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b School of Life and Environmental Sciences, University of Nottingham, University Park, Nottingham NG7 2RD, UK

Received 9 November 2000; received in revised form 18 June 2001; accepted 19 June 2001

Abstract

The effect of tunicamycin, an inhibitor of protein N-glycosylation, was studied in non-growing mycelium of Trichoderma harzianum
induced to secrete N-acetyl-L-D-glucosaminidase by the addition of N-acetylglucosamine. Tunicamycin (30 Wg ml31) had no significant
effect on growth of the fungus, or on the total protein secreted or specific activity of N-acetyl-L-D-glucosaminidase. However, in the presence
of the inhibitor an underglycosylated form of the enzyme was produced. The apparent molecular masses for this and the native enzyme were
110 and 124 kDa, respectively. Both forms of the enzyme showed the same optimum pH and temperature, but the underglycosylated form
was more sensitive to inactivation by both high temperature (60³C) and the proteolytic enzyme trypsin. ß 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The chitinolytic system of the ¢lamentous fungus Tri-
choderma harzianum consists of two basic types of en-
zymes: chitinases (EC 3.2.1.14) and N-acetyl-L-D-glucosa-
minidase (EC 3.2.1.30). These enzymes are involved in the
growth and di¡erentiation of all chitin-containing fungi,
and may also play an important nutritional role [1]. Re-
cent work indicates that the production of these enzymes
by species of Trichoderma might be associated with their
antagonistic behaviour against other soil fungi [2]. Chiti-
nase and N-acetyl-L-D-glucosaminidase from many isolates
of T. harzianum have been puri¢ed and characterised [3]
and the elucidation of the complete gene sequence of three
chitinases and one N-acetyl-L-D-glucosaminidase from
T. harzianum has been reported. [4^7]. This has led to
many studies on the molecular biology of the chitinase
and N-acetyl-L-D-glucosaminidase genes, opening new
¢elds of investigation such as the organisation and regu-
lation of these genes during mycoparasitism.

The N-acetyl-L-D-glucosaminidase produced by T. har-
zianum during growth on chitin or N-acetylglucosamine is
a glycoprotein secreted into the culture medium [8]. We
have examined the e¡ect of tunicamycin on the growth
and secretion of this enzyme by non-growing mycelium
of T. harzianum in an e¡ort to elucidate the role of
N-glycosylation in enzyme secretion. Treatment with tuni-
camycin in vivo produces under- or non-glycosylated pro-
teins in both animal cells and in eucaryotic microorgan-
isms, such as fungi [9,10]. Tunicamycin is an antibiotic
that blocks the synthesis of dolichol pyrophosphate-N-ace-
tylglucosamine, a key intermediate in the biosynthetic
pathway of N-glycosylated glycoproteins [11,12]. The re-
sults suggested that N-glycosylation is not necessary for
secretion of N-acetyl-L-D-glucosaminidase by T. harzia-
num, but is important for the enzyme's thermal stability
and resistance against proteolytic attack.

2. Materials and methods

2.1. Strain and culture methods

T. harzianum (strain 39.1, University of Nottingham
collection) was maintained on MYG medium (yeast ex-
tract, 0.2%; malt extract, 0.2%; glucose, 2%; agar, 2%).
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The fungus was grown routinely in 500 ml conical £asks
containing 50 ml TM medium, containing (g l31): bacto-
peptone, 1.0; urea, 0.3; KH2PO4, 2.0; (NH4)2SO4, 1.4;
MgSO4W7H2O, 0.3; CaCl2W6H2O, 0.3; glucose, 10.0 and
0.1% (v/v) of the trace element solution containing Fe2�

Mn2�, Zn2� and Co2�. The cultures were further incu-
bated at 28³C on a rotary shaker at 180 rpm.

