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Abstract We have investigated the regulation by
N-acetyl-glucosamine of the nagl gene of the mycopar-
asitic  biocontrol fungus Trichoderma  atroviride
(=T. harzianum P1), which encodes a 73-kDa N-acetyl-
p-D-glucosaminidase. The use of translational fusions
revealed that a 290-bp fragment of the 5" regulatory
region of nagl is sufficient to confer inducibility on the
Aspergillus niger goxA gene. The region between posi-
tions —150 and —-290, upstream of the nagl/ coding
region, was investigated using in vivo methylation pro-
tection analysis and electrophoretic mobility shift assays
(EMSAs). Two neighbouring regions that interacted
with regulatory proteins were identified, and bases
essential for these interactions were determined in vitro.
These data reveal protein binding to a CCCCT element
at -240, a CCAGN;CTGG motif at -284, and a
CCAAT-box which is present in the spacer of the latter
motif. Evidence for the binding of a Hap2/3/5 complex
to this CCAAT motif is presented. Protein binding to all
three motifs was constitutive, and no differences were
observed between induced and non-induced cultures.
Mutation of either the CCAGN{;CTGG or the
AGGGG motif resulted in loss of inducibility of nagl
expression by N-acetyl-D-glucosamine in vivo.
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Introduction

Selected species of the imperfect soil fungus Trichoderma
(e.g. T. harzianum and T. atroviride) are potent myco-
parasites, acting against several economically important
plant pathogenic fungi, and are therefore used in bio-
control. Biocontrol of plant pathogens is an attractive
alternative to the strong dependence of modern agri-
culture on fungicides, which may cause environmental
pollution and selection of resistant strains. Unfortu-
nately, the successful application of biocontrol strains is
often not easy to predict, and this approach is thus not
yet able to compete with chemical fungicides. Conse-
quently, knowledge of the biochemical events which
determine mycoparasitism and its regulation would offer
strategies for improving the reliability of Trichoderma as
a biocontrol agent.

Several genes that are specifically induced under
mycoparasitic conditions have been cloned from myco-
parasitic Trichoderma spp. (Geremia et al. 1993; Hayes
et al. 1994; Carsolio et al. 1994; Garcia et al. 1994;
Limon et al. 1995; Peterbauer et al. 1996). Chitinase-
encoding genes are prominent among these, and some of
them have been proven to be essential for biocontrol in
vivo and in vitro (Lorito 1998; Woo 1999). Overpro-
duction of some chitinases has been shown to improve
the biocontrol activity in selected cases; however, in
order to enhance chitinase synthesis in these strains, the
regulation of their genes needs to be understood.

Few attempts have so far been made to understand
the molecular regulation of chitinase expression in
T. harzianum. The expression of the endochitinase-en-
coding genes ech42 and chit33 has been reported by
some authors to be inducible by fungal cell-walls and
colloidal chitin (Carsolio et al. 1994; Garcia et al. 1994;
Limon et al. 1995), whereas others failed to observe in-
duction by chitin, and attributed transcript induction to
carbon starvation (Margolles-Clark et al. 1996; Mach
et al. 1999). In addition, ech42 expression has been
reported to be subject to carbon catabolite repression



(Carsolio et al. 1994; Lorito et al. 1996), and to be in-
duced under conditions of light-induced sporulation
(Carsolio et al. 1994) and by some conditions that im-
pose physiological stress (Mach et al. 1999). In contrast,
transcription of the nagl gene has been reported to
be triggered by N-acetyl-S-D-glucosamine (Peterbauer
et al. 1996; Mach et al. 1999).

The specific and rapid inducibility of nagl expression
by N-acetylglucosamine prompted us to use this system
as a model for the study of chitinase gene expression in
Trichoderma. We have previously shown that the 830-bp
segment immediately upstream of the nag! ORF is suf-
ficient for this induction (Mach et al. 1999). In this
study, we have used promoter deletion analysis, in vivo
footprinting, EMSA, and in vivo mutagenesis to identify
the precise region responsible for this induction and map
the motifs involved in binding the relevant transcription
factors.

Materials and methods

Strains

T. atroviride strain P1 (“T. harzianum” ATCC 74058) was used
throughout this study and maintained on potato dextrose agar

Fig. 1 A Structure of the nag/ promoter in pSJ3, as used in the
previous studies (Mach et al. 1999), and extent of the truncations/
deletions used in this study. Plasmids pSJ32, pSJ33 and pSJ34 were
constructed as described in Materials and methods. B GOX activity
of reporter strains containing translational fusions of the promoter
fragments depicted in A to the A. niger goxA gene. The data are
derived from at least three induction experiments with at least three
transformed strains each; precultures of each strain were inoculated
into non-inducing and inducing medium as described in Materials
and methods. The measured glucose oxidase activities were
corrected for variations in biomass and copy number of the
reporter constructs, as determined by Southern hybridization.
Activities observed under non-inducing conditions were compara-
ble to the activities obtained with SJ34
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(PDA; Merck, Darmstadt, Germany). Escherichia coli JM109
(Yanisch-Perron et al. 1985) was used as the host for plasmid
amplification.

