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Abstract |

Abstract

The CCAAT-binding complex is an evolutionarily conserved heterotrimeric transcriptional
factor in eukaryotes including fungi, plants and mammals. In Aspergillus nidulans, the
corresponding complex was designated CBC (CCAAT-binding complex). CBC consists of
three subunits HapB, HapC and HapE. Interestingly, only HapC contains three cysteine
residues. To study the role of these cysteines on the stability of CBC in A. nidulans, the hapC
gene was mutated, in which al three cysteines were exchanged by serines (hapC3CS) and by
alanines (hapC3CA), and fused to egfp. The hapC3CS- and hapC3CA-egfp gene fusions were
transformed in the A. nidulans AhapC strain. The generated strains recovered the A. nidulans
wild-type phenotype indicating that HapC3CS and HapC3CA can form CBC with HapB and
HapE subunits. However, the HapC3CS- and HapC3CA-EGFP fusion proteins were observed
in both the nucleus and the cytoplasm, indicating that HapC cysteines contribute to the
formation of a stable CBC.

Furthermore, the redox regulation of HapC under oxidative stress conditions was analyzed in
vivo. The analysis of a HapC-EGFP fusion protein indicated that the regulation of HapC is
dependent on the redox status of the cell. Oxidation of the HapC cysteine residues either by
the addition of H,O, to the growth medium or by deletion of the major thioredoxin-encoding
gene (trxA) in A. nidulans led to the accumulation of HapC-EGFP in the cytoplasm. The
regulation of HapC by TrxA was confirmed in vivo by applying bimolecular complementation
(BiFC) assaysin A. nidulans wild-type and 4hapE strains.

Iron homeostasis is tightly controlled, as iron is both essential and toxic. Therefore, it was
interesting to study the interaction of an additional CBC subunit designated HapX with the
CBC under iron-depleting conditions. In contrast to CBC, which is functionally independent
of iron, HapX mediates a novel mechanism of iron-dependent regulation. Interestingly, using
BiFC, the interaction between HapX and HapB was observed under oxidative stress as well,
which might be explained by the presence of overlapping and synchronized regulatory
mechanisms against iron-limiting and oxidative stress conditions or the possibility of
oxidative stress induction viairon starvation.

Finally, HapX possesses three possible TrxA-target CXXC motifs. Therefore, HapX
posttranslational regulation by thioredoxin was analyzed in A. nidulans wild-type and AhapC
strains using BiFC. The BiFC analysis revealed the possibility of HapX reduction by TrxA
during oxidative stress and iron-depleting conditions.

This study provides a further understanding of the regulation of the CBC during oxidative
stress and iron-depleting conditions and raises a number of questions concerning the
interaction of other proteins with the CBC under different stress conditions.
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Zusammenfassung

Der CCAAT-bindende Komplex ist ein heterotrimererarskriptionsfaktor und in
Eukaryonten von Pilzen und Pflanzen, bis hin zugBtieren hoch konserviert. Aspergillus
nidulans wird der entsprechende Komplex CBC (CCAAT-bindirggnplex) genannt. Dieser
besteht aus den drei Untereinheiten HapB, HapCHapE. Interessanterweise weist nur die
HapC-Untereinheit drei Cysteine auf. Um den EirdluBeser Cysteinreste auf die CBC-
Stabilitat zu untersuchen, wurde daksapC-Gen dahingehend verandert, dass die zuvor
Cystein-kodierenden Codons zu Serin- bzw. Alarudi&renden Codons mutiert wurden.
Des Weiteren wurden diese beiden mutierten GéapC3CS und hapC3CA genannt,
translational mit demegfp-Gen fusioniert und in eineA. nidulans hapC-Deletionsstamm
transformiert. Die aus der Transformation hervoegggnen Stdmme zeigten eine
Komplementation des\hapC-Phanotyps im Vergleich zum Wildtyp. Daraus lasgths
schlieBen, dass die entsprechenden Genprodukte 3&gp@der HapC3CA zusammen mit
HapB und HapE einen funktionalen CBC bilden konnéennoch konnten beide
Fusionsproteine, HapC3CS-EGFP und HapC3CA-EGFPolsoun Zellkern, als auch im
Zytoplasma lokalisiert werden, was die Schlussfelgg zulésst, dass die Cysteine an sich
schon eine entscheidende Rolle in Bezug auf diail$#h des CBC spielen.

Weiterhin wurde die Redoxregulation von HapC umbedativem Stressn vivo untersucht.
Lokalisationsstudien mit einem HapC-EGFP Fusiongmmodeuteten darauf hin, dass die
Funktion von HapC, namlich mit HapE und HapB eifiarktionellen Transkriptionskomplex
zu bilden, vom zellularen Redoxstatus abhangig &émte. So fuhrte die Oxidation der
Thiolgruppen der HapC-Cysteine durch die Zugabe Wfasserstoffperoxid zum
Wachstumsmedium, oder die Deletion des Thioredéx{iirxA) codierenden GengriA) in

A. nidulans zu einer Anreicherung des HapC-EGFP-Fusionsp®tem Zytoplasma. Die
Redoxregulation von HapC durch Thioredoxin A konst@vohl in einemA. nidulans
Wildtypstamm als auch in einedshapE-Stamm mit Hilfe von bimolekularen Fluoreszenz-
Komplementationsanalysen (BiFC) bestatigt werden.

Die Eisenverfugbarkeit ist in allen Lebewesen saxakt reguliert, da Eisen als
Spurenelement zwar lebensnotwendig ist, in hoheseB@ber auch toxisch sein kann. Aus
diesem Grund sollte die Interaktion einer weite@GBC-Untereinheit, HapX genannt, mit dem
Kernkomplex, bestehend aus HapC/E/B, unter Eisegaia®edingungen untersucht werden.
Im Gegensatz zum CBC-Kernkomplex, welcher in seimeterotriméren Form funktional
unabhangig von Eisen ist, vermittelt HapX einen ameu eisenabhangigen

Regulationsmechanismus im Zusammenspiel mit dem-E&@komplex. Interessanterweise
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konnte in BiFC-Studien sowohl unter Eisenmanged, alch unter oxidativem Stress eine
Interaktion von HapX mit der CBC-Untereinheit HapBchgewiesen werden. Dies legt die
Vermutung nahe, dass die Interaktion von HapX matpBl unter Eisenmangel und/oder
oxidativem Stress auf Uberlappenden oder gleiclasalbn Mechanismen beruht. Auch eine
Induktion von oxidativem Stress unter EisenmangadiBgungen kann generell nicht
ausgeschlossen werden.

Weiterhin besitzt HapX drei CXXC-Motive, deren Difsdform von TrxA erkannt werden
kann. Aus diesem Grund wurde die posttranslationdkgulation von HapX durch
Thioredoxin A in einemA. nidulans Wildtypstamm und einemdhapC-Stamm untersucht. Die
BiFC-Ergebnisse deuten dabei auf eine ReduktionhapX durch TrxA unter oxidativem
Stress und unter Eisenmangel-Bedingungen hin.

Somit erweitert diese Arbeit das Verstdndnis zumguReion des CBC, speziell unter
oxidativem Stress und unter Eisenmangel-Bedingun@ézichzeitig wirft sie aber auch neue
Fragen bezuglich der Interaktion weiterer Protem@& dem CBC-Kernkomlex unter

verschiedenen Stressbedingungen auf.
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1. Introduction

1.1 Aspergillus nidulans as model organism for filamentous fungi.

Aspergillus nidulans belongs to the class Ascomycotina. The Ascomycotitiae
ascomycetes) is the largest class of fungi. Theragcetes can produce both asexual spores
(conidia) and sexual spores (ascospores). Theylmeacterized by having sexual spores,
called ascospores, produced within an ascus. Thelyde fungi with wide variation of
habitats. Many of them are common as animal andt gdathogens, others are saprophytic
and involved in the decomposition of plants andres (Martinelli, 1994)A. nidulans is a
saprophytic fungus. It can be isolated from sod amy also occur as mold on food. It is also
able to utilize a wide range of different carbord antrogen sources (Ward, 1991). In the
vegetative (asexual) life cycle &. nidulans, the germinating conidia form a network of
multinucleate hyphae. Afterwards, the conidiophelmngates from the footcell, a specialized
thick-walled cell within the hyphae that anchors #talk to the growth substratum. At the tip
of the conidiophore, a swollen structure is form&tijch is called conidiophore vesicle. The
footcell, the conidiophore and the vesicle are pteged from each other and form a single
unit. The vesicle produces primary layer of unieate sterigmata (buds) called metulae. The
metulae in turn bud twice to produce a second layfeuninucleate sterigmata termed
phialides. The phialides produce chains of unimatelespores called conidia (Fig. 1) (Adams
et al., 1998).

Recently, the genome sequence Aofnidulans was released by the Broad Institute and

(http://www.broad.mit.edu/annotation/fungi/asperglfindex.htm). The size of theA.

nidulans genome is approximately 30,000 kbp. It has 8 clmsvmes containing an estimated
10,000-11,000 gene.
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Fig. 1: Thelifecycle of Aspergillus nidulans (after Casselton and Zolan, 2002).

A. nidulans is a model organism for studies of cell biology @@ne regulation in filamentous
fungi. However, there are many features #hatidulans combines, which made this fungus a
good model organism (reviewed in Martinelli, 1994).nidulans is closely related to other
Aspergillus species from Deuteromycetes, édgfumigatus which is a common pathogeA,
niger and A. oryzae, which are used in industry. Unlike the other Asgjlk, which are
asexualA. nidulans has a well-characterized and conventional gesgigtem. The success of
severalAspergillus speciesfor industrial production of biotechnological pradsi is largely
due to the metabolic versatility of this specielse Tilamentous fungu&. niger, for example,

is well known to produce organic acids, enzymeanipgrowth, and regulators. The industrial
importance ofAspergillus species is not only dependent on their diversdymts but also on
the development and commercialization of the neadpets. This is normally achieved by
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understanding of pathways related to secondarybuksan through the tools of genomics,

proteomics, and metabolomics.
1.2 CCAAT box and CCAAT-binding complex (CBC) in eukaryotes.

The synthesis of most eukaryotic proteins is regdlat the level of transcription. Although
transcription is performed by RNA polymerase, ragoh of transcription of most eukaryotic
genes is coordinated through sequence-specificignof proteins to the promoter region
located upstream of the gene. Many of these prdiigiting sequences have been conserved
during evolution and are found in a wide variety afanisms. One such feature is the
CCAAT-box element (Gelinas et al., 1985). This rhigifound in the promoter region of
many eukaryotic genes located between 50 and 30Qpkpream of the transcriptional
start point (Bucher 1990) and may operate in eitr@ntation, with possible cooperative
interactions with multiple boxes (Tasanen et &@92) or other conserved motifs (Muro et al.,
1992; Rieping and Schoffl, 1992).

A conserved multimeric protein complex has beemtifled in different eukaryotes, ranging
from lower fungi to human, which binds to the CCAA®X. Its binding consensus motif was
determined by band shift assays as RRCCAATC/ARERidwed in Brakhage, 1998). This
complex was given different names for different amgms: Hap forSaccharomyces
cerevisiae (Guarente et al., 1984; McNabb et al., 1998uyveromyces lactis (Mulder et al.,
1994), andArabidopsis thaliana (Edwards et al., 1998), Php $chizosaccharomyces pombe
(McNabb et al., 1997), CBC fohspergillus nidulans (reviewed in Brakhage et al., 1999),
CBF in Xenopus laevis (Li et al., 1998), and NF-Y in mammals (Hooft vAmnijsduijnen et
al., 1990; Maity et al., 1990).

Generally, CCAAT binding complex in different orgam is made up of three subunits.
However, in the yeask. cerevisiae, an additional subunit was identified, termed Hap4
(Forsburg and Guarente, 1989; McNabb et al., 19@8dthologs of Hap4p have been
cloned and characterized only in other yeast spé&cikactis andHansenula polymor pha until
now (Bourgarel et al., 1999; Sybirna et al., 2008¢cently, a novel transcription factor,
designated HapX, which interacts with CBC compleRinidulans was isolated (Tanaka et
al., 2002). However, HapX does not seem to be thmdiogous protein of Hap4p (see
1.2.1.2).
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In Arabidopsis thaliana, each subunit of the complex is not only represgiity one subunit
but rather by many subunits (Edwards et al., 1@8&maroli et al., 2001, Yang et al., 2005).

1.2.1 The CBC of different organisms.
1.2.1.1 TheHap complex in yeast.

Proteins that bind to the CCAAT motif were firstathcterized in the yeaSaccharomyces
cerevisiae through analysis of mutants with reduced levelgxjression of th€YC1 gene
(encoding iso-1-cytochrome) (Guarente et al.,, 1984; Hahn et al., 1988), terHap2p,
Hap3p, and Hap5p. The Hap2p/Hap3p/Hap5p heteratritas been shown to be sufficient
for CCAAT-specific binding at target promoters (Mabb et al., 1995); however, this
complex lacks the ability to activate transcriptidnfourth subunit of the complex, termed
Hap4p, is necessary for transcriptional activatiparsburg and Guarente, 1989). The yeast
Hap4p protein neither binds to the DNA nor it iseded for DNA-binding. Rather, it
associates with the Hap2p/3p/5p complex and a@&svétanscription through an acidic
domain (Forsburg and Guarente, 1989). Moreoki&4 expression is inducible (DeRisi et
al., 1997; Forsburg and Guarente, 1989), i.e.Xfwession is repressed in the presence of
glucose and activated in its absence, while theesgon ofHAP2, HAP3, and HAPS is
constitutive (DeRisi et al., 1997). Thus, the swesik and interaction of Hap4p with
Hap2p/Hap3p/Hap5p modulates the activity of targehes. Mutations that abolish the
function of any of the four Hap subunits resulttire inability of yeast to grow on non-
fermentable carbon sources (Forsburg and Guared®9,; Hahn et al., 1988; McNabb et al.,
1995; Pinkham et al., 1987), emphasizing the ingoae of this protein complex as a global
regulator of respiration.

1.2.1.2 The CBC complex in Aspergillus nidulans (syn. PENR1, AnCP, AnCF, Hap

complex).

CBC of A. nidulans consists of three subunits designated HapB, Hap@ ldapE,
homologues of the Hap2p, Hap3p, and Hap5p subuegpectively. The three subunits are
encoded by three genes, termegB, hapC andhapE respectively. The three subunits are
necessary and sufficient for binding of CBC to tBBIA. Deletion of one of théap
genes resulted in straindhap strains) with a characteristic phenotype of sloavgh and

poor conidiation (Papagiannopoulos et al., 199éjdbet al., 1999).
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It has been found that CBC binds to the widesprE&RAT sequence present in the
promoter regions of a variety of genesAnnidulans including penicillin biosynthesis
genesacvA, ipnA and aatA (Then Bergh et al.,, 1996; Litzka et al., 1996) ahe
acetamidase-encodiradS (Littlejohn and Hynes, 1992). Using gel mobilityifs assays
with crude nuclear extracts have shown that CBGni®lved in the regulation of the
acetamidase genamdS, a gene required for utilizing acetamide as th&ogen and
carbon source (van Heeswijck and Hynes 1991). Gpresgtly, hap mutant strains does
not grow on acetamide as the sole nitrogen andocasburce indicating that CBC plays a
role in regulatingamdS expression (Papagiannopoulos et al., 1996; Stdidil., 1999).
Deletion or mutagenesis of the CBC binding sitesthe promoters of the penicillin
biosynthesis genes had opposite effects; the exipresfacvA increased 8-folds, while the
expression ofpnA andaatA was reduced (Then Bergh et al., 1996; Litzka .etl896).

Using yeast two-hybrid screen, a gene encodingwelntwanscriptional activator, which
interacted with the CBC complex, was isolated frAmnidulans and designated HapX
(Tanaka et al., 2002). HapX displays no similatyS. cerevisiae Hap4p apart from an
N-terminal 17 amino acid-motif, which was shown lie essential for interaction of
Hap4p with theS. cerevisiae Hap complex (McNabb and Pinto, 2005). DeletiorhapX

in A. nidulans did not result in a slow-growth and weak conidiatphenotype, a typical
phenotype for a deletion of any of the three CBO®usit-encoding genes (Steidl et al.,
1999). Furthermore, expression b&pX in a dhapdp strain of S. cerevisiae did not
complement the mutant phenotype suggesting thatXHemp A. nidulans is not the
homologous protein of Hap4p.

1.2.1.3 The NF-Y (or CBF) complex in vertebrates.

CCAAT-related motifs have also been identified imetpromoters of a variety of
vertebrate genes. A range of transcription factuas been shown to bind to different
CCAAT boxes, with varying levels of specificity (Doet al., 1987; Raymondjean et al.,
1988), and each is thought to play a distinct ialgene expression or DNA replication
(Santoro et al., 1988). Direct homologues of thasyeHAP complex (called NF-Y or
CBF) have been identified in vertebrates (Maitylket 1990; Becker et al., 1991; Li et al.,
1992; Sinha et al., 1995). The individual vertebretAP subunits showed a remarkable
similarity to the yeast homologue over short domsaiiaity et al., 1990; Vuorio et al.,
1990), which is sufficient to enable formation offanctional heterologous complex

between the human homologue and yeast Hap2p, Hap@plap5p (Becker et al., 1991).
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However, outside of the highly conserved core protmotifs associated with DNA
binding and subunit interactions, there is consibér divergence. Furthermore, there is
no Hap4p homologue. Instead, the vertebrate HAPptexnprobably interacts with other
classes of transcription factors to influence theel of transcription (Bellorini et al.,
1997).

1.2.1.4 TheHap complex in plants.

In contrast to yeasAspergillus and mammals, in which all the subunits are encdgesingle
copy genes, multiple and distinct genes for eadbussiis have been identified in plant
genomes (Edwards etal., 1998). Yang et al. (20@&ptified 30 Hap subunit genes in
Arabidopsis thaliana, including 10 Hap2p homologues, 10 Hap3p homolegual 10 Hap5p
homologues. Moreover, genome analysiSOoyza sativa (rice) revealed the presence of 5
Hap2p homologous proteins, 10 Hap3p homologousem®tand 10 Hap5p homologous
proteins (Yang et al., 2005).

Northern blot analysis indicated ubiquitous expi@s$or each AtHAP2 and AtHAPS5 cDNA

in a range of tissues, whereas expression of ealdAR3 cDNA was under developmental
and/or environmental regulation. The unexpectederee of multiple forms of each HAP
homologue inArabidopsis, compared with the single genes in yeast and lmetties, suggests

that the HAP2,3,5 complex may play diverse rolegg@me transcription in higher plants
(Edwards et al., 1998).

