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Phanerochaete chrysosporium produces two classes of extracellular heme proteins, designated lignin
peroxidases and manganese peroxidases, that play a key role in lignin degradation. In this study we isolated and
characterized a lignin peroxidase-negative mutant (/ip mutant) that showed 16% of the ligninolytic activity
(*4C-labeled synthetic lignin — **CQ,) exhibited by the wild type. The /ip mutant did not produce detectable
levels of lignin peroxidase, whereas the wild type, under identical conditions, produced 96 U of lignin
peroxidase per liter. Both the wild type and the mutant produced comparable levels of manganese peroxidase
and glucose oxidase, a key H,0,-generating secondary metabolic enzyme in P. chrysosporium. Fast protein
liquid chromatographic analysis of the concentrated extracellular fluid of the l/ip mutant confirmed that it
produced only heme proteins with manganese peroxidase activity but no detectable lignin peroxidase activity,
whereas both lignin peroxidase and manganese peroxidase activities were produced by the wild type. The lip
mutant appears to be a regulatory mutant that is defective in the production of all the lignin peroxidases.

Phanerochaete chrysosporium, a white-rot Dbasidio-
mycete, has been extensively studied as a model for fungal
lignin degradation (25). Two classes of extracellular heme
protein peroxidases, designated lignin peroxidases and man-
ganese peroxidases, and an H,0,-generating system have
been identified to date as the major components of the
lignin-degrading enzyme system of this organism (25). Lignin
peroxidases are glycosylated heme proteins that catalyze
H,O,-dependent oxidation of a variety of phenolic and
nonphenolic lignin model compounds, and that catalyze the
oxidative cleavage of B-O-4 linkages (the most abundant
linkage in lignin polymers), Ca-CB linkages, and other
linkages in lignin and lignin substructure model compounds
(25). The number of lignin peroxidase isozymes produced by
P. chrysosporium is reported to vary from 2 to 15, based on
the strain, culture conditions, and separation efficiency (24,
30, 41). All the lignin peroxidase isozymes oxidize veratryl
alcohol to veratraldehyde but exhibit considerable differ-
ences in specific activities (9, 24). Manganese peroxidases
constitute a second group of extracellular heme proteins that
catalyze the H,0,-dependent oxidation of Mn(II) to Mn(III),
which, in turn, oxidizes various phenolic substrates (25, 44).
Also, the manganese peroxidases have been reported to
show properties of both an oxidase and a peroxidase (32).
Both lignin peroxidases and manganese peroxidases require
H,0, for activity (15, 40). Several enzymes, including glu-
cose oxidase and glyoxal oxidase, have been reported to
contribute to H,0, production in lignin-degrading cultures of
P. chrysosporium (8, 21, 22, 23, 25). Both lignin peroxidases
and manganese peroxidases and H,0,-generating enzymes
are produced during secondary metabolism, in response to
nitrogen starvation, whereas cultures grown under nitrogen-
rich conditions produce no detectable peroxidase activity
12, 17, 25).

In recent years, there has been a relatively rapid expan-
sion of our knowledge of the molecular biology and genetics
of the lignin degradation system in P. chrysosporium. Three
different, but related, cDNAs encoding lignin peroxidases
and a cDNA for a manganese peroxidase have been cloned,
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characterized, and sequenced (7, 33, 42, 45). Several ge-
nomic clones of P. chrysosporium lignin peroxidases have
been isolated and sequenced (1, 3, 18, 37, 38, 43). A number
of classes of mutants of P. chrysosporium have been char-
acterized (16, 20, 25, 28, 31, 34). Mutants lacking lignin
peroxidases, manganese peroxidases, or both could be use-
ful not only for elucidating the relative contribution of each
class of these peroxidases to lignin degradation by P. chry-
sosporium and for various biotechnological applications but
also for conducting molecular biological analyses of the
regulation of production of these enzymes. Information on
regulation of production could also be used, eventually, to
genetically engineer P. chrysosporium strains that are suit-
able for various biotechnological applications (4, 5, 25, 39).
In this report we describe the isolation and characterization
of a lignin peroxidase-negative mutant (/ip mutant) of P.
chrysosporium which, under ligninolytic culture conditions,
produced only manganese peroxidases, but no detectable
lignin peroxidases, and was able to degrade lignin to CO,,
albeit at a lower level than that degraded by the wild type.