Culture conditions

T. atroviride and recombinant strains prepared from it were grown
in liquid synthetic medium (SM) containing (in g/1): KH,PO,, 2;
(NH4),S0O,, 1.4; CaCl,2H,0, 0.3; MgSO47H,0, 0.3; urea, 0.6;
FeSO47H,0, 0.01; ZnSO42H,0, 0.0028; CoCl,-6H,0, 0.0032 (pH
5.4), and supplemented with either glucose or glycerol (10 g/l),
except where otherwise stated. For induction experiments, 7. at-
roviride was first cultured in SM containing glycerol as the carbon
source for 36 h, harvested by filtration through sterile Miracloth
(Calbiochem, La Jolla, Calif.), washed with sterile tap water and
transferred to 100-ml Erlenmeyer flasks containing 25 ml of SM
and 0.5% (w/v) glycerol (non-inducing conditions) or 0.5% (w/v)
N-acetyl-f-D-glucosamine (Sigma, St. Louis, Mo.; inducing con-
ditions) as carbon source. For rapid testing of reporter inducibility,
12-well cell-culture plates containing 3 ml of SM per well were
inoculated with fresh spores of recombinant strains, incubated
overnight and induced by addition of 150 pl of 10% (w/v) glycerol
or N-acetyl-f-D-glucosamine, respectively.

Plasmids and plasmid construction

Plasmid pSJ3, containing the Aspergillus niger goxA gene under the
control of an 830-bp segment of the 5" regulatory region of the
T. atroviride nagl gene (Mach et al. 1999), was used for the con-
struction of the reporter vectors with truncated promoter frag-
ments (Fig. 1): plasmid pSJ32 was constructed by replacing the
830-bp Xhol-Xbal fragment by the 455-bp Sall-Xbal fragment of
pSJ3. pSJ33 was constructed by removing a 540-bp Mlul-Xhol
fragment from pSJ3, filling in the protruding ends with Klenow
DNA Polymerase I (Promega, Madison, Wis.) and recircularizing
the plasmid by blunt-end ligation. pSJ34 was constructed by am-
plifying a fragment of the 5" regulatory region of nagl using the
primers nmluF and nagR, containing internal M/ul and Xbal re-
striction sites, respectively (Table 1), Tag polymerase (Promega)
and a Biometra (Gottingen, Germany) Trio thermocycler. The
amplification protocol consisted of an initial denaturation step for
1 min at 95°C, followed by 30 cycles of 1 min at 95°C, 1 min at
59°C and 30 s at 74°C, followed by a final extension step for 5 min
at 74°C. The product was digested with M/ul and Xbal, and the
resulting 210-bp fragment was inserted between the M/ul site at

A B
mU/ml
-830 Sall (-455)  Miul (-289)
—p—F P 41 i - 160 (+/- 30)
crel crel crel crel CCAAT STRE crel
SJ32 e 105 (+-27)
$J33 =289 200 (+/- 32)
53 N — 5 (+-0.2)
it ]
deleted

fragment used
for EMSA’s

Miul (-289)

-153
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Table 1 List of oligonucleotides

used in this study Name Sequence (5'—3')* Location
nmluF  CTTTGGGACGCGTGTCGATTTGAGAAATCCG —205 to —175
nagF GCTGATATGGCCGCTCGAGTACCTAGATC 848 to —820
nagR CCTTGGGCAGCATCTAGAACGACCGAGG -15to + 13
nprl AGCCAAATACTTAAATACCTGGCCC 139 to -115
npr2 CACGACGCGATTCATTGAAGGGAT —-171 to —148
npr3 CGCGATTCATTGAAGGGATGTGCGG —-177 to —153
npf4 AGAACGCCACAGCTTCACTATCAA —439 to 416
npf5 GACTCCTCTATCTTCGGAGCGCAT —408 to —384
npf6 CCTCTATCTTCGGAGCGCATGCAGC —404 to 380
ckp0 acgtGCCAGGTAGCATTGGCCACTGGATCATC 284 to —228
GACCTTGTCGCGTGTCAGGGGGCCGTGC
ckpl acgtGCCAGGTAGCATTGGCCACTGGATC 284 to —260
ckp2 acgtGTCGCGTGTCAGGGGGCCGTGCT 250 to —228
ckp3 acgtCCCGTCCAGCTGTGGGCTGCTTCTTTGGG 227 to —199
ckplm38 CAGGTCACGCGTGCCCTGTAGCATTGGCCAAGTGATC 296 to —260
ckp2mé4f GTCAGTTTGCCGTGCTCCCGTCC 243 to 221
ckp2md4r GGACGGGAGCACGGCAAACTGAC 243 to 221
CKT67 gatcCACTCCACATGTTAAAGGCGCATTCAACCAGCTTC  Nonspecific competitor

# Complementary oligonucleotides (used for EMSAs) are not given. Lower case letters indicate bases
added for labeling. Mutated bases are shown in bold, newly generated restriction sites are underlined

position —289 and the Xbal site at +1 of the goxA4 coding region,
thereby deleting a 92-bp segment from the 5" non-transcribed re-
gion of nagl.

Reporter plasmids with mutations in the 5" upstream region of
nagl were constructed as follows: a 310-bp fragment of the region
was amplified as described above for pSJ34, using the primers
ckplm38 (containing mutations as indicated in Table 1) and
nagR, and an annealing temperature of 62°C. After purification
by gel electrophoresis, the amplified product was digested with
Mlul and Xbal, and inserted in place of the Miul (-289)-Xbal
(+1) fragment of goxA, to yield plasmid pNIM38. Plasmid
pN2M4 was constructed by Fusion PCR: a 628-bp promoter
fragment was amplified with the primers nagF and ckp2m4r, and
a 256-bp fragment was synthesized with primers ckp2m4f and
nagR (amplification protocol as for pSJ34 with an annealing
temperature of 62°C, mutations as indicated in Table 1). Both
amplicons were purified, combined and used as the template for
amplification with primers nagF and nagR. The resulting 860-bp
fragment was digested with Xhol and Xbal, and the corresponding
fragment of plasmid pSJ3 was replaced by this mutated derivative.
All constructs were checked by restriction analysis and sequencing
(LI-COR 4000).

