboxyl groups (Kirk, 1975) while
being depleted in major intermonomer linkages (Yelle
et al., 2008a; Martinez et al., 2011). However, structures
that are strongly diagnostic for ligninolysis have not yet
been identified or quantified in brown-rotted wood.

The observation of cleaved lignin structures in biode-
graded wood is technically challenging. Solvent extraction
of lignins from lignocellulose is never quantitative, and
thus results in sample fractionation that may obscure or
magnify differences between degraded specimens and
controls upon subsequent analysis. Solid-state NMR
spectroscopy addresses the fractionation problem, but
yields broad, overlapping signals that make it difficult to
pinpoint structures diagnostic for ligninolysis. Recently,
new methods for the solubilization of entire lignocellulose
samples have addressed some of these problems by

making it possible to exploit the enhanced signal disper-
sion provided by multidimensional solution-state NMR
spectroscopy (Lu and Ralph, 2003; Ralph et al., 2006;
Yelle et al., 2008a,b; Hedenstrom et al., 2009; Kim and
Ralph, 2010). The principal caveat is that the samples
must first be ball-milled, but research to date indicates
that this procedure causes only minor increases in detect-
able cleaved lignin structures (lkeda et al., 2002; Kim and
Ralph, 2010). Here we have taken this approach to char-
acterize changes that occur in lignin after wood decay by
the brown rot fungus Postia placenta.

Results
Initial processing and analysis

We grew P. placenta on aspen wood, and after 16 weeks
of decay we pooled 32 specimens exhibiting a dry weight
loss of 69.7 + 5.4%. The chemical composition of the
biodegraded wood was typical of decay caused by this
fungus (Table 1) (Eriksson et al., 1990). After grinding this
material coarsely, we ball-milled 1 g of the resulting wood
meal for 12 h at 300 r.p.m. For comparison, we pooled
and ground 32 wafers of sound aspen sapwood, and then
ball-milled 1 g of this material for 12 h at 600 r.p.m.

We then determined the methoxyl contents of the
degraded and control samples, using an iodometric
method that is quantitative with solid lignocellulosic
specimens (Chen, 1992), so we could employ the lignin
methoxyl NMR signal in each sample as an internal stan-
dard for quantification of other lignin structures. A loss of
lignin methoxyls is typical after brown rot (Kirk and Adler,
1970; Kirk, 1975), and in this case their content declined
from 1.82 to 1.00 mmol per g original wood. We next
acetylated a portion of each sample to make it soluble
in perdeuterated dimethylsulphoxide (DMSO-ds) for
solution-state NMR experiments (Lu and Ralph, 2003;
Yelle et al., 2008a). In addition, we treated some of each
ball-milled preparation with a cellulase mixture to remove
most of the polysaccharides, which made the samples
soluble in DMSO-ds without acetylation (Ralph et al.,
2006).

Table 1. Chemical composition of sound and decayed aspen wood samples.

Klason ASL Glucose Xylose Mannose Galactose Arabinose Rhamnose
Sample lignin (mg) (mg) (mg) (mg) (mg) (mg) (mg) (mg)
Sound wood
Per g sound wood 231 34 409 168 17 5 4 3
Decayed wood
Per g sound wood 158 14 63 14 1 0.4 0.2 nd
Per g decayed wood 522 47 207 47 3 1 1 nd

ASL, acid-soluble lignin; nd, not detected.
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Depletion of arylglycerol-B-aryl ether structures in
the lignin

Initially, we obtained two-dimensional one-bond 'H-'3C
heteronuclear single quantum coherence (HSQC) NMR
spectra of the acetylated wood samples. This technique
generates cross-peaks that correlate hydrogens in a mol-
ecule with carbons that are directly attached to them
(Claridge, 1999). The results showed that decay depleted
the arylglycerol-B-aryl ether units that account for approxi-
mately 80% of the intermonomer linkages discernible by
NMR analysis of aspen sapwood lignin (Fig. 1A, structure
A; Table 2). Integration of the HSQC contours showed
that brown rot reduced the abundance of structure A to
82% of its original level relative to the methoxyls.

