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The white-rot basidiomycete Ceriporiopsis subvermispora produces two
families of ligninolytic enzymes, namely manganese-dependent peroxidases
(MnPs) and laccases, when growing in liquid cultures of defined composition.
In medium containing 11 p.p.m. of Mn(ll), up to seven isoenzymes of MnP and
four isoenzymes of laccase were resolved by isoelectrofocusing (IEF), with pl
values in the range 4-10-4-60 and 3-45-3-65, respectively. Occasionally, a fifth
laccase isoform of pl4.70 was also detected. In cultures with 25 and 40 p.p.m.
of Mn(ll), mainly the MnPs with higher pl values are produced. The isoenzyme
pattern of MnP is not altered throughout the growth period of the fungus.
MnP and laccase are also produced by C. subvermispora when growing on
wood chips of Pinus radiata. Highest levels of both enzymes were obtained
during the first week of incubation. A second peak of MnP activity was
observed during the fourth week, whereas very low levels of laccase were
extracted from the chips after the second week of growth, IEF analysis showed
that the pl values of these laccases are similar to those of laccases produced in
liquid cultures, being in the range 3-45-3065. In contrast, four isoforms of MnP
were resolved during the first week of incubation on wood chips, with pl
values of 4-40, 4-17, 4-04 and 3-53. This profile underwent a transition during
the second week of growth, at the end of which isoforms of MnP with pl
values of 3:53, 3:40, 3-30 and 3-20 were resolved by IEF. Inmunoblotting studies
showed that the molecular mass of MnP isoenzymes from liquid cultures was
about 52-5 kDa, whereas the molecular masses of MnPs extracted from wood
varied from 52-5 kDa to 62-5 kDa upon ageing of the cultures. The amino
terminal sequences of seven MnP isoenzymes were determined. The consensus
sequences of MnPs from liquid and solid cultures were clearly distinct,
although both showed homology to MnPs from related white-rot fungi.
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1992) and it is used extensively in pilot-scale studies of
biomechanical pulping (Akhtar et al., 1992, 1993). How-

The white-rot basidiomycete Ceriporiopsis subvermispora is
strongly ligninolytic (Otjen et al., 1987; Blanchette et al.,
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Abbreviations: ABTS, 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic

acid); IEF, isoelectrofocusing; LiP, lignin peroxidase; MnP, manganese-

dependentperoxidase; PVDF, polyvinylidenedifluoride.

ever, relative to other white-rot fungi such as Phanerochaete
chysosporium,  Coriolus versicolor or Phlebia radiata little is
known concerning the enzymology of lignin degradation
by C. subvermispora.

Studies with liquid cultures of C. subvermispora have
demonstrated the production of two classes of extra-

manganese-dependent  peroxidases

cellular  enzymes:
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(MnPs) and laccases (Ruttimann ¢t al., 1992a, b). Levels of
these enzymes are positively correlated with lignin
mineralization in C. subvermispora (Ruttimann- Johnson &t
al, 1993). Lignin peroxidase (LiP) has not been detected
in cultures of this fungus grown under a wide variety of
conditions (Ruttimann et al., 1992a, b).

MnPs have been found in several fungal species (Orth 6t
al., 1993). In Phanerochaete chrysosporium, at least six
isoenzymes have been identified (Leisola et al., 1987).
Amino-terminal sequence analyses show that they are
encoded by at least four genes (Leisola et al., 1987; Pease
& Tien, 1992), two of which have been cloned and
characterized (Pease et al., 1989; Pribnow et al, 1989).
These isoenzymes are differentially regulated in response
to nutrient limitation and culture age (Pease & Tien,
1992). MnPs have also been partially characterized from
Panus tigrinus (Maltseva et al, 1991), Dichomitus sgualens
(Périé & Gold, 1991), Rigidoporus lignosus (Galliano et al.,
1991), Phlebia radiata (Karhunen et al., 1990), Lentinula
edodes (Forrester et al., 1990), Phanerochaete sordida
(Ruttimann- Johnson et al., 1994) and Coriolus versicolor
(Johansson & Nyman, 1993; Johansson et al, 1993),
among others. Its wide distribution among ligninolytic
fungi suggests that MnP may play a key role in the process
of lignin biodegradation.