MATERIALS AND METHODS

Organism, culture conditions, and media. P. chrysospo-
rium ME446 (ATCC 34571) was maintained through periodic
transfer on malt extract agar slants as described previously
(20). For conidial inoculum preparations, strains were grown
on malt extract agar plates. After 5 days of incubation at
39°C, conidia were washed from plates and filtered through
glass wool, and the optical density of the conidia at 650 nm
was measured or the number of conidia in suspension was
determined with a hemacytometer as described previously
(26).

The fungus was grown in shallow liquid cultures (10 ml of
medium in 125-ml Erlenmeyer flasks) for lignin peroxidase
production. Cultures were routinely grown in defined liquid
basal III medium containing 2.4 mM nitrogen (41), except
that the dimethyl succinate buffer in the medium was re-
placed by 20 mM acetate buffer (pH 4.5), which is less
expensive and supports production of higher levels of extra-
cellular peroxidases in P. chrysosporium (36). The conidial
inoculum was added to a final concentration at an optical
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density at 650 nm of 0.3 (about 1.6 X 10° conidia per 10 ml of
medium), and the cultures were incubated at 39°C without
shaking under 100% oxygen. The flasks were flushed with
oxygen at the time of inoculation and again on day 3 of
incubation. Agitated cultures (45 ml in 125-ml Erlenmeyer
flasks or 750 ml in 2-liter Erlenmeyer flasks) were grown in
modified basal III medium (41) as described above. The
cultures were agitated at 39°C on a rotary shaker at 200 rpm
for the 125-ml flask cultures and at 125 rpm for the 2-liter
flask cultures. These cultures were aseptically flushed with
oxygen at the time of inoculation and each day thereafter.

Mutagenesis and isolation of mutants. Conidia from cul-
tures grown on malt extract agar plates for 7 days were
collected and mutagenized as described previously (34).
Twenty milliliters of conidial suspension (2.9 X 10° conidia
per ml) was stirred in water and was irradiated with UV light
(8 x 10> ergs/cm? per s) at a distance of 18 cm at 25°C in a
petri dish for 2 min. The irradiated conidial suspension (1 to
2% survivors) was diluted and plated onto poly-R medium
(11, 14) with the following amendments, per 100 ml: 2 g of
sorbose; 10 mg of sodium deoxycholate, and 2 g of agar
(Difco Laboratories, Detroit, Mich.). After the medium was
autoclaved and cooled to about 60°C, 1.0 ml of poly-R 481 (2
2/100 ml of filter-sterilized stock solution; Aldrich Chemical
Co., Inc., Milwaukee, Wis.) was added, and the medium was
poured into petri dishes. Portions of the irradiated conidial
suspension were spread onto these plates and incubated at
39°C. Colonies that were able to decolorize poly-R were
surrounded by yellow zones of discoloration. Colonies that
failed to decolorize poly-R were isolated from these plates
and were repeatedly transferred onto fresh poly-R plates.
One such mutant, which was consistently poly-R negative,
was isolated from about 4,000 colonies that were screened.
A homokaryotic derivative of this mutant, which was iso-
lated as a single basidiospore progeny (13), was designated
lip5 and was used for the experiments described here.

Phenol red medium plates, which were used to detect
colonies producing manganese peroxidases, consisted of the
basal III medium (41) described above, to which agar (2
g/100 ml; Difco) was added. Filter-sterilized phenol red stock
solution (2 g of phenol red in 100 ml of water) was added to
the autoclaved and cooled medium to give a final concentra-
tion of 20 mg/100 ml.