1.2.2 Regulation, assembly and nuclear localization of the CBC.

Regulation of the human CCAAT-binding protein (NF-Was been studied proposing
that the cellular redox environment of mammalianllsceis an important
posttranscriptional regulator of NF-Y subunit agaton and DNA binding activities
(Nakshatri et al., 1996). However, it has been sstgd that highly conserved cysteine
residues of NF-YB (human homologue of HapC) play important regulatory role
through protein-protein interaction of NF-YB (humhamologue of HapC) with the NF-
YC subunit (human homologue of HapE) in responseht redox status of the cell.
According to theirin vitro results, oxidized NF-YB must be reduced by ADHuanan
thioredoxin, in order to form a heterodimer with NIB as a prerequisite for the
heterodimer assembly. Once the NF-YC is reduced, dhbsequent NF-Y complex

assembly steps can proceed.
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Studies made on CBF were used to explain the asggmiicess of the CCAAT binding

complex (Sinha et al., 1996; Kim et al., 1996).ngsmotif searching method, CBF-A subunit
(HapC homologue) and CBF-C subunit (HapE homologuere identified as containing the
histone fold motif, a structural feature commoraliofour core histones, which is involved in

both histone-histone and histone-DNA interactiomsheir domains (Baxevanis et al., 1995).

In mammalians, assembly of the CBF complex is aghig¢hrough a two-step pathway (Fig.
2-A). The first step in the complex assembly is filvenation of heterodimer CBF-A (HapC
homologue) and CBF-C (HapE homologue) through treserved histone-fold motif in their
domain (Baxevanis et al., 1995). Dimerization ofFeB with CBF-C is an essential step in
complex formation, in which CBF-B can only bind ttee heterodimer but not to its single
subunits (Liang and Maity, 1998). However, a studfycrystal structure of heterodimer
formed by the human NF-YB and NF-YC, found closeeriactions of the two proteins
mediated through the histone fold motifs (Romiealet2003).

Subsequently, the second step of the complex fosmat binding of CBF-B (HapB
homologue) to the heterodimer. In another studyyBihas been found to contain a nuclear
localization signal (NLS) in its domain, and Hap@daHapE are transported to the nucleus
only in a complex with HapB via a piggy back medean(Steidl et al., 2004)n vitro study
showed that the association of CBF-B (HapB homatypgand the heterodimer formed by
CBF-A and CBF-C (HapC-HapE heterodimer) is stabdizupon interaction with DNA
(Liang and Maity, 1998).

As opposed to mammalian CBF, human NF-Y @&ndidulans CBC, yeast Hap complex is

assembled via one-step pathway requiring all tewdsinits (Hap2p, Hap3p and Hap5p) (Fig.
2-B). Hap4p binds to the complex only after the ptax has bound to the DNA (McNabb

and Pinto, 2005).

1.3 Regulation the redox status of the cell by thioredoxin system.
1.3.1 Oxidative stress and theredox status of the cell.

Reactive oxygen species (ROS), including superoxaticals (@), hydrogen peroxide
(H20,) and hydroxyl radicals (-OH), are oxygen contagnmmolecules that possess a stronger
reactivity than oxygen itself. ROS can be generaadogenously in many cells as by-
products of normal cell activities. ROS can alsofdrened by exposure of cells to different

chemical or environmental stresses. However, R@Shayhly reactive modifying various
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cellular molecules (proteins, lipids and nucleicday; and therefore, elevated production of
ROS is known to be harmful to the cell.

Cells respond to ROS by activating stress sigr@aliathways, which act to detoxify ROS or
repair the resulting damage. They consist of dffier proteins such as thioredoxin,
thioredoxin peroxidase, thioredoxin reductase,aghibne peroxidase, glutathione reductase,
catalase, and superoxide dismutase, and tripegid&thione to protect their cellular
constituents and maintain cellular redox state.&Otie generation of ROS exceeds these
scavenging and detoxifying mechanisms, or thefaigdld to detoxify the ROS or to repair the
resulting demage, oxidative stress occurs and sadamage to the cellular compartments
(Jamieson, 1998).

Nucleus I Cytoplasm

Fig. 2. Assembly and nuclear localization of CCAAT-binding complex. (A) Two-step
assembly of CBC i\ nidulans. (B) One-step assembly of Hap complexSicerevisiae.
¥ : Nuclear Localization Signal (NLS) (modified afteteidl et al., 2004; McNabb and
Pinto, 2005).

Cellular proteins, for example, are normally keptréduced state. They contain many free
sulthydryl (thiol) groups while disulfides (dithiplare rarely found (Arner and Holmgren,

2000). Upon oxidative stress, proteins are oxidegnsively by reactive oxidative species.
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Proteins can undergo different types of oxidatiimese include carbonylation (an irreversible
process that targets different amino acids) (Stad{nl993), nitration of tyrosine and
oxidation of methionine to methionine sulphoxidedaoxidation of cysteines. Protein
cysteines can be oxidized to form different produ@Ghezzi, 2005), some of them are
reversible (disulphide formation, glutathionylatiand S-nitrosylation). This oxidoreduction
switch between thiol group and disulfide bridgegimy oxidative stress is called thio-
disulfide exchange reaction. Beside their negatioke in protein conformation during
oxidative stress, thiol-disulfide exchange reactjomhich are rapid and readily reversible, are
also ideally suited to control protein functiondo&-regulated proteins) via the SH groups.
Oxidation of a critical SH group will generally kdo a changed biological function. This
mechanism of thiol redox control (Holmgren, 1985)a major regulatory mechanism in

signal transduction.
1.3.2 Thioredoxin and thethioredoxin system.

The thioredoxin system is the major cellular digldf reductase responsible for
maintaining protein in their reduced state. Thetbdoxin system, which is made up of
thioredoxin (Trx), thioredoxin reductase (TrxR) adADPH, is ubiquitously distributed from

Archea to man.

Thioredoxins are small, heat-stable, oxidoreductgseteins with an approximate
molecular mass of 12kDa (Holmgren, 1985). They aont conserved dithiol/disulfide
active site WCGPC (Trp-Cys-Gly-Pro-Cys) (Holmgretf89), which is located in a
protrusion of the protein with active center sequeenThese two cysteine residues are
involved in forming the active center disulfide dge (Tsugita et al., 1983). Thioredoxins,
beside their role as the major cellular proteinuffide reductases, act as an intermediate in
the posttranslational control of protein activifyirst, thioredoxin identifies a change in
the redox status of the cell. Second, it respondghat signal by a change in the redox
status of thioredoxin (Biswas et al., 2006). Therefit also serves as an electron donor for
enzymes such as ribonucleotide reductases, thixrequeroxidases (peroxiredoxins) and

methionine sulfoxide reductases.

In contrast to thioredoxins, thioredoxin reductaaeslarger, ranging from 70 kDa in bacteria
and lower eukaryotes up to 130 kDa in higher eudas, highly specific enzyme only
capable of reducing thioredoxin and not any othesulide bonds in cytoplasmic

proteins, and selenium-dependent homodimeric fleotems (Arnér and Holmgren, 2000).
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The yeastSaccharomyces cerevisiae contains two thioredoxin systems; cytoplasmic and
mitochondrial. The cytoplasmic is made up of twogg designatedRX1 and TRX2,
encoding thioredoxins (Gan, 1991; Muller, 1991) aade gene TRR1) encoding
thioredoxin reductase (Chae et al., 19993X1 and TRX2 are closely related. Although
the Trx2 protein is one amino acid longer than Tritley share 74% and 77% of the
coding sequences of the two genes and the two etioxin proteins, respectively
(Muller, 1991). Deletion of botifRX1 and TRX2 results in a prolonged S phase and a
shortened G1 interval, a 33% increase in generdimae, a significant increase in cell

size, and a greater proportion of large buddedsddiuller, 1991).

The mitochondrial system is made up of one thiox&dogene TRX3) and one
thioredoxin reductaseTRR2) (Pedrajas et al., 1999TRX3 codes for a 14 kDa protein
with the typical thioredoxin redox active site, WEG. TheTRR2 gene codes for a 37
kDa protein with the putative redox active-site h¢CAVC) as well as binding sites for
NADPH and FAD.

A thrioredoxin of A. nidulans was also purified and characterized (Le Marechahle
1992). When theéA. nidulans thioredoxin was tested as a substrate for itsitgbib be
reduced byE. coli NADPH thioredoxin reductase, it could not serveaasubstrate for
thioredoxin reductase. Recently, a major thioredoxdystem, i.e thioredoxin and
thioredoxin reductase, iA. nidulans has been identified and characterized (Thon et al.
2007). The 11.6 kD&. nidulans thioredoxin (AnTrxA) protein is encoded by tlmeA
gene and contains the characteristic thioredoxitivacsite motif (WCGPC). The
homodimeric flavoprotein thioredoxin reductase (AxH) is encoded by th&xR gene
and has a molecular mass of approximately 72.2 Wbareover, a thioredoxin A gene
deletion mutant ofA. nidulans showed decreased growth, an increased catalaisgt\gct
and the inability to form reproductive structurédselconidiophores or cleistothecia when
cultivated under standard conditions. However, loa@centration of glutathione (GSH)
led to the development of sexual cleistotheciacamtrast to high GSH levels, which

resulted in the formation of asexual conidiophores.
1.4 Objectives of thiswork.

Biochemical studies on CBF have shown that theohestfold motifs of CBF-C (HapE
homologous protein) and CBF-A (HapC homologous emt are required for

heterodimerization (Sinha et al., 1996). Howevgsteine residues of CBF-A are located in
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the histone fold motif interaction domain requirfed interaction with CBF-C suggesting the
involvement of cysteine residues in the stabilifytioe heterodimer and thus the whole
complex. Moreover, biochemical studies suggestad --YB (HapC homologous protein)
is regulated by the redox status of the cell throregluction of oxidized cysteine residues by
thioredoxin (Nakshatri et al., 1996). My first objwe was to prove the role of cysteine
residues in the redox regulation of HapC and on €B@plex stabilityin vivo, and therefore,
to establish methods suitable to study complexilgtaland protein-protein interactiom

ViVO.

HapX is a transcription factor that was found tadiHapB using the yeast two-hybrid
system (Tanaka et al., 2002). The second objeafvilis work was to analyze vivo

the interaction of HapX to HapB and to the CBC cteRpunder iron-depleting
conditions and to study the possibility of HapX uégion by the redox status of the cell.
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2. Materials and Methods

2.1 Bacterial and fungal strains, plasmids and olignucleotides used in this study.

Table 1: Bacteria and fungi used in this study.

Strain Genotype Reference

E. cali

BL21 (DE3) F ompT hsdSg(rg'mg’) gal dcm (DES3) Steidl et al., 2001
DH50. F, ¢80dacZAM15, A(lacZYA-argF)U169, Invitrogen

recAl, endAl, hspR17(r, m."), phoA, supE44,
A, thi-1, gyrA96, relAl

A. nidulans

ANnTrxAKO pyrG89; pyroA4; riboB2; argB2; AnkuA::argB;  Thon et al., 2007
Arg"; AtrxA::pyr-4; PyrG’

AXB4A2 pyr G89; pabaAl; argB2; fwAl,; bgaO0; Weidner et al.,
argB2::pAXB4A (acvAp-uidA, ipnAp-lacz), 1998
ArgB*

Nat24 pyr G89; pabaAl; riboB; AhapC::riboB; RiboB" Papadopoulou,

1999

yC as AXB4A2;pyr-4::pYC-pyr4; PyrG This study

yCN as AXB4A2;pyr-4::pYC-pyr4; PyrG; pEYFPN This study

yHapC3CS-N as AXB4A2pyr-4::pHapC3CS-YC-pyr4; This study
PyrG"; pEYFPN

yHapC3CS-TrxA as AXB4A2pyr-4.:.pHapC3CS-YC-pyr4; This study
PyrG"; pTrxA-YN

yHapC-HapC as AXB4A2pyr-4::pHapC-YC-pyr4; PyrG This study
pabaAl:: pHapC-YN-paba; Paba

yHapC-HapE as AXB4A2pyr-4::pHapC-YC-pyr4; PyrG This study
pHapE-YN

yHapC-HapE-HapB  as yHapC-HapfabaAl::pHapB-paba; Paba This study
as AXB4A2;pyr-4::pHapC-YC-pyr4; PyrG

yHapC-N DEYFPN This study
yHapC-TrxA as AXB4A2pyr-4::pHapC-YC-pyr4; PyrG This study
pPTrxA-YN

yHapC-TrxAC39S as AXB4A2pyr-4::pHapC-YC-pyr4; PyrG This study
PTrxAC39S-YN

yHapC-TrxAAE asAE-89; pabaAl::;pHapC-YC-paba; Paba This study
pyr-4::pTrxA-YN-pyrd; PyrG
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yHapE-C as AXB4A2pyr-4::pYC-pyr4; PyrG; pHapE- This study
YN

yHapX-HapB as AXB4A2pyr-4::pHapX-YC-pyr4; PyrG; This study
pHapB-YN

yHapX-HapB-Hap€ as yHapX-HapBAC; hapC::pAlcA-HapC; This study
HapC

yHapX-HapBAC as Nat24pyr-4::pHapX-HapB-pyr4; PyrG This study

yHapX-HapC as AXB4A2pyr-4::pHapC-YC-pyr4; PyrG This study
pHapX-YN

yHapX-HapE as AXB4A2pyr-4::pHapX-YC-pyr4; PyrG,; This study
pHapE-YN

yHapX-HapX as AXB4A2pyr-4::pHapX-YC-pyr4; PyrG,; This study
pHapX-YN

yHapX-TrxA as AXB4A2;pyr-4::pHapX-YC-pyr4; PyrG; This study
PTrxA-YN

yHapX-TrxA-AC as Nat24pabaAl::pHapX-YC-paba; PabBapyr- This study
4::pTrxA-YN-pyr4; PyrG

yN as AXB4A2;pyr-4::pYN-pyrd; PyrG This study

yNfyB-HapEAC as Nat24pyr-4::pNfyB-HapE-pyr4; PyrG This study

yNfyB-TrxA-AC as Nat24pyr-4::pNfyB-TrxA-pyr4; PyrG This study

yTrxA-C as AXB4A2;pyr-4::pYC-pyr4; PyrG; pTrxA-  This study
YN

yTrxAC39S-C as AXB4A2pyr-4::pYC-pyr4; PyrG; This study
PTrxAC39S-YN

AB-Bgfp pyrG89; pabaAl; argB; dhapB::argB; ArgB™; Steidl, 2001
pHapB-EGFP; HapB pyr-4::pKTB1; PyrG

AC-Cgfp as Nat24; pHapC-EGFP; Hap@yr-4::pKTB1; Steidl, 2001
PyrG'

AC-Cgfp-3CA as Nat24pyr-4::.pKTB1-HapC3CA-EGFP; This study
PyrG"; HapC3CA

AC-Cgfp-3CS as Nat24yr-4..pKTB1-HapC3CS-EGFP; This study
PyrG"; HapC3C$S

AC-Cgfp-Wt as Nat24pyr-4::pKTB1-HapC-EGFP; PyrG  This study
HapC

AC-Egfp as Nat24; pHapE-EGFpyr-4::pKTB1; PyrG  Steidl, 2001

AC-Egfp-alcA-3CS aaC-Egfp; hapC3CS:pAlcA-HapC3CS; This study
HapC3CS; pabaAl::PabaAnid; Paba

AE-89 pyrG89; pabaAl; argB; dhapE::argB; ArgB*  Steidl, 2001

ATrxA-Cgfp as AnTrxAKO;pyroA::pHapC-EGFP-pyro; This study

Pyro’
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Table 2: Plasmids used in this study.
Plasmids Genotype Reference
p123 Amp'; egfp Spellig et al., 1996
p3CA-Topo Amf; Kar''; hapC3CA This study
p3CS-Topo Amp; Karf’; hapC3CS This study
PabaAnid Amp; pUC 18, 4.1 kiKpnl fragment  Tiincher et al.,
containingpabaAl and the flanking 2005
regions derived from. nidulans.
pAL4 Amp®; pyr-4; alcAp Waring et al., 1989
pAlcA-HapC Amp%; pyr-4; alcAp-hapC This study
pAlcA-HapC3CS AmP; pyr-4; alcAp-hapC3CS This study
pCR®2.1 Ampg'; Karl; lacZ Invitrogen
pCR2.1-HapC-Bi AmpP; Kar™; hapC This study
pCR2.1-HapX AmB; Kar’; hapX This study

PET39-AnTrxA(C39S)-H6 Kafy T7 promoter-HigtrxAC39S

PET39-AnTrxA(wt)-H6

PEYFPC
PEYFPN

pHapB-EGFP
pHapB-paba
pHapB-YN
pHapC3CA-EGFP
pHapC3CS-EGFP
pHapC3CS-YC-pyrd
pHapC3CS-YCAhyg
pHapC-EGFP
pHapC-EGFP-pyro
pHapC-Topo
pHapC-YC
pHapC-YC-paba
pHapC-YC-pyr4
pHapC-YCAhyg
pHapC-YN
pHapC-YN-paba
pHapE-EGFP

Kar¥; T7 promoter-Hig-trxA
Amf; Hyd™: eyfpC terminal part

Amp; Hyd; eyfpN terminal part

AmB; hapB-egfp
AmP hapB; pabaAl
Amp; Hyg™; hapB-eyfpN
Anify hapC3CA-egfp
AnTphapC3CS-egfp
Amf pyr-4; hapC3CS-eyfpC
AmpR; hapC3CS-eyfpC
AmP hapC-egfp
Anth hapC-egfp; pyroA
Amp; Kar’; hapC
Amf; Hyg™; hapC-eyfpC
Amlpy pabaAl; hapC-eyfpC
AmB; pyr-4; hapC-eyfpC
Amp"; hapC-eyfpC
Amp%; Hyd®; hapC-eyfpN
AmfP pabaAl; hapC-eyfpN
Amp hapE-egfp

Thon et al., 2007
Thon et al., 2007

Hoff and Kiick,
2005

Hoff and Kiick,
2005

Steidl, 2001
This study
This study
This study
This study
This study
This study
Steidl, 2001
This study
Steidl, 2001
This study
This study
This study
This study
This study
This study
Steidl, 2001
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pHapE-YN

pHapE-YN-pyrd
pHapX-HapB-pyrd

pHapX-YC

pHapX-YC-paba
pHapX-YC-pyr4
pHapX-YCAhyg

pHapX-YN
pHELP

pKTB1

pKTB1-HapC3CA-EGFP
pKTB1l-HapC3CS-EGFP
pKTB1-HapC-EGFP

pMAL-c2X

pMalE-HapC
pMalE-HapC3CS
pMalE-HapE

pNfyB-HapE-pyr4
pNfyB-TrxA-pyr4

pNfyB-YC

pNfyB-YC-pyrd
pT7-HapBct

pTopo-MalE-HapC3CS
pTrxAC39S-YN

pTrxA-YN

pTrxA-YN-pyr4

pYC-pyrd
pYC-Ahyg
pYN-pyrd

TEV-NF-YB

Amg; Hyd®; hapE-eyfoN
AmB; pyr-4; hapE-eyfpN

AmpP; pyr-4; hapX-eyfpC; hapE-eyfpN

Am; Hyg™; hapX-eyfpC
AmpP; pabaAl; hapX-eyfpC
Am(S; pyr-4; hapX-eyfpC

Amp"; hapX-eyfpC

Amg; Hyg™; hapX-eyfpN
Amp'; amal

Amp; pyr-4
Antfy pyr-4; hapC3CA-egfp
Anip pyr-4; hapC3CS-egfp
AmP pyr-4; hapC-egfp

Amp~; malE; E. coli expression vector

Amp; malE-hapC; E. coli expression

vector

AmP malE-hapC3CS; E. coli
expression vector

Amp; malE-hapE; E. coli expression

vector

Amp; pyr-4; nf-yb-eyfpC; hapE-eyfpN
Amp®; pyr-4; nf-yb-eyfpC; trxA-eyfoN

Amp®; HygR; nf-yb-eyfpC
Amg; Hyg'; pyr-4; nf-yb-eyfpC
Amp; T7 promoter-Hig-hapBct

(encoding for aa. 187-36%; coli
expression vector

Anfp Kar™; hapC3CS
Amp; Hyg®; trxAC39S-eyfpN
Amp®; Hyg'; trxA-eyfoN
Amp?; pyr-4; trxA-eyfpN
Amp; pyr-4; eyfpC terminal part
AmpR; eyfpC terminal part
Amp; pyr-4; eyfpN terminal part

Amp?; synthetic gene encoding for NF-GENEART AG
YB cloned in pGA4 using{pnl and Sacl.

