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In the present study we investigated the possibility of proteinases, intracellular and extracellular, be-
ing involved in the regulation of ligninolytic activities in cultures of Trametes versicolor during the
shift from primary growth (i.e. trophophase) to idiophase triggered by nitrogen or carbon starvation.
These studies were performed using specific inhibitors added to the cultures of T. versicolor. Addition
of PMSF (irreversible inhibitor of serine proteinases) or chloroquine (the lysosomotropic agent inhib-
iting intralysosomal degradation of proteins) revealed distinct differences in the activity of lignino-
lytic enzymes between nutrient-deprived and non-starved cultures. The addition of PMSF during the
transfer of mycelia to the nutrient limited media significantly enhanced the activities of laccase (2–7-
fold) and of unspecified peroxidases (2–4-fold). The activity of lignin peroxidase decreased with
PMSF, both in tropho- and in idiophasic cultures. The enhanced activities of laccase and general per-
oxidases (horseradish peroxidase-like, HRP-like) were accompanied by markedly altered patterns of
both intracellular and extracellular proteolytic activities revealed by electrophoretic analysis with
polyacrylamide gels containing the copolymerized substrate (haemoglobin or gelatin, respectively).
The experiments with chloroquine added to nutrient-deprived cultures showed that inhibition of
vacuolar proteolysis resulted in lowered activities of laccase and peroxidase. Electrophoretic analysis
revealed altered patterns of intracellular proteinases upon chloroquine addition to nutrient-starved
cultures. Moreover, chloroquine was found to enhance the activity of proteases secreted in carbon-
starved cultures. From the results it is concluded that both intracellular (including vacuolar) and extra-
cellular proteases are involved in the regulation of laccase and peroxidase activity in cultures of
T. versicolor under nutrient limitation.

The subject of lignin biodegradation has commanded attention for a considerable period of
time mainly because of its ecological significance and wide industrial applications e.g. in
bleaching, pulping, and treatment of aromatic environmental pollutants (see review by KIRK
and FARRELL 1987, REID and PAICE 1994). The most rapid and extensive degradation of
lignin is caused by white-rot Basidiomycetes (see monograph by ERIKSSON et al. 1990,
HATAKKA 1994). These microorganisms are able to degrade lignin by the action of extra-
cellular enzymes, the best known of which are lignin peroxidases (LiPs), manganese-
dependent peroxidases (MnPs), and hydrogen peroxide-producing enzymes. Many efficient
lignin degrading white-rot fungi have also been found to produce laccase (benzene-
diol : oxygen oxidoreductase, EC 1.10.3.2). Although in vitro laccase preferentially polym-
erizes lignin-related model compounds, it has unequivocally been demonstrated that the en-
zyme plays an important role in lignin degradation (ANDER and ERIKSSON 1976,
LEONOWICZ et al. 1985, KAWAI et al. 1988, HAMMEL et al. 1993, YOUN et al. 1995). Lig-
nin-modifying enzymes of white-rot fungi are mainly expressed during the secondary meta-
bolic phase of growth (i.e. idiophase), when the limitation of carbon, nitrogen and sulphur
occurs (KEYSER et al. 1978, JEFFRIES et al. 1981). Most research on lignin biodegradation
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has been carried out using the white-rot fungus Phanerochaete chrysosporium, which pro-
duces LiP(s) and MnP(s) activities. The basidiomycete Trametes (syn. Coriolus, Polyporus,
Polystictus) versicolor is, similarly to P. chrysosporium, a very efficient white-rotter in na-
ture. This fungus is known to produce laccase (LEONOWICZ et al. 1985, MOROHOSHI 1991),
MnP (JOHANSSON and NYMAN 1987) and, depending upon its growth conditions, is able
to produce LiP (DODSON et al. 1987, JÖNSSON et al. 1987, ŁOBARZEWSKI 1990) as well
as typical (HRP-like) peroxidase (EC 1.11.1.7) (WELINDER 1992). This peroxidase has
been demonstrated to play a role in lignin biotransformation by T. versicolor (ŁOBARZEWSKI
1986).