In good agreement with this result, quantitative '*C
NMR spectra of the cellulase-treated, non-acetylated
samples showed that decay reduced the content of struc-
ture A to 83% of its original level relative to the methoxyls
(Fig. 1B). After correction for the decrease in methoxyls
that occurred during biodegradation, the quantitative '*C
NMR data show that the absolute content of structure A
declined from 0.674 to 0.306 mmol per g original wood. In
addition, the quantitative 3C NMR results indicated that
decay reduced the structure A content to 70% of its origi-
nal level relative to C2 of the lignin’s guaiacyl aromatic
rings, and also decreased the syringyl/guaiacyl ratio of the
lignin from 2.39 to 1.98 (data not shown). These results
suggested that P. placenta degraded some of the lignin.

Products of C,—Cjg cleavage in the lignin

One diagnostic sign of oxidative ligninolysis is C,—Cg
cleavage of the propyl side-chain in structure A, as well as
in other lignin subunits, to produce benzaldehyde and
benzoic acid residues in the polymer (Eriksson et al.,
1990). To look for these structures in the decayed wood,
we initially examined the quantitative '*C NMR spectra of
cellulase-treated, non-acetylated samples. We took this
approach instead of using acetylated whole wood
because the '*C signal of the acetate carbonyl overlaps
the corresponding signal from C,, in benzoic acids (Ralph
et al., 2004b).

The results showed that the decayed wood contained
benzoic acid residues, whereas none of these structures
was detectable in the undecayed wood. In addition, rela-
tive to the methoxyl signal, the brown-rotted sample con-
tained more benzaldehydes than the undecayed sample
(Fig. 1B). After correction for the decrease in methoxyl
content that occurred during decay, the quantitative *C
NMR data show that the quantity of degraded wood
(0.303 g) derived from 1 g of sound wood contained 413%
of the aryl carbonyl (benzaldehyde + benzoic acid)
content that was present in the original sample. The abso-
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Fig. 1. A. Diagnostic portions of 'H-'*C HSQC NMR spectra
obtained on acetylated specimens of control and degraded aspen
wood. Cross-peaks attributable to methoxyl (OMe) 'H-'3C
correlations, the structure A 'H,—'°C,, correlation and the structure
A "Hg—"3C; correlation are shown in black. Numbers in parentheses
are integrations relative to the OMe signal. Unassigned contours,
shown in gray, are principally due to polysaccharides.

B. Diagnostic portions of quantitative *C NMR spectra of
non-acetylated aspen enzyme lignins showing signals for the
degraded and control samples. To provide a semiquantitative visual
impression of relative substructure abundances, the guaiacyl
aromatic C2 peaks (not shown here), which changed relatively little
during decay, have been set to equal heights for the degraded and
control spectra. In addition, relative to the OMe signal in each
spectrum, the height of the Ao signal has been multiplied by 7, the
height of the Bo. signal by 140 and the height of the Ca signal by
56. Numbers in parentheses are integrations relative to the OMe
signal, and should be used in conjunction with the iodometrically
determined OMe contents for quantitative comparisons. Peak labels
in the spectra (OMe, Aa, AR, Ba, Ca) refer to the correspondingly
labelled portions of chemical structures A, B and C under the
figure.

lute quantity of these truncated structures increased from
0.015 to 0.062 mmol per g original wood.

We next confirmed the increased abundance of benzoic
acids and benzaldehydes in the decayed wood by
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Table 2. Approximate relative abundance of lignin interunit linkages
in sound aspen wood.?