Laccase activity has also been detected in numerous fungi,
including several lignin-degraders. Among the latter.
Coriolus  versicolor ~ (Morohoshi,  1991), Panus  tigrinus
(Maltseva et al., 1991) and R. lignosus (Geiger et al., 1986)
produce multiple isoenzymes, whereas Phlebia radiata
secretes only one species of laccase to the extracellular
medium (Niku-Paavola et al., 1988). Genes encoding
laccase activity in several white-rot ligninolytic fungi have
been cloned and characterized (Saloheimo €t al., 1991;
Kojima et al., 1990; Iimura et al., 1992; Coll et al., 1993).

Most studies of ligninolytic enzymes have been conducted
with preparations isolated from liquid cultures of the
vatious fungal strains utilized. Moreover, since liquid
cultures are easy to manipulate, conditions have been
developed in several cases for optimal enzyme production
and lignin mineralization. Although this approach has
been a valuable tool for understanding several aspects
of the lignin biodegradation process, white-rot fungi
normally exert their action while growing on solid wood.
Therefore, it seems reasonable to compare the ligninolytic
enzymes produced by white-rot fungi growing in liquid
cultures with their counterparts produced in solid state
cultures. Some knowledge has already been gained in this
respect with Phanerochaete chrysosporium; Datta et al. (1 991)
reported that the most abundant peroxidase extracted
from cultures of this organism growing on wood pulp is
MnP rather than LiP.

In this work we describe multiple MnP and laccase
isoenzymes from  Ceriporiopsis  subvermispora and  their
production in both liquid and solid state cultures.

METHODS

Organism. C. subvermispora strain FP-105752 was obtained from
the Center for Forest Mycology Research, Forest Products

Laboratory, Madison, WI, USA. The fungus was maintained on
agar slants of potato dextrose agar medium (Difco).

Growth in liquid cultures. Erlenmeyer flasks (125 ml) con-
taining 30 ml minimal salts medium (Ruttimann et al., 1992a)
were inoculated with 13-5mg of homogenized mycelium
prepared as previously described (Ruttimann et al., 1992a).
Unless otherwise indicated, the medium contained 11 p.p.m,
(195 uM) MnSO, and 10 mM ammonium tartrate as nitrogen
source.

Fractionation of enzymes produced in liquid cultures. One
hundred millilitres of 15-d cultures was centrifuged for 20 min
at 10000 r.p.m. to remove the mycelium and the extracellular
glucan. The supernatant was concentrated 20-fold by ultra-
filtration in a 185 ml Amicon cell with a 10 kDa cut-off
membrane and dialysed against 10 mM sodium acetate pH 6-0.
Protein (50 mg) was loaded onto a Q-Sepharose (Pharmacia)
column (0.6 cm? X 27 cm) previously equilibrated with the same
solution. Enzymes were eluted with a 60 ml linear gradient of
10-600mM sodium acetate pH 60 and 1 ml fractions were
collected. For preparative IEF (see below), fractions that were
enriched in MnP activity were pooled and concentrated by
dialysis against a 40% solution of polyethylene glycol 8000
dissolved in 10 mM sodium acetate pH 6-0, to a final protein
concentration of about 1 mg ml".

