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Sununary: Homogeneous manganese peroxidase catalyzed the in vitro partial 
depolymerization of four different 14C-labeled synthetic nwrpreparations. 
Gel permeation profiles demonstrated significant depolymerization of 14C- 
sidechain-labeled syringyl lignin, a 14C-sidechain-labeled syringyl-guaia 
copolymer (angiosperm lignin), and depolymerization of 14C-sidechain- and y:c- 
ring-labeled guaiacyl lignins (gymnosperm lignin). 3,5-Dimethoxy-1,4-benzo- 
quinone, 3,5-dimethoxy-1,4-hydroquinone , and syringylaldehyde were identified 
as degradation products of the syringyl and syringyl-guaiacyl lignins. These 
results suggest that manganese pecoxidase plays a significant role in the 
depolymerization of lignin by Phanerochaete chrysosporium. e 1991 *caderr& Pre*s, Inc. 

The white rot basidiomycetous fungus Phanerochaete chrysosporium secretes 
two extracellular heme peroxidases which are thought to constitute the major 
components of its lignin degradative system (1,2). Lignin pecoxidase catalyzes 
the oxidative cleavage of nonphenolic lignin mcdel compounds by a mechanism 
involving the formation of a substrate aryl cation radical (l-4). A recent 
report demonstrated that crude lignin peroxidase preparations catalyzed at 

least the partial depolymerization of synthetic syringyl/guaiacyl lignin (5). 
Manganese peroxidase catalyzes the oxidation of Bn I1 to Mn*'* and the 

latter, complexed with an organic acid, readily oxidizes phenolic lignin model 
dimers (6-10). It has been proposed that the freely diffusible, enzyme- 
generated BnlI1 -organic acid complex would be an excellent catalyst for the 
oxidative deplymerization of lignin, an insoluble phenolic polymer which may 
be partially inaccessible to lignin peroxidase (2,6-10). Herein, we report for 

the first time that in the presence of Mnrl and H202, homogeneous manganese 
peroxidase catalyzes the effective depolmrization of synthetic syringyl, 

syringyl/guaiacyl, and guaiacyl lignins in vitro. -- 

' To whom correspondence should be addressed. 

Abbreviations used: DHP, dehydropolymerizate; GCMS, gas chromatography/mass 
spectrometry; HMW, high molecular weight fraction; L#IW, low molecular weight 
fraction; R-G*-DHP, ring-labled guaiacyl DBP; SC-G*-DHP, C6 sidechain-labeled 
guaiacyl DHP; SC-S*-DBP, C6 sidechain-labeled syringyl DHP; SC-SG*-DHP, 
syringyl-guaiacyl copolymer, C6 sidechain-labeled in the guaiacyl moiety. 

0006-291X/91 $1.50 

269 
Copyright 0 1991 by Academic Press, Inc. 

All righrs of reproduction in any form reserved. 



Vol. 176, No. 1, 1991 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Enzymes: Manganese peroxidase was purified from cultures of P. chryso- 
Glucose sporium and enzyme concentrations were determined as described (6,9). 

oxidase was purchased from Boehringer Mannheim. 

Preparation of radiolabeled lignins: 2-[14C]-sidechain-labeled guaiacyl- 
DHP (SC-G*-DHP) and [‘4cJ-U-ring-labeled guaiacyl-DHP (R-G*-DHP) were prepared 
from 2-[14C]-l-(4-hydroxy-3-~thox~henyl)-3-h~roxy-l-pro~ne and [14C]-U- 
ring-l-(4-hydroxy-3-methoxyphenyl)-3-hydroxy-l-pro 

