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The present article reviews the current understanding of regulation of cellulase
gene transcription in Hypocrea jecorina (= Trichoderma reesei). Special emphasis is
put on the mechanism of action of low molecular weight inducers of cellulase forma-
tion, the presence and role of recently identified transactivating proteins (Acel, Ace2,
Hap2/3/5), and the role of the carbon catabolite repressor Crel. We also report on some
recent genomic approaches towards understanding how cellulase inducers signal their
presence to the transcriptional apparatus.
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Introduction

Species of fungal genus Trichoderma are saprophytes, and their respective
teleomorphs lignicolous and necrotrophic ascomycetes of the genus Hypocrea. It
is believed that evolution drove these fungi from mere parasitism on wood-degrad-
ing basidiomycetes to adaptation to the partially destroyed wood [1]. Hence, in na-
ture they encounter a wide variety of polysaccharides including cellulose — a
B-1,4-glucosidically-linked homopolymer of about 8000-12000 glucose units,
held together by hydrogen bonds thus forming an insoluble crystalline
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macromolecule — making up a significant part of the total amount. 7richoderma
spp. also play a significant role in cellulose degradation in the soil.

Trichoderma reesei (the anamorph of the pantropical ascomycete Hypo-
crea jecorina), is probably the most prominent cellulose degrader within the genus
Trichoderma. Originally isolated in the South Pacific (Solomon Islands) during
the Second World War, where it was observed to degrade cotton fabric, tents and
belts, it was first recognized as a potential industrial producer of cellulases in the
late sixties. It uses at least three different types of enzymes for cellulose degrada-
tion, i.e. exoglucanases (i.e. cellobiohydrolases EC 3.2.1.91), endoglucanases (EC
3.2.1.4) and B-glucosidase (EC 3.2.1.21), which occur in various isozymic forms
(Table I). The industrial potential of this enzyme mixture led to a detailed investi-
gation of the biochemical properties, three-dimensional protein structures and
mechanism of action of several of these proteins [2—13].

Table I

Cellulase genes and their encoded proteins as identified in H. jecorina

Gene Protein

cbhl Cel7A

cbh2 Cel6A

egll Cel7B

egl? CelSA

egl3 Cell2A

egld Cel61A

egls Cel45A

bgll B-glucosidase 1
bgl2 B-glucosidase 2

Yet it should be noted here that Saloheimo et al. [14] recently added a new
facette to the picture of fungal cellulose degradation, by cloning the gene encoding
a protein with a sequence similarity to plant expansins. These are plant cell wall
proteins which are thought to disrupt hydrogen bonding between cell wall polysac-
charides without hydrolyzing them [15]. The protein, named swollenin, has an
N-terminal fungal type cellulose binding domain connected by a linker region to
the expansion-like domain, and also contains regions similar to mammalian fibro-
nectin type III repeats. Overexpressed swollenin was found to disrupt the structure
of cotton fibers without detectable formation of reducing sugars. Whether or not
swollenin is necessary for the growth of T reesei on cellulose is unknown, disrup-
tion of the swollenin gene had, however, no effect. The authors speculated that
there may be multiple swollenin genes in 7. reesei.
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Apart from studies on the enzymology of cellulose degradation, there has
also been a continuing interest in understanding how the synthesis of these en-
zymes is regulated. Such knowledge is required to understand the physiology of
the organism, to provide strategies for improving enzyme production through nu-
tritional or recombinant strategies, and for using cellulase promoters for the over-
production of heterologous proteins in Trichoderma.

The present review attempts to summarize the current state of knowledge
on how an insoluble molecule like cellulose triggers its own degradation in 7.
reesei.

Inducing conditions and inducer paradigms
Mechanism of induction by cellulose

In 1960, Mary Mandels and Elwyn T. Reese [16] already raised the central
question of regulation of cellulase formation: “Cellulases are adaptive enzymes,
but the natural substrate — cellulose — is insoluble. So how does induction occur?”
It is generally believed that oligosaccharides, which are released from cellulose,
serve as the actual compounds triggering the high level of induction of cellulase
expression (Figure 1). This hypothesis is supported by the high cellulase-inducing

How does cellulose induce Cellulase formation?

Hypocrea jees

Constifutive? |

Glucose

? Cellobiohydrolases

m Endoglucanases

A B-glucosidase

Figure 1. Current hypothesis of how cellulases are formed by H. jecorina
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power of several disacharides such as cellobiose (a -1,4-linked diglucoside),
d-cellobiono-1,5-lactone, lactose and sophorose (a B-1,2 linked diglucoside).

If these low molecular weight compounds are indeed the physiological in-
ducers of cellulases, then how do they arise in the presence of the fungus? Three
different models have been offered. One of them — already proposed in the seven-
ties — suggests that the fungus produces low, constitutive cellulase levels, which
would enable an initial attack on cellulose and release of oligosaccharides which
may act as inducers for more abundant cellulase biosynthesis [17-20]. While the
evidence presented in favour of this explanation has not unequivocally been ac-
cepted, the occurrence of similar induction mechanisms in several other microbial
systems strengthens this hypothesis. Generally speaking, binding of a transcrip-
tional regulator to its target sequence in the promoter is an equilibrium, and thus
even strongly repressed genes or genes strongly relying on induction can always
give rise to very low levels of “constitutive” expression which, however, may es-
cape detection by the methods available.

An alternative explanation has been presented by Kubicek and coworkers,
which was originally based on the observation that only conidia but not mycelia
are able to start growing on cellulose in fermenter cultures: conidia of Tricho-
derma spp. contain a whole set of different enzymes capable of hydrolysing a wide
range of polysaccharides and related compounds [21, 22], and may therefore be an
option for initial degradation of cellulose under conditions of nutritional stress.
They are located on the conidial surface, are formed irrespectively of the nutrient
conditions used to induce sporulation, and are able to hydrolyse crystalline cellu-
lose [21]. The essential role of the conidial-bound cellulases in the formation of the
cellulase inducer has been demonstrated by depriving the conidia from their
cellulases by washing with a soft detergent, which impaired the ability of T reesei
to grow on cellulose [21]. Seiboth et al. [23, 24], using isogenic strains in which
the major cellulase genes (cbhl, cbh2, egll and/or egl2) had been deleted, showed
that different cellulases exhibit different abilities for inducer formation: strains in
which chh2 and egl? displayed only marginal cellulase induction, whereas a strain
containing an eg// deletion was almost indistinguishable from the wild-type strain.
Conidia from a strain in which both cbhl and cbh2 had been replaced were com-
pletely unable to induce egl/ or eg/2 gene expression by cellulose. Addition of
2 mM sophorose to cultures of the strain in which both chil and cbh2 had been de-
leted restored this ability. These results are in accordance with a mechanism by
which several conidial-bound cellulases synergistically carry out an initial degra-
dation of cellulose molecules, thereby generating the inducers of cellulase bio-
synthesis, and hence lead to cellulase gene expression and growth on cellulose.
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Yet a third explanation for the initial attack on cellulose has been offered by
Ilmen et al. [25], who observed significant expression of all cellulases after deple-
tion of glucose from the culture. The mechanism of this triggering of cellulase for-
mation is not understood at the moment, as it seems to be independent of carbon
starvation alone or relieve from carbon catabolite repression. Release of inducing
compounds from fungal cell walls or inducer formation through transglycosyla-
tion of the glucose previously present in culture are yet unverified suggestions to
explain these results.