Growth on wood chips. Four millilitres of a defined medium
(Leatham, 1983) containing 10 mM ammonium tartrate and
2:5% (w/v) glucose, plus 6 ml water, were added to 15 g Pinus
radiata chips (5 x 5 mm, 40 % initial moisture content) in 250 ml
Ertlenmeyer flasks. The flasks were covered with aluminium foil
and autoclaved for 45 min at 121 °C, giving a final moisture
content of 60 %. After cooling to room temperature, the chips
were inoculated with two 1-0 cm? mycelial plugs of the fungus
grown on potato dextrose agar, and vigorously mixed. Flasks
wete incubated at 30 °C for up to 4 weeks, being supplied with
filtered and humidified air throughout this period (1-5 1 h).

Enzyme extraction from the wood chips and partial frac-
tionation. Chips were resuspended for 1h at 4°C with
occasional stirring in 30 ml 50 mM sodium acetate pH 48
(buffer A). The liquid phase was centrifuged for 1 h at 15000
r.p.m. and the supernatant was diluted twofold with water. The
solution obtained was loaded onto a 2 ml Q-Sepharose column
equilibrated with buffer A. Enzymes were eluted stepwise with
4 ml solutions ofNaCl (0-1, 0-2, 0-3, and 0-4 M) in buffer A. Both
enzymes were always recovered in the fraction containing 0-2 M
NaCl. During the first week, some additional MnP activity also
elutedwith0-1 M NaCl. This fractionation procedure was scaled
up prior to preparative IEF.

Enzyme assays. MnP and laccase were assayed as previously
described (Ruttimann et al., 1992a), using vanillylacetone and
ABTS (Sigma) as substrates, respectively. LiP activity was
measured using two standard methods (Tien & Kirk, 1984;
Archibald, 1992). Definitions of enzyme units have been
reported previously (Ruttimann etal., 1992a).

Isoelectrofocusing. IEF was performed over the pH range 3-6,
using Servalyt Precotes 3—6polyacrylamide gels from Serva.
After applying the protein samples (0-5—1-(ug protein per well
in analytical gels, 200-400 ug in preparative gels), gels were run
for 30 min at 200 V, 15 min at 400 V, 5 min at 800 V and then
the voltage was raised to 1200 V until the current reached 2 mA.
MnP bands were developed by soaking the gel in a solution
prepared as follows: 15 mg 4-chloro-1-naphthol was dissolved
in 5 ml methanol; 1 ml of this solution was mixed with 6-3 ml
20 mM Tris/HCL pH 7-5, 0-5M NaCl. In turn, 4ml of the
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resulting solution was mixed with 25 ml 50 mM sodium tartrate
pH 50 containing 02 mM MnSO,. Hydrogen peroxide was
added to a final concentration of 50 mM. The solution for
developing the bands corresponding to laccase was the same but
lacked MnSO, and hydrogen peroxide. Occasionally, both
enzymes were developed with ABTS or phenol red as substrates,
which were present at final concentrations of 5 mM and 480 uM
respectively.  When indicated, 1 wunit ml' of catalase (Sigma)
was added to the developing solution of laccase activity.
Standards for IEF were all from Sigma: amyloglucosidase from
Aspergillus niger (pI 3-6), glucose oxidase from Aspergillus niger
(pl 4:2), soybean trypsin inhibitor (pI 46), B-lactoglobulin A
from bovine milk (pI 5-1), carbonic anhydrase II from bovine
erythrocytes (pI 54 and 59) and carbonic anhydrase 1 from
human erythrocytes (pl 6-6). Preparative IEF gels were always
performed with protein which had been fractionated previously
by Q-Sepharose chromatography.

Anti-MnP antibody. MnP was purified from 25-d solid state
cultures. Proteins extracted from 200 g of dry wood chips were
first fractionated by Q-Sepharose chromatography. Active
fractions were pooled, concentrated first to 10 ml by ultra-
filtration in an Amicon cell and then to 0-5 ml in a Millipore
cartridge (10000 cut-off). Protein (1 mg) was applied to
preparative Servalyt Precotes. The IEF gel section containing
the MnP bands was excised and homogenized to a final volume
of 0:6ml with 50 mM Ttis/HCl buffer pH 7-5 containing
200 mM NaCl. The suspension was extensively dialysed against
PBS solution (8:1 mM Na,HPO,, 1-47 mM KH,PO,, 0-8%
NaCl, 0-02% KCI). A rabbit was initially injected subcu-
taneously with 300 ug MnP protein in complete Freund’s
adjuvant. Two 300 pg aliquots of MnP in incomplete Freund’s
adjuvant were injected 15 and 25 d after the first injection.
Antibody titre was monitored by ELISA assays.