This study
This study
This study
This study
This study
This study
This study
This study
Gems and

Clutterbuck, 1993
Then Bergh, 1997

This study
This study
This study

New England

Biolabs

Steidl, 2001

This study

Steidl, 2001

This study
This study
This study
This study

Steidl, 2001

This study
This study
This study
This study
This study
This study
This study
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Table 3: Oligonucleotides used in this study.

Name

Sequence (5~ 39

3CA-Backward
3CA-Forward
3CS-Backward
3CS-Forward

AnPyro-For
AnPyro-Rev
EYFP3'EcoRI(C2)

EYFP3'Kpnl
EYFP3'BamHI

EYFP3'ECoRI
EYFP5’EcoRI(C2)

EYFPS'Kpnl

EYFP5'BamHI
EYFP5'EcoRI
eyfpC-For-long

eyfpC-Rev-long
eyfpN-For-long
eyfpN-Rev-long

gpdA-HapB-Rev
HapB3'Notl
HapB5'Ncol
HapC’'3Notl625
HapC3'Ncol
HapC5'BamHlI

AGC TTT TTC GGA AGC CTC GCT AGT AAT AMAGA GAT
GAATTC GCT CACAGC TTC TTG CAT AGC TTC TTT AG

GCT ATG CAAGAAGCT GTGAGC GAATTCAITCT TTT
ATT ACT AGC GAG GCT TCC GAA AAA GCT CAA CAG GA

AGATTT TTC GGA AGC CTC GCT AGT AAT AMAGA GAT
GAATTC GCT CACAGATTC TTG CAT AGATTCTTT AG

TCT ATG CAAGAATCT GTGAGC GAATTCAOTCT TTT
ATT ACT AGC GAG GCT TCC GAA AAATCT CAA CAG GA

GAG CAG CTG AAG CTT TGC GCG AAA GCG TAGGA GA
GAG CAG CTG AAGCTT TCG CAATCT GACTTACG C

GGC CGAATT CTT ACC TCT AAA CAAGTGAC CTG TGC
ATT

GGC CGG TAC CTT ACC TCT AAACAAGTG TACTG TGC
ATT

GTA CAC GAG GAC TGG ATC CAA GAA GGATTECT
CTA AAC AA

GCC AGT GCC GAATTC GCATGC CTG CAG GTBAG TG

TAT AGA ATT CGT ACAGTG ACCGGT GBTCT TTC TGG
C

TAT AGG TAC CGT ACA GTG ACC GGT GAC TCTTC TGG
C

TTG GGC GAG CTC GGATCC GTG ACC GGTGACT TT
TTAGAT TGATTT GAATTC GGG CGA GCT @I TAC AGT

CCG GCC TGC AAG ATC CCG AAC GAC CTRAA CAG
AAG GTC ATG AAC CAC GA

TTACTT GTA CAG CTC GTC CAT GCC GAMGT GAT CCC
GGC GGC GGT CAC GA

TCC ATC GCC ACG ATG GTG AGC AAG GGEAG GAG
CTGTTC ACC GGG GTG GT

TTA GGC CAT GAT ATAGAC GTT GTG GCGETT GTAGTT
GTACTC CAG CTT GT

CGT GGC GAT GGA GGATCC TTAGCT GCAATTC ATC
GCG GCC GCT GCC ATC TTC ATC CGA

CCA TGG AAT ATT CTC CAC AAT ATC AAC AACAAC
GCG GCC GCG GGG AGG GTATCC ATA AGC

CAG AAA GCC ATG GAAGAT TCG CCACCAGC
CCAACAGCT GGATCCATGTCG TCG ACC
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HapC-BiFC-For CCAACAGCT CCATGG CAATGT CGT CGAXC
HapC-BiFC-Rev AAC CAT GGG AGG GTATCC ATAAGC TGAGC
HapC-MalE-antisense TCT AGA TCA GAA AGC CAT GGA AGATC GCC ACC
HapC-MalE-sense GGATCCATG TCG TCG ACC TCT CcCcacrc

HapX-3'Notl GCG GCCGCTTTT GTC GGC AAATCT TCG

HapX-5'Ncol CCATGG CAG CTC AGC CAG CCCTC

HapX-For CCATGG CAG CTCAGC CAGCCCT

HapX-Rev CCATGGTTT GTC GGC AAATCT TCG GTC

MH10 GAT CGC CAG CCA ATC ACC AGC TAG GCACCAGCT
AAA CCC

MH11 GAT CGG GTT TAG CTG GTG CCT AGC TGG TGATTG GC
GGCC

NF-YB-For GCA GAC ATC ACC ATG GAG ATG ACA ATG GATGGT GA

NF-YB-Rev CGG GCG GCG GCC GCT TGA AAACTG AAT TTGIG AA

TrxBamHl GGC GGA TCC ATG GGT GCC TCT GAACAC G

TrxNcol GAT CCC CAT GGA AGC AAG CAGAGC CTT G

2.2 Microbiological methods.
All numbers given in % reflect w/v, if not otherweistated.

2.2.1 Media and supplements.

* LB medium (Miller, 1972): 1% tryptone; 0.5% yeastract; 1% NaCl, pH 7.5.
* LB agar (Miller, 1972): LB medium; 1.5% agar.
* YEPD medium: 2% yeast extract; 0.1% peptone; 2%aye.

» Aspergillus minimal medium (AMM) (Brakhage and Van den Brulle; 1996)152%
KH2PQOy; 0.052% KCI; 0.6% NaNg) 1% glucose; 0.05% MgS@O1 ml/l trace elements;
pH 6.5. If acetamide was used as N source instéadablO;, 17 mM or 50 mM of
acetamide were employed.

 AMM agar: AMM; 1.5% agar.

* ACM agar (Rowlands and Turner, 1973): 2% malt exir8.1% peptone; 2% glucose;
1.5% agar.
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2.2.2 Culturing conditions.
2.2.2.1 Growth conditions ofE. coli.

E. coli cultures were grown overnight at 37°C and 200 rpnm3iml LB medium (plus
appropriate antibiotic) for miniprep, or in 50 mBLmedium for midiprep (plus appropriate

antibiotics).
2.2.2.2 Growth conditions ofAspergillus nidulans.

For DNA, RNA or protein isolation, 0.5 ml inoculuofi freshly harvested £Gpores/ml were
grown according to Pontecorvo et al. (1953) at 3irf60 ml of AMM, containing glucose as
the carbon source and NaplOr acetamide as the nitrogen source, in a 250 nehBeyer

flask. Mycelia were harvested by filtration overradloth and frozen in liquid nitrogen.

Frozen mycelia were ground in liquid nitrogen atatexd at -20°C.

For fluorescence visualization of mycelia, the faingtrains were grown in 3 ml of AMM

supplemented with appropriate supplements at 37°C.

For bimolecular fluorescence complementation (BiBGalysis under iron depleting (-Fe) and
repleting (+Fe) conditions, 10 mM Fep@as used as the iron source with the respective
supplements to create +Fe conditions while additbriron was omitted for creating -Fe
conditions. Additional treatment with 1 mM deferaxae mesylate salt for 1 h was essential

to cause iron starvation.

For analysis under oxidative stress conditions, GHbtellular localization and BiFC analysis
were performed after growth of fungi at 37°C in AMBupplemented with appropriate
supplements. pO, treatment was used to create oxidative stresstommsl

For induction of thelcA promoter, fungal strains were grown in AMM with G#6eonine as
the carbon source and for repression condition8%0glucose was used. For non-
inducing/non-repressing conditions 1.6% lactose uwsesd. Cultures were cultivated at 37°C

and 180 rpm.
2.2.3 Determination of the dry weight.

Mycelial samples were harvested by filtration oweiracloth then dried briefly on paper
towels. For the determination of dry weights, sasaplvere dried overnight in an oven at

60°C. Dry weight was plotted against time.
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2.2.4. Inhibition zone plate assay.

Conidia ofA. nidulans strains were harvested from plates antiskres were added to 20-25
ml AMM agar (48°C) and mixed. The AMM agar was paaliin petri dishes and cooled down
until it had solidified. In the centre of the agdate, a 10 mm hole was created, which was
filled with different HO, concentrations. Plates were incubated overnighB78C. The

diameter of the inhibition zone was measured.
2.3 Molecular genetics methods.
2.3.1 DNA manipulation.

Standard techniques in the manipulation of DNA weagied out as described by Sambrook
and Russell (2001) unless it is mentioned otherwise

2.3.2 Isolation ofE. coli plasmid DNA.

Miniprep isolation of plasmid DNA fronk. coli was performed by alkaline lysis, according
to Birnboim and Doly (1979). For quicker proceduaad purer plasmid DNA, the
FastPlasmid Kit (Eppendorf) was used accordingpéomhanufacturer’s instructions.

Midiprep of plasmid DNA was done using NucleoB8Ktra purification Kit (Macherey-

Nagel) according to the manufacturer’s instructions
2.3.3 Purification of DNA from gel.

DNA recovery from gel carried out using Zymoclearel @NA Recovery Kit (Zymo

Research) according to the manufacturer’s instrasti
2.3.4 Isolation of chromosomal DNA from filamentougungi.

Chromosomal DNA fronA. nidulans was prepared either according to the method deestri
previously by Andrianopoulos and Hynes (1988) oingisMasterPure™ Yeast DNA

Purification Kit (Epicentre Biotechnologies).
2.3.5 Southern blot analysis of the transformants.

For Southern blot analysis, chromosomal DNAAohidulans was digested using appropriate
restriction enzymes. DNA fragments were separatedaim agarose gel and blotted onto
Hybond N+nylon membranes (GE Healthcare). Labelling of th¢ADprobe and detection
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were performed using ECL Random Prime Labelling &wdection Kits (GE Healthcare)

according to the manufacturer’s recommendations.
2.3.61n vitro site-directed mutagenesis of DNA.

Generation of HapC mutant proteins was carried umihg the standard procedure from
Higuchi et al. (1988). Alternatively, QuikChange XL Site-Directed Mutagenesis Kit

(Stratagene) was applied.
2.3.7 Isolation of RNA fromA. nidulans.

Total RNA was extracted from mycelia using PlantdaBy Mini Kit (Qiagen) according to

the manufacturer’s recommendations.
2.3.8 Northern blot analysis.

For Northern blot analysis, total RNA & nidulans was separated on a denaturing
formaldehyde agarose gel and blotted onto Hybonchiden membranes (GE Healthcare).
Preparation of probe was performed using the EChdBa Prime Labelling kit (GE

Healthcare). Detection was performed using GenegémaCDP-Star Detection kit (GE

Healthcare).
2.3.9 Transformation of A. nidulans.

Protoplast preparation and transformationAofnidulans was carried out according to the
method described by Balance and Turner (1985).

2.4 Biochemical methods.
2.4.1. Protein extraction fromA. nidulans.

The mycelia were harvested by filtration over mioéit, and dried on paper towels. Cells
were frozen in liquid nitrogen and ground up in artar and pestle. For Western blot, lysis
buffer (50 mM HEPES (pH 7.5) and 1 mM PMSF) waseatith the mycelial powder. Then it
was vigorously mixed. Samples were centrifuged formin at 4°C. The supernatant was
transferred into a new tube and the protein comagon of the solution was measured (see
2.4.2).
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2.4.2 Protein concentration determination.
Protein concentration was determined accordingréal®rd (1976).
2.4.3 SDS polyacrylamide gel electrophoresis (SD&R8E) of proteins.

Protein samples were dissolved in NuPAGIDS sample buffer and heated at 95°C for 10
min. SDS-PAGE was performed with NUPAGE 4-12% BisGels using NUPAGEMES
SDS Running Buffer and XCell SureLock™ Mini-Celhyitrogen) according to the standard

conditions recommended by the manufacturer.
2.4.4 Western blot analysis.

20 pg of each protein sample were electrophordsedigh a NUPAGE 4-12% BisTris Gel
(Invitrogen) (see 2.4.3) and transferred to nithod@se membranes (Schleicher & Schuell).
Blots were blocked (25°C, 1 h) with blocking sotuti(18 ml TBST and 2 ml 10 blocking
solution (Invitrogen)). Primary antibodies wereutidd 1:5000 and 1:2000 for anti-GFP goat
polyclonal antibody (pGFP) (ab5449) and anti-GFRuiseomonoclonal antibody (mGFP) (ab
1218), respectively. Blots were then incubated 25F h) with the primary GFP antibodies.
Blots were washed three times (10 min each) wits TB50 mM Tris-HCI (pH 8.0), 150 mM
NaCl, and 0.05% (v/v) Tween 20). Blots were incedawith either an anti-goat alkaline
phosphatase-conjugated antibody (diluted 1:5,000&n anti-mouse alkaline phosphatase-
conjugated antibody (diluted 1:5,000) for 1 h at@5

2.4.5 Overexpression irk. coli and purification of recombinant proteins.

Fusion proteins were prepared as described by|Sieia. (1999). Cultures (200 ml) &
coli harboring plasmid pT7-HapBct, pMalE-HapC, pMalE-B&8&CS or pMalE-HapE were
grown to an optical density at 600 nm of ~0.5, amtliction was achieved by the addition of
1 mM isopropylp-D-thiogalactopyranoside (IPTG). After inductionrf8 h at 37°C, cells
were harvested, taken up in 15 ml of buffer A (280 riris-Cl, 1 mM EDTA, 1 mM
dithiothreitol [DTT], 200 mM NaCl [pH 7.5]), lysedy sonication, and centrifuged at
maximum speedor 20 min. The crude cellular extracts were apmplie amylose columns
(New England Biolabs) and washed with buffer A Lt flowthrough optical density at 280

nm was <0.01. The fusion proteins were eluted Witfier A containing 10 mM maltose.

Hisg-HapBct-containing crude celluldt. coli extracts were obtained by the same protocol.

The crude cellular extracts were applied to alottracetic acid agarose column (Qiagen).
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Washing steps were performed according to the srpflhe Hig-tagged protein was eluted
by a 50 to 500 mM gradient of imidazole in washindfer.

The purity of all recombinant proteins was examirnggd SDS-PAGE (see 2.4.3) and

Coomassie blue staining.
2.4.6 Electrophoretic mobility shift assay (EMSA).

EMSA was carried out as described by Steidl e{2001). As a probe, themdSp-derived
CCAAT-containing oligos MH10 and MH11, which aftéybridization form 5 GATC
overhangs (Steidl et al., 1999), were used. Laigkif the probe was performed using ECL
Random Prime Labelling and Detection Kits (GE Headre) according to the manufacturer’s
recommendations. The labelled probe was incubatttdam equal molar concentration of the
proteins purified previously (see 2.4.5) and run ram-denaturating polyacrylamide gel.
Detection of the probe was carried out using EChd®an Prime Labelling and Detection
Kits (GE Healthcare).

2.4.7 Measuring acetamidase specific activity.

Acetamidase can convert acetamide to acetic addaammonia. Ammonia reacts further in
the presence od-ketoglutarate with NADPH, which is converted to BR" by glutamate
dehydrogenase (GDH), to form L-glutamate and wateetamidase activity was assayed by
measuring the conversion of NADPH to NAD#& 340 nm.

A. nidulans strains were grown in AMM for 65 h incubation at°@7 After harvesting,

mycelia were frozen in liquid nitrogen and groundhwmortar and pestle. Mycelia were
suspended in extraction buffer (0.1 M Tris-HCI, BE3). Samples were centrifuged for two
times at 4°C and 13,000 rpm for 15 min. The reactioxture was prepared by mixing 0.2 ml
supernatant, which contains total protein, with @llof 225 mMa-ketoglutarate, 0.1 ml of

7.5 mM NADPH, and 2.5 ml of extraction buffer. Témution was equilibrated for 5 min. 0.5
ml of the reaction mixture was mixed with 0.5 ml bfM acetamide. Enzyme activity was
assayed by measuring the decrease in optical geasiB40 nm and 25°C. The specific

activity of the acetamidase was calculated.
2.5 Fluorescence microscopy

Aspergillus minimal medium (AMM) was inoculated witAspergillus conidia and incubated

overnight at 37°C (see 2.2.2.For nuclear staining, conidia or mycelia were tfanmsd to
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slides and suspended in staining buffer (50 mM wuadphosphate (pH 7.0), 50% glycerol,
0.1% n-propyl gallate) containing 0.1 pg/ml of 4djamidino-2-phenylindol (DAPI). Then,
the cover slip was placed on the slide. nidulans hyphae were analyzed by light and
fluorescence microscopy using Leica DM4500 B digftaorescence microscope (Leica
Microsystems). Leica A filtercube (excitation filt¢blue) BP340-380; dichromatic mirror
(green) 400, suppression filter (red) LP 425) wasliad for DAPI-stained samples. For GFP
localization studies, Leica GFP filtercube (exdtatfilter (blue) BP 470/40; dichromatic
mirror (green) 500, suppression filter (red) BP /B2% was used. BiFC analysis was carried
out using Leica YFP filtercube (excitation filtdrlge) BP 500/20; dichromatic mirror (green)
515, suppression filter (red) BP 535/30). For doentation, a Leica DFC480 digital camera
(Leica Microsystems) was used. Photographs wereepsed for optimal presentation by
Photoshop 7 (Adobe).
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3. Results

3.1 The role of HapC cysteine residues in the stdiby of the CBC complexin vivo.
3.1.1 Searching CBC complex subunits for possiblgsteine target sites.