Average Percent of the
Structure integral sum of integrals
B-Aryl ether (structure A) 1.00 84
Resinol® 0.11 9
Phenylcoumaran 0.046 4
Spirodienone 0.036 3

a. Determined by HSQC peak integration of three independent
enzyme lignin samples.

b. This integral has been divided by two because two intermonomer
units are required to produce one resinol linkage.

obtaining two-dimensional long-range 'H-'3C hetero-
nuclear multiple bond correlation (HMBC) spectra of the
acetylated, whole wood cell wall samples. This method
produces cross-peaks that correlate hydrogens with
carbons located two to three bonds away, and is thus
capable of detecting carbons such as those in carboxyl
groups, which do not carry hydrogens (Claridge, 1999).
The HMBC spectra revealed correlations between the
aryl carbonyls in the lignin and hydrogens at positions 2 or
6 on the associated aromatic rings (Fig. 2). The sound
wood contained low levels of syringyl benzaldehydes (34,
815 =7.3, 192 p.p.m.), in agreement with earlier work
(Kim et al., 2000), but did not contain detectable levels
of guaiacyl benzaldehydes (7.5, 191 p.p.m.), guaiacyl
benzoic acids (7.5, 167 p.p.m.) or syringyl benzoic acids
(7.2, 167 p.p.m.). By contrast, spectra of the decayed
wood displayed cross-peaks at all the above coordinates,
indicating that benzaldehydes and benzoic acids of both
the guaiacyl and syringyl type were present. Additional
correlations between aromatic H2/6 and various ring
carbons are also apparent in the HMBC spectra and vali-
date the structural assignments (Ralph et al., 2004b).

Products of Cs-ether cleavage in the lignin

Another oxidative route for ligninolysis is cleavage of the
ether linkage in structure A to produce phenylglycerol
residues in the polymer (Eriksson et al., 1990). It is diffi-
cult to identify phenylglycerols by solution-state NMR
spectroscopy of acetylated whole wood because their
side-chain signals overlap some of the polysaccharide
signals (Ralph et al., 2004b). This problem can be circum-
vented by using cellulase-treated wood, but a second
difficulty is that one-dimensional *C NMR spectroscopy
is not useful in this case because phenylglycerols and
structure A exhibit similar *C chemical shifts for their
alkyl side-chains (Ralph et al, 2004b). Therefore, we
employed two-dimensional '"H-"C HSQC spectroscopy of
the cellulase-treated wood to provide the signal disper-
sion needed to look for phenylglycerols. This approach
revealed a previously obscured cross-peak that was rela-

tively more intense in the biodegraded sample and exhib-
ited chemical shifts consistent with the H,—C,, correlation
for a guaiacyl or syringyl phenylglycerol (Ralph et al.,
2004b; 2006) (Fig. 3A, structure P).

We confirmed the phenylglycerol assignment by
performing a three-dimensional total correlation
spectroscopy—-HSQC (TOCSY-HSQC) experiment. This
method simultaneously correlates a hydrogen with the
carbon to which it is bonded and with other hydrogens in
the same proton—proton coupling network (i.e. in the
same side-chain) in the molecule (Cavanaugh etal.,
1996). The results showed correlations for H,—C,, Hg—Cg
and H,~C, that were well-dispersed in the H, plane at
o1 =4.37 p.p.m. (Fig. 3B). In the Hg and H, planes, the
H,—C, correlation was partially obscured, but the H,—C,
and Hg—Cp cross-peaks were well-dispersed and had the
same chemical shifts as in the H,, plane (data not shown).

By integrating the structure P H,—C, HSQC contours
relative to the structure A H,—C,, contours, and taking into
account the previously calculated contents of structure A
in the samples, we determined that the quantity of
decayed wood (0.303 g) derived from 1 g of sound wood
contained 280% of the wood’s original phenylglycerol
content. The absolute contents for phenylglycerols in the
samples cannot be stated as precisely as the aryl carbo-
nyl contents because comparisons between integrals
from 'H-'°C HSQC spectra may be less quantitative than
those obtained by quantitative '*C NMR spectroscopy.
However, recent studies indicate that approximate quan-
tifications can be obtained by this technique (Zhang and
Gellerstedt, 2007; Stewart etal., 2009; Wagner et al.,
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Fig. 2. Diagnostic portions of 'H-"*C HMBC NMR spectra obtained
on acetylated specimens of control and degraded aspen wood,
showing correlations between aromatic H2/H6 and carbons 2 to 3
bonds away. Selected cross-peaks are colour-coded to their
corresponding carbons in the chemical structures shown and
unassigned contours are shown in gray. The H2/H6 protons are
shown using a larger font in the chemical structures. Labels G and
S in the spectra and chemical structures refer to guaiacyl and
syringy! units respectively.
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Fig. 3. A. Diagnostic portions of '"H-"3C HSQC NMR spectra
obtained on non-acetylated enzyme lignins from control and
degraded aspen wood. Numbers in parentheses are integrals
relative to the structure A signal.
B. Selection from the H,, plane (& = 4.37 p.p.m.) of a
three-dimensional TOCSY-HSQC spectrum obtained on
non-acetylated, degraded aspen enzyme lignin. Peak labels in the
spectra (OMe, Ao, AB, Ay, Po, PB, Py) refer to the correspondingly
labelled portions of chemical structures A and P under the figure.

