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KURZFASSUNG

Unter den Mikroorganismen, die (Hemi-)Zellulose abbauen kénnen, ist der Pilz Trichoderma reesei
derzeit der wichtigste industrielle Produzent von cellulolytischen und hemicellulolytischen
Enzymen, die fir Produktion von Biokraftstoffen und Bioraffinerieprodukten aus Lignocellulose
eingesetzt werden. Das Xylanaseregulatorprotein 1 (XYR1), ein Transkriptionsfaktor des Zinc
binuclearen Cluster typs ist der Hauptaktivator der Zellulase und Hemizellulase Genexpression.

Um die Gene zu aktivieren muss XYR1 aus dem Zytoplasma in den Zellkern transportiert werden.
Der Mechanismus dieses nuklearen Imports ist noch unbekannt. Transport von Proteinen tber 30
kDa in den Kern geschieht mit Hilfe von spezifischen nuklearen Transportern, sogenannten
Karyopherinen. In meiner Dissertation konnte ich zeigen, dass das Genom von T. reesei zehn
Karyopheringene (ein a-Importin und neun B-Importine) aufweist. Um jene B-Importine, die am
Kernimport von XYR1 beteiligt sind zu identifizieren, habe ich Deletionsmutanten von 9 der 10
Karyopherine hergestellt und deren Rolle beim Transport von XYR1 in den Zellkern untersucht. Ich
konnte zeigen, dass das B-Importin KAP8, ein Ortholog von Saccharomyces cerevisiae Psel /
Kap121 und Aspergillus nidulans Kapl, essentiell fir den nuklearen Import von XYR1 und die
Induktion von Zellulasen und Hemizellulasen durch Laktose und Sophorose ist. Darliber hinaus
konnte ich zeigen, dass KAP8 eine wichtige Rolle bei der Ausbildung asexueller Sporen sowie der
Toleranz gegenliber verschiedenen Arten von Stress spielt. Die Ergebnisse weisen damit auf eine
neue, wichtige Ebene der Zellulasebildung hin, welche fiir die Verbesserung industrieller Stamme

genutzt werden kann.



SUMMARY

Among the microorganisms capable of (hemi-) cellulose degradation, the filamentous fungus
Trichoderma reesei is the currently most important industrial producer of cellulolytic and
hemicellulolytic enzymes which are used for 2nd generation biofuels and biorefinery production
from lignocellulosic biomass. Aiming to achieve higher enzyme yields, proteins involved in
transcriptional regulation of (hemi-) cellulase gene expression have been intensively studied in the
last decade.The xylanase regulator 1 (XYR1), a zinc binuclear cluster transcription factor, is the
main activator of cellulase and hemicellulase gene expression. The mechanism of nuclear import,
however, has not yet been studied in T. reesei. It was thus unknown how XYR1 crosses the nuclear
envelope. Macromolecule transport demands participation of specific nuclear carriers of the
karyopherin- superfamily. The genome of T. reesei encodes 10 karyopherins (one a-importin and
nine B-importins) acting as nuclear importers. XYR1 contains a classical, three-partite nuclear
localisation signal, and thus theoretically requires interaction with the a-importin and at least one
of the ten B-importins. To identify the B-importin(s) responsible for nuclear import of XYR1. | have
generated gene deletion strains of 9 of the 10 karyopherins of T. reesei, and tested their
importance for XYR1 transport. | could demonstrate that the T. reesei R-importin KAPS8, an
orthologue of Saccharomyces cerevisiae Psel/Kap121 and Aspergillus nidulans Kapl, is essential for
nuclear import of XYR1, and furthermore show that KAP8 plays a major role in asexual sporulation

and stress resistance in T. reesei.
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INTRODUCTION

1.1 Cellulose and hemicellulose polymers

1.11 Cellulose

The B-(1,4)-linked glucose polymer cellulose is a principal component of plant biomass, and
produced by utilisation of solar energy and carbon dioxide. Cellulose is usually combined with
hemicelluloses and has an about annual production of 7.2 x1010 tones. Hydrogen bounds link
hydroxyl groups of the glucose monomers to oxygen molecules on the same or neighboring chains
and hold the chains together side by side and build microfibrils with a high strength. This strength

is the most important source of rigidity for the plant cell wall (Kubicek, 2012).

1.1.2 Hemicellulose

Hemicelluloses are complex heterogenous polysaccharides which besides cellulose represent
about 20-35% of lignocellulose or plant dry matter. Unlike cellulose, hemicelluloses are chemically
heterogenous and composed of pentoses, hexoses and sugar acids. Xylan is the most abundant of
these complex polymers and characterized by a backbone chains of B-1, 4-linked D-xylose units.
Xylans are the major hemicelluloses hardwood while softwood hemicelluloses contain only

glucomannans.(Kubicek, 2012).

1.2 Cellulases and hemicellulases of T. reesei

Trichoderma reesei is an ascomycete with an outstanding ability to produce high amounts of a
wide range of carbohydrate active enzymes (CAZy) capable of decomposing a wide range of
complex polysaccharides, including cellulose and hemicelluloses(Seiboth et al., 2012).

T. reesei was firstly isolated from cotton canvas of US army tents on the Solomon Islands during
World War Il (Reese, 1976). This wild-type isolate QM6a, (Quarter Master 6a) is the basis for all
strain used in industry for the production of enzymes which were produced within the last
decades mainly by random mutagenesis and selection (Rubini et al., 2010).