Western blots. Proteins (300 ng per track) and prestained
molecular mass markers (Sigma) were first separated by SDS-
PAGE and then transferred to nitrocellulose for 50 min at room
temperature and 150 mA, in a BioRad chamber with a solution
of 25 mM Tris/HCl pH 8:4, 192 mM glycine and 20 % (v/v)
methanol. The nitrocellulose was incubated with gentle agi-
tation for 30 min at room temperature in PBS solution
containing 1 % (w/v) bovine serum albumin (PBS-BSA)and
thereafter immersed in serum anti-MnP diluted 10-fold in
PBS-BSA for an additional 30 min. The nitrocellulose was
washed six times for 1 min with PBS solution containing 0-1 %
Tween 20 and incubated for 30 min in a 1/3500 dilution in
PBS-BSA of horseradish peroxidase conjugated to antibody
anti-IgG from rabbit (BioRad). The nitrocellulose was washed
as before and developed by soaking it for 5-15 min in a mixture
containing 10 ml 50 mM Tris/HCl buffer pH 7-4, 200 mM
NaCl, 2 ml of methanol containing 6 mg 4-chloro-1-naphthol
and 4 ul 30 % (v/v) hydrogen peroxide.

Protein electroblotting and sequencing. After IEF, the MnP
bands were excised and homogenized to a final volume of 0-2 ml
with 50 mM Ttis/HCI buffer pH 7-5 containing 200 mM NaCl.
Suspensions were loaded onto a 8 % (w/v) SDS-polyactrylamide
gel and electrophoresed at 20 mA constant current. Purified
isoenzymes were electroblotted to PVDF membranes (Mat-
sudaira, 1987) and sequenced on an Applied Biosystems gas
phase 475 protein sequencer at the University of Wisconsin
Biotechnology Center.

Other procedures. SDS-PAGE was performed as reported by
Laemmli (1970) and the protein bands were stained using a
silver stain kit (Sigma). Protein concentration was measured by
the method of Bradford (1976).

RESULTS

Isoenzymes produced in liquid cultures of defined
composition

Extracellular minimal medium from 15-d cultures of C.
subvermispora  was  subjected to IEF as indicated in
Methods. The gel was cut into four sections, which were
developed under different conditions (Fig. 1). When the
developing solution contained only the substrate - in this
case  4-chloro-1-naphthol-several ~ staining  bands  were
observed between pH 3:45 and 3-65 (Fig. 1, lane 1). These
bands were also observed when catalase was present in the
developing solution, indicating that they correspond to
isoforms of laccase. Further addition of hydrogen per-
oxide or Mn(ll) to the developing solution did not
significantly alter the band patterns (Fig. 1, lanes 2 and 3,
respectively). However, when these two components
were added simultaneously, several bands appeared be-
tween pH 4-1 and 46, strongly suggesting that the latter
correspond to isoforms of MnP (Fig. 1, lane 4). Thus, IEF
provides a useful tool not only to separate isoenzymes but
also, in this case, to differentiate activities of MnP and
laccase. The same band pattern was obtained when ABTS
or phenol red were used as substrates in the developing
solution.