Assigned cross-peaks are colour-coded to the chemical structures
and unassigned contours are shown in gray.

2009; Koskela et al., 2010). Accordingly, we estimate the
phenylglycerol contents in the sound and degraded
samples to be about 0.005 and 0.014 mmol, respectively,
per g original wood.

Discussion
Selection of fungus and wood for the experiments

We selected P. placenta for this work because it is the first
brown rot fungus to have its genome sequenced (Mar-
tinez etal.,, 2009), which makes it possible to relate
observed changes in lignin to putative biodegradative
mechanisms. We selected aspen as the substrate for
three reasons: (i) prior enzymatic removal of polysaccha-
rides from ball-milled wood is a useful procedure in con-
junction with solution-state NMR analysis because it
makes acetylation unnecessary and can reveal previously
obscured lignin structures. The extent of polysaccharide
removal is generally greater with aspen than with other
woods (Marita et al., 2001). (i) We have grown P. pla-
centa on aspen in previous work, and already have some
information about which enzymes and metabolites may
contribute to decay in this culture system (Wei et al.,
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2010). (iii) Although P. placenta attacks conifer wood most
frequently, it also occurs naturally on aspen (Farr et al.,
1989).

Significance of truncated lignin structures

Our results show that aspen wood decayed by P. placenta
was about 55% depleted in structure A, the major inter-
monomeric unit in lignin. This decrease is considerably
less than the result we obtained earlier with another
brown rot fungus, Gloeophyllum trabeum, on spruce wood
(Yelle et al., 2008a). On the other hand, it is similar to the
depletion reported recently for a field sample of ulmo
wood that had been degraded by an uncharacterized
brown rot fungus (Martinez et al., 2011). In addition, our
data show that the aspen decayed by P. placenta was
enriched in three truncated lignin structures: benzalde-
hydes, benzoic acids and phenylglycerols. After subtrac-
tion of the quantities already present in sound aspen,
these end-groups account for 8% of the A structures
originally present, and thus for roughly 6—7% of all original
lignin subunits (Table 2). We were unable to identify
analogous cleaved lignin structures in our earlier study of
spruce wood decayed by G. trabeum, but this negative
result is probably attributable in part to extensive oxidation
of the samples by this aggressive fungus, which left few
recognizable structures in the residual lignin (Yelle et al.,
2008a).

One question that must be considered is whether the
increased incidence of end-groups we found after decay
in the present study was a chance event attributable to
statistical variation in the levels of phenylglycerols and
benzaldehydes that are already present in sound, ball-
milled aspen. Some of these pre-existing structures are
probably artefacts of ball-milling, but most are thought to
occur naturally in lignins (Kim and Ralph, 2010). To
assess the variability in pre-existing end-groups, we per-
formed HSQC analyses of three independently prepared,
cellulase-treated samples of sound, ball-milled aspen,
and found that their phenylglycerol/methoxyl and
benzaldehyde/methoxyl integral ratios exhibited standard
deviations of 6.4% and 1.8% respectively (Table 3). These

Table 3. Variability in selected HSQC integrals for three indepen-
dently prepared enzyme lignins from sound aspen wood.