Soluble inducers

Whichever of these models is in fact responsible for the initial hydrolytic at-
tack on the cellulose molecule, the final product must be a low-molecular weight
inducer which is taken up by the fungal cells. Its identity is unknown, but several
oligosaccharides can function as cellulase inducers in laboratory experiments:

Cellobiose. As the major soluble end-product formed from cellulose is
cellobiose, its appearance in the cell could signal the presence of extracellular cel-
lulose and would therefore be a logical candidate for the natural inducer of
cellulase biosynthesis. Growth on cellobiose or addition of cellobiose to T reesei
cultures growing on cellulose, however, inhibits cellulase formation [26]. This is
probably due to rapid hydrolysis of cellobiose to glucose, which represses
cellulase formation [25, 27]. These results must not be interpreted, however, as ev-
idence against cellobiose as an inducer, as one must bear in mind that transport of
cellobiose, sophorose, gentiobiose and laminaribiose into 7. reesei mycelia occurs
by a constitutively formed B-linked disaccharide permease [28], which exhibits a
much higher affinity for this substrate than the extracellular -glucosidase. There-
fore, at a low disaccharide concentration, as it would be expected to arise from cel-
lulose degradation, uptake of cellobiose (a prerequisite for induction) is favoured
over hydrolysis. Induction by cellobiose therefore depends on the ratio of the in
vivo activity of the cellobiose permease to the activity of B-glucosidase and only
occurs when the ratio is high. Consistent with this assumption, slow feeding of
cellobiose, addition of -glucosidase inhibitors, or addition of cellobiose analoga
which are poor substrates of B-glucosidase (viz. 5-cellobiono-1,5-lactone) [29, 30]
all lead to cellulase formation in amounts comparable to those observed on cellu-
lose [26].

Acta Microbiologica et Immunologica Hungarica 50, 2003



130 SCHMOLL and KUBICEK

Sophorose. Sophorose, which is also a poor substrate for -glucosidase, in-
duces cellulase gene expression at a high level and has been considered as the natu-
ral inducer of cellulase formation for a long time, particularly as its presence in
culture fluids of 7. reesei has been demonstrated [16, 18, 31]. Sophorose seems to
be formed by transglycosylation activity of B-glucosidase [32], but one should
bear in mind that some endoglucanases are also capable of performing this reac-
tion. Genetic support for sophorose formation by 3-glucosidase was obtained with
a recombinant strain, however, in which the B-glucosidase (bg//) gene had been
disrupted and which consequently showed less efficient growth and cellulase pro-
duction on cellulose [33]. Results consistent with these findings have also been re-
ported using B-glucosidase inhibitors [34] or B-glucosidase-mutant strains [35,
36]. Addition of sophorose to the medium restored cellulase induction and growth
on cellulose in all of these cases, indicating that B-glucosidase was important for
cellulase inducer formation from cellulose.

These results do not prove, however, that the natural inducer is indeed
sophorose. Indeed, 7' reesei strains carrying multiple copies of bg// and display-
ing enhanced B-glucosidase activity showed an increased efficacy of cellulase in-
duction not only by cellulose but also by sophorose and sophorose induction of
cellulase formation in a bgll disruptant strain was still inhibited by the B-gluco-
sidase inhibitor nojirimycin [37]. One possible explanation for this finding would
be that formation of the final inducer involves the action of at least one more
B-glucosidase. A candidate for this enzyme would be the constitutive, plasma-
membrane bound, and methyl-f-D-glucoside-inducible B-glucosidase described
by Umile and Kubicek [38] and Chen et al. [39]. In addition, Saloheimo et al. [40]
recently characterized an intracellular -glucosidase enzyme (BGLII, = Cella)
and its gene (bgl2), and demonstrated that the respective protein exhibited trans-
glycosylation activity. So the nature of the B-glucosidase involved in cellulase in-
duction is not known yet.

Lactose. Lactose (a 1,4-O-B-D-galactopyranosyl-D-glucose) is not a nor-
mal degradation product of cellulase or of other plant polymers. Its demonstration
as a potent cellulase inducer is therefore puzzling, and was interpreted to be due to
its structural resemblance to cellobiose. It is at present the only soluble carbon
source which can be used economically for cellulase production or production of
heterologous proteins under cellulase promoters by T. reesei [41].

The major pathway of lactose metabolism by 7. reesei occurs by extra-
cellular hydrolysis into glucose and galactose, and subsequent metabolism of the
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galactose moiety via the Leloir pathway (B. Seiboth and C. P. Kubicek, unpub-
lished data). In order to identify the mechanism of lactose induction, mutants in the
various steps were prepared. Thereby, knock-out mutants in the galactokinase-en-
coding gene gall resulted in a strong impairment of cellulase induction by lactose
[42], whereas knock-out of gal7 (encoding the subsequent uridyltransferase step)
did not affect cellulase induction but lead to a prolonged abundance of the cel-
lulase gene transcript [43]. These two findings therefore suggest that the cellular
concentration of galactose-1-phosphate may signal the presence of lactose. This
induction seems, however, to be influenced by other as yet unknown environmen-
tal conditions, as growth of 7. reesei on galactose (which obviously also leads to
formation of galactose-1-phosphate) does not induce cellulase formation, even in a
carbon catabolite repression-negative background [42]. We have some evidence
that a slow growth rate may be essential for induction by lactose.

At the moment, nothing is known about the mechanism by which galac-
tose-1-phosphate activates transcription. The fact that mutants of 7. reesei, in
which cellulase induction by cellulose or sophorose is impaired, are still induced
by lactose (M. Mandels, S. Zeilinger and C. P. Kubicek, unpublished data) sug-
gests that lactose induction works by a different signalling pathway or uses differ-
ent transacting factors.

Other soluble compounds. A limited number of other low-molecular weight
compounds have been reported to promote cellulase gene expression, but their re-
lationship to in vivo induction by cellulase has not been tested. An interesting case
is the finding by Margolles-Clark et al. [44] that transfer of pregrown mycelia of
T. reesei to L-arabitol results in expression of chhl with a transcript abundance
comparable to lactose cultivations. This finding has not been pursued further but
may constitute a link between hemicellulose and cellulose degradation.

