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The white-rot fungus Ceriporiopsis subvermispora is able to degrade nonphenaolic lignin structures but
appears to lack lignin peroxidase (LiP), which is generally thought to be responsible for these reactions. It is
well established that LiP-producing fungi such as Phanerochaete chrysosporium degrade nonphenolic lignin via
one-electron oxidation of its aromatic moieties, but little is known about ligninolytic mechanisms in apparent
nonproducers of LiP such as C. subvermispora. To address this question, C. subvermispora and P. chrysosporium
were grown on cellulose blocks and given two high-molecular-weight, polyethylene glycol-linked model com-
pounds that represent the major nonphenolic arylglycerol-b -aryl ether structure of lignin. The model com-
pounds were designed so that their cleavage via one-electron oxidation would leave diagnostic fragments
attached to the polyethylene glycol. One model compound was labeled with “C at C, of its propyl side chain
and carried ring alkoxyl substituents that favor C, -C, cleavage after one-electron oxidation. The other model
compound was labeled with “C at C, of its propyl side chain and carried ring alkoxyl substituents that favor
C,-O-aryl cleavage after one-electron oxidation. To assess fungal degradation of the models, the high-molec-
ular-weight metabolizes derived from them were recovered from the cultures and analyzed by “C nuclear
magnetic resonance spectrometry. The results showed that both C. subvermispora and P. chrysosporium de-
graded the models by routes indicative of one-electron oxidation. Therefore, the ligninolytic mechanisms of
these two fungi are similar. C. subvermispora might use a cryptic Lip to catalyze these C,-C, and C, -O-aryl
cleavage reactions, but the data are also consistent with the involvement of some other one-electron oxidant.

The aromatic biopolymer lignin resists biodegradation by
most organisms because it is nonhydrolyzable and consists of
randomly linked stereoirregular structures (1, 10, 16). How-
ever, some specialized wood decay basidiomycetes have devel-
oped ligninolytic mechanisms which take advantage of the fact
that lignin is susceptible to oxidative attack. The best-charac-
terized ligninolytic system is found in white-rot fungi, such as

Phanerochaete chrysosporium, that produce extracellular lignin
peroxidases (LiPs) that have the unusual ability to abstract an
electron from the recalcitrant nonphenolic arylglycerol-b-aryl
ether (b-O-4-linked) units that make up the bulk of lignin. This
reaction results in the formation of transient lignin cation
radicals, which undergo spontaneous C, -C, cleavage to give
benzaldehydes, C,-O-aryl cleavage to give phenylglycerols, and
other less prominent degradative reactions (7, 16, 19). So far,
no mechanism other than one-electron oxidation has been
shown to provide a route for the biodegradation of nonphe-
nolic lignin structures.

Therefore, it is interesting that many white-rot fungi have
been reported to lack LiP activity (9, 21, 23, 26). Little is known
about ligninolytic strategies in these apparent nonproducers of
LiP, but at least one of them, Ceriporiopsis subvermispora,
degrades nonphenolic lignin structures (27). Preliminary evi-
dence from isotope-trapping experiments shows that this fun-
gus produces benzylic fragments when it cleaves the principal,
nonphenolic, b-O-4-linked " structure of lignin (11). These prod-
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ucts (benzyl alcohols, benzaldehydes, and benzoate esters)
could indicate that C. subvermispora cleaves the lignin side
chain between C, and C, , which would be characteristic of a
cation radical mechanism. However, previous data (11) do not
rule out the possibility that these benzylic products arc quan-
titatively insignificant or that they are merely secondary prod-
ucts from the intracellular modification of other, uncharacter-
ized cleavage metabolites.

To address this problem, we have designed “C-labeled poly-
ethylene glycol (PEG)-linked lignin model compounds in
which diagnostic cleavage fragments remain attached to high-
molecular-weight (high-MW) polymer after attack by lignino-
lytic fungi. This approach yields relatively stable products that
are not susceptible to intracellular fungal metabolism. Analysis
of these polymeric fungal metabolites by “C nuclear magnetic
resonance (NMR) spectrometry shows that the extracellular
ligninolytic reactions of C. subvermispora are the same as those
of the LiP producer P. chrysosporium. That is, C. subvermispora
probably degrades nonphenolic lignin by a one-electron-oxida-
tion mechanism.