Analysis of the amino acid sequence of HapB, Hap& HapE revealed that HapB contains
no cysteine residues within its sequence wherea tand one cysteine(s) were found in

HapC and HapE, respectively.

3.1.2 Studying the influence of HapC cysteine resiés replacement on the stability of

the complexin vivo.

Baxevanis et al. (1995) and Sinha et al. (1996)vsldothat the core region of CBF-C (HapE
homologous protein) and CBF-A (HapC homologous g@gntare required for heterodimer
formation, a pre-requisite for CBF-B associationd a@CAAT binding, indicating that
cysteine residues might play a role in the dimeiopaof CBF-A to CBF-C and influence the
stability of the heterodimer. To prove this An nidulans, we studied the role of the HapC
cysteines replacement on the stability of the cempl vivo using the subcellular localization
analysis of the GFP fusion proteins, phenotypicratiarization and complementation
analysis othapC mutants.

3.1.2.1 Construction of plasmids and generation ahe A. nidulans strains.

HapC has three conserved cysteines at positiong87dnd 94 representing the three cysteine
residues at positions C85, C89 and C105 in NF-YiB,Human homologous protein of HapC.
To analyze the importance of the HapC conservetkitysin vivo, a mutant carrying all

cysteine residues of HapC mutagenized into sekia@C3CS), was generated.

In order to avoid the possibility of formation ofiyaphosphorylation sites at the generated
serines, an additional mutant was generated, wtadted a replacement of all three cysteine
residues of HapC to alanine (HapC3CA). The tapC mutant proteins were constructey
two-step PCR site-directed mutagenesis (Higuchalet1988) using the plasmid pHapC-
EGFP as a template and the primers HapC3'Ncol aa@3’'BamHI to amplifyhapC. The
primer pairs 3CS-Forward and 3CS-Backward, and B0Avard and 3CA-Backward were
used to replace all cysteine residues to serinep@3I&S) and alanine (HapC3CA),

respectively. The PCR products were cloned intemld pCF2.1 resulting in the plasmids
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p3CS-Topo and p3CA-Topo, respectively. After seguey mutatedhapC genes were
cloned into p123 and fused &gfp under the control of thetef promoter by digestion with
BamHI and Ncol (Fig. 3-1). The resulting plasmids were called g¢€3CS-EGFP and
pHapC3CA-EGFP, which contain the gehepC3CS andhapC3CA, respectively.

The egfp cassette, including thatef promoter, thehapC3CS-egfp (or hapC3CA-egfp) fusion,
and anos terminator, was excised from pHapC3CS-EGFP andpoB&A-EGFP byClal-
Kpnl digestion and cloned into plasmid pKTB1, whichrgzs thepyr-4 gene oiN. crassa as a
selectable marker, resulting in the plasmids pK HEPpC3CS-EGFP and pKTB1-HapC3CA-
EGFP, respectively. To use it as a control, themld pHapC-EGFP (Steidl, 2001), which
contains ahapC-egfp fusion under the control of thetef promoter, was cloned into pKTB1
by Clal-Kpnl digestion. The resulting plasmid was designat&d Bil-HapC-EGFP and it
contains wild-typéhapC fused togfp under the control of thetef promoter angbyr-4 gene of

N. crassa as a selectable marker (Fig. 3-1).

The A. nidulans strains were generated by transformation thapC strain Nat24 with the
plasmids pKTB1-HapC3CS-EGFP and pKTB1-HapC3CA-E@khg the straing\C-Cgfp-

3CS andAC-Cgfp-3CA, respectively. As a control strain, gplasmid pKTB1-HapC-EGFP
was transformed into thehapC strain resulting in the strainC-Cgfp-Wt, which contains

hapC-egfp under the control of thetef promoter.
3.1.2.2 Phenotypic characterization of thadC-Cgfp-3CS andAC-Cgfp-3CA mutants.

The idea of this experiment was to transformAhapC strain, i.e. Nat24, with mutagenized
HapC encoding geneshgpC3CS and hapC3CA) and characterize the phenotype of
transformants. The Nat24 strain is characterizedltwy growth, poor conidiation and hardly
grows on AMM agar with acetamide as sole N or Cre@uRecovery of the wild-type
phenotype implies that mutagenized HapC complendefitapC while the Ahap phenotype

would indicate the failure of mutagenized HapC damplementihapC.
3.1.2.2.1 Complementation analysis of th&C-Cgfp-3CS andAC-Cgfp-3CA mutants.

The uracil-prototrophic transformants were analybgdgrowing the strain&\C-Cgfp-Wit,
AC-Cgfp-3CS and\C-Cgfp-3CA on AMM agar plates with NaN®@r acetamide as sole N
source. However, all generatéd nidulans strains exhibited wild-type morphology when
grown either on NaN©(Fig. 3-1I-1) or acetamide (Fig. 3-1I-2) as N soerindicating that
both HapC mutant proteins recovered Ahaidulans wild-type phenotype.
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Fig. 3. Analysis of4hapC strains of A. nidulans complemented with the mutagenized
hapC genes.(I) A schematic map of generatbédpC-, hapC3CA- and hapC3CS-egfp gene
fusions for complementation #hapC strain of A. nidulans. The hapC wild-type andhapC
mutant genes were fused in-frameegbp usingBamHI and Ncol restriction sites under the
control of otef promoter. (II) Growth of strainAC-Cgfp-3CS and\C-Cgfp-3CA on AMM
agar with NaN@ (1) or acetamide (2) as N source at 37°C. The-typa strainAC-Cgfp-Wt
was used as a positive control. The name of tlansti(bold italics) and the depiction of the
different HapC-EGFP fusion proteins are indicatadhe left side.

3.1.2.2.2 Growth in liquid minimal medium and compéte medium.

Transformants were analyzed by growing the strélité spores/ml final concentration) in
AMM and ACM. Samples were collected at 12 h inté&s\and dried. Dry weight was plotted
against time. The result showed that on both médegrowth rate of thaC-Cgfp-3CS and
AC-Cgfp-3CA strains did not differ compared wikie-Cgfp-Wt (Fig. 4).
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Fig. 4. Growth curve of AC-Cgfp-3CS andAC-Cgfp-3CA measured by dry weight.The
strains were cultivated in AMM (A) and complete mad (B). The wild-type straimC-
Cgofp-Wt was used as a positive control.

3.1.2.2.3 Growth on acetamide as sole N source.

Previous study showed that CBC is involved in tbgulation of the acetamidase gene
amdS, which is required for the use of acetamide asNha&nd C source (van Heeswijck
and Hynes, 1991). Consequentihap mutant strains hardly grew on acetamide as the
sole N and C source, which is characteristic fdhap phenotype (Papagiannopoulos et al.,
1996; Steidl et al., 1999). Therefore, transforrmamére analyzed by growing the strains
AC-Cgfp-Wt, AC-Cgfp-3CS andAC-Cgfp-3CA on AMM agar plates and in AMM with
acetamide as sole N source. On AMM agar platesuP & (1F spores/ml) were used to
inoculate AMM agar plates with 17 mM acetamide @le 8 source. The diameter of growth
was measured at 12 h intervals. Moreover, in AMfdnsformants were analyzed by growing
the strains (1Dspores/ml final concentration) in AMM with 17 mMetamide as sole N
source. Samples were collected at 12 h intervadsdmied. Dry weight was plotted against
time. Surprisingly, the results showed that th€-Cgfp-3CS andAC-Cgfp-3CA strains
exhibited higher growth rates than the wild-typaistAC-Cgfp-Wt on acetamide as N source
(Fig. 5). To investigate this further, the enzymadictivity of acetamidase (AmdS) was
measured in thaC-Cgfp-3CS and\C-Cgfp-3CA strains as well as the wild-type straid-
Cgfp-Wt (refer to 3.1.2.2.4).
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Fig. 5. Growth curve of AC-Cgfp-3CS andAC-Cgfp-3CA measured by diameter (A) and
dry weight (B). The strains were grown on AMM agar plates (A) andMM (B) with 17
mM acetamide as sole N source. The wild-type stsirCgfp-Wt was used as a positive
control.

3.1.2.2.4 Specific enzyme activity of the acetamisia (AmdS).

Amidases catalyze the hydrolysis of amides to theesponding acids and ammonia. For
example, acetamidase (EC 3.5.1.4) catalyzes thelygts of acetamide into acetic acid and
ammonia (Kohyama et al., 2007). Howew&rnidulans can utilize acetamide as both carbon
source and nitrogen source by means of an acetaen(@dandS) enzyme (van Heeswijck and
Hynes, 1991). As mentioned abovw&;-Cgfp-3CS andC-Cgfp-3CA strains showed higher
growth rates than the wild-type strah@-Cgfp-Wt on acetamide as N source. Therefore, by
measuring the acetamidase activity it should baiptesto confirm the higher growth rates of
AC-Cgfp-3CS and\C-Cgfp-3CA strains on acetamide in comparison whiAC-Cgfp-Wit.
The acetamidase specific activity was measuredhenstrainsAC-Cgfp-3CS and\C-Cgfp-
3CA after 65 h incubation at 37°C in AMM with 17 matetamide as N source. The wild-
type strainAC-Cgfp-Wt was used as a control. As in acetamidewvtyr experiments, the
results showed that the acetamidase activity of ABeCgfp-3CS andAC-Cgfp-3CA was
higher compared with the wild-type straNC-Cgfp-Wt (Fig. 6), suggesting an unexplained
positive involvement of mutagenized HapC proteins. (HapC3CS and HapC3CA) in

regulation of the acetamidase geaeS) in comparison with wild-type HapC.
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Fig. 6. Specific activity of acetamidase IAC-Cgfp-3CS andAC-Cgfp-3CA strains of A.
nidulans cultivated in AMM with acetamide as sole N sourceThe wild-type straimAC-
Cgofp-Wt was used as a positive control.

3.1.2.2.5 HO, susceptibility determined by inhibition zone plateanalysis.

In order to compare the B, sensitivity of AC-Cgfp-3CS and\C-Cgfp-3CA strains with the
wild-type strainAC-Cgfp-Wt, inhibition zone plate analysis was parfed using different
concentrations of yD,. The results obtained did not show any signifiahfferences between
the diameters of the inhibition zone measuredHterdtrains tested at different concentrations

(Fig. 7).
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Fig. 7. Sensitivity of AC-Cgfp-3CS andAC-Cgfp-3CA strains to H,O,. Susceptibility was
measured as the zone of growth inhibition afteroight growth on AMM agar plates. The
wild-type strainAC-Cgfp-Wt was used as a positive control.
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3.1.2.3 Visualization of the stability of the comm@x using GFP fusions.

HapC has dual subcellular localizations dependimghe stage of CBC complex formation.
HapC does not carry any nuclear localization sigN&alS). When HapC forms a heterodimer
with HapE, it is localized in the cytoplasm. Howgvethen HapB, which carries an NLS,
binds the HapC-HapE heterodimer, it localizes m nilacleus (Steidl et al., 2004). Therefore,
the stability of the complex was studiedvivo by visualizing the localization of HapC-EGFP.
In the stable complex, the HapC-EGFP fusion is beeg part of CBC and it enters the
nucleus while the less stable complex gets disasieeintausing HapC-EGFP to localize in

the cytoplasm.

Here, GFP fusions were used to monitor the locitiman the two straindC-Cgfp-3CS and
AC-Cgfp-3CA. It is expected that mutagenized Hapg€spC3CS and HapC3CA) form a less
stable complex in comparison with the complex faitnbg wild-type HapC. Consequently,
the complexes with mutagenized HapCs very likebalze in the cytoplasm. As shown in
Fig. 8-A, unlike the strailC-Cgfp-Wt, the straindC-Cgfp-3CS and\C-Cgfp-3CA showed
strong fluorescence in the cytoplasm (Fig. 8-B af, indicating that mutagenized HapC

might form a less stable complex with other CBCusts, which disassembles later on.
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Fig. 8. Cellular localization of HapC3CS and HapC3@ mutant proteins. Cellular
localization of HapC3CA-EGFP and HapC3CS-EGFP fugimotein (panels 3), to monitor
the localization of HapC3CS- and HapC3CA in thaieBAC-Cgfp-3CS and\C-Cgfp-3CA,
respectively. The wild-type stratiC-Cgfp-Wt was used as a positive control. Samplesew
analyzed by light microscopy (panels 1) and fluoeese microscopy (panels 2 for DAPI
staining of nuclei and panels 3 for EGFP local@ati The name of the strains (bold italics)
and the depiction of the different HapC-EGFP fugiooteins are indicated on the left side.
The cysteine residues and the amino acids repldloexg cysteines are labelled by letters and
numbers.
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3.1.2.4 Analyzing the stability of the complexn vitro using electrophoretic mobility shift
assay (EMSA).

To confirm the idea that localization of HapC3CS& &tapC3CA in the cytoplasm is due to
the lower stability of the formed complex, EMSA wasrformed using the CBC complex
formed by HapC3CS, HapB and HapE. DNA binding a tomplex was compared with the
complex formed by the wild-type HapC, HapB and HapE

The hapC3CS gene was amplified by PCR using HapC-MalE-sensg HapC-MalE-
antisense primers and p3CS-Topo plasmid as a tengdlhe PCR product was cloned into
pCR®2.1 resulting in plasmid pTopo-MalE-HapC3CS. Afsequencing, the correct plasmid
was digested witBamHI andXbal and the 660 bp band bapC3CSwas ligated into pMAL-
c2X, a vector designed to produce maltose-bindnogem (MBP) fusions, where the protein
of interest can be cleaved off the MBP with thec#pe protease factor Xa, resulting in
plasmid pMalE-HapC3CS. The plasmid was transfornméd E. coli DH5a. The E. coli
overexpression strains for HapB, HapC, and HapEewenerated previously (Steidl et, al
1999). To study then vitro reconstitution of a CCAAT-binding compleXapB, HapC,
HapC3CS and HapE were expressecEircoli as fusion proteins and purified by affinity
chromatography. HapC (aa 1 to 186), HapC3CS (aa1B6) and HapE (aa 1 to 265) were
purified as MalE fusion proteins. HapB was purifiad a Histagged truncated protein
(HapBct) containing the C-terminal 183 aa of Ha@ (68 to 349), which includes the
predicted conserved DNA binding and subunit inteoacdomains. Induction was done using
0.1 M IPTG/flask and shaken at 27°C. Equal amoohthe recombinant HapB, HapE and
HapC, and HapB, HapE and HapC3CS were mixed tonsttote the CBC complex
containing HapC and HapC3CS, respectively. Both €B@plexes were incubated with 700
pmol of the DNA probes MH10 and MH11. TlaendS promoter-driven MH10 and MH11
probes are complementary oligonucleotides, whicihmfo5 GATC overhangs after
hybridizing with each other (Steidl et al., 1998pmplex reconstitution and DNA binding of
the CBC complex formed by HapC3CS, HapB and Hapk avealyzed and compared with
the complex formed by the wild-type HapC, HapB &fapE.

The results obtained showed that CBC complex formsidg HapC3CS binds weaker in
comparison with that formed using an equal amofiiiapC (Fig. 9). These results support
the idea that the mutagenized HapC forms a lesdestamplex with other CBC subunits,
which disassembles later on.
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Fig. 9. Stability analysis of the CBC complex formeé with HapC3CS by EMSA. EMSA
experiments were performed using oligonucleotidg@umixed with purified recombinant
CBC subunits. Lanes 1-6: DNA-CBC complex that corgtavild-type HapC, 7: only DNA,
8-13: DNA-CBC complex that contains HapC3CS.

3.1.2.5 Visualization of the nuclear localization fothe less stable CBC complex using
HapE-EGFP fusion.

As shown previously in 3.1.2.3, both HapC3CS an¢E&CA are able to form a CBC
complex with lower stability, which can recover tvéd-type phenotype inthapC mutants.
However, to prove that the less stable CBC complgkijch contains HapC3CS (or
HapC3CA), localizes in the nucleus, tA€-Egfp strain was used. This strain istlaapC
strain and contains fapE-egfp fusion. The reason for choosing HapE is that Hdp&s not
carry any nuclear localization signal. Therefonaglaar localization of the HapE-HapC dimer

is only possible when the CBC complex is formed.

This AC-Egfp strain was transformed wikiapC3CS under the control of the inducib&tcA
promoter (Fig. 10-1). The plasmid, which carrlegpC3CS under the control of the inducible
alcA promoter, was constructed by digestion of p3CSeTegth BamHI and Xbal. The
resulting DNA fragment, which contaihapC3CSand 51 bp after the stop codon, was ligated
into the pAL4 plasmid. The resulting plasmid wassigeated pAlcA-HapC3CS. ThA.
nidulans strain AC-Egfp was co-transformed with the plasmids pAlcAp€3CS and
PabaAnid. The resulting strain, which was derivieanf co-transformation of thAC-Egfp
strain with the plasmids pAlcA-HapC3CS and PabaAmws designatedC-Egfp-alcA-
HapC3CS. This strain was incubated in AMM at 37°@d a80 rpm overnight. The
localization of HapE-EGFP was visualized under sidg conditions (threonine), repressing
conditions (glucose) and under non-inducing/nomrgsging conditions (lactose).
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Under inducing and non-inducing/non-repressing tams HapE-EGFP was localized in the
nucleus (Fig. 10-1I-A and -C) while repressing citiotis led to the accumulation of HapE-
EGFP in the cytoplasm (Fig. 10-11-B).

These results are consistent with the previouslteesThey showed that HapC3CS forms a
complex with lower stability, which is still able tocalize in the nucleus. We proposed that
although HapC3CS and HapC3CA form less stable CBfiptexes, however, overexpression
of the HapC3CS and HapC3CA by the stratef promoter leads to the formation of the less
stable CBC complex in high quantities, which ardfigent to recover the wild-type

phenotype.