Fungal transformation

Plasmids were introduced into 7. atroviride by cotransformation
with plasmid pHATa, which confers hygromycin B resistance
(Herrera-Estrella et al. 1990), as described previously (Mach et al.
1999). Ten micrograms of the goxA-bearing plasmids and 2 pg of
pHATx were used per 5x107 protoplasts. Protoplasts were
regenerated on PDA supplemented with 1 M sorbitol and 100 pg/
ml hygromycin B (Calbiochem, La Jolla, Calif.). Mitotically stable
transformants were obtained by performing at least three
sequential transfers of conidia from non-selective to selective
medium.

DNA manipulations

Chromosomal DNA was isolated by the CTAB (cetyltrimethy-
lammonium bromide) method (Ausubel 1990) from mycelia grown
for 36 h at 28°C in potato dextrose broth (PDB; Difco Laborato-
ries, Detroit, Mich.). Plasmid DNA was isolated using a midiprep
kit (Qiagen, Chatsworth, Calif.) as recommended by the manu-
facturer. Other molecular techniques were performed according to
standard protocols (Sambrook 1989; Ausubel 1990).

Glucose oxidase assay

Glucose oxidase activity in culture supernatants was quantified
spectrophotometrically as described previously (Mach et al. 1999).
One unit (1 U) of activity is defined as the amount of enzyme
required to oxidize 1 pmol of glucose per min at pH 5.8 and 25°C.

In vivo genomic footprinting via ligation-mediated PCR

A pre-culture of T. atroviride was grown and used to inoculate non-
inducing and inducing medium as described above; 18-ml aliquots
of the cultures were incubated in 100-ml Erlenmeyer flasks in a
shaking water bath at 28°C. In vivo methylation of genomic DNA
with dimethyl sulfate (Merck, Darmstadt, Germany) was carried
out 40, 90 and 120 min after inoculation of the media. Methylation,
extraction of methylated DNA and cleavage at adenine and
guanine bases with HCl and NaOH was carried out as described
previously (Wolschek et al. 1998; Zeilinger et al. 1998). In
vitro methylation and cleavage of genomic DNA for control sam-
ples was performed as described by Mueller and Wold (1989).
Ligation-mediated PCR was performed as described by Garrity and
Wold (1992) and modified by Wolschek et al. (1998), using Vent
Polymerase (New England Biolabs, Beverly, Mass.) and the primer
sets nprl, npr2 and npr3 to visualize the coding strand and npf4,
npf5 and npf6 for the non-coding strand of the 5" region of nagl.

Electrophoretic mobility shift assay (EMSA)

DNA fragments for EMSA were obtained as follows. A 160-bp
segment of the nagl 5 regulatory region (—153 to —312) was am-
plified by PCR using primers npf2 and npr3, and cut with M/ul.
The resulting 137-bp fragment was end-labeled with [o-**P]JdCTP
using Sequenase Version 2.0 (USB, Cleveland, Ohio). Annealing
and end-labeling of synthetic oligonucleotides used for EMSAs was
done as described by Strauss et al. (1995). All labeled probes were
purified by non-denaturing polyacrylamide gel electrophoresis.
Binding assays were performed for 5 min on ice with 4 ng of the
labeled 137-bp fragment and 25 pg of cell-free extract, or 4 ng of
labeled oligonucleotide and 100 pg of cell-free extract. To prepare
the extracts, a pre-culture of 7. atroviride was grown and inocu-
lated into inducing and non-inducing medium as described above,
and mycelia were harvested after 90 min. Preparation of cell-free
extracts, binding assays and non-denaturing polyacrylamide gel
electrophoresis were done as described previously (Zeilinger et al.
1996). For competition experiments, synthetic oligonucleotides



were annealed and filled in using Sequenase Version 2.0 as
described above, and used in 10-, 50-, or 150-fold molar excess.
Supershift experiments were done as described by Zeilinger
et al. (1998), by adding 1- or 5-ul aliquots of anti-HapC antibody
(Kato et al. 1998) to the binding assay.

Results

In vivo identification of the upstream region
of nagl responsible for its inducibility
by N-acetyl-D-glucosamine

To determine which portions of the nagl 5 region are
required for its induction by N-acetyl-glucosamine, we
first constructed a series of recombinant T. atroviride
strains which carried the A. niger goxA gene as reporter
under the control of nagl promoter fragments of varying
lengths (Fig. 1A). The resulting strains were tested for
the presence and copy number of the reporter constructs
(data not shown), and strains with copy numbers com-
parable to those used in the previous studies (1-3; Mach
et al. 1999) were selected for analysis. Induction exper-
iments with N-acetyl-f-D-glucosamine revealed that the
first 289 bp of the 5’-upstream region of the nagl gene
conferred the same response as the entire 830-bp frag-
ment, consequently the stretch between —830 and —289
contains neither positive nor negative cis-acting ele-
ments. Elimination of the segment between —289 and
—197, however, resulted in complete loss of inducibility
by N-acetyl-f-D-glucosamine (Fig. 1B). We therefore
conclude that this 92-bp fragment includes the promoter
regions essential for induction of nagl by N-acetyl-f-D-
glucosamine. Visual inspection of the sequence revealed
a CCAAT box on the template strand (5'-ATTGG-3’) as
well as the motif 5-AGGGG-3’. The former has been
reported to bind the Hap protein complex in Aspergillus

Fig. 2 In vivo methylation pro-

tection analysis using Ligation-
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non-inducing (samples gly) and c
inducing (samples nag) medium G
as described in Materials and c
methods; in vivo methylation was G
carried out after 40, 90 and T
120 min. Lanes v contain control G
samples of in vitro methylated T
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nidulans and Trichoderma reesei, and is involved in the
regulation of several genes in filamentous fungi (Papa-
giannopoulos et al. 1996; Brakhage et al. 1999; Zeilinger
et al. 2001). The complement of the latter motif corre-
sponds to the consensus sequence for the Saccharomyces
cerevisiae stress response element (STRE; Marchler et al.
1993).