MATERIALS AND METHODS

Organisms and reagents. C. subvermispora FP-90031 and P. chrysosporium
ATCC 24725 were obtained from the Center for Forest Mycology, USDA Forest
Products Laboratory.

LiPs were produced in rotary-shaken liquid cultures of P. chrysosporiumand
fractionated by ion-exchange chromatography on quaternary aminoethyl Sepha-
rose (Pharmacia) as described previously (17). The partialy purified LiP fraction
used in these experiments consisted predominantly of isozymes H1 and H2.

Chemicals, al of reagent grade, were obtained from Aldrich or Sigma unless
otherwise indicated.

Synthesis of PEG-linked lignin modelsAn erythro-threo mixture of a- “C-
labeled model | (2.4 x 10°dpm mmol™ of attached dimer) was prepared as
described previously (13).

A modification of the same procedure was used to prepare a -“C-labeled
model V1. [1-“C]acetic acid (16.4 mmol, 99.1% isotope purity; Isotec) was
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FIG. 1. Strategy for the synthesis of PEG-linked lignin models VI and VII. Sce Materials and Mcthods and reference 13 for details. Bn. benzyl: Br-PEG, brominated

PEG.

condensed with guaiacol (19.7 mmol) to give 10.4 mmol of [a- “C]acetovanillone
(compound I1). The synthetic procedure outlined in Fig. 1 was then used to
convert compound |1 to 1.7 mmol of the acetonide-protected b-O-4-linked dimer
IV. Compound IV consisted of a 1:1 erythro-threo mixture, which was resolved by
column chromatography on silica gel 60 in hexane-ethyl acetate (3:1). The erythro
isomer was then debenzylated at position 4 of its A ring, reacted with brominated
PEG (8,000 MW), and deprotected at its a and g positions to give model VI (2.4
g of polymer with 0.47 mmol of attached dimer). The same approach was used
to prepare a- “C-labeled model VI from (I-“Clacetic acid (Sigma) and unla-
beled precursors. A small quantity of the “C-labeled model was added to the
“C-labeled model (fina specific activity, 4.4 x 10°dpm mmol~ of attached
dimer) to assist with mass balance determinations during the biodegradation

TABLE 1. '*C NMR signal assignments for models VI and VII

Chemical shift of compound

(8 ppm)” Assignment”
Model VI Modcel VI
55.8 55.6 —OCH,
613 61.7 —C,H,0H
61.5 61.2 —OCH,CH,OH of PEG
68.6 67.4 —OCH,CH,0Ar of PEG
69.5 69.7 - —OCH,CH,0Ar of PEG
70.5 70.5 Internal —OCH,CH.O— of PEG
725 72.0 —OCH,CH,OH of PEG
73.6 725 —C ,HOH—
82.0 83.4 —C,OHAr—
110.6 A2
1135 AS
114.4 A3 and A3, or B2 and B6
114.6 A3 and AS, or B2 and B6
116.3 118.3 B3 and BS
118.9 Ab
121.1 Bl
127.6 A2 and A6
129.4 B2 and B6
135.0 133.4 Al
147.5 A3 or A4
149.3 A3 or A4
151.9 B4
154.5 Bl
158.1 B4
158.3 A4

“ Chemical shifts are relative to tetramethylsilane in CDCls.
% The carbon responsible for each NMR signal is shown in boldface type. Sec
Fig. 1 for labeling of chemical structures.

experiments. Table 1 shows “C NMR structure assignments for a natural-
abundance preparation of model VI.

The same approach was used to prepare b- “C-labeled model V1. [2-°Clace-
tic acid (16.7 mmol, 99.0% isotope purity; |sotec) was condensed with phenol
(50.1 mmol) to give 16.6 mmol of labeled p-hydroxyacetophenone (compound
I11). The synthetic procedure outlined in Fig. 1 was then used to convert com-
pound 111 to 3.1 mmol of the acetonide-protected b-O-4 dimer V. Compound V
consisted of a 3:1 erythro-threo mixture, which was resolved by column chroma-
tography on Silica Gel 60 in benzene-methanol (200:1). The erythro isomer was
then debenzylated at position 4 of its A ring, reacted with brominated PEG
(8,000 MW), and deprotected at its a and g positions to, give model VII (5.6 g of
polymer with 0.55 mmol of attached dimer). The foregoing procedure was also
used to prepare b- “C-labeled model VII from [2-“Clacetic acid (Sigma) and
unlabeled precursors. A small quantity of the“C-labeled model was added to
the “C-labeled model (final specific activity, 8.1 x 10"dpm mmol™ of attached
dimer) to assist with mass balance determinations during the biodegradation
experiments. Table 1 shows ~C NMR structure assignments for a natural-
abundance preparation of model VII.