I

11
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Fig. 10. Cellular localization of CBC complex contming HapC3CS visualized via HapE-
EGFP. (I) A schematic map of the generatadAp-hapC3CS construct used to transform a
AhapC strain of A. nidulans, which contains théapE-egfp fusion under the control adtef
promoter. (lI) Cellular localization of HapE-EGFRBsfon protein (panels 3), to monitor the
nuclear and cytoplasmic localization of CBC complexder induced (A), inhibited (B) and
non-inducing/non-repressing (C) conditions. Samplese analyzed by light microscopy
(panels 1) and fluorescence microscopy (panels RAR| staining of nuclei and panels 3 for
EGFP localization).
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3.2 Regulation of HapC by the redox status of theed!.
3.2.1 Subcellular localization ofA. nidulans HapC under oxidative stress conditions.

Subcellular localization is a key functional chaeaistic of proteins. To cooperate for a
common physiological function (metabolic pathwaygnal transduction cascade etc.),
proteins must be localized in the same cellular mamment. However, the subcellular
localization of some proteins might be altered wndertain circumstances, e.g. stress

conditions.

In this work, | tried to investigate the influenad oxidative stress conditions on the
localization of HapC by using ai nidulans strain AC-Cgfp), which carries a HapC-EGFP
fusion (Steidl, 2001) under the control of tbief promoter (Fig. 11-A). The spores of this
strain were grown overnight at 37°C and then exppdsel0 mM HO, at RT. Then, the

subcellular localization of HapC was monitored lisualizing the GFP localization after 15,
30, 45 and 60 minutes post treatment. HapC lodalizan treated mycelia was compared

with the untreated mycelia (:8-).

Upon HO, addition, HapC was localized in the cytoplasm ap30 minutes (Fig. 11-B).
However, the subcellular localization of HapC wastiplly restored back to the nucleus after
45 minutes, in which HapC-EGFP was observed innheleus but still visualized in the
cytoplasm. After 60 minutes, HapC subcellular lazdlon was restored back to the nucleus
(Fig. 11-B).

It is very likely that under oxidative stress cdraiis, cysteine residues of HapC got oxidized
and formed intra- or intermolecular disulfide bmrdgcausing disassembly of the CBC
subunits. In order to restore the functional CB@ptex, the oxidized form of HapC has to
be reduced by an intracellular redox system allgwiHapC to become part of the CBC

complex.

To confirm the role of cysteine residues in theal@ation of HapC under oxidative stress, an
A. nidulans strain AB-Bgfp) was used, which carries a HapB-EGFP fugisteidl, 2001)
under the control of thetef promoter (Fig. 11-A). HapB was used since it costano
cysteine residues (refer to 3.1) and a nuclearliataon signal. The conidia of this strain
were inoculated overnight at 37°C and the germlwgse exposed to 10 mM,B, at RT.
The subcellular localization of HapB was monitolgdvisualizing GFP localization after 15,

30, 45 and 60 minutes post treatment and compaitedmtreated mycelia (-4D-).
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Fig. 11. Visualization of the subcellular localizabn of HapC and HapB in response to
oxidative stress conditions(A) Schematic map ofiapB- (left) andhapC-egfp (right) gene
fusions. (B) Subcellular localization of HapC-EGHP response to D, treatment. (C)
Subcellular localization of HapB-EGFP in responge H,O, treatment. Samples were
analyzed by light microscopy (panels 1) and fluceese microscopy (panels 2 for DAPI

staining of nuclei and panels 3 for GFP localizatiorThe name of the strains, GFP fusions

and the period of O, treatment are indicated on the left side.
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Unlike HapC, the localization of HapB was not imflhiced by the treatment with®.. HapB-
EGFP was observed in the nucleus before and adi@intent with HO, (Fig. 11-C).

This further suggests the model that HapC cystepteg a role in the localization of HapC
upon treatment with ¥, by forming intra- or intermolecular disulfide bges causing

disassembly of the CBC subunits.
3.2.2 Transcriptional analysis ofA. nidulans trxA.

The thioredoxin system responds in the cell to atwi@ damage and stress by elevated levels
of thioredoxin transcripts. Its main function is t@ep proteins in the reduced state
(Holmgren, 1985). TrxA represents the main thiosed@f A. nidulans (Thon et al., 2007). In
this experiment, the response of the cell to oxrdattress was examined by measuring TrxA
MRNA steady state level. The changeAimidulans trxA transcripts in response to elevated
concentration of kD, was estimated using the analysis oftitx& steady state mMRNA levels.
The A. nidulans strainAC-Cgfp was used. The spores of this strain werebated overnight
at 37°C and the germlings were exposed to 10 mhLkt RT. The mycelia were harvested
after 15, 30, 45 and 60 minutes post treatment. RMA extracted and the differencetirA
transcript levels was visualized by Northern blsing a fluoresceine-labelled probe of the
nidulans trxA gene. ThetrxA transcript levels of treated mycelia were compavéth

untreated mycelia (O min).

The probe was prepared by amplifying theA gene from genomic DNA using the primers
(TrxBamHI and TrxNcol). The 333 bp PCR product wiaed as a template for generation of
a fluoresceine-labelled probe using Gene Imagesd®&anPrime Labelling Kit (GE

Healthcare).

As expected, under standard conditions hardly tax&x mRNA was visible whereas trxA
MRNA steady state transcript levels were drastidaireased after #D, exposure (Fig. 12).
However, 15 min after addition of,B, a great amount dfxA mRNA was detectable which
was reduced after 30 min and not visible anymoter a5 min (Fig. 12). Based on these
results, it is very likely that the production bfdredoxin under oxidative stress conditions led

to reduction of oxidized HapC.
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Fig. 12. Response of the cell to oxidative stresseasured bytrxA mRNA steady state
level. (A) The mRNA of A. nidulans was hybridized withrxA specific probe corresponding
to 333 bp otrxA gene. (B) Photograph of gel stained with ethidhmamide.

3.2.3 Subcellular localization of HapC in a thioredxin (trxA) deletion mutant of A.

nidulans.

To provide evidence of TrxA involvement in the retlon of oxidized HapC cysteine
residues during oxidative stress conditionsftexA A. nidulans strain ATrxA-Cgfp) was
generated, which carries HapC-EGFP fusion underctivdrol of otef promoter. TheA.
nidulans pyroA gene, which is required for pyridoxine biosyntkg€)smani et al., 1999), was
amplified by PCR using the primers AnPyro-For amPAro-Rev and genomic DNA of the
AXB4A2 strain as a template. The 2.5 kbp PCR prgdwhich contains the 1 kbpyroA
gene and the 1 kbp of the endogenous promoter &n&bp of the endogenous terminator,
was digested witlHindlll and ligated into pHapC-EGFP. The resultingsphed, pHapC-
EGFP-pyro, carriepyroA as a selection marker. The plasmid was transfoiimedhetrxA

A. nidulans strain AnTrxAKO (Thén et al., 2007). The resultisgain, which has hapC-
egfp fusion and drxA deletion, was designatéd rxA-Cgfp. The strain was grown overnight
in AMM with 2 mM glutathione at 37°C and microscopé\s expected, HapC was localized
in the cytoplasm. The HapC-EGFP was detected maimlythe cytoplasm but some

localization of HapC-EGFP was also observed imtingeus (Fig. 13).

Combining the previous results from points 3.2.1 @&?2.2, in which we proposed that
oxidized HapC forms intra- and intermolecular disi@ bridges causing disassembly of the
CBC subunits, with these results provides indiegtlence that TrxA binds to the oxidized

HapC and reduces it. This allows reduced HapC tworne part of the CBC complex.
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However, to provide a direct evidence for TrxA-HapiDteraction, bimolecular

complementation (BiFC) was applied to visualizeA4kapC interactionn vivo.
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Fig. 13. Visualization of the subcellular localizabn of HapC-EGFP in a AtrxA A.
nidulans strain (ATrxA-Cgfp). Samples were analyzed by light microscopy (pangland
fluorescence microscopy (panels 2 for DAPI stainofgnuclei and panels 3 for GFP
localization). The HapC-GFP fusion is indicatedtioa left side.

3.2.4 Visualization of the protein-protein interactons in vivo using bimolecular

fluorescence complementation (BiFC).

BiFC assay was usdd study protein-protein interactions A nidulans. This approach is
based on the complementation between two non-fhgerdg fragments of the yellow
fluorescent protein (YFP) when they are broughetbgr by interactions between proteins

fused to each fragment (Fig. 14).

Fungal expression vectors for the bimolecular #soence complementation assay were
provided by Hoff and Kick (2005). The N-terminugios encoding the 1-154 amino acids
(eyfpN) and C-terminus region encoding 155— 238 amindsayfpC) of the eyfp were
cloned to fungal plasmid under the control of thenidulans gpdA promotor. Linker
sequences encoding RSIAT and RPACKIPNDLKQKVMNH warserted in front okyfpN

and eyfpC, respectively (Hu et al., 2002). The resultingspiéds were designated pEYFPN
and pEYFPC and contain the eyfpN and eyfpC, resmgt Additionally, in both plasmids,
the Ncol and Notl sites were inserted in front of linker sequenteduse genes of interest
(Fig. 15).
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Fig. 14. Principle of the bimokcular
fluorescence complementation ass
(BIFC). (A) Predicted structure of t
EYFP protein. The picture is based
the X+ay crystal structure of GFP ¢
generated using the program Py
(DeLano Scientific LLC, USA). TheC
and the N- terminal partd @ YFP art
shown in green and \vyello
respectively. (B)The EYFP protein
split into non-fluorescent N- and-(
terminal parts and fused to two puta
interaction proteins; protein X and
The interaction between the t
proteins facilitates the assoticn of
the two EYFP termini and restorat
of fluorescence which could
visualized microscopically.
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Fig. 15. Schematic overview of the BiFC fusion cotrsicts used to fuse the interacting
partners to EYFPC (A) and EYFPN (B). The A. nidulans gpdA promoter is indicated in
white arrow. Linker sequences encoding RPACKIPNDIKRQINH and RSIAT are drawn
in grey boxes. TheyfpC andeyfpN are marked by yellow arrows. In-frame fusioreypC or
eyfpN was performed usiniycol andNotl.
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3.2.4.1 Construction of expression vectors for viglizing protein-protein interactions
using BIiFC.

3.2.4.1.1 Construction of expression vectors for stializing protein-protein interactions
with HapC.

The hapC gene was amplified by PCR using pHapC-EGFP asmpléde and the primers
HapC-BiFC-For and HapC-BiFC-Rev, which caf¥gol in their sequences. The resulting
fragment had a length of 621 bp and ATG GCA, whaalcodes for methionine and alanine,
in front of thehapC translational start codon. The PCR fragment wgatdid into pCR2.1
resulting in a plasmid called pCR2.1-HapC-Bi. THeRPfragment was sequenced and the
correct plasmid was cloned afterwards to the pldspiYFPC and fused to the C-terminal
part ofeyfp usingNcol. The resulting plasmid was designated pHapC-Yia& TI.4 kbp region
between the twd\pal restriction sites, which contairigpCp-hph, was removed by digestion
with Apal. The resulting plasmid was called pHapC-¥8yg. This plasmid was digested
afterwards withXbal and the 3.8 kbp fragment, which contagpslAp-hapC-eyfpC-trpCt, was
ligated into pKTB1. The resulting plasmid was desigd pHapC-YC-pyrénd it contains
thepyr-4 gene as a selection marker.

The 2.6 kbp fragment, which contaiggdAp-hapC-eyfpC-trpCt, was also amplified by PCR
using the primers EYFP5'BamHI and EYFP3'BamHI. plasmid pHapC-YC-pyr4 was used
as a template. PCR product was digested ®&mmHI, which resulted in the removal of the
trpC terminator. The remaining fragment was ligate@ iRkbaAnid. The resulting plasmid,

pHapC-YC-paba, carries tipabaAl gene as a selection marker.

HapC was also fused to the N-terminal part of YHRe hapC gene was PCR amplified using
the primers HapC-BiFC-For and HapC’3Notl625. Thasptid pHapC-YC-pyr4 was used as
a template. The PCR product was digested Wabl andNotl and ligated into pEYFPN. The
resulting plasmid was called pHapC-YN. The 2.78 Kkiggment, which containgpdAp-
hapC-eyfpN-trpCt, was also amplified by PCR using the primers E¥BBmHI and
EYFP3'BamHI and using pHapC-YN as a template. TB&® Broduct was digested with
BamHI, which led to the removal of thepC terminator. The remaining fragment was ligated
into plasmid PabaAnid. The resulting plasmid wasigleated pHapC-YN-paba. It carries

pabaAl as a selection marker.
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3.2.4.1.2 Construction of expression vectors for stializing protein-protein interactions
with HapC3CS.

The hapC3CS genewas amplified by PCR using pHapC3CS-EGFP as a sm@nd the
primers HapC-BiFC-For and HapC-BiFC-Rev, which gaKcol in their sequences. The
resulting fragment had a length of 621 bp and hd&G AGCA in front of hapC3CS
translational start codon, which encodes for meiihi® and alanine. The PCR fragment was
cloned into pHapC-YQhyg and was thereby fused to the C-terminal pareyfyh, after
removing hapC using Ncol. The resulting plasmid was called pHapC3CS-X@x. After
sequencing, a 3.8 kbp DNA fragment, which contaipdAp-hapC-eyfpC-trpCt, was cloned
into the plasmid pKTB1 using th&bal site. The resulting plasmid was designated
pHapC3CS-YC-pyrdlt contains theyr-4 gene as a selection marker.

3.2.4.1.3 Construction of expression vectors for stializing protein-protein interactions
with HapE.

The hapE open reading frame was cloned directly by diggspklapE-EGFP witiNcol. The
986 bphapE fragment, which is made up of 795 bgpE encoding four exons separated by
185 bp containing three introns (Fig. 16), wastkgainto pEYFPN and thereby fused to the
N-terminal part okyfp. The resulting plasmid was pHapE-YN.

Exo\m ExoT Exon3 XKpnl (274) Exond (il (665) MNdel (806)
Fig. 16. Schematic overview of thbapE used in BiFC.ThehapE gene used for BiFC
analysis contains four exons separated by thregnisit

The 3.1 kbp DNA fragment, which contaigigdAp-hapE-eyfpN-trpCt, was amplified by PCR
using the primers EYFP5’EcoRI(C2) and EYFP3’'EcoRl(@nd the plasmid pHapE-YN as a
template. The PCR product was digested \BithRI and ligated into pNfyB-YC-pyr4 (refer
to 3.2.4.1.8). The resulting plasmid, pNfyB-HapE<4ycarriespyr-4 as a selection marker.
The plasmid was afterwards digested withal causing removal of a 5.3 kbp DNA fragment,
which containgpdAp-nfyB-eyfpC-trpCt. The plasmid was then re-ligated resulting irspia
pHapE-YN-pyr4, which contains onlyapE-eyfpN under the control of thgpdA promoter

and hagyr-4 as a selection marker.
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3.2.4.1.4 Construction of expression vectors for stializing protein-protein interactions
with HapB.

The ORF ofhapB was amplified by PCR using HapB 5'Ncol and Hag@Bo®8 primers, which
were also used to inseNcol and Notl sites at the 5 and 3' ends of the PCR fragment,
respectively. The plasmid pHapB-EGFP was used d8 @plate forhapB amplification.
The PCR product was digested witlcol and Notl and cloned into pEYFPN. The resulting
plasmid, which containkapB fused to the N-terminal part @jyfp, was designated pHapB-
YN.

The 3.2 kbp DNA fragment, which contaiggdAp-hapB-eyfpN-trpCt, was amplified by PCR
using the primers EYFP5'EcoRI and EYFP3'EcoRI arthgB-YN as a template. PCR
product was digested witicoRI and ligated into pHapX-YC-pyr4 (refer to 3.2.Z)J The

resulting plasmid was designated pHapX-HapB-pyrdairiespyr-4 as a selection marker.

3.2.4.1.5 Construction of expression vectors for stializing protein-protein interactions
with TrxA.

Amplification of thetrxA gene was done by PCR using the primers TrxBamHdITarNcol
and the plasmid pET39-AnTrxA(wt)-H6 as a templdibe PCR product was digested with
Ncol and ligated into pEYFPN. The resulting plasmidswa@esignated pTrxA-YN, which
containstrxAC fused to the N-terminal part @fp. The 2.5 kbp fragment, which contains
gpdAp-trxA-eyfpN-trpCt, was amplified by PCR using the primers EYFP5'Kpmnd
EYFP3'Kpnl. The plasmid pTrxA-YN was used as a t&atg The PCR product was digested
with Acc65l1 (an isoschizomer dfpnl) and ligated into pNfyB-YC-pyr4 (refer to 3.2.48).
The resulting plasmid, pNfyB-TrxA-pyr4, carriggr-4 as a selection marker. The plasmid
was afterwards digested widbal causing the removal of a 5.3 kbp DNA fragment,clih
containsgpdAp-nfyB-eyfpC-trpCt. The plasmid was then re-ligated resulting in pieesmid
pTrxA-YN-pyr4, which contains onlyrxA-eyfpN under the control ofpdA promoter and has
pyr-4 as a selection marker.
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3.2.4.1.6 Construction of an expression vector forvisualizing protein-protein

interactions with mutagenized TrxA (TrxAC39S).

Amplification of mutanttrxA gene {rxAC39S) was done by PCR using the primers
TrxBamHI and TrxNcol and the plasmid pET39-AnTrxAES)-H6 as a template. The PCR
product was digested witNcol and ligated into pEYFPN. The resulting plasmidswa
designated pTrxAC39S-YN, which containgAC39S fused to the N-terminal part effp.

3.2.4.1.7 Construction of expression vectors for stializing protein-protein interactions
with HapX.

The hapX gene was amplified by PCR using the genomic DNAhef strain AXB4A2. The
fragment was amplified by using the primers: HapX¢-Bnd HapX-Rev. The resulting PCR
fragment had a length of 1.4 kbp andNgol site at the 5° and 3* ends. The DNA fragment
was ligated into pC®2.1 resulting in a plasmid called pCR2.1-HapX. Aequencing, the
hapX ORF was amplified by PCR using HapX5'Ncol and Hap¥tl primers. The PCR
product was digested witNcol and Notl and hapX was ligated into pEYFPC and pEYFPN
resulting in the plasmids pHapX-YC and pHapX-YN,iethcontainhapX fused to thesyfpC

andeyfpN termini, respectively.