Two broad categories of cellulases have been identified: cellobiohydrolases which cleave off
cellobiose residues from ends of the cellulose chains, and endoglucanases that attack the B-
glycosidic bonds within the cellulose chain (Amore et al., 2013 ).The cellulase activity produced by
T.reesei is composed of a complement of endoglucanases (EGI/Cel7B, EGIlI/Cel5A, EGIII/ Cell12A,
EGIV/Cel61A, and EGV/Cel45A) and the cellobiohydrolases (CBHI/Cel7A, and CBHII/Cel6A) that act

synergistically to cleave cellulose to cellobiose (glycosyl-1,4-glucose) and two-glucosidases
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(BGLI/Cel3A and BGLII/Cel1A) that are implicated in hydrolyzing of cellobiose to glucose which
serves as an easily utilizable carbon source for fungi (Kubicek et al., 2009). The glycoside hydrolase
61 (GH61) family is another group of proteins expressed in T. reesei and enhanced the
performance of cellulases in lignocellulose hydrolysis (Langston & Shaghasi, 2011).

These enzymes are in fact lytic polysaccharide mono-oxygenases (LPMO) and are summarized in
the new CAZy class auxiliary activities. These enzymes are copper-dependent and cleave the B-
(1->4) glycosidic bonds in these substrates, leaving the C1 or the C4 carbon oxidized.

In addition to classical cellulases, swollenin protein (encoded by the gene swol) with sequence
similarity to plant expansins was also isolated from T. reesei (Saloheimo et al., 2002) The
production of these enzymes is an energy demanding process and the regulation of expression of
these enzymes in a carbon source depended manner ensures that the enzymes are only produced,
when the fungus needs to use plant polymers as sole carbon source. Therefore these degrading
enzymes are only synthesized in presences of an inducer, such as celluloses and their transcripts
are not formed in the presence of glucose, fructose, or glycerol (Aro et al., 2005, Kubicek et al.,
2009) .It has been reported that major cellulase genes are expressed under inducing conditions
and required the obligatory presence of an inducer suggesting the regulation of cellulase gene
expression in a consistent way, although the promoter titration effects in higher producer mutants

affected relative ratio of their cellulase gene expression(Foreman et al., 2003).

1.2.1 Regulation of (hemi-) cellulase gene expression in T. reesei

Several transcription factors, involved in the expression of cellulase genes have been identified,
including four positive transcriptional activators (XYR1, ACE2, ACE3 and the HAP2/3/5 complex) as
well as two repressors (ACE1, and the carbon catabolite repressor CRE1)(Aro et al., 2005).

The presence of easily metabolizable carbon sources in the enviroment like glucose causes
repression of genes necessary for utilization of other alternatively carbon sources, which is called
carbon catabolite repression.

In T.reesei and other ascomycetous fungi, the key player for CCR is the Cys2His2 type transcription
factor CRE1/CreA. CRE1 is the major negative regulator of cellulase and hemicellulase gene
expression and also represses expression of the regulator gene xyrl (Mach-Aigner et al., 2008,
Seiboth et al., 2012). XYR1 on the other side, the xylanase regulator 1, is considered to be the main
activator of cellulase and hemicellulase gene expression and belongs to the zinc binuclear cluster

proteins (Stricker et al., 2006). ACE1 (activator of cellulases 1) is a second negative regulator of



cellulases, and has been shown to repress the expression of the cellulase genes cbhl, cbh2, egll
and egl2 under otherwise inducing conditions(Takanori et al., 2009).

The cellulase activator ACE2 belongs to the class of zinc binuclear cluster proteins which is found
exclusively in fungi. ACE2 binds to the same promoter elements as XYR1, and acts as a co-activator
of transcription. The deletion of ACE2 causes reduced expression of all of major cellulase genes
upon induction by cellulose but did not affect induction by sophorose(Aro et al., 2001).Recently
ACE3 was discovered and found to be detrimental for cellulase production and for the expression
of several cellulase genes and its deletion significantly reduced xylanase activity and expression of
xylan-degrading enzyme genes.(Hakkinen et al., 2014 ),

The HAP2/3/5 complex binds to the CCAAT motif, and is assumed to play a role in opening up the
chromatin structure required for transcription (Zeilinger et al., 2003) . XYR1, the xylanase regulator
1, is considered to be the main activator of cellulase and hemicellulase gene expression and

belongs to the zinc binuclear cluster proteins (Stricker et al., 2006).

1.3 The zinc-finger transcription factor XYR1

Zinc-binding proteins are one of the largest families of transcriptional regulators in eukaryotes and
based on a specific structural DNA-binding motif are also termed ,zinc finger” proteins.
CysX2CysX6CysX5—-12CysX2CysX6—8Cys is a fungal-specific zinc-binding motif in these proteins
(MacPherson et al., 2006). The first- and best-characterized zinc cluster protein is Galdp, a
transcriptional activator of genes involved in regulation of the catabolism of galactose in the
budding yeast Saccharomyces cerevisiae. Zinc-finger proteins are divided in three major classes:
Class | zinc-finger TFs encompass the Cys2His2 (C2H2) protein, the most common type of
transcription factor; Class Il contains the Cys4 (C4) zinc-finger TFs which bind to a DNA sequence in
the regulatory region of their target genes as homodimers or heterodimers (homodimers
recognized invert repeats within the target nucleic acid sequence, whereas heterodimers bind to
direct repeats (Laity et al., 2001)); and Class Ill zinc finger proteins contain a DNA-binding domain
(DBD) that consists of six cysteine residues bound to two zinc atoms and is also referred to a zinc-
binuclear-cluster, or Zn(11)2Cys6 (Zn2C6) TF. The proteins of this class contain only one zinc finger
unit that binds to two zinc atoms. They seem to interact with DNA as monomers, homodimers, or
heterodimers(MacPherson et al., 2006).