Fungal degradation of PEG-linked models. The substrate for solid-state cul-
tures was prepared from sheets of cellulose (Lenzing AG, Lenzing, Austria). This
material is a highly bleached wood pulp normally used as a feedstock for viscose
manufacture. The sheets were cut to dimensions of 2 by 2 by 0.2 cm and shaken
gently in water to loosen the fiber structure. For each culture, five cellulose
sheets were stacked and dried overnight under a vacuum at 70°C to give a block
with adry weight of 2 g. The cellulose blocks were autoclaved and dried again
under a vacuum in a sterile desiccator jar, and replicate blocks were infused with
1.3 ml of PEG-linked lignin model compound solution in methanol. The amounts
of polymer added to each culture were 16 mg (3.3 x 10°dpm) for model |, 23 mg
(2.0 x 10°dpm) for model VI, and 27 mg (2.1 x 10°dpm) for model VII. After
evaporation of the methanol under reduced pressure in a sterile desiccator jar,
the blocks were infused with 1.6 ml of fungal inoculum in basal low-nitrogen
medium that contained 0.1% glucose and 10 mM sodium 2.2-dimethylsuccinate
buffer (15). The C. subvermispora_inoculum was buffered at pH 5.0 and consisted
of ablended mycelial suspension. The P. chrysosporium inoculum was buffered at
pH 4.5 and consisted of a conidiospore suspension.

The inoculated cellulose blocks (five or six replicates of each type) were placed
on Teflon spacers over 2% water agar in 125-ml Erlenmeyer flasks. The flasks
were fitted with gassing manifolds and incubated at 29°C (C. subvermispora) or
39°C (P. chrysosporium). After 3 days of incubation and every 2 days thereater,
the flask headspaces were flushed with sterile air, and vented “CO,was trapped
in an alkaline scintillation cocktail (14) to determine how much lignin model
compound was mineralized.

To check the C. subvermispora cultures for possible contamination by P.
chrysosporium, we took advantage of the fact that the latter fungus grows rapidly
at 39°C, whereas the former is not viable at this temperature. At the conclusion
of each biodegradation experiment, one block was removed from its flask, por-
tions of it were placed on potato dextrose agar in petri plates, and the plates were
incubated at 29 or 39°C. Colonization of the agar occurred rapidly at both
temperatures with blocks inoculated with P. chrysosporium but occurred only at
29°C with blocks inoculated with C. subvermispora. Moreover, the morphology of
the mycelium subcultured from C. subvermispora cellulose block cultures was
identical to that of the original inoculum and distinct from that ofP. chrysospo-
rium.
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Cultureworkup.Cultures were harvested after 7 or 8 days for model I, 10 or
11 days for model VI. and 7 days for model VII. They were extracted with
methanol-water (9:1) (model 1) or water (models VI and VII) overnight on a
rotary shaker at 200 rpm, after which 10 ml of N,N-dimethylformamide was
added to each extract. The extracts were filtered, evaporated under reduced
pressure to gpproximately 5 ml, centrifuged to remove insoluble material, and
fractionated by gel permeation chromatography (GPC) on a column of Sephadex
LH-20 (Pharmacia) (1.9 by 33 cm) in N,N-dimethylformamide. Fractions (1.5 ml)
were collected, and an aliquot of each was assayed for “C by scintillation
counting.

Analysis of low-MW products derived from model |. GPC fractions with
elution volumes of between 61 and 80 ml were pooled, evaporated under reduced
pressure, redissolved in 1.5 ml of methanol-water-formic acid (10:90:1), and
filtered. Portions (0.25 ml) were then subjected to reversed-phase high-perfor-
mance liquid chromatography (HPLC) on a C, column (Vydac 201TP; 250 by
4.6 mm; 10-um particle size). Metabolites were eluted at 1.0 ml min*and
ambient temperature with a 10:90:1 mixture of methanol-water-formic acid for 5
min followed by a 39-min linear gradient to 62:38:1 methanol-water-formic acid.
Fractions (0.5 ml) were collected, and an aiquot of each was analyzed for “C by
scintillation counting.