Also L-sorbose was found to induce coordinately cellulase genes at the
transcriptional level [41], but also the physiological meaning of this is unclear. We
have noted (C. P. Kubicek, unpublished data) that D-sorbose is rapidly converted
into sorbitol. It will be interesting to learn whether arabitol and sorbitol induce
cellulases by the same mechanism.

Regulation of cellulase gene expression

Whatever the nature of the in vivo inducer of cellulase is, it is commonly ac-
cepted that their formation is regulated at transcriptional level, and the expression
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of the different cellulase genes has been reported to be coordinate [10, 19, 24, 25,
27,33,45,47-50]. cbhl is the most highly expressed gene, followed by cbh2, egl5
and egl].

Analysis of cellulase gene promoters (mainly cbhl and cbh2) has shown
that expression of these genes is subject to both positive and negative regulation.
These are treated in detail below.

Transcriptional activators of cellulase gene expression

To clone genes encoding positive-acting transcriptional regulators of
T. reesei cellulase expression, Saloheimo et al. [51] employed the one-hybrid sys-
tem using a full-length T reesei cbhl promoter coupled to the S. cerevisiae HIS3
gene as a bait. This strategy led to the identification of two putative transcriptional
activators, viz. the acel (activator of cellulase gene expression) gene, encoding a
novel DNA-binding protein (Acel) that contains three zinc finger motifs of
Cys(2)-His(2) type; and Ace2 encoding a DNA-binding protein (Ace2) belonging
to the class of zinc binuclear cluster proteins found exclusively in fungi. Possible
Acel homologues were found among expressed sequence tags of Aspergillus and
Neurospora, indicating that this gene also occurs in other filamentous fungi.

According to the in vitro binding data, there are at least eight binding sites
for Acel in the c¢bhl promoter. Acel recognized all AGGCAAA sites and some
AGGCA sites preceded by a relatively A-T rich region. The available evidence
does not exclude that other variants of the binding sequence exist. Identical or very
closely related sequences occur, e.g. in the promoters of 7. reesei cellulase genes
egll, egl5, and chh2 and the xylanase gene xyn/. Disruption of the acel gene in
T. reesei resulted in retarded growth of the fungus on a cellulose-containing me-
dium, on which cellulases are normally highly expressed.

In contrast to acel, homologues of Ace2 were not found. Ace2 binds in vitro
to the 5’~-GGCTAATAA site present in the chh 1 promoter at—779 relative to ATG.
Mutation of the triplet GGC completely abolished Ace2 binding, and changing the
next two TAA triplets reduced it. The binding site is not a repeated sequence as has
been shown for most other transcription factors with zinc binuclear cluster
DNA-binding domains reviewed by Todd and Andrianopoulos [52]. In this respect
Ace2 appears to be similar to the 4. niger XInR. It is important to note in this re-
spect that Ace2 does not bind to the XInR consensus (5’-GGCTAAA-3"). The
A. niger XInR was first identified as a xylanase regulator but was later shown to
regulate also the transcription of other hemicellulase and cellulase genes. The sug-
gested putative binding sites for XInR and ACEII contain an identical core. How-
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ever, Ace2 and XInR are different in size and show no amino acid sequence simi-
larity except in the DNA-binding domain. Even here the identity is only 20%,
much less than when Ace2 is compared with other proteins with zinc binuclear
cluster domains, and it is thus highly unlikely that Ace2 is the Trichoderma
homologue of XInR. An XInR homologue has recently been cloned and character-
ized (R. Rauscher, E. Wiirnleithner and R. L. Mach, unpublished results; [54]), but
no ace2 homologue is present in the genome of 4. nidulans or A. fumigatus (C. P.
Kubicek, unpublished data). It is therefore likely that Trichoderma developed a
specific transactivator for cellulase regulation which is not present in other fungi.

Deletion of the Ace2 gene led to lowered induction kinetics of chhl, cbh2,
egll and egl2 mRNAs and to 30-70% reduced cellulase activity when the fungus
was grown on medium containing Solka floc cellulose. Cellulase induction by
sophorose was not affected by Ace2 deletion, however, suggesting that sophorose
and cellulose induction may involve different DNA-binding proteins.

Other transacting factors involved in cellulase gene expression were de-
tected by studying the regulation of the chh2 promoter. Using cell-free extracts
from sophorose-induced and noninduced mycelia and various fragments of the
cbh?2 promoter of H. jecorina in electrophoretic mobility shift assay (EMSA) anal-
ysis and performing in vitro and in vivo footprinting analysis, Zeilinger et al. [54]
detected the nucleotide sequence 5’-ATTGGGTAATA-3’ (consequently named
cbh2-activating element, CAE) to bind a protein complex. /n vivo footprinting
showed that binding to CAE occured both under induced as well as non-induced
conditions. EMSA analysis, however, revealed that the CAE-protein complex
formed by cell-free extracts from induced mycelia migrated faster than that from
non-induced mycelia, suggesting that the former either lacks a protein component
present in the latter, or becomes enzymatically modified (e.g. by phosphorylation
or proteolysis). EMSA analysis with specifically mutated versions of CAE re-
vealed that protein binding requires the presence of an intact copy of either one of
two adjacent motifs: a CCAAT (= ATTGG) box on the template strand and a
GTAATA box on the coding strand, whereas a simultaneous mutation in both
completely abolished binding. H. jecorina transformants, containing correspond-
ingly mutated versions of the chh2 promoter fused to the Escherichia coli hph gene
as a reporter, expressed Aph in a manner paralleling the efficacy of CAE-protein
complex formation in EMSA, suggesting that the presence of either of both motifs
is required for induction of chh2 gene transcription.

EMSA supershift experiments using an antibody against Aspergillus
nidulans HapC suggested that the complex which binds to the H. jecorina CCAAT
box contains a HapC homologue. To obtain direct evidence for this, Zeilinger et al.
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[55] cloned the hap2, hap3 and hap5 genes from H. jecorina. They encode pro-
teins whose core regions display great similarity to Aspergillus HapB, HapC and
HapE and to known Hap homologues from other organisms. All three proteins
(Hap2, Hap3 and Hap5) were needed to bind to the CAE in the H. jecorina cbh?2
gene promoter in vitro. Thus the CCAAT box on the template strand in CAE is
bound by the H. jecorina equivalent of the Hap protein complex.

Interestingly, Abrahao-Neto et al. [45] reported that mitochondrial activity
is required for maximal cellulase gene expression. Carraro et al. [56] showed that
heterologous transcription of a reporter gene controlled by the chh/ promoter in S.
cerevisiae was also dependent on active mitochondria, suggesting the presence of
respective cis-acting sequences in cellulase promoters. It shall be mentioned that
the Hap2/3/5 complex in yeast is involved in respiratory regulation [57], and it
would be interesting to learn, whether such a regulation would also occur in 7.
reesei.