In order to map more precisely the regions within the
92-bp segment which are responsible for the transcrip-
tional regulation of the nagl gene, we performed in vivo
footprinting by methylation protection, and protected
regions were visualized using ligation-mediated PCR;
isolated genomic DNA of T. atroviride methylated in
vitro was used as a control. The results of this investi-
gation are shown in Fig. 2: protection was observed for
all 5 bp of the putative STRE motif (240 to —236),
while flanking guanine residues (at —245 and —232, re-
spectively) were hypersensitive to digestion. In addition,
adenine —277 and guanine —247 were protected against
methylation (Fig. 2).

In vitro analysis of the T. atroviride nagl promoter

To confirm and extend these observations, electropho-
retic mobility shift analysis (EMSA) was performed.
First, a 137-bp fragment of the nag! promoter including
the above-mentioned 92-bp segment was incubated with
cell-free extracts from T. atroviride, prepared from
mycelia grown under nagl-inducing and non-inducing
conditions. Formation of defined protein-DNA com-
plexes was observed under both conditions (Fig. 3A)
and their specificity was confirmed by competition ex-
periments using nonspecific competitor DNA (from calf
thymus or E. coli) and BSA as a nonspecific control
protein (data not shown). No difference in migration
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Fig. 3A-E Electrophoretic
mobility shift assay of the nagl

promoter. A EMSA using the comp.

ckp1+ B

no ckp3l ckp0 +ckp2

137-bp nagl promoter fragment probe

frag. 137 bp

probe ckp1 ckp2 ckp3

(see Materials and methods)
and 25-pg aliquots of cell-free
extracts (extr). G, extract
obtained from mycelium grown
in medium containing glycerol
as carbon source; N, extract
from mycelium grown into
medium containing N-acetyl-
glucosamine as carbon source; S
0, free probe; comp., oligonu-
cleotides used as specific com-
petitors (in 50-fold molar
excess) where indicated (for
sequences, see Table 1). B
EMSA using the synthetic oli-
gonucleotides ckpl, 2 and 3
(Table 1) and 100-pg aliquots
of cell-free extract as described
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Competition experiments with
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(Ab) were added to the binding
assay as indicated
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properties was observed between the DNA-protein
complexes detected under inducing and non-inducing
conditions.

To identify the regions responsible for protein bind-
ing, competition experiments with synthetic oligonucle-
otides (ckpO, ckpl, ckp2 and ckp3; for sequences, see
Table 1) spanning different parts of the 137-bp fragment
were carried out (Fig. 3A). Oligonucleotides ckp0, ckpl
and ckp2, but not ckp3, strongly competed with the 137-
bp fragment for protein binding. Consistent results were
obtained when ckpl, 2 and 3 were labeled and used as
probes in EMSA (Fig. 3B). We therefore conclude that
protein binding to the nagl promoter takes place in the
area between positions —284 and —228.

In order to identify individual bases that are essential
for protein binding within this 56-bp segment of the
nagl promoter, we performed EMSAs with oligonucle-
otides carrying specific mutations (see Table 1; Fig. 3C).
In the region covered by oligonucleotide ckpl, the mu-
tation AG—CT at positions —281/-280 leads to a com-
plete loss of binding, and a similar effect was observed
when any change was introduced into the sequence
CCACTG (-269 to—264). Mutations in the region be-
tween —279 and —270 only caused minor reductions in
the strength of complex formation. This is seen partic-
ularly with oligonucleotides ckpl2 and ckpl6 (see Ta-
ble 2), which carry mutations in the CCAAT box that
have been reported to impair the binding of the Hap
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Table 2 Oligonucleotides used

for characterization of Name Sequence (5'—3")* Complex formation® Competition®

protein/DNA interaction ckpl acgt GCCAGGTAGCATTGGCCACTGGATC  + +
ckpll acgtGCCAGGTCGCATTGGCCACTGGATC nd +
ckpl12 acgtGCCAGGTAGCAAAGGCCACTGGATC + nd
ckpl3 acgtGCCCTGTAGCATTGGCCACTGGATC - -
ckpld  acgtGCCAGTGAGCATTGGCCACTGGATC — +/- +/-
ckpl5 acgtGCCAGGTAATATTGGCCACTGGATC + -
ckpl6 acgtGCCAGGTAGCATCCCCCACTGGATC + nd
ckpl7 acgtGCCAGGTAGCATTGGAACCTGGATC - nd
ckpl8 acgtGCCAGGTAGCATTGGCCAAGTGATC - nd
ckpl19 acgtGCCAGGTAGCATTGGCCACTGTCGC
ckp2 acgtGTCGCGTGTCAGGGGGCCGTGCT + +
ckp21 acgt GTCGCGTGTCCGGGGGCCGTGCT +/- + /-
ckp22 acgtGTCGCGTGTCAGTGGGCCGTGCT + /- + /-
ckp23 acgtGTCTCGTGTCAGGGGGCCGTGCT - + /-
ckp24  acetGTCGCGTGTCAGTTTGCCGTGCT - +/-
OamdS CGTAAAATTCGGCGAAGCCG nd +