The growth of wood decaying fungi, especially under natural conditions, requires control
of their nitrogen economy, involving regulation of proteolytic activities for the intracellular
protein turnover, extracellular digestion of protein sources, and modification of proteins
through limited proteolysis. The protein turnover is involved in basic cellular functions such
as the modulation of the levels of regulatory proteins, adjustment to stress, as well as pref-
erential removal of defective proteins. In recent years it has become clear that proteolysis
plays an essential role in response to stress conditions such as high temperatures or nutrient
deprivation (HILT and WOLF 1992). It has been demonstrated for many eukaryotic organ-
isms, including yeasts, that both the lysosomal (vacuolar) and non-lysosomal (non-
vacuolar) proteolytic systems are activated by nutrient starvation (DICE and TERLECKY
1994, CUERVO and DICE 1998, HILT and WOLF 1992, 1995). Thus intracellular proteolytic
enzymes are likely to be involved in the metabolic transition from primary growth (tropho-
phase) to idiophase triggered in the white-rot fungi by nutrient deprivation. Even though the
synthesis of intracellular and extracellular proteases is a common feature among fungi
(COHEN 1980, NORTH 1982), comparatively little study has been devoted to proteases of
wood-degrading Basidiomycetes (ERIKSSON and PETTERSSON 1982, 1988, VENABLES and
WATKINSON 1989,  DOSORETZ et al. 1990a, b, DATTA 1992, LILLY et al. 1994, DASS et al.
1995, WADEKAR et al. 1995, STASZCZAK and NOWAK 1984, STASZCZAK et al. 1990a,
1996); much more work has been done on the enzymes of Ascomycetes and Deuteromyce-
tes. We have previously demonstrated by electrophoresis on polyacrylamide gels containing
denatured haemoglobin that in cultures of T. versicolor multiple proteolytic activities were
present both intra- and extracellularly. Moreover, the gel electrophoresis revealed changes
in patterns of secreted and mycelial proteinases of T. versicolor under carbon and nitrogen
deprivation (STASZCZAK and NOWAK 1984, STASZCZAK et al. 1996). In the present research
we investigate the possibility of proteinases being involved in the regulation of ligninolytic
activities in cultures of T. versicolor.

Materials and methods

Organism and culture conditions: Trametes versicolor strain FCL 7 (ATCC 44308) was main-
tained, through periodic (every 7 days) inoculation with floating discs of mycelium (5 mm of the di-
ameter) at 26 °C under stationary conditions, in scintillation flasks containing 10 ml of nutrient-rich
growth medium, prepared according to FÅHRAEUS and REINHAMMAR (1967). The growth medium
contained (per 1 litre): 10 g of glucose, 2.5 g of L-asparagine, 75 mg of L-phenylalanine, 27.5 mg of
adenine, 1 g of KH2PO4, 0.5 g of MgSO4 u 7 H2O, 0.2 g of Na2HPO4 u 12 H2O, 50 Pg of thiamine, and
CaCl2, MnSO4, ZnSO4, CuSO4 and FeSO4 in trace amounts.

Conditions of starvation: Conditions of starvation were essentially that described previously
(STASZCZAK et al. 1996). After the 7-day cultivation period, the mycelia were transferred to flasks
containing 5 ml of the fresh FÅHRAEUS and REINHAMMAR (1967) media deprived of glucose (carbon
starvation) or L-asparagine (nitrogen starvation), and the incubation at 26 °C continued. The mycelia
were washed twice with 5 ml portions of the appropriate medium, before being transferred to the me-
dia deprived either of glucose or L-asparagine. The control (trophophasic) media in transfer experi-
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ments contained glucose and asparagine of the same concentrations as those measured after seven
days of fungal growth. The other components were the same as in the idiophasic (–C, –N) media;
washing was also applied. The concentration of glucose in nitrogen deprived media as well as the
concentration of L-asparagine in carbon depleted media were the same as corresponding concentra-
tions measured after 7-day cultivation period. Enzymatic activities were measured at 6 h intervals for
a period of 24 h following the exchange of the media.