One protein binding to the GTAATA box in the cbh2 promoter is Ace2, as
shown by EMSA analysis with its overexpressed DNA-binding domain (Figure 2),
thereby extending its consensus binding motif to GGSTAATA. It is intriguing to
note that — in contrast to findings of Aro et al. [58] — deletion of its binding motifin
the cbh2 promoter also impairs chh2 induction by sophorose and not only by cellu-
lose [54].
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Figure 2. Binding of Ace2 to the H. jecorina cbh2 promoter. Binding of ACEIL:GST
(aa 1-58, DNA binding domain; [57]) to the labeled oligonucleotide CKT057
(Zeilinger et al. 1998) containing CAE. Free probe is shown in the first lane. The amount of purified
recombinant ACEII:GST fusion protein used in the binding reaction was 2 pg
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A cellulase-negative mutant strain, originally isolated during the strain se-
lection program of Reese and Mandels [59], was shown by Zeilinger et al. [60] to
be defective in the functional formation of the CAE-protein complexes but not in
their binding to the target sequences themselves. Cell-free extracts from a cellu-
lase-negative mutant form CAE-protein complexes with higher mobility and
lower binding-strength compared to the wild type, suggesting that the CAE-bind-
ing complexes either lack one of the protein components of the complex or that one
of'the proteins is truncated. EMSA analysis demonstrated an increased mobility of
the Ace2-containing DNA complex and, supported by in vivo footprinting, a low-
ered binding strength of the Hap2/3/5 proteins. However, the hap2/hap3/hap5
genes of the mutant are unaltered and transcribed normally, and the Ace2 transcript
has a similar size in the mutants and in the wild-type (M. Schmoll and C. P. Kubi-
cek, unpublished data), thus rendering a mutation in one of these two binding part-
ners unlikely.

As all the components identified as transcriptional regulators of cellulase
gene expression bind their target sites constitutively, the question arose as to their
way of action. Since the Hap2/3/5 complex has been shown in other fungi to en-
able transcription by chromatin remodelling, Zeilinger et al. [61] investigated the
alterations in chromatin structure accompanying induction of cellulase gene ex-
pression on the cbh2 promoter. The chromatin structure in the wild type strain
showed a nucleosome free region (nfr) around CAE flanked by strictly positioned
nucleosomes under repressing conditions. Induction results in a loss of positioning
of nucleosomes —1 and —2 downstream of CAE, thus making the TATA box acces-
sible. Simultaneous mutation of both motifs of CAE or of the CCAAT-box alone
also led to a loss of positioning of nucleosome —1 covering the TATA-box, where-
as mutation of the Ace2-binding-consensus sequence resulted in a narrowing of
the nft, indicating that the proteins binding to both motifs within CAE interact with
chromatin, although in different ways. These data therefore suggest that both the
Hap2/3/5 complex and Ace2 are all involved in nucleosome assembly on the cbh?2
promoter, and that they respond to inducing conditions by repositioning nucleo-
some —1.

Interestingly, the cellulase-negative mutant strain described above still dis-
played the induction-specific changes in nucleosome structure whereas it failed to
trigger gene expression, thereby confirming that it is not impaired in the proteins
directly interacting with CAE and that nucleosome rearrangement and induction
of cbh2 expression are uncoupled. In view of the available other data, this suggests
that a protein component linking the RNA-polymerase 11 adaptor complex with
Hap2/3/5-Ace2 is impaired in this mutant. This component still needs to be identi-
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fied, however. Schmoll et al. [62] however, recently cloned a gene encoding a
WD-repeat/F-box-protein, which is upregulated by the presence of cellulose and
lactose in 7. reesei QM 9414 but not in the cellulase-negative mutant, and thus
could the gene encode the missing link in cellulase induction.

Carbon catabolite repression

Carbon catabolite repression is an ubiquitously occuring important regula-
tory mechanism that leads to the repression of genes encoding enzymes that are in-
volved in the utilization of complex carbon sources when simple sugars like glu-
cose are available. Such a situation is also observed with the Trichoderma cellu-
lase system: in the presence of high levels of glucose, sophorose fails to induce ex-
pression of the cellulase genes, and glucose addition to already induced cultures
leads to the disappearance of the transcripts of chh 1, cbh2, egll, egl? and egl5 cel-
lulose [25]. However, this finding per se does not necessarily imply glucose re-
pression, as it may well reflect impaired inducer uptake (the disaccharide per-
mease is inhibited by glucose; [28]). Evidence for a direct repressing effect of glu-
cose on cellulase gene expression therefore must be based on the use of null-mu-
tants of the respective repressor gene and on cellulase promoter analysis.

The crel gene encoding the general carbon catabolite repressor protein
Crel has thus been cloned [46, 63, 64], and shown to encode a functional homo-
logue of the CreA protein of A. nidulans [65]. It binds to the consensus binding site
5‘-SYGGRG-3". Ilmen et al. [27] mutated the consensus sites at around —700,
—1000 and —1500 bp upstream of the protein coding region — which have been
shown to bind recombinantly overexpressed Crel in in vitro gel shift assays [66,
67] — by replacing the native nt-sequences by the same number of nts of mutant
sites in different combinations, and fused them to the E. coli lacZ gene as reporter.
The results indicated that the mutation of the region around —700 resulted in clear
derepression of lacZ-mRNA on glucose. Interestingly, this binding site is orga-
nized in the form of an inverted repeat, and up to date only Crel-binding sites orga-
nized in a similar way have been shown to be functional in vivo. Interestingly, car-
bon catabolite derepression resulted only in a ten-fold lower level of transcription
than upon induction [27], indicating that full expression is not simply due to anta-
gonization of carbon catabolite repression and requires activating factors as well.

Interestingly, the commonly used 7. reesei hyperproducer strain RutC-30,
which was originally isolated by screening for growth on cellobiose in the pres-
ence of 2-deoxyglucose [68], bears a mutated crel gene [46]. It has only 20 % of
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the coding region remaining, and the truncated protein formed lacks all the C-ter-
minal amino acids after the first zinc finger. Northern analysis confirmed that this
strain expresses some cellulases such as chi/ in the presence of glucose [46] al-
though at a low level [61], and — consistent with the above findings — was still de-
pendent on induction.