Sample OMe Ao Pa Bo

1 1.00 0.11 0.00059 0.0025

2 1.00 0.10 0.00066 0.0024

3 1.00 0.11 0.00067 0.0025
Average 0.1 0.00064 0.0025
Std. dev. 0.0051 0.000041 0.000044

OMe, methoxyls; Aca, H.,—C,, signal for arylglycerol-B-aryl ethers; Pa,
H.—C. signal for phenylglycerols; Ba, H,—C, signal for benzalde-
hydes.
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values are much smaller than the three to fourfold
increases in truncated structures we found after decay,
and therefore we can exclude sampling error as the expla-
nation for the result.

Another question is whether the increase in truncated
lignin structures after decay can be attributed to ball-
milling of the specimens. It is pertinent in this connection
that we followed the usual protocol of milling each sample
only to the minimum extent required for it to dissolve after
acetylation (Lu and Ralph, 2003). Our sound wood
required milling at twice the rate applied to the degraded
wood, and previous work has shown that the energy
imparted to a sample in a rotary ball mill increases
approximately as the milling speed raised to the power of
1.3 (Iwasaki et al., 2006). Accordingly, the work done on
our control sample was about 2.5 times the work done on
our degraded sample.

Despite the milder treatment that the degraded sample
received, it contained about four times as many truncated
structures as were present in the sound sample. Thus, for
the increase in truncated lignin structures we found after
decay to be entirely an artefact of ball-milling, the lignin in
brown-rotted wood would have to be roughly 10-fold more
susceptible to mechanical depolymerization than the
lignin in sound wood. Although further research on this
question is undoubtedly needed, we consider such a large
difference in physical properties unlikely.

Routes for ligninolysis

Instead, we attribute the new benzoic acids, benzalde-
hydes and phenylglycerols in the lignin of the brown-
rotted wood to fungal ligninolysis. Research to date has
identified three possible oxidative systems fungi could use
to generate these cleaved structures: ligninolytic peroxi-
dases, laccase/mediator couples and Fenton chemistry.
We discuss each of these hypotheses below.
Specialized peroxidases are thought to have an impor-
tant ligninolytic role in white rot fungi. Some of these
enzymes, known as lignin peroxidases, oxidize aromatic
structures directly. Others, known as manganese peroxi-
dases, oxidize Mn?* to produce a variety of oxidants,
including Mn®* and reactive oxygen species. An addi-
tional group, known as versatile peroxidases, has both
capabilities (Martinez, 2002). All of these ligninolytic
enzymes contain unique amino acid sequence motifs
essential for catalysis — either an invariant tryptophan
residue on the enzyme surface that is involved in elec-
tron transfer from an aromatic substrate to the oxidized
haem, and/or three acidic residues near the haem pro-
pionates that form a site for binding and oxidation of Mn2*
(Martinez, 2002). The genome of P. placenta has been
sequenced and encodes no peroxidases with these fea-
tures (Martinez et al., 2009). Moreover, we found in a

recent study that aspen wood colonized by P. placenta
contained no detectable peroxidase activity (Wei et al.,
2010). Therefore, it is unlikely that peroxidases were
responsible for the truncated lignin structures we report
here.

Laccases acting in conjunction with small electron
transfer mediators have also been proposed to have a
role in fungal ligninolysis (Li et al., 2001). Postia placenta
produces at least one laccase (Wei et al., 2010), and it is
well established that these copper radical oxidases
oxidize a variety of synthetic nitrogenous compounds
to produce ligninolytic reactive nitrogen species.
Perhaps the best-known of these mediators is 1-
hydroxybenzotriazole, which laccase oxidizes to yield
nitroxide radicals that can cleave lignin (Rochefort et al.,
2004). However, no natural analogue of these synthetic
nitrogenous mediators has been found in any fungus so
far (Li et al., 2001). Naturally occurring phenols might fill
this gap by providing a source of laccase-generated phe-
noxyl radicals that could oxidize lignin, but recent
work conducted with laccase and the naturally occurring
phenol syringaldehyde showed that this system failed to
cleave a lignin model compound based on structure A
(Nousiainen et al., 2009). Therefore, although the hypoth-
esis cannot yet be ruled out, it appears unlikely that
a laccase-mediator couple accounts for ligninolysis by
P. placenta.