Preparation of extracellular culture fluid:  Extracellular samples were collected periodically after
transfer to ’starvation‘ medium by separating culture fluid from mycelium by filtration. The filtrates
were desalted through a Sephadex G-25 column. The elution was performed with 0.001 M Tris. The
desalted samples were used for enzyme assays. Prior to electrophoresis extracellular fluid was con-
centrated by lyophilization after desalting.

Preparation of mycelial extracts: Mycelia from four flasks were harvested and homogenized in a
motor-driven Potter’s homogenizer in 2 ml of 0.05 M Tris-HCl buffer, pH 7.3, containing 0.005 M
CaCl2. The homogenates were then centrifuged for 10 min at 10000 u g. The supernatants were de-
salted through a Sephadex G-25 column as described above. The desalted samples were used for
PAGE analysis.

Determination of laccase activity (EC 1.10.3.2): Activity of laccase (benzenediol : oxygen oxi-
doreductase) was determined in desalted samples of culture filtrates by the method of NIKU-PAAVOLA
et al. (1988) using ABTS (2,2c-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) as a substrate. Specific
activity was calculated with the extinction coefficient for the product of 29 300 M–1 cm–1 and ex-
pressed in nanokatals per milligram of protein.

Determination of peroxidase (HRP-like) activity (EC 1.11.1.7): Peroxidase activity was assayed in
desalted preparations of culture filtrates. 0.003% H2O2, 0.01% o-dianisidine and 0.1 M citrate-NaOH
buffer, pH 5.0, were used for determinations, according to the method of CLAIBORNE and FRIDOVICH
(1979). Specific activity was calculated with H for oxidized o-dianisidine of 1.13 u 104 M–1 cm–1 and
expressed in nanokatals per milligram of protein.

Determination of lignin peroxidase activity (EC 1.11.1.14): Lignin peroxidase activity was deter-
mined as the ability of the enzyme to oxidize veratryl alcohol into veratraldehyde in the presence of
H2O2 according to the method described by VENKATADRI and IRVINE (1990). Specific activity was ex-
pressed as nanokatals per milligram of protein; H used for calculations was 9256 M–1 cm–1.

Determination of proteolytic activities: Proteolytic activity was assayed as described earlier
(STASZCZAK et al. 1996) by the modified method of MYCEK (1970), in the MC ILVAINE ’s cit-
rate-phosphate buffer, pH 3.4, using haemoglobin as a substrate and L-cysteine as an activator. Amino
acids released during proteolysis were determined by the ninhydrin method as described by REI-
MERDES and KLOSTERMEYER (1976). The specific activity per milligram of protein was expressed in
terms of mmoles of amino acids released per hour under reaction conditions.

Effect of inhibitors:  The following stock solutions of inhibitors were prepared according to PAULING
and JONES (1980), NORTH (1989), BEYNON and SALVESEN (1989): PMSF (phenylmethyl-sulphonyl
fluoride) in propan-2-ol and chloroquine in distilled water. The inhibitors were added to final concen-
trations of 1 mM (chloroquine) and 2 mM (PMSF) at the time of transfer of the mycelia to the nutri-
ent-deprived or trophophasic (control) media. An equivalent amount of solvent was added to parallel
sets of cultures. After 6 hours of incubation enzyme activities were assayed by the methods described
above. The results are expressed as a percentage of remaining activity. For each determination, the
activity in the parallel culture (–C, –N, and control-trophophasic) without the inhibitor was taken to be
100%.