P? 
ne as described (11). 2- 

[14CJ-sidechain-labeled syringyl/guaiacyl-DHP (2-[ ‘C] in guaiacyl unit, SC- 
SG*-DHP) was prepared by the copolymerization of 2-[14C]-l-(4-hydroxy-3- 
methoxyphenyl)-3-hydroxy-l-propene and unlabeled 1-(3,5-dimethoxy-4-hydroxy- 
phenyl)-3-hydroxy-1-propene as previously described (12). 2-[14C]-sidechain- 
labeled syringyl-DHP (SC-S*-DHP) was prepared as previously described (13). 
Each synthetic lignin was fractionated by gel permeation chromatography through 
a Sephadex LH-20 column (1.8 x 50 cm, eluted with dioxane:HZO 9:1) to remove 
low-molecular-weight material prior to the depolymerization experiments. All 4 
DHPs eluted with the void volume, indicating a molecular weight >2000. SC-G*-, 
R-G*-, SC-SG*-, and SC-S*-DHP had specific radioactivities of 3.3 x lo’, 3.2 x 
105 , 5.1 x 105, and 6.3 x 105 cpm/mg, respectively. 

Enzyme reactions: In vitro depolymerizations were carried out at 37°C for -- 
the indicated times under 100% O- in 50 mM Na-malonate, pH 4.5 (1.0 ml), con- 
taining manganese peroxidase (5 ig), DHP (-5 x 104 cpm),-EnSO (0.2 mM), 
glucose (2.5 mM), and glucose oxidase (0.025 U). DHPs were a&ded as DMF solu- 
tions (30 pi/ml). H 0 was continuously generated at the rate of 6.3 nmol/min 
during the course of2&e reactions. 

Analysis of lignin degradation: After completion of the reactions, 1.0 ml 
of dioxane was added and aliguots were removed and radioactivity was counted in 
EcoLite (ICN Biochemicals) before and after centrifugation (3000 rpm, 2 min) to 
determine the amount of reaction-generated insoluble material. Subseguently, 
0.5 ml of supernatant was mixed with 1.5 ml of dioxane and applied to a Sepha- 
dex LB-20 column (1.2 x 40 cm) equilibrated in degassed dioxane-H20 (9:l) (14). 
The column was eluted with dioxane-B 0 (9:1), and l-ml fractions were collected 
and counted. The column was calibrated using standard model compounds (10,ll). 
The HMW fraction (tubes 11-20) and LMW fraction (tubes 21-35) were pooled and 
counted. 

Analysis of monomeric degradation products: LH-20 column fractions 28-32 
from the oxidation of SC-SG*- and SC-S*-DHPs, corresoondinu to the monomer 
elution peak, were pooled. After acidification and-extraction with chloro- 
form, the products were derivatized (BSTFA:pyridine 2:l) and analyzed by GCMS 
(10). 

REBULTS 

Time dependence of DHP degradation by manganese peroxidase: Table I shows 
the recovery of 14 C-labeled products in the BMW, LMW, and insoluble fractions 

for reactions with each labeled DHP. For each reaction the total radioactivity 
recovered approached 100%. Oxidation of SC-G*-DHP for 30 min resulted in 
significant depolymerization (19% of the radioactivity in the LHW fraction) 
with an equal amount of insoluble polymer formed. Further reaction resulted in 

an increase in the insoluble polymeric material. The profile for R-G*-DHP was 
similar; however, after 30 min, 25% of the material was recovered in the LMW 

and only 15% was recovered as insoluble polymer. The syringyl-guaiacyl polymer 
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Table I 
Recovery of fractions from the manganese peroxidase-catalyzed oxidation 

of 14C-labeled DHPs a 

Substrate Reaction 
time 
(km) 

% Recovery (fractions) b 

HMW LMW Insoluble Total 

SC-G*-DHP 0 92 3 <l 95 
0.5 61 19 18 98 
1.0 40 14 39 93 

R-G*-DHP 0 96 3 <l 99 
0.5 53 25 15 93 
1.0 30 16 38 92 

0 91 6 1 98 
0.5 40 28 21 95 
1.0 18 21 52 91 

SC-SG*-DHP 

SC-S*-DRP 0 91 4 1 96 
0.5 81 10 3 94 
1.0 14 12 8 94 
7.0 31 42 13 92 

a Reactions were carried out for the indicated time periods, after which the 
insoluble material was removed by centrifugation and the soluble products 
were separated by gel permeation chromatography on Sephadex III-20 as 
described in the text. 