Preliminary product identifications were made by comparing elution times
with those of authentic standards. Collected peak fractions that contained each
of the metabolites were then pooled, extracted with CH,Cl,, dried over NaSO,,
evaporated to dryness, trimethylsilylated, and identified by gas chromatography-
electron impact mass spectrometry (GC-MS). In experiments with C. subvermis-
pora, the identifications were aso confirmed by converting the metaholites chem-
ically to new products, which were then compared with authentic standards by
reversed-phase HPLC. Compound X was oxidized to compound XI with 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) (11), compound XI was reduced to
compound X with NaBH, (11), and compound 1X was hydrolyzed to 4-ethoxy-
3-methoxybenzoic acid with 10% NaOH (6).

Chemical and enzymatic conversions of models VI and VII. Model XVI was
prepared by oxidizing model VII with a 2.5-fold molar excess of DDQ in CH,CI,
overnight at ambient temperature. The solvent was then evaporated under a
stream of argon, the residue was taken up in a 1:9 methanol-water mixture, and
the resulting solution was applied to a solid-phase extraction column (Alltech
Hi-load C,,). The column was rinsed with several volumes of |:9 methanol-
water, after which the product, model X V1, was eluted with 7:3 methanol-water
and purified by GPC as outlined above for the samples from fungal cultures.

Models VI, VII, and XV were oxidized with LiP in the presence of H,0,at
ambient temperature. Typical reaction mixtures (30 ml) contained 0.5 mM PEG-
linked lignin structure, 0.25 mM H,0,, 0.25 pM LiP, and 20 mM sodium

lycolate (pH 4.5). Reactions were monitored spectrophotometrically at 308 nm
?17), and the pH was adjusted to 6.5 to 7.0 with NaOH as soon as the absorbance
change ceased (5 to 20 min). The samples were then purified by GPC as de-
scribed above.

Chemical reductions of products from the LiP-catalyzed oxidation of models
VI, VII, and XV were carried out overnight with 0.1 M NaBH,in 95% ethanol
at 4°C, after which excess reductant was destroyed with formic acid. Chemical
oxidations of the reduced samples were carried out with DDQ as described
above for model XVI. All of the chemically modified polymers were purified by

GPC as described above.

“C NMR analyses of polymeric products derived from models VI and VII.
GPC fractions with elution volumes of between 35 and 45 ml were pooled and
evaporated under reduced pressure. The residue (containing 6 to 9 umol of
lignin-related structures) was redissolved in approximately 0.5 ml of dimethyl-d,
sulfoxide and transferred to a 5-mm-diameter NMR tube. “C NMR analyses
were obtained at 62.9 MHz and 300 K on a Bruker DPX 250 spectrometer with
a Bruker QNP probe. Proton-decoupled “C spectra were acquired with a 30°
pulse and arelaxation delgy of 1.0 sfor atotal of at least 8 x 10'transients. The
data consisting of 1.6 x 10'points, were zero filled to 3.2 x 10 points, and aline
broadening of 2 Hz was applied before Fourier transformation. Chemical shifts
were referenced by setting the central dimethyl- d, sulfoxide signal to 39.5 ppm.

RESULTS

Degradation of model | in solid-state cultures. Preliminary
assessments of ligninolytic activity in cellulose block cultures
were obtained with a “C-labeled b-O-4 model linked to PEG
through its B ring (model | [Fig. 2]). Both fungi exhibited alag
of about 4 days before they mineralized model |, after which
“CO, evolution gradually increased to arate of about 4% per
day over the next few days and then gradually declined. These
results are similar to what we found with model | in wood block
cultures of P. chrysosporium and C. subvermispora (11, 13) and
are also consistent with previous observations that the two
fungi delignify wood at similar rates (22, 28).

As shown in Table 2, the P. chrysosporium cultures accumu-
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FIG. 2. Low-MW products obtained when model I was degraded by solid-
state cultures of P. chrysosporium and C. subvermispora. The positions of the
!C_labeled carbon are indicated (asterisks).