The cellulase system was used by Cziferszky et al. [69] to study how Crel
becomes activated in the presence of glucose. They showed that Crel is a phos-
phoprotein, identified Ser,s; within the acidic protein region as phosphorylation
target. These findings reminded the situation in yeast, where the carbon catabolite
repressor protein Mig1 is phosphorylated by the Snf1-kinase [70-75]. However, in
yeast Migl phosphorylation occurs upon glucose depletion and results in the re-
moval of Migl from the nucleus and binding to the respective promoters [73]. In
contrast, phosphorylation of Crel occurs in the presence of glucose and is required
for DNA binding of Crel [69]. Detailed analysis showed that an S,4E mutation
mimics phosphorylation, whereas an S;;;A mutant protein shows phosphory-
lation-independent DNA binding activity, suggesting that phosphorylation is re-
quired to release Crel from an inactive conformation involving unphosphorylated
Sery;. Consistent with these in vitro data, retransformation of a H. jecorina
crel-non-functional mutant with Cre1-Sy4;A leads to permanent carbon catabolite
repression in cellobiohydrolase I expression.

Also the kinase phosphorylating Crel is different from that phosphory-
lating Mig1: the amino acid sequence surrounding Ser24/ (HSNDEDD) suggests
that phosphorylation may occur by a casein kinase II-like protein, which is sup-
ported by a mutation of E,44V which leads to loss of phosphorylation, loss of DNA
binding, and gain of carbon catabolite derepression. In addition, an overexpressed
catalytic domain of H. jecorina Snfl did not phosphorylate H. jecorina Crel but
readily phosphorylated yeast Migl [76]. H. jecorina Snfl also phosphorylated
peptides comprising the strict Snfl consensus, but notably did not phosphorylate
peptides containing the regulatory serine residue in Crel identified by Cziferszky
et al. [69]. Thus the Snfl kinase appears not to be involved in Crel-mediated car-
bon catabolite repression in H. jecorina. These findings are also supported by re-
cent results from A. nidulans [77] which showed that another gene whose mutation
leads to a carbon catabolite derepressed phenotype — creB — encodes an ubiquitin
carboxy-terminal hydrolase [78]. The authors proposed that under carbon catabo-
lite repressing conditions, CreB removes the ubiquitin chains from CreA that
would otherwise lead to its degradation by the proteasome. Thus, glucose signal-
ling to carbon catabolite repression seems to operate via different ways in filamen-
tous fungi and yeasts.
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Signalling pathways

While the data reviewed above clearly show that the cellulase genes are de-
pendent on induction, neither the nature of the inducer nor the pathway of its sig-
nalling are known. In another fungus — Cryphonectria parasitica — Wang and Nuss
[79] provided evidence for the involvement of a G,-protein in the induction of
cbhli by cellulose. For T. reesei, Sestak and Farkas [80] reported that the efficacy
of sophorose induction could be doubled by the addition of permeable cyclic-AMP
derivatives or by the inhibitors of cyclic-AMP phosphodiesterase, hence suggest-
ing that the signalling by the inducer involves a cyclic-:AMP dependent protein
kinase. A sequential action of a G-protein and cyclic AMP would not be without
precedent in fungi, and has been reported e.g. for signalling the presence of a host
plant to Ustilago maydis [81].

Towards an elucidation of how cellulose signals its presence, we have re-
cently made use of the cellulase negative mutants of 7. reesei using subtraction hy-
bridization [82]. This led to the identification of several genes which were differ-
entially expressed in the cellulase negative mutant QM9978 and the wildtype
strain QM9414. Northern analyses proved that some of them are indeed regulated
by the presence of cellulose. Among them, the most interesting gene is envoy,
which encodes a PAS-domain-containing protein, and which is strongly upre-
gulated in the presence of cellulose. It displays a transcript of smaller size in the
wildtype, and the mutant also lacks the upregulation by cellulose. Another gene
called csi/ (cellulase signalling 1) is strongly transcribed upon induction by
sophorose in the wildtype but not in the mutant, but is less abundant in the wildtype
than in the mutant on cellulose. Knock-out mutants in these two genes are cur-
rently prepared in our lab to learn about their role in cellulose signalling.

Concluding Remarks

Figure 3 summarizes the current state of knowledge, as outlined above,
about the regulation of expression of H. jecorina cbhl and cbh2. The availability
of now at least five different transcription factors and two signalling components
and respective gene knock-out mutants for cellulase regulation offers an excellent
basis for entering the genomic age. This will undoubtely lead to the discovery of
other components either directly or indirectly involved in the cellulose signalling
circuits. The knowledge of these mechanisms will not only lead to an academic un-
derstanding of how ““an insoluble molecule like cellulose triggers its own break-
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Figure 3. Summarizing scheme of the regulation of the (a) chi1 and (b) chh2 promoter
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down”, but is also likely to open new avenues for the improvement of the cellulase
promoters. In addition, H. jecorina cellulases may become a model system for the
regulation of synthesis of extracellular hydrolytic enzymes, which are important
traits in understanding fungal plant pathogenesis, by other pyrenomyceteous fungi
such as Fusarium, Claviceps, Verticillium and others.

Acknowledgements. Unpublished or submitted work from the authors was supported by
grants from the Austrian Science Foundation to CPK (P12406-GEN, P13672-MOB, and
P16143-MOB).

References

1. Rossman, A. Y.: Morphological and molecular perspectives on systematics of Hypocreales.
Mycologia 88, 1-19 (1996).

2. Koivula, A., Ruohonen, L., Wohlfahrt, G., Reinikainen, T., Teeri, T. T., Piens, K.,
Claeyssens, M., Weber, M., Vasella, A., Becker, D., Sinnott, M. L., Zou, J. Y., Kleywegt, G.
J., Szardenings, M., Stahlberg, J., Jones, T. A.: The active site of cellobiohydrolase Cel6A
from Trichoderma reesei: the roles of aspartic acids D221 and D175. J Am Chem Soc 124,
10015-10024 (2002).

3. Becker, D., Braet, C., Brumer, H. 3rd, Claeyssens, M., Divne, C., Fagerstrom, B. R., Harris,
M., Jones, T. A., Kleywegt, G. J., Koivula, A., Mahdi, S., Piens, K., Sinnott, M. L., Stahl-
berg, J., Teeri, T. T., Underwood, M., Wohlfahrt, G.:. Engineering of a glycosidase Family 7
cellobiohydrolase to more alkaline pH optimum: the pH behaviour of Trichoderma reesei
Cel7A and its E223S/A224H/L225V/T226A/D262G mutant. Biochem J 356, 19-30 (2001).

4. Zou,J., Kleywegt, G. J., Stahlberg, J., Driguez, H., Nerinckx, W., Claeyssens, M., Koivula,
A., Teeri, T. T., Jones, T. A.: Crystallographic evidence for substrate ring distortion and pro-
tein conformational changes during catalysis in cellobiohydrolase Cel6A from
Trichoderma reesei. Structure Fold Des 7, 1035-1045 (1999).

5. Koivula, A., Kinnari, T., Harjunpaa, V., Ruohonen, L., Teleman, A., Drakenberg, T.,
Rouvinen, J., Jones, T. A., Teeri, T. T.: Tryptophan 272: an essential determinant of crystal-
line cellulose degradation by Trichoderma reesei cellobiohydrolase Cel6A. FEBS Lett 429,
341-346 (1998).