Attempts were made to find conditions leading to
preferential production of particular isoforms of each
activity. For this purpose, the effects of Mn(II) and culture
age were analysed. Standard cultures of C. subvermispora
contain 11 p.p.m. of Mn(Il), since at this concentration
the titres of both MnP and laccase are highest (Ruttimann
et al, 1992a). Therefore, for comparative purposes, the
fungus was grown in salt medium containing 0-3, 11, 25
and 40 p.p.m. of Mn(Il) and the isoenzymes were analysed
by IEF (Fig. 2). With 11 p.p.m. of Mn(ll) in the medium,
the expected MnP pattern was obtained (Fig. 2a, lane 2;
compare with Fig. 1, lane 4). At Mn(II) concentrations of
25 and 40 p.p.m., the MnP isoforms of higher pl were
preferentially produced (Fig. 2a, lanes 3 and 4). In the case
of laccase, an isoform of pI 47 was present in the cultures

1 2 3 4
pH
4-6 —» A
4.2 —» e
36 —»

I T TR

Fig. 1. IEF analysis of ligninolytic enzymes produced by C.
subvermispora in liquid cultures of defined composition. Each
gel was developed in a solution containing 4-chloro-naphthol
as substrate, plus: no further addition (lane 1); hydrogen
peroxide (lane 2); Mn(ll) (lane 3); and hydrogen peroxide plus
Mn(ll) (lane 4).
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(a)

1 2 3 4 5
pH
46 —»
42 —»
36 —»
(b)

46—

42 —»

Fig. 2. Isoenzyme profile of MnP (a) and laccase (b) in cultures
of C. subvermispora in minimal salts medium containing
different concentrations of Mn(ll). Lanes: 1, 0-3 p.p.m.; 2, 11
p.p.m.; 3, 25 p.p.m.; 4 and 5, 40 p.p.m. Lanes 1-4 each contain
3 ug total protein. Lane 5 in each gel was loaded with the same
quantity of activity units of MnP and laccase as was loaded
onto the respective lane 4. The activities of MnP (units ug
protein-") in the samples loaded onto lanes 1.4 were,
respectively, 15-5, 24-1, 11-4 and 11.0. The activities of laccase
were 3-4, 31-8, 3-4 and 2:9, respectively.

containing 03, 25 and 40 p.p.m. of Mn(II), but not in the
culture with 11 p.p.m. of Mn(II) (Fig. 2b). In the course
of these studies, this band of laccase activity was only
occasionally detected in the various cultures, even in those
with 11 p.p.m. of Mn(Il). The conditions that favour the
formation of this laccase of high pl or its relation to the
low pl isoforms are not yet known. On the other hand,
samples wete withdrawn from standard cultures of C.
subvermispora  throughout the growth period and analysed
by IEF. Both isoenzyme patterns remained unaltered until
the last day tested (day 25; data not shown).

To isolate isoforms of each enzyme, extracellular fluid
from liquid cultures of C. subvermispora was fractionated
by Q-Sepharose chromatography as indicated in Methods.
After applying a shallow salt gradient, broad peaks of
MnP and laccase activities were obtained, with partial
resolution between these two enzymes. MnP- and laccase-
enriched fractions were pooled separately and each pool
was subjected to IEF (Fig. 3).

Isoenzymes produced by C.subvermisporawhile
growing in wood chips

When C. subvermispora was inoculated onto wood chips of
radiata pine, fungal growth became visible on day 4.
Enzymes produced by the fungus were extracted at

365 —»
359 —»

3:53 —»
347 —»

Fig. 3. IEF of MnP (1) and laccase (2) isoforms after
fractionation by Q-Sepharosechromatography. The laccase of
pl4-7isnotobservedinthissample.
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Fig. 4. Activity profile of MnP (@) and laccase (O) extracted
from wood chips at various times of fungal growth. Vertical
barsrepresentasinglestandarderror.

vatious times from the chips and separated by Q-
Sepharose  chromatography from potential inhibitory
substances released from the wood (see Methods). Under
the standard conditions, MnP exhibited two peaks of
activity, on days 8 and 25, whereas laccase activity reached
its maximum during the first week of growth (days 4-5,
Fig. 4). Thereafter, the levels of laccase began to decrease,
reaching very low levels beyond the second week of
incubation (Fig. 4).