Zinc cluster proteins can be furthermore seperated into three functional domains: cysteine-rich

DNA-binding domain (DBD), regulatory domain and the acidic region.



These regions play an important role in DNA-binding specificity, protein-DNA and protein-protein
interactions(MacPherson et al., 2006).The DBD contains three subregions: the zinc finger itself, a
linker and dimerization domain. The linker region is located C-terminally to the zinc cluster motif
and it can appear in different forms .These linkers are not highly conserved, and thought to
mediate sequence-specific DNA binding (MacPherson et al., 2006).

The dimerization region made up of heptad repeats is located C-terminally to the linker (Schjerling
& Holmberg, 1996). The heptad repeats of the dimerization region are most likely responsible for
dimerization and protein-protein interactions (MacPherson et al., 2006).

The regulatory domain contains an important region termed the middle homology region, which
separates the DBD from the C-terminal acidic region and spans about 80 amino acids. This region
plays a role in regulating the transcriptional activity. The C-terminally located, acidic domain acts
as the major activation domain and deletion of about 10 C-terminal amino acids lead to the
inactivation of the transcription factor (MacPherson et al., 2006).

XYR1 binds to a 5'-GGC(A/T)-3" motif in the cellulose and hemicellulose promoters (Takanori et al.,
2009), and its deletion results in elimination of cellulase induction by all known inducers (Stricker
et al., 2006).

The consensus sequences for XYR1 have been found in all inducible T.reesei cellulase promoters
(Takanori et al., 2009). XYR1 of T. reesei is orthologous to XInR from Aspergillus niger, the first
isolated transcriptional activator which regulates the expression of genes encoding xylanolytic and
some cellulolytic enzymes in Aspergillus (Hasper et al., 2004). Protein alignment of both
transcription factors showed a high degree of amino acid sequence identity. Figure 1 shows a
simplified overview over the annotated key domains of XYR1. Functional regions of XYR1 consist of
the N- terminal (Zn2C6) DNA-binding domain followed by an Arg-Arg-Arg-Leu-Trp amino acid
motif, a marker for a fungal specific transcription-factor domain and a putative coiled- coil domain
(Lupas et al., 1991).The second coil-coiled is found in the C-terminal coiled-coil nuclear import
domain together with a mono-partite NLS (nuclear localization signal) which might be involved in
nuclear import dynamics(Hasper et al., 2004). The N-terminal DNA-binding domain is orthologous
to the highly conserved transcription regulator Gal4 from S. cerevisiae (Schjerling & Holmberg,

1996).
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Fungal-specific transcription

XYR1 tri-partite NLS factor domain putative C-termin_al
. putative middle homology region that regulatory domain
Gal 4-like Zn{ll)2Cys6 (coj-regulates transcriptional activity
DNA-binding domain predicted Leu-rich
| |NES
91-131 ‘ 503-603 £81-712 775820
N-terminal C-terminal putative
putative coil- coil-coiled nuclear
coiled domain import domain

Figure 1. Domain architecture of XYR1. the Zinc finger DNA-binding domain (yellow) with a flanking
tripartite NLS (green) is the first part of the domain followed by an N-terminal putative coil-coiled domain
(orange) A fungal-specific transcription factor domain (blue) the C-terminal coiled-coil nuclear import
domain with a mono-partite NLS (orange followed by green).and a putative C-terminal regulatory domain
(red).A predicted NES sequence within this regulatory domain is predicted to be involved in nuclear export.

A tripartite NLS located in the Gal4-like binding domain appears to be required for nuclear import
of XYR1, probably functioning as a second putative coiled-coil domain involved in nucleoplasmatic
shuttling. In A. niger, however, this putative nuclear import domain has been reported to be non-
functional. (Hasper et al., 2004)

Interestingly, NLS, NES (nuclear export signal)and DNA-binding domains of the Zinc finger cluster
show partially overlap (Fernandes- Martinez et al., 2003, Xiao et al., 2003), which is a common
finding among zinc finger proteins (Ware et al., 2006, Fernandes- Martinez et al., 2003). Difficulties
in differentiating import and export motif from DNA-binding domains was also indicated in
previous studies (Ware et al., 2006, LaCasse & Lefebvre, 1995). It has been proposed that the co-
evolution of NLS and the DNA-binding domain occurred in a way that active nuclear entry and DNA
binding can occur independently (LaCasse & Lefebvre, 1995),. The C-terminal putative coiled-coil
region of XYR1 which has been found in other transcriptional activators likely play a role in
dimerization(Hasper et al., 2004). The putative C-terminal regulatory domain with a predicted
nuclear export signal (NES) motif is the last domain region of XYR1 that is conserved within the
Zn2Cys6 transcription factor family (Fornerod et al., 1997).

Several studies in mutants of A. niger lacking about 120 amino acids of the putative regulatory C-
terminal domain showed that a putative C-terminal coiled-coil region is involved in nuclear import
of XInR. After deletion of the coiled-coil region, XInR was found in the cytoplasm, while deletion of

the C-terminus downstream of the coiled-coil region resulted in nuclear import of XInR (Hasper et
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al., 2004). This suggests that the orthologous region in T. reesei XYR1 probably is involved in

nuclear import as well.

1.4 Nuclear import through nuclear pore complexes is facilitated by karyopherins
The nucleus is surrounded by a double membrane, called the nuclear envelope (NE). The
nucleoplasm and cytoplasm communicate through nuclear pores, which are multiprotein
complexes inserted into the NE. Figure2 shows a schematic model of nuclear pore complexes

(NPCs) embedded in the NE.