Electrophoretic separation of intracellular proteinases: Electrophoresis was performed as de-
scribed by STASZCZAK et al. (1996). Samples were electrophoresed (at 4 °C) in 12% (w/v) resolving
polyacrylamide gels containing 0.2% denatured haemoglobin. The proteinase bands were developed
by incubating gels for 18 h at 37 °C in 0.1 M glycine-HCl buffer, pH 2.6, then stained with 0.015%
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(w/v) nigrosine in 0.1 M Tris-HCl buffer, pH 7.5 and destained in the same buffer without nigrosine
(NORTH and HARWOOD 1979, modified). After destaining the gels were maintained in 7% methanol
and 15% acetic acid. Bands of protease activity could be seen against a dark background.

Electrophoretic separation of extracellular proteinases: Samples of desalted culture filtrates con-
centrated by lyophilization were dissolved in electrophoresis sample buffer (0.0625 M Tris-HCl,
pH 6.8, 2% w/v sucrose and 0.0001% w/v Bromophenol Blue). Samples (20–25 Pl, approximately
40 Pg protein) were loaded onto the stacking gel and subjected to electrophoresis. The method used
for PAGE analysis in gelatin-containing gels was essentially that described by LANTZ and CI-
BOROWSKI (1994) except that SDS was omitted and 0.1 M sodium acetate-acetic acid buffer, pH 5.0,
was used for incubation.

Determination of protein: Protein concentration was measured according to the method described by
LOWRY and modified by SCHACTERLE and POLLACK (1973). Bovine serum albumin was used as standard.

Chemicals: Haemoglobin, PMSF, chloroquine were obtained from SIGMA, St. Louis. Ninhydrin was
from REANAL, Budapest. Veratryl alcohol was purchased from ALDRICH, Milwaukee. ABTS was from
BOEHRINGER, Mannheim. Denatured haemoglobin was from BIOMED, Poland.

Results

Effect of nutrient starvation on ligninolytic enzymes production

When cultures of T. versicolor were starved by transferring the mycelia from nutrient-rich
to carbon- or nitrogen-deprived media, the specific activities of laccase and peroxidase
(HRP-like) recovered during a short-term (6 and 12 h) incubation under nutrient limitation
were higher in relation to corresponding values obtained from control (trophophasic) cul-
tures. The specific activities of laccase and peroxidase (HRP-like) were increasing within
24 hours after transfer of 7-day-old mycelia to control media. This is consistent with the
time course of these activities on culture days 7 and 8 during 14-day cultivation on
FÅHRAEUS and REINHAMMAR medium (STASZCZAK 1992). A similar time-course was re-
ported by SCHLOSSER et al. (1997) for laccase activity during growth of T. versicolor on
glucose. The activity of laccase and peroxidase recovered after prolonged starvation was
less than that found in control i.e. non-starved cultures. Although starvation should be ex-
pected to make a stronger effect, our findings are consistent with the results of other investi-
gations performed with T. versicolor (PASZCZYŃSKI and ŁOBARZEWSKI 1984) as well as with
the results reported for the short-term starvation of the white-rot fungus Phlebia radiata
(STASZCZAK et al. 1991). In case of lignin peroxidase, the transfer to nutrient deprived media
resulted in a constant increase of its specific activity over the tested incubation time (Fig. 1).

Effect of PMSF addition

PMSF (phenylmethyl-sulphonyl fluoride) is frequently used as an irreversible inhibitor of
serine proteinases in work with animal, plant, slime moulds, and fungi samples (NORTH
1989). The addition of PMSF during the transfer of mycelia to the nutrient limited media
significantly enhanced the activities of laccase and peroxidase (HRP-like). The activity of
LiP was detected at lower levels than those observed with the omission of PMSF, both in
tropho- and in idiophasic cultures. There was a significant increase in laccase (90%) and
peroxidase (30%) activities under C-starvation, as compared with relevant cultures when
PMSF was omitted. The inhibitor addition under N-limitation resulted in an approximately
sevenfold and fourfold increase in laccase and peroxidase activities respectively. On the
other hand, the inhibitor was found to reduce laccase and peroxidase activities in tropho-
phasic (non-starved) cultures (by about 10% and 60%). The lower values of specific ac-
tivites of ligninolytic enzymes recovered in non-starved cultures after PMSF addition were
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accompanied by slightly higher (by about 20%) activities of extracellular proteinases. An
opposite effect was seen with laccase and peroxidase upon starvation: the significant in-
crease in activities of laccase and peroxidase observed upon PMSF addition to the nutrient-
starved cultures coincided with a 50% decrease in activity of extracellular proteases. How-
ever, in the case of LiP such inverse correlation with proteolytic enzymes was not found in
nutrient-limited cultures (Table 1).