Fractionation of peroxidases by FPLC. The agitated cul-
tures used for lignin peroxidase production were grown as
described above. These cultures were pooled on the peak
day of activity (usually day 6), and the mycelial pellets were
separated by aseptically filtering the cultures through four
layers of cheesecloth. The yellow supernatant which con-
tained lignin peroxidase and manganese peroxidase activities
was concentrated 20-fold by using a 10-kilodalton cutoff
membrane (PM-10; Amicon Div., W. R. Grace & Co.,
Danvers, Mass.). The preparation was then filtered through
0.4-pm-pore-size filters (Gelman Sciences, Inc., Ann Arbor,
Mich.) and dialyzed against 10 mM sodium acetate buffer
(pH 6.0) for 24 h with three changes of the buffer. The
dialysate was loaded onto a fast protein liquid chromato-
graphic (FPLC) Mono Q anion-exchange column (HR 5/5;
Pharmacia, Inc., Piscataway, N. J.) and eluted with a 10 mM
to 1 M sodium acetate buffer (pH 6.0) gradient by the
procedures described previously (40, 41). The A,y of the
eluent was monitored. The flow rate was 1.5 ml/min.

Enzyme and other assays. The lignin peroxidase activity in
portions of the extracellular fluid was determined by mea-
suring the initial rate of oxidation of veratryl alcohol to
veratraldehyde, as described previously (40, 41). The cell
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extracts that were used to assay possible cell-bound lignin
peroxidase activity were prepared by washing mycelia with
5 ml of 20 mM sodium acetate buffer (pH 6.0) and centrifug-
ing them at 12,000 X g for 10 min at 4°C. The washed mycelia
were suspended in 10 ml of the same buffer, mixed with glass
beads (diameter, 0.1 mm) in a 1:1 ratio (glass beads/
mycelium [wet weight]), and blended at 4°C (Omni-mixer;
Ivan Sorvall, Inc., Norwalk, Conn.) for 15 min. The glass
beads and the mycelial debris were removed by centrifuga-
tion at 12,000 X g for 15 min at 4°C. Both mycelial washings
and cell extracts were assayed separately for lignin peroxi-
dase activity.

Assay mixtures contained the following in a total volume
of 1 ml: 450 pl of the culture supernatant, 400 pl of tartaric
acid buffer, (125 mM; pH 2.5), 100 pl of veratryl alcohol (20
mM), and 50 pl of 0.4 mM H,O,. Enzyme activity is
expressed as units per liter of the culture fluid.

The glucose oxidase activity in the cell extracts that were
prepared as described previously (22) was assayed spectro-
photometrically by measuring the peroxidative oxidation of
o-dianisidine through a horseradish peroxidase-coupled sys-
tem, using a molar extinction coefficient of 8.3 (22).

The manganese peroxidase activity of the extracellular
fluid was measured as phenol red oxidation in the presence
and absence of MnSO, (29). The reaction mixtures contained
0.0025% phenol red, 6.25 mM lactate, 0.025% bovine serum
albumin, 2.5 mM MnSO,, and 5 mM 2,2-dimethyl succinate
buffer (pH 4.5). The reaction was started by adding 9 pl of 2
mM H,0, and run at room temperature. The enzyme activity
could be conveniently followed spectrophotometrically by
monitoring the change in the A,s;.

Protein was estimated by using a protein assay (Bio-Rad
Laboratories, Richmond, Calif.) according to the specifica-
tions of the manufacturer. Bovine serum albumin (Sigma
Chemical Co., St. Louis, Mo.) was used as the standard.

Ligninolytic activity was monitored as the rate of conver-
sion of 2'-*C-labeled synthetic lignin to *CO,, as described
previously (10).