Finally, Fenton chemistry in conjunction with the low pH
that P, placenta produces extracellularly could account for
ligninolysis (Cohen et al., 2002; Wei et al., 2010). Under
these conditions, one of the expected reactions is elec-
trophilic addition of *OH to unsubstituted positions on aro-
matic rings in lignin, followed by protonation and loss of
H-O to give the same scissile cation radical intermediates
that lignin peroxidases produce with greater selectivity
(Fig. 4) (Snook and Hamilton, 1974; Kirk et al., 1986).
Some of the benzaldehydes produced by this route then
probably undergo facile oxidation by “OH or oxyradicals
derived from it to yield benzoic acids (Howard, 1973).
Electrophilic addition of ‘OH, a very non-regioselective
oxidant, is also expected to yield phenylglycerols when
attack occurs at the aromatic 4-position to cleave the
arylglycerol-B-aryl ether linkage in structure A (Fig. 4)
(Tatsumi and Terashima, 1985). Postia placenta secretes
a metabolite, 2,5-dimethoxyhydroquinone, which drives
Fenton chemistry via redox cycling in the presence of Fe3*
(Cohen et al., 2002). Moreover, recent work shows that a
laccase produced by P. placenta in wood accelerates this
redox chemistry by catalysing the oxidation of 2,5-
dimethoxyhydroquinone to produce semiquinone radicals
that are precursors of H.O, (Wei et al., 2010). Since com-
ponents that support Fenton chemistry have been found
in wood colonized by P. placenta, we consider this third
route for ligninolysis the most likely one.
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Fig. 4. Oxidation of structure A by hydroxyl radical ("OH) to give
benzaldehydes (B), benzoic acids (C) and phenylglycerols (P).

Conclusion

Our results provide evidence that P. placenta is ligni-
nolytic. Although most of the resulting lignin oligomers
remain in situ and likely repolymerize to some extent
under the oxidizing conditions of brown rot (Yelle et al.,
2008a), we hypothesize that a transient, partial depoly-
merization suffices to allow infiltration by the polysaccha-
ride hydrolases that this fungus has been shown to
express on wood (Martinez et al., 2009; Vanden Wyme-
lenberg et al., 2010). Previously, the specialized peroxi-
dases of white rot fungi provided the only well-attested
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mechanism for fungal ligninolysis (Martinez, 2002), but it
now appears that an additional mechanism contributes to
the biodegradation of this recalcitrant polymer.

Experimental procedures
Reagents and fungal cultures

Chemicals were all of reagent grade or better. Postia pla-
centa strain MAD-698-R (American Type Culture Collection
No. 44394) was obtained from the USDA Forest Mycology
Center (Madison, WI) and grown on two layers of aspen
(Populus sp.) sapwood wafers with pre-determined dry
weights (117 = 17 mg each) over nutrient agar as previously
described (Wei et al., 2010). After 16 weeks of growth, wafers
were harvested from the top layer and vacuum-dried to deter-
mine losses in dry weight.

Sample preparation and wet chemical analyses

Thirty-two wafers with an average weight loss of 69.7 = 5.4%
were pooled, as were 32 sound control wafers. Each sample
was ground to 80 mesh in a Wiley mill, and 1 g of each was
then milled in a Retsch PM100 planetary ball-mill for 12 h, the
degraded sample at 300 r.p.m. and the control sample at
600 r.p.m. as described previously (Yelle et al., 2008a).

The methoxyl (OMe) content of each sample was deter-
mined in duplicate by the standard iodometric titration proce-
dure (Chen, 1992; Zakis, 1994). The replicate values for the
control sample were 1.80 and 1.84 mmol OMe per g wood,
whereas the degraded sample gave 0.99 and 1.00 mmol
OMe per g original wood. Analyses of the sound and
degraded samples for sugars, Klason lignin and acid-soluble
lignin were conducted as described previously (Davis, 1998;
Yelle et al., 2008a).