The enhanced activities of laccase and peroxidase recovered in nutrient-starved media
after PMSF addition were accompanied by markedly altered patterns of both extracellular
(Fig. 2A) and intracellular (Fig. 3) proteolytic activities revealed by electrophoretic analysis

Table 1
Effect of PMSF on the production of extracellular enzymes under conditions of a shift from tropho-
phase to idiophase. After seven days of growth on nutrient-rich media, mycelia were transferred to
carbon-(–C) or nitrogen-deprived (–N) media. Trophophasic media were used as a control. PMSF was
added to a final concentration of 2 mM at the time of transfer of mycelia to the media

Culture Relative enzymatic activities*)

Laccase Peroxidase LiP Proteinases

Control   88 ±     3.2   35 ±   13 51 ± 16.8 123 ± 13
Without glucose (–C) 190 ±   12.9 130 ±   16 80 ±   8   58 ± 15
Without asparagine (–N) 669 ± 144 419 ± 155 31 ±   6.4   44 ±   7.7

*) The results are expressed as a percentage of remaining activity. For each determination, the activity
in the parallel culture (–C, –N, and control-trophophasic) without PMSF was taken to be 100%.
Each value represents the meansrSEM of four separate experiments performed in duplicate

Fig. 1
Activities of laccase, peroxidase and lignin per-
oxidase in cultures of Trametes versicolor under
conditions of a shift from trophophase to idio-
phase. After seven days of growth on nutri-
ent-rich media mycelia were transferred to car-
bon- (–C) or nitrogen-deprived (–N) media
(without glucose or asparagine, respectively).
Trophophasic media were used as a control (for
details see “Materials and methods”). Enzymatic
activities were assayed at 6 h intervals for a pe-
riod of 24 h after the exchange of the media in
desalted preparations of the culture filtrates. Re-
sults are the means ± SEM of four separate ex-
periments performed in duplicate
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Fig. 2
Effect of PMSF on the activity of extracellular proteases of Trametes versicolor. Banding pattern in
gelatin-containing gels following electrophoretic separation (native PAGE).
A

  
PMSF was added to a final concentration of 2 mM at the time of transfer of mycelia for 24 h to the:

a – control (trophophasic) medium, b – medium deprived of glucose (–C), c – medium deprived of
asparagine (–N). +  PMSF added to the culture, –  PMSF omitted.
B  PMSF was included in the incubation buffer following PAGE of extracellular proteases from cul-
tures of T. versicolor: a – control, b – carbon-deprived (–C), c – nitrogen-deprived (–N)
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with polyacrylamide gels containing copolymerized substrate. The effect of PMSF addition
was observed as a decrease in the activity of proteinase bands or in the disappearance of
some of them. The inhibitory effect of PMSF was much stronger in the case of extracellular
proteases from the nutrient-deprived cultures (Fig. 2A, b, c) than that found for the non-
starved ones (Fig. 2A, a).