Nuclear Pore Complex

Outer nuclear membrane
Inner nuclear membrane

Figure 2. Schematic representation of the nuclear pore complex. NPCs are pores in the nuclear envelope
and are a part of a transport channels which participate in the bidirectional transport of macromolecules
between the cytoplasm and nucleus. (Image Credit: D. Stoffler & U. Aebi M.E. Mueller-Institute for Structural
Biology, Biozentrum University of Basel, Switzerland)

Molecules smaller than 30 kDa are able to passively diffuse through nuclear pores (Gorlich &
Kutay, 1999), whereas larger molecules require active transport with the help of specific soluble
nuclear carriers which are called Karyopherin (Kap) a and B.

The majority of these transporters belong to the karyopherin-B superfamily classified into
importins and exportins, depending on their main transport direction (Mosammaparast &
Pemberton, 2004). Both serve as transient adaptor proteins for the import and/or export of
diverse cargo molecules, such as proteins but also tRNAs, through the NPC (Gorlich & Kutay,
1999).Importins are divided in to importin a and 8. Fifteen importin-B1-like proteins have been
identified in yeast and 22 in mammals (Mosammaparast & Pemberton, 2004, Strom & Weis,

2001).
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1.4.1 Importin a and B can function synergistically in cargo transport

Importin a is composed of a small N-terminal importin B-binding (IBB) domain which consist of a
basic stretch of about 40 highly conserved residues and a large NLS binding domain made up of
ten tandem armadillo (ARM) repeats. Each arm is composed of three helices which form a cNLS-
binding groove. This is followed by a C-terminal region, composed of the tenth ARM repeat which
is thought to be important for binding to the export receptor CAS/Csel(Cingolani et al., 1999).

On the other hand importin B showed NPC-, IBB and Ran- binding activities. The interaction with
Ran domain has been mapped to the N terminal region while the C terminal region has IBB binding
activities. Macromolecules enter or leave the nucleus via its specific nuclear localization signals
(NLS), or nuclear export signals (NES), respectively.

Most karyopherins, including importin 8, interact directly with nuclear localization signal (NLS)-
and nuclear export signal (NES)-containing cargos. Importin B can also interact indirectly with
hundreds of different NLSs through importin a which recognize the NLS and serves as adaptor
(Lange et al., 2007 ). Figure 3 shows a schematic overview on importin a/Bf domain structure and
heterocomplex formation. Different functional domains and binding partners are indicated. The
bottom panel shows the assembled structure of importin a in a trimeric complex with a bipartite
nucleoplasmin classical nuclear localization signal peptide and importin B of S. cerevisiae(Goldfarb

et al., 2004).

Auto inhibition CAS
NLS-cargo binding binding
IBB ARM repeats 10th ARM
Importin-p Nup2 binding repeat
binding

TRENDS in Cell Biology

Figure 3. Importin o/p domain structure. (A) Schematic representation of the key domains of importin a.
(B) 3D helical model of the importin o/B complex. (Goldfarb et al., 2004)
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Generally NLS recognition is mediated by either the a subunit of the a/B heterodimer or by
importin B alone. In either case, the B subunit mediates docking of the complex at the NPC,
followed by translocation to the nucleoplasm (Wagstaff & Jans, 2009). Those NLSs exclusively
bound by an importin a are called “classical”’ NLS (C-NLC) C-NLS s are divided in monopartite and
bipartiete NLS. A monopartite NLS is composed of single cluster of amino acids PKKKRKV; The virus
40 (SV40) T antigen is the best characterized examples for this class. A bipartite NLS was first
identified in the non-nucleic acid binding protein, nucleoplasmin. The nucleoplasmin NLS consists
of two seperate basic clusters of amino acids KR[PAATKKAGQA]KKKK (LaCasse & Lefebvre, 1995).
NLS-cargo proteins which bypass the requirement for an adaptor protein and bind directly to
importin B are called non-classical NLS. The binding of the import substrate to the importin a/p
heterodimer (Gorlich et al., 1995a) is the initial cytoplasmatic event in NLS dependent nuclear
import. Subsequently dissociation of nuclear protein cargo is triggered by binding of the small
GTPase RanGTP to the importin 1, which releases the cargo into the nucleoplasm (Gorlich & Kutay,
1999).A high concentration of RanGTP in the nucleus is generated by RanGEF, which converts
RanGDP to RanGTP. Karyopherin-B and RanGTP are recycled back though the pore into the
cytoplasm for additional rounds of cargo import and the hydrolysation of RanGTP to RanGDP
(Gilchrist et al., 2002).The nuclear export receptor CAS mediates the export of karyopherin-a from
nucleus to cytoplasm (Kau et al., 2004).This export involves complex formation with RanGTP, and
then CAS is transported back into the nucleus through the pore. Cargoes that contain a nuclear
export signal (NES) usually form a complex with CRM1 and RanGTP before they are exported out
of the nucleus. In the cytoplasm, hydrolysis of RanGTP to RanGDP by RanGAP promotes complex
dissociation. CRM1 is then transported back into the nucleus, where it can reassociate with a NES-
containing protein and RanGTP to start the process over(Kau et al., 2004). Figure 4 summarizes

these events schematically.
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Figure4: Nucleoplasmatic schuttling through the nuclear pore complex. a) heterodimer of importin o and
importin B accomplishes the nuclear import of proteins carrying classical nuclear localization signals
(NLS),RanGTPase and RanGAP regulate nuclear/cytoplasmic release of the cargo and allow nuclear import
against the concentration gradient of the protein.b) Cargoes containing nuclear export signal (NES) are
exported out of the nucleus through binding to CRM1 and RanGTP(Kau et al., 2004).
1.5 Karyopherins in A. nidulans