CCAATCACCAGCTAGGCACCA

#Mutations are indicated in bold, bases added for labeling are shown in lower case

®The + sign indicates formation of a specific complex identical to that formed with the wild-type
oligonucleotide, or that the oligonucleotide competes with the wild-type oligo; +/— indicates a minor
reduction/weak competition; — indicates abolition of complex formation or no competition, respec-

tively. nd, not determined

complex to the CCAAT motif in the A. nidulans amdS
promoter (van Heeswijck and Hynes 1991), but also
include A ,77 which was found to be protected against
methylation in vivo. Since mutations in CCAAT-boxes
have recently been shown to lead only to incomplete
competition (Zeilinger et al. 1998), an additional com-
petition experiment with an oligonucleotide from the
A. nidulans amdS promoter (Oamds), which carries a
functional CCAAT-box (Papagiannopoulos et al. 1996),
was performed; this sequence competed for the complex
formed with ckpl almost quantitatively (Fig. 3E). Fur-
thermore, when an antibody against 4. nidulans HapC
(Kato et al. 1998) was added to the binding assay, a
supershift was observed. These data suggest that, despite
the marginal effects of mutations in the CCAAT box on
binding in vitro, the protein complex that binds to ckpl
contains the Hap2/3/5 protein complex of T. atroviride.

With oligonucleotide ckp2 as a probe, two different
DNA-protein complexes were observed. Oligonucleo-
tides containing mutations in positions —247 or —238 to
—236 were partially impaired in their ability to compete
with ckp2 for binding (Fig. 3D), and did not form a

specific complex with T. atroviride protein (Table 2).
Both mutations led to the loss of both DNA-protein
complexes. Hence, both the STRE element and an un-
known motif including G4 are involved in binding to
this area of the nagl promoter.

Two sequence motifs in the nag! promoter
are essential for induction by N-acetyl-glucosamine

In order to verify that the identified nucleotide motifs
are relevant to the induction of nagl/ by N-acetyl-D-
glucosamine in vivo, we transformed 7. atroviride with
reporter constructs bearing specific mutations in the
nagl regulatory region, which had been shown by
EMSA to eliminate protein binding, i.e. mutation #4
(AGGGG—AGTTT, oligonucleotide ckp24) and the
combination of two mutations corresponding to oligo-
nucleotides ckpl3 and ckpl8. No mutations in the
CCAAT box were tested in vivo, as the respective mu-
tations did not yield significant effects in vitro. The re-
sults are shown in Table 3: in both cases, the inducibility

Table 3 Effect of specific

mutations in the nag/ promoter Construct® Mutation GOX activity (mU/ml)
on inducibility by N-acetyl- Glycerol ~ N-acetyl-D-glucosamine
D-glucosamine in vivo 1
SJI3 -245 GTGTCAGGGGGCCGTGCTCC 12+0.4 184 +21
CGTC 220
NIM38 -285 TGCCCTGTAGCATTGG 16+2.4 10.5+£2.0
CCAAGTGATC -260
N2M4 —245 GTGTCAGTTTGCCGTGCTCC 11+0.2 19+0.8

CGTC 220

#Precultivation and induction was carried out as described in Materials and methods; experiments
were performed with at least two strains for each mutated construct and repeated at least twice. Values
are given in mU/ml (£ standard deviation). Note that biomass density was the same in all experiments;
strains carrying the mutated constructs as single-copy integrations were selected for the experiments.
The mutations introduced are highlighted in bold
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of nagl by N-acetyl-D-glucosamine was abolished; the
low level of residual reporter activity observed under
inducing conditions is comparable to the low level of
constitutive expression obtained under non-inducing
conditions (0.5% glycerol as carbon source).

Discussion

In this paper, we have used a combination of promoter
deletion studies, in vivo footprinting, EMSA and in vivo
mutagenesis to obtain an insight into the transcriptional
regulation of a fungal chitinase gene; the results are
summarized in Fig. 4. The data are consistent with a
major role for the segment between —284 to —228 in the
regulation of nagl induction by N-acetylglucosamine,
and show that formation of protein contacts in at least
two different positions in this area is essential for in-
duction by N-acetyl-D-glucosamine. That not all of the
relevant nucleotides are visualized by in vivo footprint-
ing is not unexpected, because it is known that LM-PCR
does not identify all binding sites (Wolschek et al. 1998;
Muro-Pastor et al. 1999; M. Wolschek and C. P. Kub-
icek, unpublished data), probably due to differences in
the stability of protein-DNA complexes. However, sites
identified by this method have so far always been shown
to be functional in vitro and in vivo (Zeilinger et al.
1998; Muro-Pastor et al. 1999).

The regions of nagl capable of binding protein are
clustered in two areas. In the one further upstream, the
bases identified as essential for binding in vitro and in-
duction in vivo may be interpreted as part of a motif
containing the sequence CCAG in dyad symmetry,
separated by a 13-bp “‘spacer”, in which a CCAAT
motif is present (on the opposite strand). To the best of
our knowledge, such a motif has not previously been

Fig. 4 Schematic representation of the 5" regulatory region of nagl
investigated in this study. The locations of synthetic oligonucleo-
tides used in EMSAs are indicated. The CCAAT box (lower strand)
and the STRE-like motif are boxed, the palindromic element is
indicated by bars above the sequence; bases protected from
methylation in vivo are indicated by arrows, bases that are essential
for the formation of specific protein/DNA complexes (i.e., complex
formation is abolished by mutation, as revealed by EMSA) are
indicated by +

identified as a target for a DNA-binding protein. Yet the
organization of this binding site would be compatible
with the binding of a Zn(I1),Cyse¢-type zinc-cluster pro-
tein (Todd and Andrianopoulos 1997). Although these
proteins usually bind to a terminal nucleotide triplet
(e.g. S. cerevisiee GAL4 and MALG63; or Aspergillus
nidulans FacB; Vashee et al. 1993; Sirenko et al. 1995;
Todd et al. 1998), the use of a terminal nucleotide
quartet has been demonstrated in some cases (e.g.
A. nidulans UaY; Suarez et al. 1995). The size of the
spacer (13 bp) is also compatible with that (10-12 bp) in
the target sites for GAL4 or FacB.