The 1.4 kbp DNA region in pHapX-YC, which is locdtbetween the twdpal restriction
sites and contairtspCp-hph, was removed by digestion wifipal. The resulting plasmid was
called pHapX-YCAhyg. This plasmid was digested wikbal and the 4.65 kbp DNA
fragment, which containgpdAp-hapX-eyfpC-trpCt, was ligated into pKTB1. The resulting
plasmid was designated pHapX-YC-pyr4. It contgayrs4 gene as a selection.

The 3.4 kbp DNA fragment, which contaiggdAp-hapX-eyfpC-trpCt, was also amplified by
PCR using the primers EYFP5'BamHI and EYFP3'BamAH. a template, the plasmid
pHapX-YC-pyr4 was used in the PCR. The PCR proaiag digested witlBamHI, which
resulted in the removal of theepC terminator. The remaining fragment was ligated int
PabaAnid. The resulting plasmid was designated pHé&p-paba. It carriegpabaAl as a

selection marker.
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3.2.4.1.8 Construction of expression vectors for stializing protein-protein interactions
with NF-YB.

The ORF ofnf-yB was amplified by PCR using TEV-NF-YB (P. Hortschlayy pers.
communication) as a template and the primers NFFé6Band NF-YB-Rev, which were also
used to insemlcol andNotl sites at the 5" and 3' ends of the PCR fragmrespectively. The
resulting PCR fragment was 650 bp. It contains AGGA, which encodes for methionine
and alanine, in front aff-yB translational start codon. The PCR fragment wased into the
plasmid pEYFPC and fused to the C-terminal pasyfd usingNcol andNotl. The resulting
plasmid was designated pNfyB-YC. After sequencihg, plasmid was digested wibbal
and the 5.3 kbp DNA fragment, which contaglAp-nfyB-eyfpC-trpCt, was ligated into
pKTB1. The resulting plasmid was designated pNfyB-j¥yr4. It contains theyr-4 gene as

a selection marker.
3.2.4.1.9 Construction of expression vectors for geration of control strains.

The plasmid pEYFPC was digested wipal thereby removing the 1.4 kbp DNA fragment
between the twd\pal restriction sites, which containgpCp-hph. The resulting plasmid was
called pYCAhyg. This plasmid was digested wikbal and the 3.2 kbp DNA fragment,
which containsgpdAp-eyfpC-trpCt, was ligated into pKTB1. The resulting plasmidswa

designated pYC-pyr4t containspyr-4 gene as a selection marker.

Using the plasmid pEYFPN as a template, the 2.2Ikdp fragment, which containgpdAp-
eyfpN-trpCt, was amplified by PCR wusing the primers EYFP5EKE2) and
EYFP3'EcoRI(C2). The PCR product was digested \EitbRI and ligated into pKTB1. The

resulting plasmid was designated pYN-pyr4. It @spyr-4 as a selection marker.
3.2.4.2 Generation ofA. nidulans strains for BiFC analysis.

Plasmids encoding YFP-fusion partner proteins wecetransformed inA. nidulans
ectopically together with the autonomously repliogtA. nidulans vector pHELPconsisting
of pUC18 and themal (Gems and Clutterbuck, 1993; Aleksenko and Cluttekb 1997).
Transformants were tested by PCR using the prinags pyfpC-For-long and eyfpC-Rev-
long, and eyfpN-For-long and eyfpN-Rev-long, wharhplify eyfpC andeyfpN, respectively.
Moreover, transformants were confirmed by Southdat but were not tested for the copy

number integration of the plasmids (not shown).
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3.2.4.3 Visualization of the interaction between HaC and HapE under oxidative stress

conditions.

3.2.4.3.1 Visualization of HapC-HapE interaction uder imbalanced stoichiometric

overexpression of HapC and HapE in response to oxative stress.

We started our BiFC assay by analyzing the welMkmanteraction between HapC and HapE.
The plasmids pHapC-YC-pyr4 and pHapE-YN, which gdrapC-eyfpC and hapE-eyfpN
fusions respectively, along with pHELP were conded and transformed in the AXB4A2
strain, as mentioned above (refer to 3.2.4.1.1433 and 3.2.4.2). The strain was called

yHapC-HapE.

In order to ensure that the observed fluoresceasalted from the specific protein-protein
interactions and not from unspecific binding of tk® EYFP termini, from background or

autofluorescence, several control strains were rgéedt The strains yC and yN were
constructed by transforming the plasmids pYC-pyntl @YN-pyr4 (refer to 3.2.4.1.9),

respectively, in the AXB4A2 strain. The strain y@Ws generated by co-transforming the
AXB4A2 strain with pYC-pyr4 and pEYFPN. Moreovehet strain yHapE-C was generated
by co-transforming the AXB4A2 strain with pHapE-Yaxid pYC-pyr4 (refer to 3.2.4.1.3 and
3.2.4.1.9). Finally, the strain yHapC-N was geretdiy co-transforming the AXB4A2 strain

with pHapC-YC-pyr4 (refer to 3.2.4.1.1) and pEYFPN.

Using BIiFC, we could visualize the interaction beéw HapC and HapE in the strain yHapC-
HapE (Fig. 17). The interaction between HapC angHBavas mainly in the nucleus.
However, since the HapC and HapE subunits wereruhdecontrol of strong promoters, the
interaction was also noticed in the cytoplasm cduseimbalance in the stoichiometry of the
complex leading to accumulation of the HapC-Hap#atiin the cytoplasm (Fig. 17, 0 min).

To study the influence of oxidative stress on CBfnplex, the yHapC-HapE strain was
grown in AMM overnight at 37°C and then exposed®@mM HO,. Samples were collected
after 15, 30, 45 and 60 minutes and microscopeanUpeatment with kD,, we noticed
strong fluorescence in the cytoplasm after 15 @hdhButes. After 45 minutes, fluorescence
was reduced in the cytoplasm. Finally after 60 r@au fluorescence was restored again
mainly in the nucleus and partially in the cytophag-ig. 17). However, this contradicted our

expectation, which is the dissociation of the Hap&pE dimer upon treatment withy®h. In
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the control strains yN, yC, yCN, yHapE-C and yHa@Cro fluorescence was noticed (Fig.
17).

EYFPN

¥N
15 min H, O,

EYFPC
15 min H, O, =
YCN --- >
EvFRC
15 min H,O, e
= HapE EYFPN
yHapE-C @'
15 min H,0, IS EYFPC
yHapC-N
15 min H, 0,

{Eﬁ

HapC. EYFPC

e

Ha(_:_, EYFPC

yHapC-HapE

HapC EYFPC

-

‘fFPH

HapC EYFPG

Fig. 17. Visualization of the subcellular localizabn of HapC-HapE heterodimer in
response to oxidative stress under imbalanced sthiometric overexpression of HapC
and HapE. (1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus, (3)
fluorescence microscopy of mycelia. The name ofstin@ns (bold italics) and the period of
H,O, treatment are indicated on the left side. The auing partners of BiFC are drawn on
the right side.
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3.2.4.3.2 Visualization of HapC-HapE interaction uder balanced stoichiometric

overexpression of all three subunits in response txidative stress.

In order to avoid any misinterpretation causedtbychiometrically imbalanced expression of
the CBC subunits, transformation of the yHapC-Hapfain with thehapB gene under the
control of the strongpdAp promoter was done. Th@pB gene was amplified by PCR with
the primers EYFP5'BamHI and gpdA-HapB-Rev using pBt¥N as a template. The PCR
product was digested witBamHI and cloned into PabaAnid. The resulting plasmwals
designated pHapB-paba. The plasmid pHapB-paba measformed into the strain yHapC-
HapE resulting in strain yHapC-HapE-HapB, whichtoesd the stoichiometric imbalance of
CBC subunits since they are all under the contfothe gpdA promoter. Like the strain
yHapC-HapE, the strain yHapC-HapE-HapB was treatéd H,O, and microscoped, as
mentioned above. The HapC-HapE dimer was stablerupxidative stress conditions when
the stoichiometric balance of all complex subumits restored (Fig. 18), since no change or

reduction in the fluorescence was noticed uportrtreat with BO..

15 min Hy0, L L.
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Fig. 18. Visualization of the subcellular localizabn of HapC-HapE heterodimer in
response to oxidative stress under balanced stoicmetric overexpression of all CBC
three subunits. (1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus, (3)
fluorescence microscopy of mycelia. The period eDHtreatment is indicated on the left
side. The interacting partners of BiFC are drawhanright side.
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3.2.4.4 Visualization of the interaction between HaC and TrxA under oxidative stress

conditions.

BiFC assay was employed to analyze the interattetween HapC and TrxA under oxidative

stress conditions. Therefore, the analysis wasldd/into three parts:

1. The interaction between wild-type HapC and wjlde TrxA. In this analysis, we expected

to observe transient interaction between HapC arA.T

2. The interaction between wild-type HapC and memszed TrxA (TrxAC39S). Since the
permanent interaction of TrxA with the target pnotéas been reported when the TrxA
cysteine at position 39 was mutagenized to seiadi¢ and Holmgren, 1980; Thon et al.,
2007), mutagenized TrxA (TrxAC39S) was used to alige the permanent interaction
between HapC and TrxAC39S.

3. The interaction between mutagenized HapC (Ha®}3énd wild-type TrxA. This
interaction served as a negative control. Howewergxpected that TrxA would not interact

with HapC when all HapC cysteines were mutageniaesgrine.

3.2.4.4.1 Visualization of the interaction betweenmvild-type HapC and wild-type TrxA

under oxidative stress conditions.

An A nidulans strain was constructed by co-transformation of AkB4A2 strain with the
plasmids pHapC-YC-pyr4 and pTrxA-YN in addition@blELP (refer to 3.2.4.1.1, 3.2.4.1.5
and 3.2.4.2). The strain was designated yHapC-Tlxéontains HapC and TrxA fused to the
C- and N- terminal parts of YFP, respectively. Tes@e that the fluorescence resulted from
specific protein-protein interactions, two contstilains were used. The first strain, yHapC-N,
was described previously (refer to 3.2.4.3.1), a/liile second strain yTrxA-C was generated
by co-transforming the AXB4A2 strain with pTrxA-Yahd pYC-pyr4 (refer to 3.2.4.1.5 and
3.2.4.1.9). To visualize the transient interactlmiween HapC and TrxA under oxidative
stress conditions, two concentrations eOplwere used, 10 mM (high concentration) and 0.1

mM (low concentration).

To study the interaction between HapC and TrxA uinigh HO, concentration, the yHapC-
TrxA strain was grown in AMM overnight at 37°C ariden exposed to 10 mM ...
Samples were collected at 0, 15, 30, 45 and 60 tesnpost treatment and microscoped.

Surprisingly, the interaction between HapC and Twx&s not transient but rather permanent
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(Fig. 19). Upon treatment with J8,, fluorescence was noticed in the cytoplasm affearid
30 minutes. The fluorescence was extremely weakshghtly stronger than background.
After 45 and 60 minutes, strong fluorescence wasalized mainly in the nucleus (Fig. 19).

¥yTmxA-C

15 min H,Q,
yHapC-N

15 min H,0,
yHapC-TrxA

-Hy0, |
15 min H,0,

30 min H,0Q,

45 min H,0, ELla

Fig. 19. Visualization of the transient interaction betveen HapC and TrxA in response
to oxidative stress(1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus, (3)
fluorescence microscopy of mycelia. The name ofstin@ns (bold italics) and the period of
H,O, treatment are indicated on the left side. The auing partners of BiFC are drawn on
the right side.

AC-Cgip HapC'  E GFI!’
15 min H,O,

yHapC-TrxA J/,
15minH,0, L

Fig. 20. Visualization of the transient interactionbetween HapC and TrxA in response
to oxidative stress(1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus, (3)
fluorescence microscopy of mycelia. The name ofstin@ns (bold italics) and the period of
H,O, treatment are indicated on the left side. The Qih and the interacting partners of
BiFC are drawn on the right side.
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Visualized fluorescence resulting from HapC-TrxAemaction was weaker compared with the
constitutive interaction between HapC and HapBh&control strains yTrxA-C and yHapC-
N, no fluorescence was detected (Fig. 19). Howes@nbining these results with the results
reported above (points 3.2.1, 3.2.2 and 3.2.3atds that under oxidative stress conditions,
HapC gets oxidized and forms intra- or intermolacudlisulfide bridges. The oxidized form is

reduced by TrxA allowing HapC to become part of C&inplex.

To study the interaction between HapC and TrxA atale H,O, concentrations, the yHapC-
TrxA strain was grown in AMM overnight at 37°C ariden exposed to 0.1 mM,B..
Samples were collected after 15 minutes eDHtreatment and microscoped. At the same
time, the straimMAC-Cgfp, which carries HapC-EGFP fusion, was alsated with 0.1 mM
H,0O,. Unlike high BO, concentration, fluorescence resulting from theriamttion between
HapC and TrxA was noticed in the nucleus direcftgral5 minutes, while HapC-EGFP did
not accumulate in the cytoplasm (Fig. 20). The ribsoence resulting from HapC-TrxA
interaction was also weaker compared with the @soence observed for the constitutive

interaction between HapC and HapE.

3.2.4.4.2 Visualization of the interaction betweermwild-type HapC and mutagenized

TrxA (TrxAC39S) under oxidative stress conditions.

An A. nidulans strain was constructed by co-transformation of AB4A2 strain with the
plasmids pHapC-YC-pyr4 and pTrxAC39S-YN along wotHELP as mentioned above (refer
to 3.2.4.1.1, 3.2.4.1.6 and 3.2.4.2). The strais designated yHapC-TrxAC39S. It contains
HapC and TrxAC39S fused to the C- and N-terminatspaf YFP, respectively. Moreover,
two control strains were used. The first strainagB-N, was described previously (refer to
3.2.4.3.1), while the second strain yTrxAC39S-C vgemnerated by co-transforming the
AXB4A2 strain with pTrxAC39S-YN and pYC-pyr4 (refey 3.2.4.1.6 and 3.2.4.1.9).

To visualize the permanent interaction between Hap@ TrxAC39S under oxidative stress
conditions, the yHapC-TrxAC39S strain was grownAlMM overnight at 37°C and then
exposed to 10 mM ¥D,. Samples were collected at 0, 15, 30, 45 and Gtutes post
treatment and microscoped. The visualized intavacbietween HapC and TrxAC39S was
permanent, as expected. The interaction betwee lap TrxAC39S under oxidative stress
conditions followed the same pattern as the intemacbetween HapC and TrxA.
Fluorescence was detected in the cytoplasm afteant530 minutes. The fluorescence was
extremely weak but stronger than background. Adferand 60 minutes, fluorescence was
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visualized mainly in the nucleus (Fig. 21). Likestimteraction between HapC and TrxA,
HapC-TrxAC39S interaction showed extremely weakorbscence compared with the
constitutive interaction between HapC and HapEcdntrol strains, no fluorescence was
detected (Fig. 21).
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Fig. 21. Visualization of the interaction between HpC and mutant TrxAC39S in
response to oxidative stresq1) Light microscopy of the mycelia, (2) DAPI staig of the
nucleus, (3) fluorescence microscopy of myceliae filame of the strains (bold italics) and
the period of HO, treatment are indicated on the left side. The auieng partners of BIFC
are drawn on the right side.

3.2.4.4.3 Visualization of the interaction betweemutagenized HapC (HapC3CS) and

wild-type TrxA under oxidative stress conditions.

This experiment was used as a control experimanitiépC-TrxA interaction. We expected
that there will be no interaction between HapC a&mgA when all HapC cysteines are
mutagenized to serine. Therefore, | constructed\.anidulans strain carrying mutagenized
HapC, in which all cysteines were exchanged tonsefHapC3CS), fused to the C-terminal
part of YFP, and TrxA fused to the N-terminal pafrltY FP. The strain was constructed by co-
transformation of strain AXB4A2 with the plasmidslaggpC3CS-YC-pyr4 and pTrxA-YN in
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addition to pHELP (refer to 3.2.4.1.2, 3.2.4.1.5daBR.2.4.2). This strain was called
yHapC3CS-TrxA. To study the interaction between EEBS and TrxA under oxidative
stress conditions, the yHapC3CS-TrxA strain wasvgromn AMM overnight at 37°C and then
exposed to 10 mM ¥D,. Samples were collected at 0, 15, 30, 45 and Gtutes post

treatment and microscoped.

Surprisingly, the interaction between HapC3CS andATunder oxidative stress conditions
was visualized in the strain yHapC3CS-TrxA despitgtagenizing all cysteine residues of
HapC into serine (Fig. 22). The interaction betwétapC3CS and TrxA under oxidative
stress conditions followed a different pattern canep with HapC-TrxA interaction. The
HapC3CS, which forms less stable but functional G&@hplex, tends to interact stronger
with TrxA in the cytoplasm since the fluorescenesulting from HapC3CS-TrxA interaction
was visualized in the cytoplasm for longer, ned®yminutes, than HapC-TrxA interaction.
Again, the fluorescence was extremely weak bungeothan background. After 60 minutes,
strong fluorescence was visualized mainly in thelews (Fig. 22). Visualized fluorescence
resulting from HapC3CS-TrxA interaction was wealsempared with the fluorescence

observed for the constitutive interaction betweap® and HapE.

3.2.4.5 Visualization of the interaction between HaC and TrxA in an A. nidulans AhapE

strain under oxidative stress conditions.

The reason of using thghapE strain is that in the absence of HapE, HapC leealin the
cytoplasm while HapB localizes in the nucleus. Tallewed us to visualize the specific
interaction between TrxA and Hap@vivo. Therefore, ai\. nidulans strain was constructed
by co-transformation using the plasmids pHapC-YGgpand pTrxA-YN-pyr4 in thethapE
strain AE-89), as mentioned above (refer to 3.2.4.1.143L%). The strain was designated
yHapC-TrxAAE. It contains HapC and TrxA fused to the C- anteMninal parts of YFP,
respectively. To visualize the interaction betwd¢spC and TrxA under oxidative stress
conditions, the yHapC-TrxAE strain was grown in AMM overnight at 37°C andrthe
exposed to 10 mM ¥D,. Samples were collected at 0, 15, 30, 45 and Gtutes post
treatment and microscoped. Treatment of mycelih WHO, induced the interaction between
HapC and TrxA (Fig. 23). The interaction was viged by BiFC fluorescence in the
cytoplasm after 15 min and until 60 min (Fig. 2Bhe results showed that the fluorescence
was extremely weak but slightly stronger than baakgd. Visualized fluorescence resulting
from HapC-TrxA interaction was weaker compared wih fluorescence observed for the

constitutive interaction between HapC and HapE. élew, combining these results with the
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results above (points 3.2.1, 3.2.2, 3.2.3 and 3l2A¥shows that TrxA binds precisely to the
oxidized HapC and reduces it. This enables Hapi&tome part of the CBC complex.
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Fig. 22. Visualization of the transient interaction between HapC3CS and TrxA in
response to oxidative stresq1) Light microscopy of the mycelia, (2) DAPI staig of the
nucleus, (3) fluorescence microscopy of myceliae Phriod of HO, treatment are indicated
on the left side. The interacting partners of B&€ drawn on the right side.
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Fig. 23. Visualization of the transient interactionbetween HapC and TrxA in adhapE
strain in response to oxidative stress(l) Light microscopy of the mycelia, (2) DAPI
staining of the nucleus, (3) fluorescence microgaafmycelia. The period of #D, treatment
is indicated on the left side. The interacting pars of BiFC are drawn on the right side.
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3.2.4.6 Visualization of the HapC homodimerizationin A. nidulans under oxidative

stress conditions.