6. Teeri, T. T., Koivula, A., Linder, M., Wohlfahrt, G., Divne, C., Jones, T. A.: Trichoderma
reesei cellobiohydrolases: why so efficient on crystalline cellulose? Biochem Soc Trans 26,
173-178 (1998).

7. Divne, C., Stahlberg, J., Teeri, T. T., Jones, T. A.: High-resolution crystal structures reveal
how a cellulose chain is bound in the 50 A long tunnel of cellobiohydrolase 1 from
Trichoderma reesei. J Mol Biol 275, 309-325 (1998).

8. Kleywegt, G.J., Zou, J. Y., Divne, C., Davies, G. J., Sinning, I., Stahlberg, J., Reinikainen,
T., Srisodsuk, M., Teeri, T. T., Jones, T. A.: The crystal structure of the catalytic core do-
main of endoglucanase I from Trichoderma reesei at 3.6 A resolution, and a comparison
with related enzymes. J Mol Biol 272, 383-397 (1997).

Acta Microbiologica et Immunologica Hungarica 50, 2003



10.

11.

12.

13.

14.

15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

CELLULASE OF TRICHODERMA 141

Stahlberg, J., Divne, C., Koivula, A., Piens, K., Clacyssens, M., Teeri, T. T., Jones, T. A: Ac-
tivity studies and crystal structures of catalytically deficient mutants of cellobiohydrolase I
from Trichoderma reesei. ] Mol Biol 264, 337-349 (1996).

Linder, M., Teeri, T. T.: The cellulose-binding domain of the major cellobiohydrolase of
Trichoderma reesei exhibits true reversibility and a high exchange rate on crystalline cellu-
lose. Proc Natl Acad Sci USA 93, 12251-12255 (1996).

Koivula, A., Reinikainen, T., Ruohonen, L., Valkeajarvi, A., Claeyssens, M., Teleman, O.,
Kleywegt, G. J., Szardenings, M., Rouvinen, J., Jones, T. A., Teeri, T. T.: The active site of
Trichoderma reesei cellobiohydrolase II: the role of tyrosine 169. Protein Eng 9, 691-699
(1996).

Divne, C. Stahlberg, J., Reinikainen, T., Ruohonen, L., Pettersson, G., Knowles, J. K., Teeri,
T. T., Jones, T. A.: The three-dimensional crystal structure of the catalytic core of
cellobiohydrolase I from Trichoderma reesei. Science 265, 524-528 (1994).

Teeri, T. T., Penttila, M., Keranen, S., Nevalainen, H., Knowles, J. K.: Structure, function,
and genetics of cellulases. Biotechnology 21, 417-445 (1992).

Saloheimo, M., Paloheimo, M., Hakola, S., Pere, J., Swanson, B., Nyyssonen, E., Bhatia, A.,
Ward, M., Penttild, M., Swollenin, A.: Trichoderma reesei protein with sequence similarity
to the plant expansins, exhibits disruption activity on cellulosic materials. Eur J Biochem
269 (17), 42024211 (2002).

Cosgrove, D. J.: Loosening of plant cell walls by expansins. Nature 407, 321-326 (2000).
Mandels, M., Reese, E. T.: Induction of cellulase in fungi by cellobiose. J Bacteriol 79,
816-826 (1960).

Gritzali, M., Brown, R. D.: The cellulase system of Trichoderma: relationships between pu-
rified extracellular enzymes from induced or cellulose-grown cells. Adv Chem Ser 181,
237-260 (1979).

Mandels, M., Parrish, F. W., Reese, E. T.: Sophorose as an inducer of cellulases in 7richo-
derma reesei. ] Bacteriol 83, 400—408 (1962).

El-Gogary, S., Leite, A., Crivellaro, O., Eveleigh, D. E., El-Dorry, H.: Mechanism by which
cellulose triggers cellobiohydrolase I gene expression in Trichoderma reesei. Proc Natl
Acad Sci USA 86, 6138-6141 (1989).

Carle-Urioste, J. C., Escobar-Vera, J., El-Gogary, S., Henrique-Silva, F., Torigoi, E.,
Crivellaro, O., Herrera-Estrella, A., El-Dorry, H.: Cellulase induction in Trichoderma reesei
by cellulose requires its own basal expression. J Biol Chem 272, 10169—-10174 (1997).
Kubicek, C. P., Miithlbauer, G., Grotz, M., John, E., Kubicek-Pranz, E. M.: Properties of the
conidial-bound cellulase system of Trichoderma reesei. J] Gen Microbiol 134, 1215-1222
(1988).

Messner, R., Kubicek-Pranz, E. M., Gsur, A., Kubicek, C. P.: Cellobiohydrolase II is the
main conidial-bound cellulase in Trichoderma reesei and other Trichoderma strains. Arch
Microbiol 155, 601-606 (1991).

Seiboth, B., Messner, R., Gruber, F., Kubicek, C. P.: Disruption of the Trichoderma reesei
cbh2 gene coding for cellobiohydrolase II leads to a delay in the triggering of cellulase for-
mation by cellulose. J Gen Microbiol 138, 1259-1264 (1992).

Seiboth, B., Hakola, S., Mach, R. L., Suominen, P. L., Kubicek, C. P.: Role of four major
cellulases in the triggering of cellulase gene expression by cellulose in 7richoderma reesei.
J Bacteriol 179, 5318-5320 (1997).

[lmén, M., Saloheimo, A., Onnela, M.-L., Penttild, M.: Regulation of cellulase expression in
the filamentous fungus Trichoderma reesei. Appl Environ Microbiol 63, 12981306 (1997).

Acta Microbiologica et Immunologica Hungarica 50, 2003



142

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

SCHMOLL and KUBICEK

Fritscher, C., Messner, R., Kubicek, C. P.: Cellobiose metabolism and cellobiohydrolase |
biosynthesis in Trichoderma reesei. Exp Mycol 14, 451-461 (1990).

[lmén, M., Onnela, M.-L., Klemsdal, S., Kerédnen, S., Penttild, M.: Functional analysis of the
cellobiohydrolase I promoter of the filamentous fungus Trichoderma reesei. Mol Gen Genet
253,303-314 (1996).

Kubicek, C. P., Messner, R., Gruber, F., Mandels, M., Kubicek-Pranz, E. M.: Triggering of
cellulase biosynthesis by cellulose in Trichoderma reesei: involvement of a constitutive,
sophorose-inducible and glucose-inhibited B-diglucoside permease. J Biol Chem 268,
19264-19268 (1993).