In filamentous fungi, karyopherins have so far only been identified and functionally studied in A.
nidulans (Markina-lfiarrairaegui et al., 2011) and Neurospora crassa (Takeda et al., 2013). Yet
information as to their involvement in nuclear transport of Zn(2)Cys(6) cluster transcription factors
is still sparse: the regulator of the A. nidulans ethanol regulon, AlcR, for instance requires three
importin-related proteins, Kap104, Sxm1, and Nmd5 (Nikolaev et al., 2003 ), whereas the rate-
limiting step of nitrate regulation in the same fungus has been shown to be KapK-dependent (=
CRM1/exportin 1) export of the pathway-specific regulator NirA (Bernreiter et al., 2007). BLAST
searches and in silico analyses identified 17 loci coding for nuclear transporters in A. nidulans. The

systematic characterizations of the nuclear transport determine the cell cycle—specific KAP

distribution map and four essential nuclear transport pathways in A. nidulans.
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Aim of the Thesis

T. reesei is an important industrial producer of cellulolytic and hemicellulolytic enzymes, which are
used for biofuel production from lignocellulosic biomass. Induction of cellulases must involve
nuclear import of the main transcriptional activator xylanase regulator 1 (XYR1) from the
cytoplasm and nuclear import may thus constitute a pace-making step in the efficacy of cellulase
gene expression. This limitation might be overcome once by understanding the mechanism of
XYR1 nuclear import.

As this mechanism has so far been virtually unknown for T. reesei, | want to provide new insights
into karyopherin function, which were assumed to mediate XYR1 nucleo-cytoplasmic shuttling
under (hemi-) cellulase inducing conditions. New insights in XYR1 nuclear import are likely to offer
novel means to improve industrial cellulase yields, and might further improve the impact of T.

reesei for the biofuel and biorefinery industry.
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2 Materials and Methods

2.1 Strains and culture conditions

The Trichoderma reesei strain QM9414 (ATCC 26921) and recombinant mutants derived from it
were used throughout this work. Strain propagation, transformant selection and purification were
performed on potato dextrose agar (PDA). For experimentation, strains were grown in Mandels-
Andreotti (MA) medium (Mandels & Andreotti, 1978), using glucose, lactose, or cellulose (in the
form of carboxymethylcellulose, CMC) as sole carbon sources at final concentrations of up to 1%
(w/v) as indicated. Induction by sophorose was performed by replacing fungal biomass from 24 hrs
1 % (w/v) glycerol pre-cultures into fresh medium containing 1.4 mM sophorose as only carbon
source as described by (Sternberg & Mandels, 1979). All strains are maintained as 50% (v/v)
glycerol stocks at -80°C at TUCIM (http://www.vt.tuwien.ac.at/tucim/). Table 1 lists all T. reesei

strains used and produced in this study.
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Tablel: Trichoderma reesei strains used in this work

Strain
T. reesei QM9414

T. reesei CBS 999.79

T. reesei TU-6

T. reesei Atku70

T. reesei gfp-xyrl

T. reesei Akap8

T. reesei Akap8 RT

T. reesei Akap8 gfp-xyrl
T. reesei Akap8 RT xyr1-gfp
T. reesei Akap1

T. reesei Akap2

T. reesei Akap4

T. reesei Akap5

T. reesei Akap6

T. reesei Akap7

T. reesei Akap9

T. reesei Akap10

Additional genotype

None

None

pyr4-

Atku70 /pyr4-
natl

Atku70

kap8+, natl, Atku70

natl, Atku70

kap8+, natl, Atku70

Atku70, pyrd+
Atku70, pyrd+
Atku70, pyrd+
Atku70, pyrd+
Atku70, pyrd+
Atku70, pyrd+
Atku70, pyrd+
Atku70, pyrd+

Mating type
matl-2

mat1-2
mat1-2
matl-2
mat1-2
mat1-2
matl-2
matl-2
matl-2
mat1-2
mat1-2
mat1-2
mat1-2
matl-2
matl-2
matl-2

matl-2

Reference
Mandels and Andreotti 1978

Seidl et al. 2008
Gruber et al. 1990
Guangtao t al. 2009
Lichius et al. 2014
this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

this study

The Aspergillus nidulans strains used in this study are given in Table 2. The pyrG89 mutant

MAD1425 served as parental strain for the importin knock-out mutants. All A. nidulans mutants

were produced in the lab of Eduardo Espeso, CIB, Madrid, Spain (Markina-liarrairaegui et al.,

2011), and propagated on complete medium plates at 37°C. The parental and the mutant strains

were transferred to minimal medium (MM) plates containing either 1% glucose or 1% CMC as

carbon source. Biotin, ammonium tartrate and pyridoxine were added to the medium.
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Table 2: Aspergillus nidulans strains used in this work

Strain

Parental strain

AkapC
AkapD
AkapG
AkapH
Akapl
Akap)
Akapl
AkapM
AkapN
AmexA

AnxtA

Number

TNO2A3

MAD2666
MAD2157
MAD2324
MAD2158
MAD2174
MAD2159
MAD2326
MAD2160
MAD1837
MAD2329
MAD3017
MAD2332

pyrGAf
AkapC::pyrGAf
AkapD::pyrGAf
AkapG::pyrGAf
AkapH::pyrGAf
Akapl::pyrGAf
Akapl::pyrGAf
AkaplL::pyrGAf
AkapM::pyrGAf
AkapN::pyrGAf
AmexA::pyrGAf
AnxtA::pyrGAf