The presence of a CCAAT motif within this putative
spacer, on the opposite strand, is intriguing. Competi-
tion and antibody supershift experiments convincingly
show that this CCAAT-motif binds a Hap-like protein
complex of T. atroviride. This complex consists of at
least three proteins — Hap2, Hap3 and Hap5 — which
were originally described in S. cerevisiae but have more
recently also been characterized from the filamentous
fungi A. nidulans (Papagiannopoulos et al. 1996; Steidl
et al. 1999) and T. reesei (Zeilinger et al. 2001). The fact
that mutation of this motif did not result in complete
loss of binding in vitro does not necessarily conflict with
this conclusion, as similar findings have also been re-
ported for other genes, such as the chh2 promoter of
T. reesei (Zeilinger et al. 1998). In this case, a mutation
in the CCAAT motif alone only marginally reduced
binding in vitro and gene expression in vivo, but si-
multaneous mutation of the CCAAT box and an adja-
cent motif binding a second factor completely abolishes
protein binding in vitro and gene expression in Vivo
(Zeilinger et al. 1998). Narendja et al. (1999) have re-
cently demonstrated that the main function of the Hap
proteins is the establishment of an open chromatin
structure, and a similar role has recently been assigned
by us to the CCAAT motif in the promoter of the chh2
gene (for cellobiohydrolase 2) of T. reesei (Zeilinger
et al., manuscript submitted). We therefore believe that
this element may play a similar role in the 7. atroviride
nagl promoter. Interestingly, results from EMSA sug-
gest that the Hap complex interacts with the protein that
binds to the palindromic motif, as mutations in the
palindromic motif, but outside the CCAAT box, pre-
vented binding of the Hap complex.

ckp0 - ckp3 “
Miul -289 ccaat STRE -220
- = —
_— — Y YYYYY
acgcgtgecaggtageattggoccactggate gtcgegtgtdagggggecgtget
++ FHHH+ - o+
tgcgecacggtceccatecgtaaccggtgacctag cagcgcacagtccceccggeacga
ckp1 ckp2



The motif at the 3’-end of the region required for
induction, an AGGGG-box at -240, showed the
strongest protection against methylation in vivo of all
motifs in the nagl promoter, indicating that it is tightly
bound to protein in vivo. The corresponding element on
the template strand (CCCCT) has been identified as a
binding site for the stress regulators Msn2p and Msndp
in S. cerevisiae (Marchler et al. 1993; Martinez-Pastor
et al. 1996; Treger et al. 1998). According to the last
group of authors, a single copy of this element is suffi-
cient to confer responsiveness to certain environmental
stress factors, independently of flanking sequences. If
this is also valid for other fungi, the element found in
nagl may be functional. A CCCCT eclement is also
present in the promoters of the Trichoderma chitinase
genes ech42 and chit33. which are both upregulated by
certain stress conditions (Mach et al. 1999; de la Dana et
al. 2001), and the CCCCT-box in ech42 has been shown
to bind proteins from cell-free extracts of 7. atroviride
(M. Montero, P. Sposato and C. P. Kubicek, unpub-
lished data). However, in contrast to ech42, nagl is not
upregulated by stress (C. K. Peterbauer, unpublished
data), and the presence of this motif in nagl must
therefore serve another function. Interestingly, a similar
motif has been identified in the cutinase promoter of
Haematonectria haematococca, where it is involved in
maintaining the basal expression level (Kamper et al.
1994). In Yarrowia lipolytica, the AGGGG motif is
bound by the Mhylp protein, the expression of which is
dramatically increased during the yeast-to-hypha tran-
sition (Hurtado and Rachubinski 1999). It is thus not
clear whether the AGGGG box fulfills the same function
in other fungi as in S. cerevisiae.

In vivo mutagenesis confirmed that the motif that
binds the putative Zn(I1),Cyss-type zinc-cluster protein
and the AGGGG box are both essential for induction of
nagl by N-acetyl-glucosamine, and that mutation of
either of these motifs is sufficient to lead to complete loss
of inducibility. This indicates that binding to both motifs
is essential, which suggests that the proteins/protein
complexes that bind to the two motifs interact with each
other. In fact, results from EMSA showed that compe-
tition of the protein/DNA complex with an annealed
pair of synthetic oligonucleotides spanning both regions
of interaction (ckp0; Table 1) was almost quantitative,
whereas competition with a mixture of the two oli-
gonucleotide pairs ckpl and ckp2 was much less effective
(Fig. 3A), a result which supports this hypothesis.

While this study demonstrated the interaction of at
least two segments in the region upstream of the nagl
gene with proteins from cell-free extracts, it is interesting
that we did not observe any change in the in vitro
binding of the respective proteins under induced and
non-induced conditions. This may indicate that other
levels of regulation, such as nuclear transport or cova-
lent modification, are involved in controlling the final
steps in nagl induction.