Iyayi, C. B., Bruchmann, E.-E., Kubicek, C. P.: Induction of cellulase formation in
Trichoderma reesei by cellobiono-1,5-lactone. Arch Microbiol 151, 326-330 (1989).
Szakmary, K., Wotawa, A., Kubicek, C. P.: Origin of oxidized cellulose degradation prod-
ucts and mechanism of their promotion of cellobiohydrolase I biosynthesis. J Gen Microbiol
137, 2873-2878 (1991).

Sternberg, D., Mandels, G. R.: Induction of cellulolytic enzymes in Trichoderma reesei by
sophorose. J Bacteriol 139, 761-767 (1979).

Vabheri, M. P., Leisola, M., Kaupinnen, V.: Transglycosylation products of the cellulase sys-
tem of Trichoderma reesei. Biotech Letts 1, 41-46 (1979).

Fowler, T., Brown, R. D. Jr.: The bgll gene encoding extracellular B-glucosidase from
Trichoderma reesei is required for rapid induction of the cellulase complex. Mol Microbiol
6, 3225-3235 (1992).

Kubicek, C. P.: Involvement of a conidial bound endoglucanase and a plasma membrane
bound B-glucosidase in the induction of endoglucanase synthesis by cellulose in
Trichoderma reesei. ] Gen Microbiol 133, 1481-1487 (1987).

Mishra, S., Rao, S., Deb, J. K.: Isolation and characterization of a mutant of Trichoderma
reesei showing reduced levels of extracellular B-glucosidase. J Gen Microbiol 135, 3459—
3465 (1989).

Strauss, J., Kubicek, C. P.: B-Glucosidase and cellulase formation by a Trichoderma reesei
mutant defective in constitutive cellulase formation. J Gen Microbiol 136, 1321-1326
(1990).

Mach, R. L., Seiboth, B., Myasnikov, A., Gonzalez, R., Strauss, J., Harkki, A. M., Kubicek,
C. P.: The bglI gene of Trichoderma reesei QM9414 encodes an extracellular, cellulose-in-
ducible B-glucosidase involved in cellulase induction by sophorose. Mol Microbiol 16,
687-697 (1995).

Umile, C., Kubicek, C. P.: A constitutive, plasma-membrane bound B-glucosidase in
Trichoderma reesei. ] Appl Biochem 4, 356-363 (1986).

Chen, H., Hayn, M., Esterbauer, H.: Purification and characterization of two extracellular
B-glucosidases from Trichoderma reesei. Biochim Biophys Acta 1121, 54-60 (1992).
Saloheimo, M., Kuja-Panula, J., Ylosmaki, E., Ward, M., Penttild, M.: Enzymatic properties
and intracellular localization of the novel Trichoderma reesei beta-glucosidase BGLII
(cellA). Appl Environ Microbiol 68, 45464563 (2002).

Morikawa, Y., Ohashi, T., Mantani, O., Okada, H.: Cellulase induction by lactose in Tricho-
derma reesei PC-3-7. Appl Microbiol Biotechnol 44, 106—111 (1995).

Seiboth, B., Pail, M., Fekete, E., Karaffa, L., Kubicek, C.P.: The gal/l-encoded galacto-
kinase of Hypocrea jecorina is dispensable for growth on D-galactose, but essential for
cellulase induction by lactose, manuscript submitted, 2003.

Acta Microbiologica et Immunologica Hungarica 50, 2003



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

CELLULASE OF TRICHODERMA 143

Seiboth, B., Hofmann, G., Kubicek, C. P.: Lactose metabolism and cellulase production in
Hypocrea jecorina: the gal7 gene, encoding galactose-1-phosphate uridyltransferase, is es-
sential for growth on galactose but not for cellulase induction. Mol Genet Genomics 267,
124-132 (2002).

Margolles-Clark, E., [iImén, M., Penttild, M.: Expression patterns of ten hemicellulase genes
of the filamentous fungus Trichoderma reesei on various carbon sources. J Biotechnol 57,
167-179 (1997).

Abrahao-Neto, J., Rossini, C. H., El-Gogary, S., Henrique-Silva, F., Crivellaro, O.,
El-Dorry, H.: Mitochondrial functions mediate cellulase gene expression in Trichoderma
reesei. Biochemistry 34, 10456—10462 (1995).

[lmén, M., Thrane, C., Penttild, M.: The glucose repressor gene crel of Trichoderma: isola-
tion and expression of a full length and a truncated mutant gene. Mol Gen Genet 251,
451-460 (1996).

Messner, R., Kubicek, C. P.: Carbon source control of cellobiohydrolase I and II formation
by Trichoderma reesei. Appl Environ Microbiol 57, 630-635 (1991).

Morawetz, R., Gruber, F., Messner, R., Kubicek, C. P.: Presence, transcription and transla-
tion of cellobiohydrolase genes in several Trichoderma species. Curr Genet 21, 31-36
(1992).

Penttild, M., Saloheimo, A., [lmén, M., Onnela, M.-L.: Regulation of the expression of
Trichoderma cellulases at mRNA and promotor level. In P. Suominen and T. Reinikainen
(eds): Proceedings of the second TRICEL symposium on Trichoderma reesei cellulases and
other hydrolases, Espoo, Finland. Foundation for Biotechnical and Industrial Fermentation
Research, 8, 189-197 (1993).

Torigoi, E., Henrique-Silva, F., Escobar-Vera, J., Carle-Urioste, J. C., Crivellaro, O.,
El-Dorry, H., ElI-Gogary, S.: Mutants of Trichoderma reesei are defective in cellulose in-
duction but not basal expression of cellulase encoding genes. Gene 173, 199-203 (1996).
Saloheimo, A., Aro, N., [lmén, M., Penttild, M.: Isolation of the acel gene encoding a
Cys(2)-His(2) transcription factor involved in regulation of activity of the cellulase pro-
moter cbhl of Trichoderma reesei. J Biol Chem 275, 5817-5825 (2000).

Todd, R. B., Adrianopoulos, A., Davis, M. A., Hynes, M. J.: FacB, the Aspergillus nidulans
activator of acetate utilization genes binds dissimilar DNA sequences. EMBO J 17,
2043-2054 (1998).

Mach, R. L., Zeilinger, S.: Regulation of gene expression in industrial fungi: 7richoderma.
Appl Microbiol Biotechnol, in press 2003.