b % Recovery was calculated from the total clxn in each fraction. 

was oxidized more rapidly than the guaiacyl polymers. After 30 min only 40% of 
the material remained in the HMW fraction, while 28% of the radioactivity was 

found in the LMW fraction. For both the guaiacyl and guaiacyl-syringyl DHPs, 

maximal depolymerization as measured by recovery of radioactivity in the IJW 
fraction occurred within 30 min, after which repolymerization predominated. In 
contrast, with SC-S*-DHP depolymerization continued throughout the course of 
the 7-hr reaction. 

Negligible amounts of 14 CG2 determined as described (11) were released 

during the reactions. No oxidation occurred if either enzyme, Mn II , or 

glucose/glucose oxidase was omitted from the reaction mixture. 

Gel permeation profiles of enzymatically degraded SIPS: The gel 
permeation profiles for the enzymatically treated DHPs are shown in Figure 1. 

For each profile the peak of the LMW fraction corresponded to dimeric and 
monomeric standard compounds. The extensive depolymerization of SC-S*-DHP seen 

in Figure 1D confirms that minimal polymerization occurred with this substrate. 
The profiles confirm that during the initial 30 min, significant depolymeriza- 
tion also occurred with R-G*-DHP, SC-G*-DHP and SC-SG*-DHP (Fig. IA-C). 
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Tube Number 

Figure 1. Gal permeation profiles of products of the nzmganese peroxidase 
catalyzed oxidation of 14C-~HPs. r4C-labaled DHFs ware filtered on 
Sephadex LH-20 bafore (solid circle) or after (opan circle) 
enzymatic oxidation. A. SC-G*-DHP treated for 30 min. 
B. R-G*-DHP treated for 30 min. C. SC-SG*-DHP treated for 30 min. 
D. SC-S*-DW treated for 1 hr. Chromatogra hit standards included 
14C-9uaiacylglycerol-&9uaiacyl ether (IV), P4 C-ferulic acid (V), 
14C-vanillic acid (VI), and 3,5-dimathoxy-1,4-banzcquinone (I), and 
ware prepared as describad (10,ll). 

Identification of monomeric cleavage products: Sidechain cleavage of 2- 
[‘*Cl-sidechain-labeled DHP wculd be expected to yield unlabeled C6Cl and 

benzoguinone mcnomeric products. Therefore, the nonradioactive fractions which 

coeluted with vanillic acid and benzoguinone standards (fractions 28-32, 

Figure 1) were collected from 1-hr degradation samples of SC-S*- and SC-SG*- 

DHP . The major product in these fractions was identified as 3,5-dimethoxy- 
1,4-benzoguinone (I). MS (q/z) 168 (M+, 24%), 153 (2), 138 (lo), 125 (81, 80 

(26), 69 (100). Twc other products were identified as 3,5-dimethoxy-1,4- 

dihydroxybenzene (II) and syringylaldehyde (III). II: MS (mkz) (diTMS ether) 

314 (W, lOO%), 299 (12), 284 (85), 73 (6). III: MS (m/z) (TMS ether) 254 (ti, 

42%), 239 (37), 224 (loo), 153 (13), 73 (24). 
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2. chrysosporium and other white rot fungi degrade 14 C-labeled DHPs 
extensively to 14C02 and H20 (1,2,11,12,15). Since lignin and manganese 
peroxidases from P. chrysosporium can degrade a variety of lignin model - 
compounds, and since the mechanisms of these enzymes (l-4,10) can account for 
the products derived from the fungal degradation of lignin, both of these 
peroxidases have been implicated in lignin degradation. However, until 
recently little direct evidence for the in vitro depolymerization of lignins by -- 
pure preparations of these enzymes has been reported. Although an early report 
showed that a methylated derivative of lignin was partially depolymerized by a 

lignin peroxidase preparation (16), in subsequent experiments using unmodified 

lignins only polymerization was observed (17,18). Recently Hanmiel and Men (5) 

reported the effective depolymerization of syringyl-guaiacyl DHP by a crude 
lignin peroxidase preparation using veratryl alcohol, 10% dimethylformamide, 

and low concentrations of H202 in the reaction mixtures. Several monomeric 
compounds have also been isolated from reactions of lignin peroxidase with DHP 