RESULTS

Ligninolytic activity. A comparison of the wild type and
the lip5 mutant for their ligninolytic activities showed that
the wild type mineralized about 31% of the added '¢C-
labeled synthetic lignin in 12 days, whereas the /ip5 mutant
showed about 16% of the ligninolytic activity exhibited by
the wild type during the same period (Fig. 1).

Decolorization by P. chrysosporium of such polymeric
dyes as poly-R has been shown to be positively correlated
with the onset of secondary metabolism and ligninolytic
activity (11, 14). Dye decolorization and the ligninolytic
system are known to be repressed in high-nitrogen medium
(14). Oxygen induces lignin degradation as well as dye
decolorization, and inhibitors of lignin degradation, likewise,
inhibit dye decolorization (14). It was therefore of interest
that a mutant lacking a detectable ability to decolorize
poly-R dye was still capable of low but substantial levels of
ligninolytic activity (see below).

Lignin peroxidase and manganese peroxidase activities.
Lignin peroxidase activity was determined by measuring the
initial rate of oxidation of veratryl alcohol to veratraldehyde
(40). One unit of activity was defined as 1 pmol of veratral-
dehyde formed per min. The wild type showed no detectable
lignin peroxidase activity on day 4 but showed activities of
62.1, 96.4, 88.0, and 72.9 U on days 5, 6, 7, and 8,
respectively. The wild type showed peak lignin peroxidase
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FIG. 1. Ligninolytic activity (}*C-labeled synthetic lignin —
14C0,) of P. chrysosporium ME446 (wild type, @) and the lip5
mutant (H). Cultures were grown in the low-nitrogen medium
described previously (41).

activity in low-nitrogen medium on day 6 of incubation, in
agreement with results of previous investigations (19, 30).
Under identical culture conditions, the /ip5 mutant did not
exhibit detectable amounts of lignin peroxidase activity on
any of the days of incubation. Cell extracts and mycelial
washings of the lip5 mutant also did not exhibit lignin
peroxidase activity, suggesting that the mutant does not
contain cell-bound or intracellular lignin peroxidase activity.
Both the wild type and the lip5 mutant produced comparable
levels of extracellular manganese peroxidases (Table 1).
These results are of considerable interest since they docu-
ment lignin degradation by a P. chrysosporium strain that
failed to produce detectable levels of lignin peroxidase
activity.

FPLC analysis of the extracellular culture fluids of the
wild type showed the presence of eight major identifiable
heme protein peaks with lignin peroxidase activity and two
major heme protein peaks with manganese peroxidase activ-
ity. In contrast, in the extracellular culture fluid of the lip5
mutant, lignin peroxidase peaks were not detectable, but
four distinct heme protein peaks with manganese peroxidase
activity were seen (Fig. 2). Of these, the elution pattern of
the peaks designated MnPc and MnPd matched those of
MnP1 and MnP2 of the wild type, respectively, whereas a
large protein peak, designated MnPa, and a minor peak,
designated MnPb, appeared to be unique to the mutant, as
these protein peaks were not detectable in the extracellular
fluid of the wild type (Fig. 2 and Table 1).

Both lignin peroxidases and manganese peroxidases are
known to decolorize poly-R dye (29). In support of this, our
results also showed that partially purified manganese perox-
idases of the wild type or the /ip5 mutant decolorized poly-R
dye (data not shown). However, when the /ip5 mutant was
grown on poly-R plates, it did not show detectable decolor-
ization of the medium after 8 days, in comparison with the
wild type. Continued incubation of these plates for 15 days
resulted in decolorization of the poly-R dye by colonies of
the lip5 mutant, presumably because of the manganese
peroxidase activity. In fact, we have evidence that purified
manganese peroxidases decolorize poly-R, although to a
lower extent than the lignin peroxidases do.