Genotype

pyrG89; pyroAd, AnkuA::
pyrG89; pyroAd, AnkuA::
pyrG89; pyroAd, AnkuA::

pyrG89, pyroA4, AnkuA::

argB (argB2)
argB (argB2), pyrG
argB (argB2);

argB (argB2)

pyrG89; pyroA4, AnkuA::argB (argB2);

pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::
pyrG89; pyroA4, AnkuA::

argB (argB2);
argB (argB2);
argB (argB2);
argB (argB2);
argB (argB2);
argB (argB2);
argB (argB2);
argB (argB2);

Reference

Ayak et al. 2006

E.A. Espeso

>z r r r r P P x> P

. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui
. Markina-Ifarrairaegui

. Markina-Ifarrairaegui
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Escherichia coli strains JM109 (Promega, Madison, Wisconsin), or Stellar® (#636763,Takara Bio
Europe/Clontech, Saint-Germain-en-Laye, France) were used for plasmid construction and

amplification using standard molecular cloning techniques(Sambrook & Russell, 2001).
2.2 Media and Solutions

2.2.1 Potato Dextrose Agar (PDA)
39g/1 PDA (Difco) were dissolved in tap water, autoclaved and tempered to 50°C prior to pouring

into Petri dishes.

2.2.2  Luria Bertani Medium (LB)

LB medium with the following composition was used for E. coli cultivations.

Peptone 10g/I
Yeast Extract 5g/I
NaCl 10g/|

For plates 1.5% (w/v) agar- agar was added.
Mandels Andreotti Medium (MA)

For cultivation of fungal strains in liquid culture, minimal medium with the following composition

was used:
KH,PO, 2g/|
(NH4)s504 1.4g/l
CaCl2*2H20 0.3g/l
MgSO4*7H20 0.3g/l
100x Trace Element Stock 10ml/I

100x Trace Element Stock:

FeSO4*7H20 0.5g/I
ZnSO4*7H20 0.2g/l
MnSO4*7H20 0.2g/l PH=5.5

Minimal Liquid Medium was autoclaved and tempered to 50°C.
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2.3 Medium for single spore isolation
To obtain purified colonies from single spores, transformants were transferred to PDA plates

containing 0.1% (v/v) Triton- X 100.

2.4 Growth tests of fungal strains on MA plates
In order to analyse the growth characteristic of T. reesei strains and the transformant generated in
this study (see Table), 5ul spore solution of each of the respective strains were placed in the
center of MA plates supplemented with different carbon sources and incubated at 28°C.
Measurement of radial growth was started after 24 hours and carried out at 48 hours and 72 hour
after incubation. Pictures were taken after 72 hours of incubation.

Table 3: Used carbon sources and concentrations.

Carbon source Concentration Concentration
[w/v] [mM]
Glucose 1% 50
Lactose 1% 20
Xylose 1% 65

Cellulose in its

o .
carboxymethyl form 1%

2.5 Harvesting of fungal spores

Carbon source free MA plates were inoculated with 10 ul of spore suspension. After 4-5 days
incubation at 28°C in the dark sufficient conidiation usually covered the surface of the plate.
Spores were collected by rinsing the whole plate with a solution containing 0.9% NaCl and 0.05%
Tween, and filtering the spore solution through a sterile miracloth-filter tip to remove hyphal

fragments.

2.6 Determination of the spore concentration

The crude spore suspension was then filtered through glass wool to remove mycelial framents,
and conidia were sedimented by centrifugation (5000xg, 10 min). Finally, the spore pellet was
resuspended in 2.5 g/l phytagel (Phytagel™ SIGMA, Steinheim, Germany), well mixed and the
transmission was measured at 590 nm in a Biolog standard turbidimeter. The number of total
conidia was calculated using a calibration curve previously prepared with T. reesei QM9414

conidia.
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10 ml of a Biolog inoculation solution (0.25% Phytagel, 0.03% Tween 80) were added to a Biolog
tube. The tube was put in the machine and turned until the transmission was on zero. Afterwards
10-50ul of a T. reesei spore solution, harvested as described above, was added and the
transmission measured until a transmission of 75% was achieved . The added spore solution
contained a concentration of 4x107 spores. From this value the volume of the spore stock

solutions was calculated that was needed to inoculate liquid cultures.

2.7 Determination of fungal biomass
Liquid cultures were prepared in 500ml Erlenmeyer flasks with 250ml of MA medium. The medium
was inoculated with 1x106spores/ml and incubated at 28°C and 200rpm. After the desired
incubation time, the shake flasks were emptied by filtering through glass microfiber filter
(Whatmanglass microfiber filters) whose empty dry weight were individually determined before.
Filtered biomass was washed with tap water and then dried at 80°C over night. The next day

biomass dry mass was weighed again and original biomass concentrations were calculated.

2.8 Molecular biology standard techniques

2.8.1 Construction of T. reesei recombinant strains

To study the function of importins, we constructed T. reesei strains in which all encoded importin
genes, apart from kap3, were individually deleted. T. reesei strain Atku70(Guangtao et al., 2009)
was used as a recipient for the targeted gene deletion cassettes. For selection, the coding region
of the individual importin genes was replaced by the T. reesei pyr4 (orotidine-5’-phosphate
decarboxylase-encoding) gene (Gruber et al., 1990). This was performed by amplifying 1.2 kb of
the up- and downstream non-coding regions of the respective importins from genomic DNA of T.
reesei Atku70 with the primer pair series 5f+5r and 3f+3r. The 5" and 3’ ends of 5r and 3r bear
sequences complementary to the pyr4 gene, whereas the primer series 5f and 3r have 5’ and 3’
ends complementary to the pRS426 yeast vector. The nucleotide sequences of all primers used for
construction of recombinant strains are given in Table 4. The two resulting PCR fragments and the
2.7 kb fragment of the pyr4 gene were subsequently recombined into a Xhol/EcoRI linearized
vector backbone of pRS426 using the endogenous yeast homologous recombination system, and
the resulting gene replacement cassette was transformed by electroporation into T. reesei

(Schuster et al., 2012).