lated a large quantity of radiolabeled low-MW metabolites
derived from the cleavage of “C-labeled model |. GPC of
culture extracts showed that after 8 days, about one-third of
the model | initially added was present as material with an MW
of less than about 350. Reversed-phase HPLC and GC-MS
analyses of the collected fractions showed that most of this
low-MW material consisted of 4-ethoxy-3-methoxybenzyl alco-
hol (compound VII1I), a product we previously observed in
wood block cultures and liquid cultures of P. chrysosporium
(13). The cultures aso cleaved model | by a route we did not
previously report: the erythro and threo isomers of 1-(4-ethoxy-
3-methoxyphenyl)propane-1,2,3-triol (phenylglycerol X) were
identified from their HPLC retention times and by GC-MS
(Table 3 and Fig. 2). These results arc consistent with extensive
earlier studies which showed that both P. chrysosporium and its
purified LiPs accomplish the C, -C, cleavage and C, -O-aryl cleav-
age of macromolecular b-O-4-linked lignin structures (7, 10, 16).
Low-MW cleavage products accumulated to a significantly

TABLE 2. Mass balances for model compound degradation in
solid-state cultures of P. chrysosporium and C. subvermispora

Yicld” (% of '*C initially added to

Model Fraction cultures)
compound
P. chnsosporium C. subvermispora

I Mineralized 7" 8
Low MW 35” 13¢
High MW 43" 63¢
VI Mineralized 64 6°
Low MW 244 17
High MW 59¢ 65¢
VIl Mineralized 7 ha
Low MW 7¢ 10¢
High MW 65¢ 61¢

“ Missing '*C consisis of losses during workup and of unsojubic material.
b After 8 days.

< After 7 days.

¢ After 11 days.

< After 10 days.
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TABLE 3. Product formation from fungal degradation of model I
HPLC peak Yicld (% of **C initially added to cultures)
Product retention time Mass spectrum® m/z (relative intensity)
(min) P. chrysosporium C. subvermispora
VIH 26.6 17.6 =0.1” 254 (M*, 90), 239 (4), 225 (13), 223 (14). 211 (16),
209 (22), 179 (9). 165 (100), 151 (2)
IX 41.0 =0.1¢ 0.7 210 (M™, 60). 182 (38), 179 (3). 151 (100)
X 12.2, 15.5¢ 5.6 5.8 458 (M*, 1), 255 (4), 253 (100)
X1 23.0 =0.6° 0.7 384 (M™, 5), 369 (2). 268 (58), 253 (6). 205 (38),

204 (10), 179 (100), 151 (22)

a cg ootra af trimatholcily? dacivatioag
Mass spectra of trimethylsily! derivatives.

® Chromatogram contained a mixture of minor unidentified products at this retention time. Product VIII was identificd in the mixture by GC-MS.
¢ Chromatogram contained a mixture of minor unidentificd products at this retention time. GC-MS analysis was not done.

9 erythro and threo isomers (order of clution not determined).

lesser extent in the C. subvermispora cellulose block cultures
after 7 days, even though mineralization was as rapid as it was
in P. chrysosporium cultures (Table 2). HPLC analysis and
GC-MS of the collected fractions showed that phenylglycerol
X was the mgjor low-MW product and that small quantities of
|-(4-ethoxy-3-methoxyphenyl)-1-oxo-propane-2,3-diol (phenylke-
tol X1) and 4-ethoxy-3-methoxybertzoic acid methyl ester (prod-
uct IX) also accumulated (Table 3 and Fig. 2). These products are
similar to those found in P. chrysosporium, but the low yields make
it difficult to determine whether the reactions that lead to them
are significant. Moreover, the data do not exclude the possibility
that the metaholizes were produced intracellularly.

Design of models VI and VII. To address these problems, we
attached (b-O-4-linked structures to PEG via their A rings, so
that products from C,-C, cleavage and C,-O-aryl cleavage
would remain attached to high-MW polymer. Model VI was
prepared with two electron-donating alkoxyl substituents on
the A ring and only one on the B ring (Fig. 1), a configuration
which favors C,-C, cleavage of the model VI cation radical
(8). Model VII was prepared with only,one alkoxy! substituent
on the A ring and two on the B ring (Fig. 1), which is expected
to favor C,-O-aryl cleavage of its cation radical (20). Both
models were prepared with “C labels at positions adjacent to
the cleavage site under investigation, model VI at C, and
model VIl at C, , so that functional-group changes could be
detected by “C NMR spectrometry.