Manganese peroxidase isozymes are routinely assayed by
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TABLE 1. Activities of partially purified Mn?*-dependent
peroxidases from extracellular culture fluids of P. chrysosporium
ME446 and the lip5 mutant®

Strain and enzyme s Peroxidase
preparationZ Addition activity®©
ME446
MnP1 None 0
Mn 1.88
MnP2 None 0
Mn 1.61
lip5
MnPa None 0
Mn 1.47
MnPb None 0
Mn 2.11
MnPc None 0
Mn 1.69
MnPd None 0
Mn 1.89
MnPb (boiled) Mn 0
No enzyme Mn 0

“ The reaction mixture (1 ml) contained 0.0025% phenol red, 6.25 mM
lactate, 0.025% bovine serum albumin, 5 mM dimethyl succinate buffer (pH
4.5), and partially purified enzyme (100 pl). Mn was added to the reaction
mixture as 2.5 mM MnSO,. The reaction was started by adding 9 ul of 2 mM
H,0,.

® The manganese peroxidase (MnP) designations correspond to those used
in Fig. 2.

¢ Extracellular fluid from the 6-day-old cultures of the wild type and the lip5
mutant was fractionated separately on a Mono Q column, and the eluted heme
proteins were monitored by measuring the A,s. Enzyme activity was fol-
lowed by monitoring the decrease in the A,;, per minute per milligram of
protein.

determining their ability to oxidize phenol red in the pres-
ence of Mn?* (29). Therefore, we investigated the ability of
the colonies of the lip5 mutant to decolorize phenol red on
plates. The results showed that both the wild type and the
lip5 mutant decolorized phenol red from yellow to red after
2 days of incubation, and the peak activity was detected on
day 3, as indicated by the formation of a very intense red
discoloration in and around the fungal colony. This obser-
vation is in agreement with the fact that P. chrysosporium
cultures produce manganese peroxidases earlier than lignin
peroxidases (30) and is a further indication that in the lip5
mutant the production of manganese peroxidases is not
affected.

Glucose oxidase activity. Several independent studies have
demonstrated the importance of hydrogen peroxide to lignin
degradation (8, 10, 21, 23, 35). Glucose oxidase has been
shown to be one of the hydrogen peroxide-producing en-
zymes in ligninolytic cultures of P. chrysosporium (8, 21,
35). Glucose oxidase production, similar to lignin peroxidase
production, is triggered in response to nitrogen or carbohy-
drate deprivation; and activities of both enzymes are re-
pressed in media containing high levels of nitrogen or on the
addition of exogenous nitrogen sources such as glutamate to
lignin-degrading cultures (21). Therefore, it was of interest to
investigate whether the lip5 mutant was able to produce
normal levels of glucose oxidase. Our results showed that
both the wild type and the /ip5 mutant produce comparable
levels of glucose oxidase (Table 2).

DISCUSSION

The results of this investigation showed that the lip5
mutant degrades '“C-labeled synthetic lignin to **CO, and
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FIG. 2. FPLC profiles of various heme proteins in extracellular
culture fluids of the P. chrysosporium wild type (A) and the lip5
mutant (B). Cultures were grown as described in the text. Extracel-
lular fluids of the wild type (850 ug of protein) and the /ip5 mutant
(227 ng of protein) were fractionated separately on a Mono Q
column, and the elution of the heme proteins was monitored by
measuring the A,y (indicated here as relative peak height). Abbre-
viations: LIP, lignin peroxidase; MnP, manganese peroxidase.

lacks lignin peroxidases, but that it elaborates several man-
ganese peroxidases and glucose oxidase at levels compara-
ble to those in the wild type. These data indicate that a strain
of P. chrysosporium producing manganese peroxidases and
no detectable lignin peroxidases is able to degrade lignin to a
measurable, although lower, extent. The results are consis-
tent with those of an earlier report by Kirk et al. (27), who
reported a lack of good temporal correlation between lignin
peroxidase production and lignin degradation. An observa-
tion of particular interest was the fact that the ligninolytic
activity was detected even before lignin peroxidase produc-
tion was demonstrable. The observed ligninolytic activity
detected by Kirk et al. (27) may be attributable to manganese
peroxidases, which are known to be produced earlier than
lignin peroxidases (30). Manganese peroxidase activity is