Genetic complementation of the T. reesei Akap8 mutant strain was performed as follows: briefly,

pAL10-Lifeact vector(Lichius, 2010) was first amplified with primers listed in Table 5, and the
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resulting 3.5 kb vector backbone was purified by gel extraction with a commercial Gel and PCR
clean-up system kit (#28704,QIAGEN, Hilden,Germany). Subsequently, the 4.1kb PCR fragment
including promoter, coding and terminator region of the kap8 gene were amplified from genomic
T. reesei DNA and merged with the vector backbone by InFusion® recombinational PCR cloning
(#639649, Takara Bio Europe/Clontech, Saint-Germain-en-Laye, France). The resulting vector

pSG002 was verified by DNA sequencing.

Table 4: Oligonucleotides used for the construction of knock-out cassettes

Primer name 5'-3 Sequence
Kapl forward GTAACGCCAGGGTTTTCCCAGTCACGACGTAGAGCACTATCACGTCACC
Kapl reverse CGACGATATCAGCTTCCATATTCCGACTATATTACAGGGCAGACAGAGG
Kapl forward AGAAAAGCACAAAGAAGAGGCTCCAACTACAAGTGTTTGTGCATCTCTC
Kapl reverse GCGGATAACAATTTCACACAGGAAACAGCTCGTCGTCTGC
Kap2  forward GTAACGCCAGGGTTTTCCCAGTCACGACGGTCTCTCTCGTTCCAAAAGC
Kap2 reverse CGACGATATCAGCTTCCATATTCCGACTAATACACGTAGCTGAGTCTCG
Kap2  forward AGAAAAGCACAAAGAAGAGGCTCCAACTATTCGAGTGGTTACAGTCTCC
Kap2 reverse GCGGATAACAATTTCACACAGGAAACAGCCCTAAGGTAAGGTATGCAGG
Kap3  forward GTAACGCCAGGGTTTTCCCAGTCACGACGGACAAACTCCATCAGTCTC
Kap3 reverse CGACGATATCAGCTTCCATATTCCGACTAGATGCACAGTAAGAGTCAGG
Kap3 forward AGAAAAGCACAAAGAAGAGGCTCCAACTAGAATTCTGACGAAGCTGACG
Kap3 reverse GCGGATAACAATTTCACACAGGAAACAGCACTGGAAAGAGTTGAGGTCC
Kap4  forward GTAACGCCAGGGTTTTCCCAGTCACGACGCTACTAGATCCTGCTTCTGG
Kap4 reverse CGACGATATCAGCTTCCATATTCCGACTAGGAGGAGGGTAGAAGAAAGG
Kap4  forward AGAAAAGCACAAAGAAGAGGCTCCAACTAGGAGGAAAACCAGGAAGAGG
Kap4 reverse GCGGATAACAATTTCACACAGGAAACAGCTAAGGCAGGTAGGTAGTTGG
Kap5 forward GTAACGCCAGGGTTTTCCCAGTCACGACGTATTGGAGTAGAGCAGGTCG
Kap5 reverse CGACGATATCAGCTTCCATATTCCGACTATGCCTGTGTGTACAGGTAGC
Kap5 forward AGAAAAGCACAAAGAAGAGGCTCCAACTAAGTATGTAGGTAGGGCAAGC
Kap5 reverse GCGGATAACAATTTCACACAGGAAACAGCGCTTACTGGTAGTCCAGACC
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Kap6
Kap6
Kap6
Kap6

Kap7
Kap7
Kap7
Kap7

Kap8
Kap8
Kap8
Kap8

Kap9
Kap9
Kap9
Kap9

Kap10
Kap10
Kap10
Kap10

forward
reverse
forward
reverse

forward
reverse

forward
reverse

forward
reverse
forward
reverse

forward
reverse
forward
reverse

forward
reverse
forward
reverse

GTAACGCCAGGGTTTTCCCAGTCACGACGGCATGGTAAGACTAAGGTGG
CGACGATATCAGCTTCCATATTCCGACTATGAGAGACAGGAGACACAGG

AGAAAAGCACAAAGAAGAGGCTCCAACTAGGGCATACTAGCTGTCTTGG
GCGGATAACAATTTCACACAGGAAACAGCGTGGATGATGATGTCAGACG

GTAACGCCAGGGTTTTCCCAGTCACGACGCAGCGACTTCTTGTAGATGG
CGACGATATCAGCTTCCATATTCCGACTAGTTGGTGGTGGTGTAGATGC
AGAAAAGCACAAAGAAGAGGCTCCAACTAACTCCTCATCCGTATACTCG
GCGGATAACAATTTCACACAGGAAACAGCCCTTTCCAAACCTTCAGAGC

GTAACGCCAGGGTTTTCCCAGTCACGACGGCTTGAGATAGGTTCACACC
CGACGATATCAGCTTCCATATTCCGACTAGAGGTACCTGGTCATGTAGG
AGAAAAGCACAAAGAAGAGGCTCCAACTACCCATACTGGGATAAGTACC
GCGGATAACAATTTCACACAGGAAACAGCAGCGTCTCCATGTACTCACG