An A nidulans strain was generated by co-transformation of t&B#A2 strain with the
plasmids pHapC-YC-pyr4 and pHapC-YN-paba as meatloambove (refer to 3.2.4.1.1 and
3.2.4.2). The strain was designated yHapC-Hap€oritains HapC fused to both the C- and
N-terminal parts of YFP. To visualize the HapC halinterization under oxidative stress
conditions, the yHapC-HapC strain was grown in AMMernight at 37°C and then exposed
to 10 mM HO,. Samples were collected at 0, 15, 30, 45 and 6Q@s post treatment and
microscoped. Surprisingly, fluorescence was obskrire the cytoplasm before B,
treatment and retained after treatment witlOH The fluorescence was extremely weak but
slightly stronger than background (Fig. 24). Viszed fluorescence resulting from HapC
homodimerization was weaker compared with the #soence observed for the constitutive
interaction between HapC and HapE. However, thisorscence might result form
homodimerization of HapC via intramolecular disidfilinkage during oxidative stress. It
might also be resulting from unspecific HapC-Hap@&ss-linking over thiol groups caused by

the overexpression of HapC in the cell.

3.2.4.7 Visualization of the interaction between HaC and TrxA under iron-depleting

conditions.

To investigate whether other signals are involvedriggering HapC-TrxA interaction, the
interaction between TrxA and HapC under iron-deficy conditions was observed. The
strains yHapC-TrxA, yHapC3CS-TrxA and yHapC-TrxAG39were used. Optimized
conditions for studying protein-protein interacsomnder iron-limiting conditions were
applied as described for HapX-HapB interactiongiréd 3.3.1.2), in which the strains were
grown overnight at 37°C in AMM in the absence anirand then treated with 1 mM of
deferoxamine. Samples were collected after 60 ragnanhd microscoped. Unlike high®}
concentration, fluorescence resulting from the HapKA and HapC-TrxAC39S interactions
under iron-depleting conditions was observed in theleus (Fig. 25-B and -F). The
HapC3CS-TrxA interaction followed different patterfihe interaction between HapC3CS,
which forms a functional but less stable CBC complend TrxA was visualized in the
cytoplasm as well as the nucleus (Fig. 25-D). Tihidicates that the interaction between
HapC and TrxA could be triggered under iron-deficye conditions, which could be caused
by an overlapping or synchronized regulatory merdmaragainst iron-limiting and oxidative

stress conditions or from iron-induced oxidativess.
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Fig. 24. Visualization of the HapC homodimerizationin response to oxidative stresg1)
Light microscopy of the mycelia, (2) DAPI stainingf the nucleus, (3) fluorescence
microscopy of mycelia. The period of,®, treatment is indicated on the left side. The
interacting partners of BiFC are drawn on the rgte.
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Fig. 25. Visualization of the interaction between HpC and TrxA in response to iron-
depleting conditions.(1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus,
(3) fluorescence microscopy of mycelia. The namehef strains (bold italics) and type of
treatment are indicated on the left side. The auing partners of BiFC are drawn on the
right side.
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3.3 Characterization of the transcription factor HapX in vivo.

To carry out an analysis of HapX during iron stéioiain vivo in A. nidulans, BiFC was
applied. First, the interaction between HapX andCQihder iron limiting conditions was
confirmed. Then, the possibility of forming HapX4p¥ homodimer was analyzed. Finally

the possibility of HapX regulation by TrxA was tedt
3.3.1 HapX interaction with CBC under iron limiting conditions.

In this approach, the physical interaction of Hapih the CBC subunits during iron
starvation was analyzed vivo. Therefore, HapX was fused to the C- and N-termiofuY FP.

Different CBC subunits were also fused either @@ or N-terminal part of YFP.
3.3.1.1 Generation ofA. nidulans strains.
3.3.1.1.1 Generation of ar\. nidulans strain for studying HapX-HapB interaction.

The plasmids pHapX-YC-pyr4 and pHapB-YN, which gahapX-eyfpC and hapB-eyfpN
fusions, respectively, were generated and trangfdrimto the AXB4A2 strain, as mentioned
above (referto 3.2.4.1.4, 3.2.4.1.7 and 3.2.4.R2¢ resulting strain was called yHapX-HapB.

3.3.1.1.2 Generation of ar\. nidulans strain for studying HapX-HapC interaction.

Plasmids pHapC-YC-pyr4 and pHapX-YN, which canapC-eyfpC andhapX-eyfpN fusions,
respectively, were constructed and transformed tiltoAXB4A2 strain, as mentioned above
(referto 3.2.4.1.1, 3.2.4.1.7 and 3.2.4.2). Thsailteng strain was called yHapX-HapC.

3.3.1.1.3 Generation of ar\. nidulans strain for studying HapX-HapE interaction.

Plasmids pHapX-YC-pyr4 and pHapE-YN, which canapX-eyfpC andhapE-eyfpN fusions,
respectively, were constructed and transformed tiltoAXB4A2 strain, as mentioned above
(referto 3.2.4.1.3, 3.2.4.1.7 and 3.2.4.2). Thsalteng strain was called yHapX-HapE.

3.3.1.2 Optimization of the deferoxamine treatment.

To visualize the interaction between HapX and d#ifieé subunits of CBC, deferoxamine
treatment was optimized. The optimization of defaraine treatment for BiFC assay was
done using the strain yHapX-HapB, which was empldde the visualization of the recently
identified interaction between HapX and HapB (Tan&k al., 2002). The optimization was
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done by using two approaches. First, optimizati@ doncentration of deferoxamine and the
time of incubation. Second, influence of iron aahility during growth on HapX regulation.

In the first approach, deferoxamine treatment wasrozed by harvesting spores growing on
AMM agar plates containing iron. Spores were thetubated in AMM absent of iron and

grown overnight at 37°C. The overnight culture weeated with three concentrations of
deferoxamine: 0.1 mM, 0.5 mM and 1 mM. Samples vilecabated at RT and microscoped
every 15 minutes (Table 4). The higher the conediotn of deferoxamine used for treatment
of mycelia, the shorter the time required to vigelthe fluorescence resulting from the
interaction between HapX and HapB. With 0.5 mM dnchM of deferoxamine, the same

results were obtained.

Table 4. Optimization of the concentration of defeoxamine and the time of incubation.
ImM@OpuinIm {O5mMMGUINIml|0.1mM(1ulinlml
AMM) AMM) AMM)

15 min | No fluorescence No fluorescence No fluorescence
30 min | Weak fluorescence Weak fluorescence Weak fluorescen
60 min | Strong fluorescence Strong fluorescence  Weak fhosnece
120 min | Strong fluorescence Strong fluorescence Strongdhaence

In the second approach, spores were harvestedAMM agar plates either containing iron
or no iron (Table 5-A). Then, the harvested conidere grown in two types of AMM,
containing and absent of iron (Table 5-B). Finatlye overnight culture was split into two
parts, one part was treated with 1 mM of deferoxerand the other part was not treated
(Table 5-C). Samples were incubated at RT and mécqoic analysis was carried out every 15

minutes and fluorescence was visualized.

However, there was no grow when the conidia weredséed from agar plates absent of iron
and then transferred to AMM absent of iron. Therefdhese treatments were omitted from
the table below. On the other hand, mycelia didstmw any fluorescence when they were

not treated with deferoxamine (Table 5-C).
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Table 5. The influence of iron availability in theAMM on HapX-HapB interaction.

A B C Observed fluorescence
1 + + + Weak fluorescence after 90 min
2 + + - No fluorescence
3 + - + Weak fluorescence after 30 min
4 + - - No fluorescence
5 - + + Weak fluorescence after 30 min
6 - + - No fluorescence

A. Availability (+) /absence (-) of iron in AMM agatgies.
B. Availability (+) /absence (-) of iron in overnigAtMM.
C. Treatment (+) /no treatment (-) of overnight cudtwith deferoxamine.

3.3.1.3 Visualization of HapX interaction with CBCin an A. nidulans wild-type strain

under iron-depleting conditions.

Previous study showed using the yeast two-hybritesy that HapX interacts with HapB
(Tanaka et al., 2002). To confirm this interactiorder iron limiting conditionsn vivo in A.
nidulans, BiFC system was applied. The yHapX-HapB, yHapXs8aand yHapX-HapE
strains were grown overnight at 37°C in AMM in thiesence of iron and then treated with 1
mM of deferoxamine. Samples were collected aftem@@utes and microscoped. In the strain
yHapX-HapB, fluorescence was observed in the nsgcledicating the interaction between
HapX and HapB under iron depleting conditions (E&). In the strains yHapX-HapC and

yHapX-HapE, no fluorescence was observed (Fig. 26).

3.3.1.4 Visualization of HapX interaction with CBCin an A. nidulans 4hapC strain

under iron-depleting conditions.

To investigate whether HapX binds to the whole Gi&@plex or only to the HapB subunit in
A. nidulans, BiFC was applied in aA. nidulans AhapC strain. The reason for using this strain
is that in the absence of HapC, HapE localizehédytoplasm while HapB localizes in the

nucleus, enabling us to visualize the specificratBon between HapX and HapiBvivo.

For this purpose, aA. nidulans strain was generated by transformation offapC strain
(Nat24) with the plasmid pHapX-HapB-pyr4 (refer3@.4.1.4), which carriebapX-eyfpC
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andhapB-eyfpN fusions, angyr-4 as a selection marker. The resulting strain wasgdated

yHapX-HapBAC.

yHapX-HapB

Fig. 26. Visualization of the interaction between lHpX and CBC subunits in response to
iron-depleting conditions. (1) Light microscopy of the mycelia, (2) DAPI staig of the
nucleus, (3) fluorescence microscopy of myceliae lame of the strains (bold italics) is
indicated on the left side. The interacting pasr@rBiFC are drawn on the right side.

A yHapX-HapB |
= deferoxamine

B yHapX-HapB |
+ deferoxamine

c yHapX-HapB-AC
+ deferoxamine

D vHapX-HapB-HapC-
+ deferoxamine

Lactose

Glucose

Fig. 27. Visualization of the interaction between lHpX and HapB subunit in response to
iron-depleting conditions. (1) Light microscopy of the mycelia, (2) DAPI staig of the
nucleus, (3) fluorescence microscopy of myceliae filame of the strains (bold italics) and
type of treatment are indicated on the left sidee ihteracting partners of BiFC are drawn on
the right side.
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Plasmid pAlcA-HapC was generated by integrationtre hapC-containing BamHI/Xbal
fragment from plasmid pHapC-Topo in plasmid pALAheTyHapX-HapBAC strain was
afterwards complemented witipC by transforming the strain with the plasmid pAlcA-

HapC using acetamide. The resulting strain wagydaséd yHapX-HapB-HagC

To visualize the interaction between HapX and Hap®ler iron-depleting conditions, the
strains were grown overnight at 37°C in AMM in thlesence of iron. The carbon source was
switched afterwards from glucose to lactose. Thairst were grown for 8 hours in AMM
containing lactose as carbon source. The strainge viken treated with 1 mM of

deferoxamine. Samples were collected after 60 raghahd microscoped.

In the strain yHapX-HapB, BiFC fluorescence waseobsd between HapX and HapB under
iron-depleting conditions (Fig. 27-B) but not undewn-repleting conditions (Fig. 27-A).
However, no fluorescence was detected between HapMXiapB in thethapC strain yHapX-
HapB-AC (Fig. 27-C), while it was reconstituted by commpéntation with théapC gene in
strain yHapX-HapB-HapCwhen hapC was induced by lactose (Fig. 27-D) but not when
repressed by glucose (Fig. 27-E). These data itediteat the entire CBC is required fior

vivo interaction with HapX.

To confirm the constitutive expression of the twéHP split termini, Western blot analysis
was employed using anti-GFP mouse monoclonal ayibgnGFP) and anti-GFP goat
polyclonal antibody (pGFP). Non of the antibodiestéd showed a specific binding to
EYFPC terminal part (not shown). As an alternatimethod, Northern blot analysis
confirmed the constitutive expression of the twoRPYsplit fragment-encoding genes in the

used strains (Hortschunsky et al., 2007).

3.3.2 Visualization of the interaction of HapX with HapB in an A. nidulans wild-type

strain under oxidative stress conditions.

As shown in chapter 3.3.1, HapX interacts with Hap®ler iron limiting conditions. To
investigate whether HapX interacts with HapB unobadative stress conditions as well, the
yHapX-HapB strain was grown in AMM overnight at &and then exposed to 10 mM®;3.
Samples were collected at 0, 15, 30, 45 and 60 tesnpost treatment and microscoped.
Interestingly, an interaction between HapX and Hap& observed upon treatment with
H,O,. The subcellular localization of interacting HapXd HapB was always visualized in

the nucleus (Fig. 28), indicating that the intei@ctbetween HapX and HapB tends to take
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place under oxidative stress as well. Combiningahesults with our previous results (refer
to 3.2.4.7) implies the presence of an overlapmn@ synchronized regulatory mechanism
against iron-limiting and oxidative stress condigoor the possibility of oxidative stress

induction through iron starvation.

3.3.3 Visualization of HapX homodimerization in A. nidulans under iron-depleting

conditions.

The members of the bZIP family of transcriptiontfms contain of a basic region, which
interacts with DNA through hydrogen bonding, andeacine zipper region, which is
responsible for dimerization. Previous study shotd although HapX possesses no leucine
zipper structure, the N-terminal region of HapX ibxis a sequence similar to many members
of the bZIP transcription factor family (Tanakaadt, 2002). To investigate whether HapX
forms a homodimer, BIFC was applied. AA. nidulans strain was generated by
transformation of theA. nidulans AXB4A2 strain with the plasmid pHapX-YC-pyr4 and
pHapX-YN (refer to 3.2.4.1.7), which carrhapX-eyfpC and hapX-eyfpN fusions,
respectively. The resulting strain was designatédpX-HapX. The yHapX-HapX strain was
grown overnight at 37°C in AMM in the absence anirand then treated with 1 mM of

deferoxamine. Samples were collected after 60 ragnahd microscoped.

As shown in Fig. 29, no fluorescence was obsermédcating that HapX might not form a
homodimer under iron-depleting conditions. Thiswdbadoe further confirmed by using the
other combinations of HapX fusion to the C- andeNxtinal parts of YFP.

3.3.4 Posttranslational regulation of HapX by thioedoxinin vivo.

Analysis of theA. nidulans HapX amino acid sequence revealed that HapX ammtaD
cysteine residues. Sequence alignment of HapX fAamidulans with HapX of other
Aspergilli showed that 19 of these cysteines are consenigd 36). Analysis of conserved
cysteines in HapX demonstrates that HapX possdbses possible TrxA-targeted CXXC
motifs, arising the question whether HapX is alsgutated by TrxA. To answer this question,
BiFC assay was applied to demonstrate the interabtween TrxA and HapiX vivo.
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Fig. 28. Visualization of the interaction between lpX and HapB in response to
oxidative stress.(1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus, (3)
fluorescence microscopy of mycelia. The period eOHtreatment is indicated on the left
side. The interacting partners of BiFC are drawhanright side.

yHapX-+HapX -
3 (¢

Fig. 29. Visualization of the HapX homodimerizationin response to iron-depleting
conditions. (1) Light microscopy of the mycelia, (2) DAPI staig of the nucleus, (3)
fluorescence microscopy of mycelia. The name ofstin@in (bold italics) is indicated on the
left side. The interacting partners of BiFC arewdraon the right side.
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Fig. 30. Amino acid sequence alignment of HapX withts (hypothetical) homologues
from different Aspergilli. HapX sequences were extracted fréwpergillus Comparative
Database Http://www.broad.mit.ed)/after carrying out of blastp (Protein query vsotBin
database). Alignment was done using ClustalW Migtialignment option available in
BioEdit Sequence Alignment Editor Version 7.0.Certical amino acid sequences to the
nidulans HapX are indicated as)(in the sequence. Conserved cysteine residueboex.
The potential TrxA target motifs are indicated BYXXC). An HapX: A. nidulans HapX
(accession number AN8251.3), Af HapXA. fumigatus HapX accession number
Afu5g03920), Afl HapX:A. flavus HapX (accession number AFL2G_ 09972.2), Ao HapX:
oryzae HapX (accession number AO090102000597), Acla HapX:clavatus HapX
(accession number ACLA_001220), Ani HapX&. nigr HapX (accession number
est GWPIlus_C_110141).

3.3.4.1 Visualization of the HapX-TrxA interaction in an A. nidulans wild-type strain

under iron-depleting conditions.

To investigate whether cysteine residues of HapXtargeted by TrxA imA. nidulans, BiFC
was applied. ArA. nidulans strain was constructed by co-transformation of p¥& C-pyr4
and pTrxA-YN simultaneously with pHELP in the straAXB4A2, as mentioned above (refer
to 3.2.4.1.5, 3.2.4.1.7 and 3.2.4.2). The strais designated yHapX-TrxA. It contains HapX
and TrxA fused to the C- and N-terminal parts ofPYRespectively. To visualize the
interaction between HapX and TrxA under iron-daptgtonditions, the yHapX-TrxA strain
was grown overnight at 37°C in AMM in the absen€&an and then treated with 1 mM of
deferoxamine. Samples were collected after 60 regw&nd microscoped. Fluorescence,
extremely weak but still stronger than backgroum@s observed indicating a possible
interaction between HapX and TrxA under iron-deptgtonditions (Fig. 31). However, it is
still possible that this fluorescence might reduttim unspecific binding of the two YFP
termini caused by the interaction of TrxA with Hap@d HapX with HapB at the same time.
To analyze this possibility, the interaction betwd#¢apX and TrxA was investigated in a
AhapC strain (refer to 3.3.4.2).