This inhibitor affected not only secreted proteases but also intracellular proteolytic en-
zymes. However, no significant effect could be detected for mycelial proteases from the
non-starved cultures (Fig. 3, a). In contrast, PMSF addition upon nutrient limitation
strongly affected intracellular proteolytic activities. This effect was particularly seen as the
inhibition of proteinase activity responsible for the appearance of band I6 (Fig. 3, b, c).
These findings indicate that PMSF added to medium is able to enter fungal cells and to act
inside the mycelium. In order to confirm the possibility of extracellular proteases being af-
fected by PMSF not only directly but also indirectly (with some intracellular events in-
volved), we used this inhibitor after electrophoretic separation of extracellular proteinases
(from cultures without PMSF). The pattern of proteolytic activities detected by gelatin-
PAGE with PMSF added to the incubation buffer after electrophoresis (Fig. 2B) markedly

Fig. 3
Effect of PMSF on the activity of intracellular proteases of Trametes versicolor. Band patterns in
haemoglobin-containing gels following electrophoretic separation (native PAGE). PMSF was added
to a final concentration of 2 mM at the time of transfer of mycelia for 24 h to the: a – control (tropho-
phasic) medium, b – medium deprived of glucose (–C), c – medium deprived of asparagine (–N). +  
PMSF added to the culture, – PMSF omitted
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differed from that obtained from the cultures supplemented with PMSF (Fig. 2A). These
differences were most significant in the case of proteases from nitrogen deprived cultures
(Fig. 2A, c and 2B, c): protease E3 was more, whereas the other proteases were less inhib-
ited when PMSF was used after electrophoretic separation. For carbon starvation less in-
hibition of protease E3 and more inactivation of E4 were observed when PMSF was added
to the culture (Fig. 2A, b and 2B, b). Relatively small differences were found for extracel-
lular proteases from control cultures (Fig. 2A, a and 2B, a).

Effect of chloroquine addition

Chloroquine is known as an effective inhibitor of lysosomal proteolysis in mammalian cells
but it is also used to inhibit proteolytic degradation in fungal vacuoles (PAULING and JONES
1980). Chloroquine selectively accumulates in lysosomes/vacuoles and inhibits proteolysis
without directly affecting lysosomal enzymatic activities by elevating intralysosomal pH
(MARZELLA and GLAUMANN 1987). The assayed enzymatic activities were considerably af-
fected by the addition of chloroquine (Table 2).

In the presence of this lysosomotropic agent an approximately 80–90% loss of laccase
activity and a 35–50% decrease in peroxidase and LiP activities were observed under star-
vation conditions. The activities of laccase and peroxidase only marginally decreased in
trophophasic i.e. non-starved cultures with chloroquine added, but there was a substantial
decrease (70%) in the LiP activity under the same conditions. The addition of chloroquine
to non-starved cultures led to a significant (90%) decrease in extracellular proteolytic activ-
ity. On the other hand, chloroquine was found to stimulate (by 50%) the activity of prote-
ases secreted in carbon-starved cultures.

Electrophoretic analysis with polyacrylamide gels containing copolymerized haemoglo-
bin as a substrate revealed altered patterns of intracellular proteinases upon chloroquine ad-
dition to nutrient-starved cultures. No significant effect was found in the case of intracellu-
lar activities from non-starved cultures. Moreover, it should be noted that the analysis of
mycelial extracts from chloroquine (Fig. 4) and PMSF (Fig. 3) supplemented cultures
showed relatively similar proteinase patterns for both inhibitors.

Gelatin-PAGE revealed that chloroquine had only slight or no effect on the pattern of
extracellular proteases (data not shown). A comparison of the results of gelatin-PAGE
analysis with those of haemoglobin hydrolysis assays suggests that proteinases secreted un-
der chloroquine addition have been responsible for only a small portion of the gelatinase
activity.