2.2. Conditions for enzyme induction

For induction experiments, mycelium was harvested
after 24 h incubation on TM medium, washed three times
with 10 mM phosphate bu¡er pH 6.0 and transferred to
conical £asks containing 25 ml of MM medium containing
(g l31): KH2PO4, 2.0; (NH4)2SO4, 1.4; MgSO4W7H2O,
0.3; CaCl2W6H2O, 0.3, supplemented with 1.0% (w/v)
N-acetylglucosamine. Mycelial suspensions were further
incubated at 28³C on a rotary shaker at 180 rpm for up
to 24 h, and harvested by ¢ltration onto Whatman No. 1
¢lter paper. The culture ¢ltrate obtained was dialysed
overnight at 4³C, against 10 mM phosphate bu¡er pH
6.0, and concentrated by lyophilisation. When tunicamy-
cin (Sigma) was added to the MM medium, this was done
by using an appropriately concentrated (1 mg/ml) solution
in 20 mM NaOH. An equivalent volume of 20 mM NaOH
was added to control £asks.

2.3. Analytical procedures

N-Acetyl-L-D-glucosaminidase activity was assayed by
monitoring the rate of formation of b-nitrophenol from
b-nitrophenol-L-N-acetylglucosamine (bNPGlcNAc; Sig-
ma) [13]. One unit of enzyme activity was de¢ned as the
amount of enzyme that releases 1 Wmol of b-nitrophenol in
1 min at 37³C. Protein was determined by the method of
Bradford [14] using bovine albumin as the standard. Gel
¢ltration was carried out on a column (2.5U85 cm)
packed with Sephacryl S-200 (Pharmacia) and equilibrated
with 50 mM phosphate bu¡er pH 6.0, containing 0.15 M
NaCl. The column was eluted with the same bu¡er, at a
£ow rate of 18 ml h31. Fractions of about 1 ml were
collected and monitored at 280 nm and their enzyme ac-
tivity was determined. The column was previously cali-
brated with the following molecular weight markers
(Sigma): catalase (232 kDa), aldolase (158 kDa), bovine
albumin (66 kDa) and chymotrypsinogen A (25 kDa).

3. Results and discussion

Previously we reported the puri¢cation of a N-acetyl-L-
D-glucosaminidase produced and secreted by T. harzia-
num, when grown in the presence of chitin or N-acetylglu-
cosamine as a carbon source [15]. The enzyme was char-
acterised as a glycoprotein with a molecular mass of 64
and 118 kDa as determined by SDS^PAGE and gel ¢ltra-
tion on Sephacryl S-300, respectively. Peterbauer et al. [7]
reported the cloning and characterisation of a N-acetyl-L-
D-glucosaminidase gene of T. harzianum encoding a ma-
ture protein of 561 amino acids with a molecular mass of
approx. 62.7 kDa. They also reported the presence of sev-
en consensus amino acid sequences (N-X-S/T-X) as poten-
tial sites for glycosylation of the protein. In an e¡ort to
understand the role of the N-glycosylation mechanisms
involved in the secretion of N-acetyl-L-D-glucosaminidase
by T. harzianum, studies to determine the e¡ect of tunica-
mycin on growth, enzyme secretion and stability were per-
formed. The e¡ect of tunicamycin on the synthesis and
secretion of glycoproteins has been evaluated in several
fungal systems [9,10,16,17].

The growth of T. harzianum in the presence of tunica-
mycin was measured using radial growth (MYG medium)
and dry weight methods (TM medium). Tunicamycin at

Table 1
E¡ects of tunicamycin on growth, extracellular protein and secretion of N-acetyl-L-D-glucosaminidase by T. harzianum

Tunicamycin (Wg/ml) Radial growtha (cm) Dry weightb (Wg) Protein (Wg/ml) Speci¢c activity (U mg31)

0 4.0 þ 0.1 67.5 þ 3.3 14.6 þ 0.6 19.1 þ 0.6
30 3.8 þ 0.2 64.2 þ 3.2 13.8 þ 0.5 19.6 þ 0.4

a;bRadial growth and dry weight were measured after 48 h incubation at 28³C on MYG and TM medium, respectively. All values are means of three
replicates.