Approximately 100 mg each of decayed and control ball-
milled wood was then dissolved in N-methylimidazole/DMSO,
acetylated, precipitated in H,O and redissolved in DMSO-ds
for NMR analysis as described previously (Lu and Ralph,
20083; Yelle et al., 2008a). The remainder of each ball-milled
wood sample was treated with a cellulase mixture (Cellulysin,
Calbiochem) as described previously to remove most of
the polysaccharides (Ralph et al., 2006), and the resulting
enzyme lignin was dissolved in DMSO-d; for NMR analysis.

Solution-state NMR spectroscopy

NMR spectra were acquired on a 500 MHz Bruker DMX-500
instrument equipped with a cryogenically cooled 5 mm gra-
dient probe (US Dairy Forage Research Center, Madison,
WI). Samples of acetylated aspen (60 mg) and non-
acetylated enzyme lignin (60 mg) were analysed in 500 pl of
DMSO-ds. Chemical shifts for lignin substructures were
checked against authentic low molecular weight model com-
pounds and against published values (Ralph et al., 2004b).

One-bond 'H-"*C correlation (HSQC) spectra were
acquired using adiabatic Bruker pulse program
hsqcetgpsisp2.2 and processed as described previously
(Kupte and Freeman, 2007; Yelle etal., 2008a). Three-
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dimensional total correlation (TOCSY-HSQC) spectra were
acquired using Bruker pulse program mleviietf3gs3d and pro-
cessed using previously described parameters (Ralph et al.,
1999; Ralph and Lu, 2004). Long-range 'H-"3C correlation
(HMBC) spectra were acquired using Bruker pulse program
hmbclplrndgf and processed as described previously (Ralph
etal., 2006), using an 80 ms long-range coupling delay.
Quantitative inverse-gated, decoupled, NOE-suppressed '*C
spectra were acquired using Bruker pulse program zgig30
with a D1 delay of 4 s, a sweep width of 220 p.p.m. and
64 K data points. A line-broadening of 5 Hz was used for
processing.

Quantification of lignin structures

We used the quantitative '*C NMR spectra of enzyme lignins
to quantify arylglycerol-B-aryl ether units (structure A), ben-
zaldehydes (structure B) and benzoic acids (structure C) in
the samples. The integral for C,, of each structure was divided
by the OMe integral, and the resulting ratio was multiplied by
the iodometrically determined molar quantity of OMe per g
original wood (i.e. per 1.000 g for control wood and per
0.303 g for decayed wood). We then summed the values for
structures B and C, and report them here as aryl carbonyls.
We took this approach because sound lignin already contains
some benzaldehydes, and the oxidation of a benzaldehyde to
a benzoic acid is a facile reaction that involves no scission
(Howard, 1973). Accordingly, the occurrence of structures B
and C is evidence for ligninolysis only if the sum of their
quantities is greater in the degraded sample than in the
control.

As phenylglycerols (structure P) are not dispersed from
other signals in '*C NMR spectra, we used the HSQC spectra
of enzyme lignins to quantify them. The integral for the H,—C,,
cross-peak of the phenylglycerols was divided by the integral
for the H,—C,, cross-peak of the arylglycerol-B-aryl ether units,
and the resulting ratio was multiplied by the previously cal-
culated molar quantity of arylglycerol-B-aryl ether units per g
original wood (i.e. per 1.000 g for control wood and per
0.303 g for decayed wood). Although HSQC spectra are not
strictly quantitative, the error in phenylglycerol determination
is likely small because adiabatic pulse sequences were used
to improve uniformity over the whole spectrum and to mini-
mize effects due to coupling constant differences (Kup&e and
Freeman, 2007). Moreover, the chemical environment of the
H.—C, bond in phenylglycerols is very similar to that of the
H.—C. bond in arylglycerol-B-aryl ether units. Even if we are
wrong in this assumption, it is only the absolute quantification
of phenylglycerols that is in error — the factor by which phe-
nylglycerols increased per g original wood remains correct.

Following the above reasoning, we also used integrals of
HSQC H.—C, cross-peaks to estimate the relative frequen-
cies of arylglycerol-B-aryl ethers (structure A), resinols, phe-
nylcoumarans and spirodienones in enzyme lignins from
sound aspen.
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