Table 2
Effect of chloroquine on the production of extracellular enzymes under conditions of a shift from tro-
phophase to idiophase. After seven days of growth on nutrient-rich media, mycelia were transferred to
carbon-(–C) or nitrogen-deprived (–N) media. Trophophasic media were used as a control. Chloro-
quine was added to a final concentration of 1 mM at the time of transfer of mycelia to the media

Culture Relative enzymatic activities*)

Laccase Peroxidase LiP Proteinases

Control  85 r 8  85 r   6 24 r   4.9     9 r   1.5
Without glucose (–C)  22 r 3.2  65 r   7 57 r 15.4 148 r 35
Without asparagine (–N)  13 r 3.3  51 r 16 62 r 15.5   83 r   6.8

*) The results are expressed as a percentage of remaining activity. For each determination, the activity
in the parallel culture (–C, –N, and control-trophophasic) without chloroquine was taken to be
100%. Each value represents the means r SEM of four separate experiments performed in duplicate
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Fig. 4
Effect of chloroquine on the activity of intracellular proteases of Trametes versicolor. Band patterns
in haemoglobin-containing gels following electrophoretic separation (native PAGE). Chloroquine was
added to a final concentration of 1 mM at the time of transfer of mycelia for 24 h to the: a – control
(trophophasic) medium, b – medium deprived of glucose (–C), c – medium deprived of asparagine
(–N). + chloroquine added to the culture, – chloroquine omitted

Discussion

In the present study we have investigated the idea that proteinases of T. versicolor, intra-
cellular and extracellular, may be involved in the production of ligninolytic enzymes during
the shift from trophophase to idiophase triggered by N- and C-starvation. Extracellular
proteinases of white rot fungi seem to be important in respect of their impact on other en-
zymes such as lignin-modifying or cellulolytic, secreted by these microorganisms
(ERIKSSON and PETTERSSON 1988, DOSORETZ et al. 1990a, 1990b, HABU et al. 1993).  The
studies with specific inhibitors added to the cultures of T. versicolor: PMSF (irreversible
inhibitor of serine proteinases) and chloroquine (the lysosomotropic agent inhibiting in-
tralysosomal degradation of proteins) revealed distinct differences in activity of ligninolytic
enzymes between nutrient-deprived and non-starved cultures. We found that a decrease in
the specific activity of extracellular proteinases observed in idiophasic (–C, –N) cultures
after PMSF addition was accompanied by a significant increase in the activities of laccase
and peroxidase (HRP-like). This indicates that serine proteases might be involved in the
regulation of these enzymes upon starvation. Our findings are supported by studies with
limited proteolysis of laccase by serine proteases of T. versicolor, which showed a short-
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term activation of laccase followed by inactivation of the enzyme (STASZCZAK and
GRZYWNOWICZ 1997). Moreover, electrophoretic analysis of extracellular proteinases with
gelatin-containing polyacrylamide gels revealed that inhibitory effect of PMSF addition
was much stronger in nutrient-starved cultures than that in non-starved ones. However, the
slight (about 20%) increase in protease activity observed in non-starved cultures upon
PMSF addition was not reflected in electrophoretic profiles of extracellular proteases sepa-
rated by gelatin-PAGE (Fig. 2A, a). A possible explanation may be that extracellular pro-
teolytic activity responsible for this showed very little activity towards gelatin. The patterns
of extracellular proteases from the cultures with PMSF added, detected by gelatin-PAGE
(Fig. 2A), markedly differed from those observed when PMSF was added to the incubation
buffer after electrophoretic separation (Fig. 2B). These results suggest that PMSF may af-
fect extracellular proteases not only directly but also indirectly, with intracellular events in-
volved. This is in agreement with findings reported by GOLDBERG et al. (1997). It is rea-
sonable to assume that these intracellular events may include limited proteolysis (ranging
from maturation/activation to modifications and inactivations) and non-limited, complete
degradation (WOLF 1992, SOMMER and WOLF 1997, KLIONSKY et al. 1990, VAN DEN
HAZEL et al. 1996). The involvement of intracellular proteolytic enzymes, especially under
carbon or nitrogen starvation, appears to be confirmed by the altered proteinase patterns re-
vealed by electrophoretic analysis of mycelial samples from the nutrient-starved cultures. It
should be noted that band patterns of intracellular proteases detected in haemoglobin-
containing polyacrylamide gels slightly differed from those we previously observed
(STASZCZAK et al. 1996), when seven bands of proteinase activity (four migrating slowly
and three relatively faster) were detected using mycelial extracts from trophophasic cultures
of T. versicolor. Two most fast migrating bands were hardly or no detectable by electropho-
retic analysis we used in the present study. These differences can be explained by the fact
that the proteinases were analysed using different substrate (in the previous study it was de-
natured haemoglobin supplied by Gurr, this reagent is no longer commercially available). A
second possible explanation may be that proteolytic activities were detected using different
buffers for incubation (in the present study it was glycine-HCl buffer, pH 2.6, instead of so-
dium acetate-acetic acid buffer, pH 4.4, previously used). However, it is noteworthy, that by
the gelatin-SDS-PAGE analysis of intracellular proteolytic activities of Coriolus (Trametes)
versicolor WADEKAR et al. (1995) found only one band of proteinase activity.
 The effect of PMSF was also investigated in P. chrysosporium by DOSORETZ et al.
(1990a) who have shown that the addition of PMSF to ligninolytic cultures of P. chrysospo-
rium inhibited the primary and idiophasic proteolytic activities, while it significantly en-
hanced ligninase production and prevented its decay. It was also reported (DOSORETZ et al.
1990b) that the decline of the LiP activity observed in cultures of P. chrysosporium grown
on nitrogen-limited medium appeared to be a protease mediated enzyme degradation by the
de novo synthesized protease. We did not find PMSF to stimulate LiP in T. versicolor cul-
tures as it was observed for e.g. laccase or peroxidase (HRP-like) of this fungus. Differ-
ences in the response to PMSF addition between P. chrysosporium and T. versicolor can be
explained on the basis of the variability of expression of the ligninolytic as well as proteo-
lytic enzymes in different organisms under different conditions. Our findings are in agree-
ment with the results of other investigations, in which it was demonstrated that laccase (but
not LiP) is important in biological bleaching and delignification of kraft pulp by
T. versicolor (ARCHIBALD 1992).