Fig. 1. E¡ect of temperature on the stability of N-acetyl-D-glucosamini-
dase produced by T. harzianum in the absence and presence of tunica-
mycin. Stability of the enzyme was examined by maintaining solutions
at 60³C up to 120 min followed by the assessment of activity under
standard conditions. Maximum activity was taken as 100%.
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30 Wg ml31 had no e¡ect on growth (Table 1), but at a
concentration above 30 Wg ml31 growth was signi¢cantly
reduced (data no shown). However, the reduction of mo-
lecular mass observed for the enzyme produced in the
presence of tunicamycin (Table 2) is circumstantial evi-
dence for a reduction in the glycan content of the glyco-
protein. Other unpublished observations on the reduced
binding of the enzyme, produced in the presence of the
antibiotic, to a concanavalin A column also support this
view. The electrophoretic data also suggest that there is no
e¡ect on the dimerisation of the protein at 30 Wg ml31

tunicamycin. This correlates with the fact that the presence
of the inhibitor also had no signi¢cant e¡ect on the total
protein secreted or the speci¢c activity of N-acetyl-L-D-
glucosaminidase (Table 1). Enzyme secreted in the pres-
ence of tunicamycin binds only weakly to concanavalin A,
implying the absence of N-linked glycans on the protein.
These results suggested that N-glycosylation is not neces-
sary for the secretion of N-acetyl-L-D-glucosaminidase by
T. harzianum, since the presence of tunicamycin in the
medium had no e¡ect on total extracellular protein (Table
1). A similar result has been described on secretion of
endoglucanase (I and II) and cellobiohydrolase by T. re-
esei, as their synthesis was not a¡ected by the presence of
tunicamycin [9,10]. However, the synthesis of endogluca-
nases I and II was found to be strongly inhibited by 2-
deoxyglucose, a compound used as an inhibitor of O-
linked glycosylation [10]. The presence of O-linked glycans
on N-acetyl-L-D-glucosaminidase has not been investi-
gated.

The concentrated N-acetyl-L-D-glucosaminidase present
in the culture ¢ltrate of mycelium, which had been incu-
bated in the presence or absence of tunicamycin, was ap-
plied to a Sephacryl S-200 column. Two N-acetyl-L-D-glu-
cosaminidases were identi¢ed, the native and
underglycosylated forms with molecular masses of 124
and 110 kDa, respectively (Table 2). If a similar distribu-
tion of N-linked glycosyl chains of N-acetylglucosamini-
dase described by Peterbauer et al. [7] occurs in the en-
zyme used in this study, this di¡erence was probably due
to the absence of N-glycosylation after tunicamycin treat-
ment.

To establish the e¤cacy of the native and the under-
glycosylated enzymes for substrate hydrolysis under di¡er-
ent conditions, some kinetic parameters were determined
(Table 2). Both forms of the enzyme showed a comparable

Km and the same optimum pH (5.6) and temperature
(50³C). These results are in agreement with the puri¢ed
enzyme described by Ulhoa and Peberdy [15]. However,
the underglycosylated form was more sensitive to inacti-
vation by both the proteolytic enzyme trypsin and high
temperature. The native and underglycosylated forms of
the enzyme, when incubated for 4 h in the presence of
trypsin, retained 71% and 48% activity, respectively. The
native enzyme treated at 60³C for 120 min retained 45% of
its maximum activity, whereas the activity of the under-
glycosylated form under the same conditions was lowered
to about 18% (Fig. 1). The di¡erence in behaviour of the
enzyme in terms of activity and stability after the addition
of tunicamycin during synthesis may be due to the de-
creased carbohydrate content, as previously reported in
the literature [9,10,16,17]. The results of this work sug-
gested that the major role of the N-linked carbohydrate
may be to stabilise the structure of the N-acetyl-L-D-glu-
cosaminidase produced by T. harzianum and so protect it
from physical and proteolytic attack after secretion.
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