TABLE 2. Glucose oxidase activities of P. chrysosporium
ME446 (wild type) and the lip5 mutant

Glucose oxidase activity on®:

Strain
Day 4 Day 5 Day 6
Wild type 0.13 0.09 0.11
lip5 mutant 0.10 0.11 0.08

2 Glucose oxidase activity was assayed spectrophotometrically by measur-
ing the peroxidative oxidation of o-dianisidine through a horseradish peroxi-
dase-coupled system (22).
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usually detected after 65 h of incubation and reaches maxi-
mal activity 8 to 10 h later. Lignin peroxidase activity, on the
other hand, appears several hours after the appearance of
manganese peroxidase activity. In this study we also ob-
served that phenol red oxidation by lip5 and wild-type
colonies reached a peak on day 3 of incubation, indicating
manganese peroxidase activity. The results of this investi-
gation indicate that lignin peroxidases are not obligatorily
required for the degradation of at least some of the lignin
polymer and that a strain of P. chrysosporium with manga-
nese peroxidases only, such as the /ip5 mutant, can degrade
lignin to a measurable extent. Lignin degradation by other
white-rot and brown-rot fungi which do not produce detect-
able levels of lignin peroxidases has been documented,
although at lower levels than degradation by P. chrysospo-
rium (2, 6).

Gold et al. (16) have shown that a phenol oxidaseless
mutant (phe) of P. chrysosporium is defective not only in its
ability to degrade lignin and various lignin model compounds
but also in its ability to produce fruiting bodies and synthe-
size veratryl alcohol, a typical secondary metabolite. They
concluded that it is a pleiotropic mutant for a set of second-
ary metabolic characteristics. Liwicki et al. (31) have iso-
lated another class of phenol oxidase mutants which share
the following idiophasic traits: increased intracellular cyclic
AMP levels, sporulation, extracellular glucan, and veratryl
alcohol synthesis. They concluded that mutations that result
in the loss of lignin-degrading ability are not necessarily
pleiotropic for other idiophasic functions. Kelley et al. (20)
have demonstrated that the gox mutants of P. chrysosporium
lack several metabolic activities associated with lignin deg-
radation, such as glucose oxidase and lignin peroxidase
production, but unlike the pleiotropic phe mutant of Gold et
al. (16), gox mutants retain some of the major secondary
metabolic characteristics such as veratryl alcohol synthesis
and conidiation. They concluded that the primary lesion in
the gox mutants affects the regulation of the onset of a group
of secondary metabolic characteristics (20). These results
suggest the existence of different levels of secondary metab-
olism control in P. chrysosporium.

The results of this investigation suggest that the lip5
mutant is yet another class of regulatory mutant in that it is
defective only in the production of lignin peroxidases and is
not affected in other secondary metabolic processes, such as
lignin degradation, manganese peroxidase production, or
glucose oxidase production. A regulatory gene specifically
involved in controlling the expression of lignin peroxidases
is apparently affected in the lip5 mutant. These results
further indicate that manganese peroxidase production is
regulated differently, at least in some aspects, from lignin
peroxidase production. It appears that specific regulatory
controls exist in P. chrysosporium for the various enzyme
families that are involved in lignin degradation, such as lignin
peroxidases and manganese peroxidases, and presumably,
other secondary metabolic activities as well.

Studies are in progress to isolate the regulatory gene that
complements the lip mutation by transforming the lip5
mutant with a P. chrysosporium genomic library and isolat-
ing and characterizing transformant colonies that are able to
decolorize poly-R. The lip5 mutant is also being used to
elucidate the contribution of lignin peroxidases vis a vis
manganese peroxidases to the various degradative activities
that are known to be catalyzed by P. chrysosporium (4, 5,
25, 39).
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