Our experiments with chloroquine revealed that inhibition of vacuolar proteolysis re-
sulted in significantly lowered activities of laccase and peroxidase from nutrient-deprived
cultures compared to those from non-starved ones. The inverse relationship was found for
LiP. Moreover, upon the addition of chloroquine to carbon-starved cultures an increase in
the activity of extracellular proteases was observed. This result suggests that extracellular
proteases of T. versicolor might be affected by vacuolar proteolysis under conditions of



Role of proteases in Trametes versicolor 61

carbon limitation. Relatively similar electrophoretic patterns found for intracellular proteo-
lytic activities from chloroquine and PMSF supplemented cultures can be explained by the
fact that serine proteinases (PMSF-sensitive) are the main vacuolar proteolytic activities.
This is consistent with our previous studies, in which serine-, aspartic- and metallopro-
teinases were detected in mycelial extracts of T. versicolor (GRZYWNOWICZ 1985,
STASZCZAK et al.1990b) and most of them are likely to be sequestered in vacuoles. More-
over, it is in agreement with findings reported by WADEKAR et al. (1995) who found intra-
cellular gelatinolytic activity from Coriolus (Trametes) versicolor to be a mixture of serine
and metalloproteinases.

In conclusion, our present data from experiments with PMSF and chloroquine indicate
that intracellular proteolysis, including vacuolar protein degradation, is involved in the nu-
tritional shift from trophophase to idiophase triggered by carbon or nitrogen starvation.
Moreover, it seems reasonable to assume the involvement of both intra- and extracellular
proteases in the regulation of laccase and peroxidase activity in cultures of T. versicolor
under nutrient limitation. Further work is ongoing in our laboratory to elucidate inter-
actions between intracellular proteases, including enzymes responsible for both vacuolar
and non-vacuolar proteolysis, and extracellular proteases in cultures of T. versicolor.
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