(19). Extensive degradation of unmodified guaiacyl lignin by purified lignin 

peroxidase has yet to be accomplished. 
Several studies have indicated that manganese peroxidase activity appears 

prior to lignin peroxidase activity in culture (6,9,20) suggesting that 
manganese peroxidase may be responsible for initial depolymerization reactions. 
Furthermore, it has been suggested that the diffusible manganese peroxidase- 

generated Rn*” may be an effective catalyst for the oxidation of this 

heterogeneous, insoluble polymer (1,6-g). However, the in vitro oxidation of 

lignin by manganese peroxidase has not been reported previously. Guaiacyl- and 
syringyl-guaiacyl-DHPs represent gymnosperm and angiosperm lignins, respec- 
tively (21). Although syringyl lignin is not naturally prevalent, syringyl- 

rich lignins have been detected in some hardwood tissues (22). In this study, 
syringyl-DHP was utilized to compare the degradability of the syringyl and 
guaiacyl moieties in lignin. 

Syringyl DHP was extensively depolymerized by the manganese peroxidase 

system (Table I and Fig. 1D). Since relatively little polymerization occurred 

with this substrate, the reaction was allowed to proceed for 7 hr, after which 

42% of the starting material was depolymerized. Syringyl lignin contains 
relatively few condensed substructures (13,23); thus, it is probably more 
susceptible to depolymerization (1,2). Furthermore, guaiacyl lignins contain a 

greater proportion of unsubstituted C5 aromatic carbons and conseguently would 

be more susceptible to further polymerization or repolymerization (1,2,5,11). 
3,5-Dimethoxy-p-quinone (I), 3,5-dimethoxy-p-hydroguinone (II), and 

syringylaldehyde (III) were identified as fragmentation pr&ucts from both SC- 
S*- and SC-SG*-DHPs, indicating that both alkyl-phenyl and Ca-CB cleavage of 
the lignin sidechain occurred. Deplymerization probably is initiated by the 
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oxidation of the free phenolic group to form a phenoxy radical as previously 

shown for the degradation of a phenolic diarylpropane model compound by 
manganese peroxidase where products I-III were also recovered (10). Both the 

hydroquinone (II) and syringylaldehyde (III) are oxidized to the p-quinone (I) 

by manganese peroxidase (101. The metabolism of p-quinones to CO2 by z. 

chrysosporium has recently been demonstrated (24), suggesting that p-quinones 
are probably key intermediates in the degradation of lignin. 

SC-SG*-DHP is also degraded significantly (Fig. 1C) and the syringyl 
moiety is released via alkyl-phenyl and Ca-C8 cleavage, yielding products I- 
III. Since this syringyl-guaiacyl copolymer is labeled in the guaiacyl moiety, 
the gel permeation profile (Fig. 1C) reflects depolymerization of the entire 

polymer. 
As shown in Figs. lA and B, purified manganese peroxidase also is able to 

depolymerize significantly both SC-G*- and R-G*-DHPs. As shown in Table 1, 
guaiacyl-containing DHPs are simultaneously depolymerized and polymerized or 

repolymerized by manganese peroxidase with polymerization reactions becoming 
dominant after the initial 30 minutes. It is likely that under in vivo -- 
conditions, LMW fragments are either taken up by the fungus and metabolized 
intracellularly (3,24), or are further degraded by lignin peroxidase (l-4), 
thus preventing repolymerization. Thus the depolymerization of 19% and 25% of 
the guaiacyl-labeled DHPs within 30 min is highly significant. 

This is the first report of lignin depolymerization by manganese 
peroxidase, demonstrating that this enzyme probably plays an important role in 
the fungal degradation of lignin. 
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