IEF analysis throughout the culture period showed that
the pattern of MnP isoforms extracted from the chips was
different from that obtained in liquid cultures. At day 4,
few distinct bands were observed (Fig. 5a, lane 1). Two of
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(a) (b)
1 2 3 4 1 3 4
pH
5.5 —
42— T B T
Fig. 5. IEFanalysis of MnP (a) and laccase (b)
y extracted from wood chips at different
; " times of fungal growth. Samples are 0-2M
36— - s ﬁ_ sodium acetate eluates of Q-Sepharose
ow * columns loaded with extracts obtained on
days 4 (lanes 1), 8 (lanes 2), 16 (lanes 3) and
25 (lanes 4).
kDa M 12 3 4 5 6 M M 1 2 3 4 5
kDa — —
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Fig. 6. Immunoblot analysis of MnPs at various times of fungal
growth. Lane 1, MnP from liquid cultures in salt medium; lanes
2 and 3, 0-1 and 0-2M NaCl eluates from Q-Sepharose column
obtained by fractionation of protein extracted from wood chips
at day 4, lanes 4-6, MnP extracted from wood chips at days 10,
16and 25, respectively. M, Molecular mass markers.

them exhibited pI values of 4-40 and 4-17, which are in the
same range as MnPs from liquid cultures. However, there
were two additional MnP isoforms with pl values of 4-04
and 3-53, that had not been identified previously. At day
8 and thereafter, four isoforms with pl values 3-53, 3-40,
3-:30 and 3-20 were observed (Fig. 5a, lanes 2—4). These atre
all in the pI range of laccases isolated either from liquid
cultures (Fig. 1) or from wood chip cultures (Fig. 5b,
lanes 1 and 2). However, the bands observed in Fig. 5(a),
lanes 2-4 can be ascribed to MnP activity, since laccases
were not detected by IEF after the second week when the
same samples were applied to the gel (Fig. 5b, lanes 3 and
4; see also the activity profile in Fig. 4).

Fig. 7. SDS-PAGE (10% gel) of MnPs obtained on day 25, after
preparative IEF. Lanes 1-4, MnPs of pl 3.20, 3.30, 3.40 and 3.53,
respectively; lane 5, MnP sample prior to IEF fractionation. In
this experiment, 0-5 ug protein was applied to each track. M,
Molecular mass markers.

Molecular mass of MnPs

Samples from a culture of C. subvermispora in wood chips
were obtained at vatious times of growth and analysed by
immunoblotting (Fig. 6). In this analysis, a sample from a
liquid culture in salt medium withdrawn at day 11 was
also included. Some of the bands developed with this
technique were broad, probably due to the presence of
several isoforms in the corresponding samples. However,
it is clear that the molecular mass of MnPs from a liquid
culture (52'5 kDa) was lower than that of MnPs from
solid state culture obtained at day 25 (62-5 kDa) (Fig. 6,
lanes 1 and 6). Moreover, the molecular mass of the MnPs
extracted from the wood chips gradually changed during
the growth period. On day 4, Q-Sepharose chroma-
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(@ RARIFPAGTRVSNFVR MnPl-C.s.
GIfPARARaTRVSNAdVisSDpipZXaht MnP2-C.s.
GIfPAGTRVSNHVXRXFIP MnP3-C.s.
AIPPAdGTRVSNhvdXdFISPAQgGSTL MnP4-C.s.
ATITFPAGTRYVSNHYV DFIP A consensus 1

b) VT XS dGTAvVvVPXaMXEXXdFIPLXXdlgsmvl1g MnP5-C.s.
VTXSDGTAVPDAMXXDFIPLAQXlggxvlg MnP6-C.s.
VTXSDGTAVPAdAMXXdFIPLXZXdd MnP7-C.s.
VTXSDGTAVPDAMXEXXDFIPLXXDLAQ VLQ consensus 2

(c) consensus 1

DX OXOO0NDXX:
KX OXOQXNXXX:

jj consensus 2
i . MnPI-P.s.
b oD Lo e MnPII-P.s.
= MnPIII-P.s.
TS MnPH3-P.c.
A 3‘53 MnPH4-P.c.