Oxidation of a- “C-labeled model V1. Mass balances for the
degradation of model VI by P. chrysosporium and C. subver-
mispora are shown in Table 2. *C NMR spectrometry of the
high-MW fraction from culture extracts showed that C, , in
untreated controls exhibited a single prominent signal at 71.4
ppm (Fig. 3C), whereas the samples from fungal cultures con-
tained additional signals at 191.4 and 195.0 ppm (Fig. 3A and
B). These two signals were also produced when model VI was
oxidized in vitro with LiP and H,0,(data not shown). A
distortionless enhancement with polarization transfer experi-
ment showed that the 191.4-ppm signal was due to a carbon
that carried a single hydrogen and that the 195.0-ppm signal
was due to an unprotonated carbon (data not shown).

The 191.4-ppm chemical shift is characteristic of a benzylic
aldehyde (structure XI11) and therefore indicates C,-C, cleav-
age of model V1. The 195.0-ppm chemical shift is characteristic
of a benzylic ketone and is therefore attributable to the un-
cleaved structure XIl1 (Fig. 3A and B and 4) (25). These
results indicate oxidation of the model VI A ring and are
consistent with earlier data on the LiP-catalyzed oxidation of
b-O-4 dimers with this alkoxyl substitution pattern (8, 18, 20).

To check the structure assignments, the LiP-oxidized sample
was reduced with NaBH,. This treatment caused the 191.4-

and 195.0-ppm signals to disappear and generated a new signal
at 62.8 ppm (data not shown). The 62.8-ppm signd is charac-
teristic of C, in a benzyl alcohol (25) and therefore confirms
that structure X1l was a benzaldehyde. The reduced form of
structure X111 was simply the starting material, structure V1,
and consequently yielded no new signal.

Oxidation of b- “C-labeled model VII. Mass balances for the
degradation of model VII by P. chrysosporium and C. subver-
mispora are shown in Table 2. “C NMR spectrometry of the
high-MW fractions from culture extracts showed that C, in
untreated controls exhibited a single prominent signal at 84.7
ppm (Fig. 3F), whereas samples from fungal cultures contained
an additional major signal at 75.4 ppm, as well as smaller ones
at 73.3, 74.3, 80.8, and 81.5 ppm (Fig. 3D and E). The 73.3-,
75.4-, and 80.8-ppm signals were also produced when model
VIl was oxidized in vitro with LiP and H,O, (data not shown).

The 73.3-, 74.3-, and 75.4-ppm chemical shifts are charac-
teristic of a—CH(OH)— group at C, and therefore indicate
cleavage of the b-O-4 linkage in model VII. The 80.8- and
81.5-ppm signals indicate uncleaved —CH(OAr)— structures
that retain the original b-O-4 ether linkage (25).

To identify some of these structures, we subjected model VI
to a series of chemical and enzymatic oxidoreductions. First,
oxidation of the model with DDQ resulted in a shift of the “C,
NMR signal from 84.7 to 81.5 ppm, from which we conclude
that this signal represents the ketone XV 1. Next, oxidation of
ketone XVI with LiP gave a single new signa at 74.3 ppm.
Since previous work has shown that b-O-4-linked models with
aketone group at C ,undergo B-ring oxidation and b-O-aryl
cleavage by LiP to give phenylketols (18), we conclude that the
74.3-ppm signal represents the phenylketol XV. Finally, reduc-
tion of phenylketol XV with NaBH,gave a single new signal at
75.4 ppm, from which we conclude that this signal represents
the phenylglycerol XIV (Fig. 3D and E and 5). These results
establish that phenylglycerol X1V was the major oxidation
product formed from model V11 by both C. subvermispora and
P. chrysosporium.

The —C b H(OH)— structure responsible for the 73.3-
ppm signa was not identified but probably contains a
—C ,H(OH)— group, because the signal shifted upfield after
oxidation with DDQ and then shifted back to 73.3 ppm after
reduction of the DDQ-treated sample with NaBH, (data not
shown). The —C ,H(OAr)— group responsible for the 80.8-
ppm signal also remains unidentified but probably contains a
—~C, (=O)— group, because the signal disappeared after re-
duction with NaBH,and then reappeared after oxidation of
the NaBH,-treated sample with DDQ (data not shown).
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FIG. 3. *C NMR spectra of PEG-linked metabalites from models VI (A o
C) and VI (D to F). Spectra A and D were obtained after degradation by ¢
subvermispora. Spectra B and E were obtained after degradation by £. chinso-
sporium. Speetra C and F were obtained from uninoculated controls. Structures
which arc shown in Fig. 4 and 5 (roman numerals). unidentified structures which
are discussed in the text (a and b), and natural-abundance signals contributed by
the PEG backbone (¢) are labeled. In spectra A to C. the internal methylene
PEG signal at 69 to 70 ppm has been truncated to simplify the figure. and the
region from 77 to 188 ppm has been omitted because it contained no diagnostic
signals. All of the spectra have been normalized by setting the starting material
signal (VI or V1) to a constant height.