In summary, we have identified the area in the nagl
promoter which is responsible for the expression of the
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gene in response to N-acetyl-f-D-glucosamine. Cloning
of the genes encoding the respective DNA-binding
proteins by the one-hybrid system will facilitate further
studies on the regulation of chitinase gene expression in
T. atroviride.

Acknowledgements This work was supported by grants from the
Austrian Science Fund (P13170-MOB) and the Austrian Academy
of Science (APART 420), both to C. K. P. K. B. and R. L. M. were
partially supported by a grant from Osterreichischer Akademischer
Austauschdienst (Austrian-Italian Scientific Cooperation Project
19 1999/2000). The Anti-HapC antibody was a gift from Dr. Y.
Tsukagoshi, which is gratefully acknowledged. All experiments
were carried out following the legal guidelines for work with ge-
netically modified organisms in Austria.

References

Ausubel F, Brent R, Kingston RE, Moore DD, Seidman JG, Smith
JA, Struhl K (1990) Current protocols in molecular biology.
Greene Publishing Associates and Wiley-Interscience, New York

Brakhage AA, Andrianopoulos A, Kato M, Steidl S, Davis MA,
Tsukagoshi N, Hynes MJ (1999) HAP-like CCAAT-binding
complexes in filamentous fungi: implications for biotechnology.
Fungal Genet Biol 27:243-252

Carsolio C, Gutierrez A, Jimenez B, Van Montagu M, Herrera-
Estrella A (1994) Characterization of ech-42, a Trichoderma
harzianum endochitinase gene expressed during mycoparasit-
ism. Proc Natl Acad Sci USA 91:10903-10907

De la Dana M, Limon MC, Megjias R, Mach RL, Benitez T, Pintor-
Toro JA, Kubicek CP (2001) Regulation of chitinase 33 (chit-
33) gene expression in Trichoderma harzianum. Curr Genet
38:335-342

Garcia I, Lora JM, de la Cruz J, Benitez T, Llobell A, Pintor-Toro
JA (1994) Cloning and characterization of a chitinase (chit42)
cDNA from the mycoparasitic fungus Trichoderma harzianum.
Curr Genet 27:83-89

Garrity PA, Wold BJ (1992) Effects of different DNA polymerases
in ligation-mediated PCR: enhanced genomic sequencing and in
vivo footprinting. Proc Natl Acad Sci USA 89:1021-1025

Geremia RA, Goldman GH, Jacobs, D, Ardiles W, Vila SB, Van
Montagu M, Herrera-Estrella A (1993) Molecular character-
ization of the proteinase-encoding gene, prbl, related to
mycoparasitism by Trichoderma harzianum. Mol Microbiol
8:603-613

Hayes CK, Klemsdal S, Lorito M, Di Pietro A, Peterbauer CK,
Nakas JP, Tronsmo A, Harman GE (1994) Isolation and
sequence of an endochitinase-encoding gene from a cDNA
library of Trichoderma harzianum. Gene 138:143-148

Herrera-Estrella A, Goldman GH, Van Montagu M (1990) High-
efficiency transformation system for the biocontrol agents,
Trichoderma spp. Mol Microbiol 4:839-843

Hurtado CAR, Rachubinski RA (1999) MHY1 encodes a C2H2-
type zinc finger protein that promotes dimorphic transition in
the yeast Yarrowia lipolytica. J Bacteriol 181:3051-3057

Kamper JT, Kamper U, Rogers LM, Kolattukudy PE (1994)
Identification of regulatory elements in the cutinase promoter
from Fusarium solani f. sp. pisi (Nectria haematococca). J Biol
Chem 269:9195-9204

Kato M, Aoyama A, Naruse F, Tateyama Y, Hayashi K, Miyazaki
M, Papagiannopoulos P, Davis MA, Hynes MJ, Kobayashi T,
Tsukagoshi N (1998) The Aspergillus nidulans CCAAT-binding
factor AnCP/AnCEF is a heteromeric protein analogous to the
HAP complex of Saccharomyces cerevisiae. Mol Gen Genet
257:404-411

Limon MC, Lora JM, Garcia I, de la Cruz J, Llobell A, Benitez T,
Pintor-Toro JA (1995) Primary structure and expression
pattern of the 33-kDa chitinase gene from the mycoparasitic
fungus Trichoderma harzianum. Curr Genet 28:478-483



170

Lorito M (1998) Chitinolytic enzymes and their genes. In: Harman
GE, Kubicek CP (eds) Trichoderma and Gliocladium, vol 2.
Taylor and Francis, London, pp 73-79

Lorito M, Mach RL, Sposato P, Strauss J, Peterbauer CK, Kub-
icek CP (1996) Mycoparasitic interaction relieves binding of the
Crel carbon catabolite repressor protein to promoter sequences
of the ech42 (endochitinase-encoding) gene in Trichoderma
harzianum. Proc Natl Acad Sci USA 93:14868-14872

Mach RL, Peterbauer CK, Payer K, Jaksits S, Woo SL, Zeilinger
S, Kullnig CM, Lorito M, Kubicek CP (1999) Expression of two
major chitinase genes of Trichoderma atroviride (T. harzianum
P1) is triggered by different regulatory signals. Appl Environ
Microbiol 65:1858—-1863

Marchler G, Schuller C, Adam G, Ruis H (1993) A Saccharomyces
cerevisiae UAS element controlled by protein kinase A activates
transcription in response to a variety of stress conditions.
EMBO J 12:1997-2003