Zeilinger, S., Mach, R. L., Kubicek, C. P.: Two adjacent protein binding motifs in the cbh2
(cellobiohydrolase II-encoding) promoter of the fungus Hypocrea jecorina (Trichoderma
reesei) cooperate in the induction by cellulose. J Biol Chem 273, 34463-34471 (1998).
Zeilinger, S., Ebner, A., Marosits, T., Mach, R., Kubicek, C. P.: The Hypocrea jecorina Hap
2/3/5 protein complex binds to the inverted CCAAT-box (ATTGG) within the cbh2
(cellobiohydrolase II-gene) activating element. Mol Genet Genomics 266, 56-63 (2001).
Carraro, D. M., Ferreira Junior, J. R., Schumacher, R., Pereira, G. G., Hollenberg, C. P.,
El-Dorry, H.: A region of the cellobiohydrolase I promoter from the filamentous fungus
Trichoderma reesei mediates glucose repression in Saccharomyces cerevisiae, dependent
on mitochondrial activity. Biochem Biophys Res Commun 253, 407-414 (1998).
Mattoon, J. R., Caravajal, E., Guthrie, D.: Effects of hap mutations on heme and cytochrome
formation in yeast. Curr Genet 17, 179—-183 (1990).

Acta Microbiologica et Immunologica Hungarica 50, 2003



144

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

SCHMOLL and KUBICEK

Aro, N., Saloheimo, A., [Imén, M., Penttild, M.: ACEII, a novel transcriptional activator in-
volved in regulation of cellulase and xylanase genes of Trichoderma reesei. J Biol Chem
276, 24309-24314 (2001).

Reese, E. T., Mandels, M.: Stability of the cellulase of Trichoderma reesei under use condi-
tions. Biotechnol Bioeng 22, 323-335 (1980).

Zeilinger, S., Haller, M., Mach, R., Kubicek., C. P.: Molecular characterization of a
cellulase-negative mutant of Hypocrea jecorina. Biochem Biophys Res Commun 277,
581-588 (2000).

Zeilinger, S., Schmoll, M., Pail, M., Mach, R. L., Kubicek, C. P.: Nucleosome transactions
on the Hypocrea jecorina (Trichoderma reesei) cellulase promoter chh2 reveal a novel role
for the carbon catabolite repressor protein Crel in chromatin rearrangement, manuscript
submitted.

Schmoll, M., Zeilinger, S., Mach, R. L., Kubicek, C. P.: Limpet, a novel WD-repeat/F-box
protein involved in cellulose signalling to cellulase gene expression in Hypocrea jecorina,
manuscript submitted, 2003.

Strauss, J., Mach, R. L., Zeilinger, S., Stoffler, G., Wolschek, M., Hartler, G., Kubicek,
C. P.: Crel, the carbon catabolite repressor protein from Trichoderma reesei. FEBS Lett
376, 103—107 (1995).

Takashima, S., Nakamura, A., likura, H., Masaki, H., Uozumi, T.: Cloning of a gene encod-
ing a putative carbon catabolite repressor from 7Trichoderma reesei. Biosci Biotechnol
Biochem 60, 173-176 (1996).

Dowzer, C. E. A., Kelly, J. M.: Analysis of the cred gene, a regulator of carbon catabolite re-
pression in Aspergillus nidulans. Mol Cell Biol 9, 5701-5709 (1991).

Takashima, S., likura, H., Nakamura, A., Masaki, H., Uozumi, T.: Analysis of Crel binding
sites in the Trichoderma reesei cbhl upstream region. FEMS Microbiol Lett 145, 361-366
(1996).

Ilmén, M.: Molecular mechanisms of glucose repression in the filamentous fungus
Trichoderma reesei. Ph. D. Thesis, VTT Publication series (1997).

Montenecourt, B. B., Eveleigh, D. E.: Selective screening methods for the isolation of high
yielding cellulase mutants of Trichoderma reesei. Adv Chem Ser 181, 289-301 (1979).
Cziferszky, A., Mach, R. L., Kubicek, C. P.: Phosphorylation positively regulated DNA
binding of the carbon catabolite repressor Crel of Hypocrea jecorina (Trichoderma reesei).
J Biol Chem 277, 14688-14694 (2002).

Johnston, M., Flick, J. S., Pexton, T.: Multiple mechanisms provide rapid and stringent glu-
cose repression of GAL gene expression in Saccharomyces cerevisiae. Mol Cell Biol 14,
3834-3841 (1994).

Vallier, L. G., Carlson, M.: Synergistic release from glucose repression by Migl and Ssn
mutations in Saccharomyces cerevisiae. Genetics 137, 49-54 (1994).

Ostling, J., Carlberg, M., Ronne, H.: Functional domains in the Migl repressor. Mol Cell
Biol 16, 753-761 (1996).

De Vit, M. J., Waddle, J. A., Johnston, M.: Regulated nuclear translocation of the Mig1 glu-
cose repressor. Mol Biol Cell 8, 1603—-1618 (1997).

Lutfiyya, L. L., Iyer, V. R., DeRisi, J., DeVit, M. J., Brown, P. O., Johnston, M.: Character-
ization of three related glucose repressors and genes they regulate in Saccharomyces
cerevisiae. Genetics 150, 1377-1391 (1998).

Treitel, M. A., Kuchin, S., Carlson, M.: Snf1 protein kinase regulates phosphorylation of the
Migl repressor in Saccharomyces cerevisiae. Mol Cell Biol 18, 6273—-6280 (1998).

Acta Microbiologica et Immunologica Hungarica 50, 2003



76.

77.

78.

79.

80.

81.

82.

CELLULASE OF TRICHODERMA 145

Cziferszky, A., Seiboth, B., Kubicek, C. P.: The Snfl-kinase of the filamentous fungus
Hypocrea jecorina phosphorylates regulation-relevant serine residues in the yeast carbon
catabolite repressor Migl but not in the filamentous fungal counterpart Crel, manuscript
submitted 2003.

Lockington, R. A., Kelly, J. M.: The WD40-repeat protein CreC interacts with and stabilizes
the deubiquitinating enzyme CreB in vivo in Aspergillus nidulans. Mol Microbiol 43,
11731182 (2002).

Lockington, R. A., Kelly, J. M.: Carbon catabolite repression in Aspergillus nidulans in-
volves deubiquitination. Mol Microbiol 40, 1311-1321 (2001).

Wang, P., Nuss, D. L.: Induction of a Cryphonectria parasitica cellobiohydrolase I gene is
suppressed by hypovirus infection and regulated by a GTP-binding protein-linked signalling
pathway involved in fungal pathogenesis. Proc Natl Acad Sci USA 92, 11529-11533.
Sestak, S., Farka$, V.: Metabolic regulation of endoglucanase synthesis in Trichoderma
reesei: participation of cyclic AMP and glucose-6-phosphate. Can J Microbiol 39, 342-347
(1993).

Loubradou, G., Brachmann, A., Feldbrugge, M., Kahmann, R.: A homologue of the
transcriptional repressor Ssn6p antagonizes cAMP signalling in Ustilago maydis. Mol
Microbiol 40, 719-730 (2001).

Schmoll, M.: Regulation of cellulase expression and signal transduction in the filamentous
fungus Hypocrea jecorina (Trichoderma reesei). Ph. D. thesis, 2003.

Acta Microbiologica et Immunologica Hungarica 50, 2003