L
R L §
MnPHS5-P.c.

TSGR T B MELE -

4 MnPP-P.cC.
@}h‘iﬁT A X LEJe MnPl-L.e.

Fig. 8. Aligned N-terminal sequences of MnPs. (a, b)

Isoenzymes derived from liquid and solid media, respectively.

Isoenzyme pl valueswere: MnP1-C.s., 4-2; MnP2-C.S., 4-:3; MnP3-C.s., 4-4; MnP4-C.s., 4-6; MnP5-C.s., 3-4; MnP6-C.s., 3-3and
MnP7-C.s., 3-2. Lower-case letters indicate less confident assignments and the letter X represents unknown residues. (c)
The consensus sequences from C. subvermispora are compared to experimentally-determined sequences from:
Phanerochaete sordida isoenzymes MnPI-P.s., MnPII-P.s., MnPllI-P.s. (Ruttimann-Johnson et al., 1994); Phanerochaete
chrysosporium isoenzyme H5, MnPH5-P.c. (Pease & Tien, 1992); a Phanerochaete chrysosporium isoenzyme purified from

aspen pulp, MnPP-P.c. (Datta et al.,
and MnP1-P.c. (Pribnow et al.,

1991); and the Lentinula edodes MnP, MnP1-L.e. (Forrester et al.,
were deduced from cDNAs for isoenzymes MnPH3-P.c. (A. Orth and others, unpublished), MnPH4-P.c. (Pease et al.,

1990). Sequences
1989)

1989) from Phanerochaete chrysosporium. A gap was introduced in the MnPI-P.s. sequence

to optimize alignment. Residues matching the consensus are shaded.

tography allowed the separation of MnPs with molecular
masses of 52-5 kDa and 57-5 kDa (Fig. 6, lanes 2 and 3).
Then, on day 10, the average molecular mass increased to
60-2 kDa (Fig. 6, lane 4), to reach a final value of 62-5 kDa
on day 25.

After obtaining the isolated MnPs for N-terminal
sequencing, their molecular masses were determined by
SDS-PAGE developed by silver staining. Isoforms from
liquid cultures with pI values of 4-21, 4-31, 4-43, and 4-58
had a molecular mass of 52:5 kDa (data not shown). In
turn, isoenzymes from wood chips with pls of 3-20, 3-30
and 340 showed a major band corresponding to a
molecular mass of 62-5 kDa, whereas bands of 625 and
56 kDa were observed in the sample of the isoform with
a pl value of 3-53 (Fig. 7).

N-terminal sequence of some MnPs

The N-terminal sequences of MnPs with pl values of 4:21,
4-31, 4-43, and 4-58 from liquid cultures, as well as of
MnPs with pl values of 3:20, 3-30 and 3-40 from solid
cultures were determined. The four sequences of MnPs
produced in liquid medium were highly similar although
distinct, most mismatches involving residues with similar

properties (Fig. 8a). In contrast, the N-terminal sequences
of the MnPs extracted from the wood chips could not be
confidently differentiated, although the consensus
quence was different from the N-terminal sequence of any
MnP from salt medium (Fig. 8b). Pairwise comparisons
with all published MnP sequences showed that MnPs
from C. subvermispora were cleatly related to those of other
white-rot fungi (Fig. 8c). Database searches (SwissProt
and PIR release 77) showed no significant homology to
any other proteins, including the lignin peroxidases.