Margolles-Clark E, Hayes CK, Harman GE, Penttila M (1996)
Improved production of Trichoderma harzianum endochitinase
by expression in Trichoderma reesei. Appl Environ Microbiol
62:2145-2151

Martinez-Pastor MT, Marchler G, Schuller C, Marchler-Bauer A,
Ruis H, Estruch F (1996) The Saccharomyces cerevisiae zinc
finger proteins Msn2p and Msndp are required for transcrip-
tional induction through the stress response element (STRE).
EMBO J 15:2227-2235

Mueller PR, Wold B (1989) In vivo footprinting of a muscle specific
enhancer by ligation mediated PCR. Science 246:780-786

Muro-Pastor MI, Gonzalez R, Strauss J, Narendja F, Scazzocchio
C (1999) The GATA factor AreA is essential for chromatin
remodelling in a eukaryotic bidirectional promoter. EMBO J
18:1584-1597

Narendja FM, Davis MA, Hynes MJ (1999) AnCF, the CCAAT
binding complex of Aspergillus nidulans, is essential for the
formation of a DNase I-hypersensitive site in the 5" region of
the amdS gene. Mol Cell Biol 19:6523-6531

Papagiannopoulos P, Andrianopoulos A, Sharp JA, Davis MA,
Hynes MJ (1996) The hapC gene of Aspergillus nidulans is in-
volved in the expression of CCAAT-containing promoters. Mol
Gen Genet 251:412-421

Peterbauer CK, Lorito M, Hayes CK, Harman GE, Kubicek CP
(1996) Molecular cloning and expression of the nagl gene
(N-acetyl-beta-D-glucosaminidase-encoding gene) from
Trichoderma harzianum P1. Curr Genet 30:325-331

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual (2nd edn9. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

Sirenko OI, Ni B, Needleman RB (1995) Purification and binding
properties of the Mal63p activator of Saccharomyces cerevisiae.
Curr Genet 27:509-516

Steidl S, Papagiannopoulos P, Litzka O, Andrianopoulos A, Davis
MA, Brakhage AA, Hynes MJ (1999) AnCF, the CCAAT
binding complex of Aspergillus nidulans, contains products of
the hapB, hapC, and hapE genes and is required for activation

by the pathway-specific regulatory gene amdR. Mol Cell Biol
19:99-106

Strauss J, Mach RL, Zeilinger S, Hartler G, Stoffler G, Wolschek
M, Kubicek CP (1995) Crel, the carbon catabolite repressor
protein from Trichoderma reesei. FEBS Lett 376:103-107

Suarez T, de Queiroz MV, Oestreicher N, Scazzocchio C (1995)
The sequence and binding specificity of UaY, the specific reg-
ulator of the purine utilization pathway in Aspergillus nidulans,
suggest an evolutionary relationship with the PPR1 protein of
Saccharomyces cerevisiae. EMBO J 14:1453-1467

Todd RB, Andrianopoulos A (1997) Evolution of a fungal regu-
latory gene family: the Zn(II)2Cys6 binuclear cluster DNA
binding motif. Fungal Genet Biol 21:388—405

Todd RB, Andrianopoulos A, Davis MA, Hynes MJ (1998) FacB,
the Aspergillus nidulans activator of acetate utilization genes,
binds dissimilar DNA sequences. EMBO J 17:2042-2054

Treger JM, Magee TR, McEntee K (1998) Functional analysis of
the stress response element and its role in the multistress
response of Saccharomyces cerevisiae. Biochem Biophys Res
Commun 243:13-9

Van Heeswijck R, Hynes MJ (1991) The amdR product and a
CCAAT-binding factor bind to adjacent, possibly overlapping
DNA sequences in the promoter region of the Aspergillus
nidulans amdS gene. Nucleic Acids Res 19:2655-2660

Vashee S, Xu H, Johnston SA, Kodadek T (1993) How do “Zn2
cys6” proteins distinguish between similar upstream activation
sites? Comparison of the DNA-binding specificity of the GAL4
protein in vitro and in vivo. J Biol Chem 268:24699-24706

Wolschek MF, Narendja F, Karlseder J, Kubicek CP, Scazzocchio
C, Strauss J (1998) In situ detection of protein-DNA interac-
tions in filamentous fungi by in vivo footprinting. Nucleic Acids
Res 26:3862-3864

Woo S, Donzelli B, Scala F, Mach R, Harman GE, Kubicek CP,
Del Sorbo G, Lorito M (1999) Disruption of the ech42
(Endochitinase-encoding) Gene Affects Biocontrol Activity in
Trichoderma Harzianum P1. Mol Plant-Microbe Interact
12:419-429

Yanisch-Perron C, Vieira J, Messing J (1985) Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the
M13mpl8 and pUCI9 vectors. Gene 33:103-119

Zeilinger S, Mach RL, Schindler M, Herzog P, Kubicek CP (1996)
Different inducibility of expression of the two xylanase genes
xynl and xyn2 in Trichoderma reesei. J Biol Chem 271:
25624-25629

Zeilinger S, Mach RL, Kubicek CP (1998) Two adjacent protein
binding motifs in the c¢bhbh2 (cellobiohydrolase II- encoding)
promoter of the fungus Hypocrea jecorina (Trichoderma reesei)
cooperate in the induction by cellulose. J Biol Chem 273:
34463-34471

Zeilinger S, Ebner A, Marosits T, Mach RL, Kubicek CP (2001)
The Hypocrea jecorina HAP2/3/5 protein complex binds to the
inverted CCAAT-box (ATTGG) within the chh2 (cellobiohy-
drolase IlI-gene) activating element. Mol Genet Genomics
266:56-63