GTAACGCCAGGGTTTTCCCAGTCACGACGGAACTCAATGCGTAACCTCC
CGACGATATCAGCTTCCATATTCCGACTACTGTCTGTCTACAGGTGTGC
AGAAAAGCACAAAGAAGAGGCTCCAACTACAGGATACACTCCCATATCC
GCGGATAACAATTTCACACAGGAAACAGCTACCCTCCTCCTGTCTAACC

GTAACGCCAGGGTTTTCCCAGTCACGACGGGTTCGAAGAACACAGAAGC
CGACGATATCAGCTTCCATATTCCGACTAGCCGTAGTAGAGAGAGTTCC
AGAAAAGCACAAAGAAGAGGCTCCAACTATACAGCGAAAGAGTACGAGG
GCGGATAACAATTTCACACAGGAAACAGCCTATGAGGGACTCTGTATGC

Table 5: Primers used for vector construction

Primers used for construction of pSG003 vector (Retransformation of the T. reesei Akap8)

Primer name

5'-3' Sequence

BamHI-Kap8-ORF-F

Clal-kap8-Ter-R

CAAAGATATCGGATCCATGTCCCTCCTCCTGTCG
AGGTCGACGGTATCGATCTAGCTGAATATCCCAT
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Table 6: Primers used for vector construction

Primers used for construction of pSG001 vector (N-terminal GFP-fusions to XYR1)

Primer name 5'-3' Sequence

pTX-nat-F ATGCATGTGCTGTGTTCCTCA

pTX-nat-R TCTAGATTTGTATCTGCGAATT

TX-nat-IF-F AGATACAAATCTAGAATGGCCACCCTCGACG
TX-nat-IF-R ACACAGCACATGCATTCAGGGGCAGGGCATG

2.8.2  Fungal transformation

Gene replacements cassettes were amplified from the respective plasmids by PCR and
transformed into T. reesei Atku70 as linear DNA fragments using electroporation (Schuster et al.,
2012). All primary transformant strains were purified twice for mitotic stability, and the genotype
of the purified strains was verified by PCR analysis of isolated genomic DNA. For each locus,
primers were designed that bind (a) outside of the knock-out cassette but inside the flanking
region of the respective gene, (b) inside the selection marker gene pyr4, and (c) inside the ORF of
the wild type gene. With this set of primers it was verified that the gene replacement occurred at
the intended locus. An additional primer pair amplifies 500 bp of the target ORF was used to
confirm absence of the original locus from the whole genome, i.e. verify the homokaryotic status

of the gene deletion strain. All primers used for PCR-genotyping are listed in Table 7.

Table 7: Oligonucleotides used for PCR-genotyping

Primer name 5'-3' Sequence
Kapl 5p 200-F CTATGAGCTGTCTTTCTGGA
Kapl ORF-F TGTGATGCTGTGCTTTGC
Kap1 1000-R CAAGGAGCTCGACGAAGAT
Kap2 5p 200-F TTGCCCATCTTCACCTATCT
Kap2 ORF-F CACAGCCAGGGACTTTG
Kap2 1000-R AGACGACCTGCATGATGTA
Kap3 5p 200-F TAAGCCTTAGGTCACTGTC
Kap3 ORF-F TCCTCGAAATGATTGGCA
Kap3 1000-R GATCTTGTTGAGATACGGTC
Kap4 5p 200-F ACCCAAGTTGAACTGACGCT
Kap4 ORF-F GAAGATGATGGGAGGCAG
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Kap4 1000-R CATGCTTGTACGCCTTGAG
Kap5 5p 200-F CTATCAGCTGTGGTCAAGGA
Kap5 ORF-F AGATTTCTGGGAGCGTTG
Kap5 1000-R GAGATGCTAGCAAGGTTGTC
Kap6 5p 200-F GAAGGAGTTTGATCGATGAC
Kap6 ORF-F ACGAGAGCCTTAGCGAG
Kap6 1000-R ATGAGAAGGTCGAGGGTATA
Kap7 5p 200-F TGTAGCTGTGCAGCTTCGAT
Kap7 ORF-F GCAATCAGCATCATCTCC
Kap7 1000-R GCAAAGTTTGAAATGAGGTC
Kap8 5p 200-F TTGGCTCTACTCACTGCACT
Kap8 ORF-F CCATACTAATTCGCCACT
Kap8 1000-R TGTCTTGAACCACCGAAATG
Kap9 5p 200-F CAATGTCGTAGATGGGAGTA
Kap9 ORF-F CTCAACACCAGCGACAACG
Kap9 1000-R AAACGGTCTGGATGAGGA
Kap10 5p 200-F CATTTGCGAGTCTTTGCCAT
Kap10 ORF-F ACGATACCGATGGACCAC
Kap10 1000-R AGAAGCCCTTGACAATGCAT
Pyr4-F ACCAGCAGACCAACGG
Pyr4-R ACTGCATCCAAACCATCC

2.8.3  Ethanol precipitation of DNA

0.1 vol. of 3M sodium acetate (pH 5.2) was added to the DNA solution in an Eppendorf tube and
mixed well. Two volumes of cold 90% EtOH were added and left at - 20 °C for 30 min.
Subsequently the mix was centrifuged at 13000 rpm at 4 °C for 30 min, and the supernatant
carefully decanted. The DNA pellet was washed in 1 vol. of 70 % ethanol and centrifuged for 5 min
at 13000 rpm and at 4 °C. After discarding the supernatant the pellet was dried for 5-10 min at RT

and resuspend in the appropriate volume of 10mM Tris-HCI buff