DISCUSSION

Previous work has shown that P. chrysosporium and C. sub-
vermispora degrade lignin model compounds at similar rates in
wood block cultures (27), which is consistent with observations
that they delignify wood at similar rates (22, 28). In liquid
medium. by contrast, C. subvermispora degrades lignin models
at suboptimal rates, whereas P. chrysosporium degrades them
at anomalously high rates (11, 13, 27). These observations led
us to conclude that solid-state cultures would be better systems
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for initial tests of the new “C-labeled lignin models. However,
we modified our previous solid-state culture system by using
blocks of cellulose rather than wood as the growth substrate,
because this approach avoided lignins and extractives that
would interfere with product analyses.

Assessment of “CO,evolution from “C-model | in the
cellulose block cultures showed that they mineralized the
model at about the same rate as wood block cultures and more
rapidly than culturesin liquid medium (11). As we observed
earlier for wood block cultures and liquid medium, the P.
chrysosporium cellulose cultures accumulated significant quan-
tities of the alcohol VIII, a benzylic product that suggests
C,-C, cleavage of modd I, whereas the C. subvermispora cul-
tures did not (11). C. subvermispora does produce low levels of
another benzylic product, the ester IX, in al three culture
systems, but it degrades low-MW benzylic metabolizes rapidly
and significant production is discernible only in isotope-trap-
ping experiments (11). In cellulose blocks, both fungi produced
the phenylpropanoid products X and X1 from modd I, but the
yields were too low to determine whether C, -O-aryl cleavage is
a significant route for model | degradation,

These technical difficulties with model | were successfully
addressed by changing the point of PEG attachment from the
model’s A ring to its B ring and by labeling selected carbonsin
the model with “C so that functional-group changes in the
polymer could be analyzed by NMR spectrometry, The results
show that C,-C, cleavageisasignificant route for model VI
degradation, that C,-O-aryl cleavage is a significant route for
model VII degradation, and that the ligninolytic reactions of P.
chrysosporium and C. subvermispora are essentialy the same in
solid-state culture. The polymeric metabolites produced from
models VI and VII are structurally anaogous to the low-MW
products from model | and are strongly diagnostic for a one-
electron-oxidation mechanism (7, 16, 19).

There are two possible explanations for our findings. One is
that C. subvermispora produces LiP in solid-state cultures. It is
noteworthy in this regard that the C. subvermispora genome
contains lip-like sequences, athough it remains unclear
whether these genes are ever expressed (24). We found no LiP
activity in the cellulose block cultures employed for these ex-
periments (data not shown), but assays for LiP are known to

HO.O
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PEG
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*CHO Oy o

OCH3 OCHjg
Q Q
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XII XHI

FIG. 4. Proposed routes for the oxidation of model VI by solid-state cultures of
P chnsosporium and C. subvermispora. Roman numerals refer to structures shown
in Fig. 3A to C. The positions of the 13C-labeled carbon are indicated (asterisks).
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FIG. 5. Proposed routes for the oxidation of model VII by solid-state cul-
tures of P. chrysosporium and C. subvermispora. Roman numerals refer to struc-
tures shown in Fig. 3D to F. The positions of the *C-labeled carbon are indi-
cated (asterisks).

give unreliable results in solid-state culture extracts (4). To
address this problem, we have begun efforts to replicate our
“C NMR results with liquid cultures of C. subvermispora, in
which LiP can be assayed reliably.

The alternative explanation is that C. subvermispora uses
some other one-electron oxidant to cleave nonphenolic lignin
structures. Several groups have proposed that enzymes other
than LiP degrade lignin by working in concert with low-MW
extracellular mediators (3, 5, 12). We recently showed that the
manganese peroxidases of white-rot fungi promote lipid per-
oxidation reactions which accomplish the C,-C, cleavage and
C,-O-aryl cleavage of nonphenolic b-O-4-linked lignin struc-
tures (2, 11). This mechanism could provide a route for ligni-
nolysis by C. subvermispora, which produces manganese per-
oxidases (26) and requires Mn to degrade lignin (11).
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