Se-

DISCUSSION

The basidiomycete  Ceriporiopsis  subvermispora  secretes
several isoenzymes of MnP and laccase when growing
either in liquid cultures or in wood chips. This ob-
servation provides additional evidence that the multi-
plicity of ligninolytic enzymes is a common feature among
white-rot fungi, although the physiological significance of
this phenomenon is not yet completely understood. The
MnPs isolated from solid state cultures differ from those
produced in salt medium, although at this stage it would
be premature to speculate which isoforms are more
relevant to lignin degradation.
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The isoenzyme profile remains the same during growth
of C. subvermispora in liquid cultures, although changes in
the composition of the medium influence enzyme pro-
duction by this fungus. For example, variations in the
concentration of Mn(Il) in salt medium or growth on a
solid substrate lead to different isoenzyme patterns.
Moreover, the isoenzyme profile in wood chips varies
upon ageing of the culture. In early cultures, while
externally added nutrients are still present, MnPs pro-
duced are similar in pl and molecular mass to those from
liquid cultures. ILater, when the nature of the growth
substrate changes as the fungus proliferates into the
wood, MnPs with lower pl values and higher molecular
masses are secreted.

In Phanerochagte chryosporium, the most thoroughly studied
ligninolytic fungus, the expression of LiP and MnP genes
is finely regulated. These enzymes are produced only
during secondary metabolism. In addition, different
isoenzyme patterns are observed upon ageing of the
cultures (Pease & Tien, 1992), changes in the composition
of the medium (Leisola et al., 1987; Pease & Tien, 1992;
Das & Reddy, 1990), or at different concentrations of
Mn(II) (Bonnarme & Jeffries, 1990; Pease & Tien, 1992).
Moreover, Phanerochaete chrysosporium produces a  specific
isoform of MnP during solid substrate degradation (Datta
et al,, 1991). It is conceivable, therefore, that at least some
features of the regulatory mechanisms of the ligninolytic
systems of Phanerochaete chrysosporium and C. subvermispora
may be similar.

However, the ligninolytic systems of these two fungi are
different : Phanerochaete chrysosporium produces LiP but not
laccase. Systematic searches for LiP activity in defined
medium (Ruttimann 6t al., 1992a, b; Ruttimann- Johnson
et al,, 1993) and in wood chips (this work) have failed to
detect production of Lip by C. subvermispora. With respect
to laccase, the multiple isoforms isolated from liquid
cultures of C. subvermispora appeared similar to those
extracted from the wood chips. The latter were confined
to early stages of fungal growth. It is possible that this
enzyme may also be produced in late cultures, but for
reasons such as adherence to wood or to the mycelium,
inaccessibility to the extraction buffer, proteolytic inacti-
vation, etc., its activity is underestimated.

In general, multiple isoforms may result from the
expression of different genes, the expression of alleles of
the same gene or post-translational processing. An
example of the first possibility is provided by the LiPs
from Phanerochagete chrysosporium (Cullen & Kersten, 1992).
In contrast, the presence of allelic variants encoding
isoenzymes with different pl values has been shown
for glyoxal oxidase from Phanerochaete chrysosporium (P.
Kersten & D. Cullen, unpublished). Finally, differential
glycosylation of the same gene product may give rise
to enzymes with different pl values. The N-terminal
sequences of four isoenzymes of MnP produced by C.
subvermispora in liquid cultures were highly similar, but
distinct. 'Thus, these isoenzymes may represent the
products of separate genes, although allelic variation
cannot be formally excluded in a basidiomycete such as C.

subvermispora. In contrast, since the three MnP isoenzymes
isolated from wood chips appear to exhibit the same
N-terminal sequence, the difference in their pl values may
reflect variations in their catbohydrate moieties. On the
other hand, their higher molecular mass compared to the
MnPs from liquid cultures also points to the presence of
more than one gene. To date, a multiplicity of MnP genes
has been demonstrated only in Phanerochaete chrysosporium
(Pease & Tien, 1992; Pease et al., 1989; Pribnow et al.,
1989). The role and interaction of these genes in lignin
degradation remains to be established.
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