Results 65

3.3.4.2 Visualization of HapX-TrxA interaction in an A. nidulans 4hapC strain under

iron-depleting and oxidative stress conditions.

To analyze whether the interaction between HapXmé resulted from specific reduction
of the conserved cysteines of HapX by TrxA or fromspecific binding of the two YFP
termini caused by the interaction of TrxA with Hap@d HapX with HapB at the same time,
anA. nidulans 4hapC strain was used. This strain was chosen sincehés been shown that
TrxA binds to the HapC subunit of CBC (refer t0.3.2.1 and 3.2.4.5) and HapX does not
interact with CBC in athapC strain (refer to 3.3.1.4). Therefore, Annidulans strain was
generated by co-transformation using pHapX-Y C-paé pTrxA-YN-pyr4 in thedhapC A.
nidulans strain Nat24, as mentioned above (refer to 3.54.3.2.4.1.7 and 3.2.4.2). The
strain was designated yHapX-Trx&C. It contains HapX and TrxA fused to the C- and N-
terminal parts of YFP, respectively, in the abseatddapC. To visualize the interaction
between HapX and TrxA under iron-depleting condisiothe yHapX-TrxAAC strain was
grown overnight at 37°C in AMM, in the absence odni then treated with 1 mM of
deferoxamine and incubated at RT. Samples wereeatetl after 60 minutes and

microscoped.

To observe whether TrxA binds to HapX under oxidastress conditions, the yHapX-TrxA-
AC strain was also treated with 10 mM®4 and microscoped after 60 minutes of treatment.
Under both stress conditions, BiFC fluorescenceatserved (Fig. 32-B and -D) indicating a
possible interaction between HapX and TrxA undenddepleting and oxidative stress
conditions. This might be explained by the posgibdf HapX regulation by the redox status
of the cell.
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+ deferoxamine |7

Fig. 31. Visualization of the interaction between ldpX and TrxA in the wild-type strain

in response to iron-depleting conditions(1) Light microscopy of the mycelia, (2) DAPI
staining of the nucleus, (3) fluorescence microgcop mycelia. The type of treatment is
indicated on the left side. The interacting pasr@rBiFC are drawn on the right side.

A yHapTra-AC

- deferoxamine |
E

S
B yHapX-TrxA-AC ;;-?
+ deferoxamine ,f
;

€ yHapTrA-AC
- HeO2

D yHaptTrA-AC |
+ 60 min HO2

Fig. 32. Visualization of the interaction between ldpX and TrxA in a 4hapC strain in
response to iron-depleting and oxidative stress cditions. (1) Light microscopy of the
mycelia, (2) DAPI staining of the nucleus, (3) ftascence microscopy of mycelia. The name
of the strains and type of treatment are indicatedhe left side. The interacting partners of
BiFC are drawn on the right side.
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3.4 Complementation of HapC by NF-YB in arA. nidulans 4hapC strain.

The heterotrimeric CCAAT-binding complex is evodrarily conserved in eukaryotic
organisms, including fungi, plants and mammals.iBtes reports have shown that both
proteins Hap2p and NF-YA complemented partially th@apB strain of A. nidulans. This
indicated that HapB, Hap2p and NF-YA are intercleaide and that the piggy-back
mechanism of nuclear transport found Aomidulans might be conserved in yeast and human
(Tuncher et al., 2005).

On the other hand, as shown here, HapC is regulaethe redox status of the cell. To
discover whether similar regulation mechanisms tfer homologous complex of human
exists, and whether there is functional consermatibe functional interchangeability of the
human homologous protein of. nidulans HapC was analyzed. The possibility of
complementing thé. nidulans hapC mutant using the humani-yb gene was tested. For this
purpose, thedhapC strain of A. nidulans (Nat24) was complemented with NF-YB by
transforming thethapC strain Nat24 with the plasmids pNfyB-TrxA-pyr4 f@geto 3.2.4.1.8)
and pNfyB-HapE-pyr4 (refer to 3.2.4.1.8), which rgapyr-4 as a selection marker. This
resulted in the strains yNFYB-TrxAC and yNFYB-HapEAC, respectively. The uracil-
prototrophic transformants were analyzed by growihg strains yNFYB-TrxAAC and
yNFYB-HapEAC on acetamide as sole N source. However, thenstrshhowed lack of
growth on acetamide as sole N source (Fig. 33-B-@)dwhich is characteristic of théhap
phenotype (Fig. 33-D). By contrast, the presenc¢hef HapC-EGFP fusion in thehapC
strain AC-Cgfp) led to complementation of tidap phenotype (Fig. 33-A). Taken together,
this data supports that NF-YB did not complemenpEla

To confirm this finding, BIFC was applied to visizal any possible interaction between NF-
YB andA. nidulans TrxA and heterodimerization of NF-YB and Hapkvivo in the strains
yNfyB-TrxA-AC and yNfyB-HapEAC. Therefore, the strains were grown in AMM ovehtig

at 37°C and then exposed to 10 mMQO: Samples were collected after 60 minutes and
microscoped. However, the BiFC results showed niegther interaction between HapE and
NF-YB nor betweenrA. nidulans TrxA and NF-YB was observed (Fig. 34) suggestinagt t
HapC and NF-YB are not interchangeable. Nevertbeliéss also possible that the human
NF-YB protein is degraded. Therefore, the constieuexpression of the NF-YB in these
strains should be confirmed by using Western bidi@thern blot analysis.
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A AC-Cafp

3 yN#yB-TrxA-AC

| yNfyB-HapE-AC

D Mat2d

Fig. 33. Analysis of thenapC deletion mutants ofA. nidulans transformed with the nf-yb
gene.Strains wereggrown on AMM agar plates at 37°C for 72 hours withmM acetamide,
50 mM acetamide or NaNQOas sole N source. The name of the strains (balits) is
indicated on the left side.

strain in response to oxidative stress conditiongl) Light microscopy of the mycelia, (2)
DAPI staining of the nucleus, (3) fluorescence wscopy of mycelia. The name of the
strains (bold italics) is indicated on the leftesid’ he interacting partners of BiFC are drawn
on the right side.
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4. Discussion

In this work, the roles that might be played by Bagysteine residues on the CBC complex
have been studied. Two questions were addresspdArél the HapC cysteine residues
essential for CBC complex stability? (lI) Are thegsential for the regulation of the CBC

complex by thioredoxin TrxAn vivo?
4.1 Cysteines play arolein the stability of the CBC complex.

The importance of the conserved cysteine residdigdapC on the stability of the CBC

complex was shown based on several lines of evaldficst, the ability of the HapC3CS and
HapC3CA mutants to recover the wild-type phenotgpd to grow on acetamide as sole N
source. Second, the subcellular localization of EG&sion of both HapC mutants was
observed in the cytoplasm as well as in the nuclébsd, EMSA showed that CBC, which

contains HapC3CS, binds with lower affinity to t8€AAT box compared to CBC, which

contains the wild-type HapC. In agreement with ¢hessults, Baxevanis et al. (1995) and
Sinha et al. (1996) showed that CBF-C (HapE honmlegprotein) and CBF-A (HapC

homologous protein) core regions, i.e., amino adld415 of CBF-C and 59-140 of CBF-A,

are homologous in sequence to histones H2A and iH&pectively (Fig. 35). Furthermore,

they are required for heterodimerization, a prasigite for CBF-B association and CCAAT

binding (Sinha et al., 1995; Kim et al., 1996). &iree cyteine residues of CBF-A (HapC
homologous protein) are located in the H2B. Morepegsteines 85 and 89 in CBF-A are
located in the CBF-C interaction domain (Fig. 3&icating that cysteine residues might play
a role in the dimerization of CBF-A to CBF-C andluence the stability of the heterodimer.
The third cysteine (C105) is located in the H2B hat in the CBF-C interaction domain.

Similar to CBF-A, HapC cysteine residues at thetpmos 74 and 78 are located in the HapE
heterodimerization domain, while HapC cysteinedesiat the position 94 is located in the
H2B but not in the HapE interaction domain (Fig).35
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HapC C74C78 C94
NF-YB  C85C89 C105
CBF-A  C85C89 C105

53 | | [ ] | 142

Histone-fold motif (64-125)

DNA binding domain (57-87)

CBF-B (HapB homologue) interaction domain (92-99)

CBF-C (HapE homologue) interaction domain (63-102, and 109-142)

Fig. 35. CBF-A (HapC homologue) core domain analysisindicating the location of the
conserved cysteineresiduesin the different domains (modified after Sinha et al., 1996).

Nakshatri et al. (1996) investigated the role @ tighly conserved NF-YB cysteine residues
on DNA binding and subunit association activitielstioe NF-Y complex. Their results
suggested that the cysteine residues of NF-YB doplay an obligatory role in the DNA
binding activity of NF-Y but do play an importarggulatory role in the redox regulation of
NF-Y activity through protein-protein interactiontiv the NF-YC subunit. Mutagenizing the
highly conservedtysteine residues at positions 85 and 89 of NF-Nt® serine caused the
NF-YB to exist only as monomers (Nakshatri ef #096). Anothern vitro analysis of CBC
complex assembly in the presence of HapC3CS uslAGBRE revealed that HapC3CS
forms a less stable heterodimer with HapE comptrdiae wild-type HapC (P. Hortschansky,
pers. communication). When HapB was added, HapCRR@8ed a stable complex with
HapB and HapE. A reduction in the stability of @BC complex containing HapC3CS was
noticed when the concentration of the CBC subuwiés reduced (P. Hortschansky, pers.
communication). Combining these vitro results with then vivo data shown in this study
indicates that the cysteine residues are essefaralthe stability of the complex via

influencing the heterodimerization of HapC-HapE #melstability of the CBC complex.
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4.2 Regulation of CBC complex in responseto cell stress.

In eukaryotes, protein-encoding genes are trarestrity RNA polymerase Il under the
control of short DNA elements located in the proenst which are recognized by the general
transcription machinery anttans-acting factors (for review, see Lemon and TjiaB0@,
Workman and Kingston, 1998). Statistical analysieerled that the CCAAT box is one of the
most ubiquitous promoter elements, being presenabout 30%-65% of the eukaryotic
promoters, ranging from yeast to mammals (Buch@®01Suzuki et al., 2001). In mammals,
genes relying on CCAAT elements and therefore otllett by NF-Y, the CBC homologue,
include tissue specific (Berry et al., 1992; Ronehial., 1996), inducible (Marziali et al.,
1997; Roy and Lee, 1995), and cell cycle regulajedes (Caretti et al., 2003), whereas
housekeeping genes generally do not rely on CCA&Xeb (Mantovani, 1998). Due to the
important functional roles of the CCAAT-binding fac the characterization of the

underlying regulatory mechanism of CBC under défdrstress conditions is important.

Previous studies showed that HapC and HapE hastddiform a heterodimer, which binds to
the HapB forming CBC complex (Steidl et al., 2004apB, which carries a functional NLS
in the C-terminus of the protein outside of thelatronarily conserved domain, functions as
the primary cargo for the complex and transporéshtéterotrimer to the nucleus via a piggy
back mechanism. This enables the cell to providenagjar concentrations of all subunits to
the nucleus (Steidl et al., 2004). The work presgiere is a complementary study in order to
get an overview about the regulation of CBC durogdative stress and iron-depleting
conditions. The data obtained here contribute ® ritodel that the HapC subunit &
nidulans is regulated by the redox status of the cell dredftlly reduced HapC subunit is
essential for the heterodimerization to HapE (B&). On the other hand, binding of HapX to
HapB was proven under iron-limiting conditions (F&$). However, the possibility of HapX
regulation by thioredoxin needs still to be invgated and the overlap between oxidative

stress and iron-depleting stress conditions nedbiode addressed.
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Nucleus I Cytoplasm

Fig. 38. Model for the CBC regulation under oxidative stress and iron-depleting
conditions. (1) Reduction of HapC by TrxA is the first step aadpre-requisite for the
assembly of the CBC complex. (2) The reduced Hap@$ a heterodimer with HapE, (3)
which in turn binds to HapB and forms the CBC coempl(4) The CBC is transported to the
nucleus via a piggy back mechanism (Steidl e2804). (5) HapX, which carries an NLS, is
transported to the nucleus (6) and binds to the G@B@plex under iron-depleting and
oxidative stress conditions. (7) HapX might be i by TrxA before binding to CBC
complex either in the cytoplasm before nucleardi@ation or in the nucleus. S-S: Oxidized

cysteine residues; SH: Reduced cysteine resigeNuclear Localization Signal (NLS).

4.3 Thioredoxin isthe key regulator of the HapC protein during oxidative stress.

Gene expression in eukaryotes is regulated viaadtens between DNA and different
factors, including DNA-binding proteins, allowindgha fine-tuning of essential cellular
processes including growth, differentiation, enemggtabolism, and stress responses (Ptashne,
1986; Choudhuri, 2004). Redox regulation has nownbeonsidered to be one of the
important determinants for activity of transcriptiactors and subsequent gene expression in
all eukaryotes (Nordberg and Arnér, 2001; Mustaeistd Powis, 2000; Arnér and Holmgren,
2000). Aside from the chemical oxidants/reductahtsyever, it is important to understand
which endogenous factor(s) might be involved inosedegulation of transcription factors.
Thioredoxin acts as a potential disulfide reducfase variety of target proteins (Holmgren,
1985) including several transcription factors diedike NF-kB (Matthews et al., 1992;
Okamoto et al., 1992), or indirectly like AP-1 (bia et al., 1997). Therefore, in this work,
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thioredoxin was suggested as possible posttraosidtiregulator of the CBC complex in
Aspergillus nidulans. This assumption was basediarvitro results obtained from NF-Y, the
human homologue of the CBC complex, where chang@ssociation of NF-Y subunits and
DNA binding activity were found to respond to changethe cellular redox status (Nakshatri
et al, 1996). Both CBC and NF-Y complexes share manylaiities: (1) Both complexes are
heterotrimeric composed of three subunits, all dicw are required for CCAAT binding
(Sinha et al.,, 1995). (2) HapB and its human hoguéo NF-YA are functionally
interchangeable: the NF-YA protein-encoding genetigdly complemented thehap
phenotype of athapB strain of A. nidulans (Tuncher et al., 2005). (3) Both HapC and its
human homologous protein NF-YB contain a core nedibat is highly conserved and
sufficient for subunit interactions and CCAAT bindj whereas the flanking regions, which
include the potential activation domains, are E®sserved (Coustry et al., 1996; de Silvio et
al., 1999). (4) The core region of both HapC and¥B-proteins contains three conserved
cysteine residues (Fig. 35). Therefore, we postdl#hat the cellular factors that were shown
to regulate the activitgf the NF-Y complexn vitro might also regulate CBC activity .
nidulans. Furthermore, it was also the aim of this studgliecidate the mechanism of CBC
regulationin vivo. Here, direct and indirect lines of evidence foe tegulation of HapC by
TrxA are provided. First, oxidation of the HapC ®yse residues either by the addition of
H,O, to the growth medium or by deletion of tiexA gene inA. nidulans led to the
accumulation of a HapC-EGFP in the cytoplasm. Sgcemulating the oxidative stress by
the addition of HO, to the growth medium increased the levelt'@A mMRNA in A. nidulans.
Finally, the ability of TrxA to bind HapC under abdtive stress conditions was proven using

BiFC analysis.
4.3.1 Accumulation of the oxidized HapC-EGFP in the cytoplasm.

The HapC cysteine residues are redox-sensitivéamaded in a region shown to be important
for interaction with HapE. Under oxidative stressditions, intra- or intermolecular disulfide

cross-linking between the cysteine residues mayroend alter the conformation of the
recognition surface of HapC, and consequently, fthrectional interaction with HapE is

prevented. In this thesis, the importance of théuced HapC cysteine residues in the
heterodimerization with HapE was proven. First, #teumulation of HapC-EGFP in the
cytoplasm upon treatment with,&, in A. nidulans wild-type strain indicates that HapC gets
oxidized and forms intra- and intermolecular digldf bridges causing disassembly of the

CBC subunits. The oxidized form has to be redugedrbintracellular redox system allowing
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HapC to become part of the CBC complex. Thesetsehave been shown previoustyvitro
and indicated that the oxidized form of NF-YB falis associate with NF-YC without
treatment with the reducing agent dithiothreitolT{D (Nakshatri et a] 1996). Second, the
cytoplasmic localization of HapC-EGFP inArxA strain reveals that the HapC cysteine
residues should be reduced in order to becomegpdine CBC complex. It also shows that
the TrxA is the major reducing factor of Hapthese results are consistent with previous
vitro work, which showed a reduced DNA-binding activiti/the NF-Y complex in HelLa
cells treated with the thioredoxin reductase irtbib{1-chloro 2,4-dinitrobenzen€DNB))
(Nakshatri et aJ 1996).

However, using BIiFC, it was not possible to viszalthe dissociation of the HapC-HapE
heterodimerin vivo. This finding can be explained by the fact tha BiFC technique has

several characteristics that limit its applicaliliOne limitation is that the formation of the
BiFC fluorescence in the cell is irreversible (Keofa, 2006).

4.3.2 Elevated transcription of trxA in responseto H,O, addition.

Cellular life is frequently endangered by adverseditions and forms afnfavorable changes

to which it reacts with various stress responsegphd molecular response is induced in all
eukaryotic cells to exposure to adverse environmemhe response invariably involves
changes in the level of gene transcription in raspoto stress, a complex known as cell
signaling (Treisman, 1996; Koerkamp et al., 2002)e thioredoxin system is an important
part of this complex. It is involved in cell sigimd and the defense against oxidative damage
and stress. Its main function is to keep protemghie reduced state. During this work,
induction of theA. nidulans main thioredoxin, i.e., TrxA (Thon et al., 200Was possible by
treating growing mycelia with ¥D,. Induction of thioredoxins in response to oxidatstress
was reported in many studies includiggcoli (Ritz et al., 2000; Michan et al., 1999; Garrido
and Grant, 2002)Rhodobacter species (Li et al., 2003a; Li et al., 2003Bgcillus subtilis
(Leichert et al., 2003), an@treptomyces coelicolor (Kang et al., 1999; Li et al., 2002; Bae et
al., 2004). The induction of thioredoxins in thddative stress response is expected because
of their capability to reduce oxidized proteins.idredoxins can also participate in the
oxidative stress response by affecting the exprassi other genes involved in this response
(Gallardo-Madueno et al., 1998; Prieto-Alamo et2000).

Induction of the whole thioredoxin system and ghitane system has been also studied in

detail. In a genome-wide expression studySadcharomyces cerevisiae, it has been shown
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using DNA microarrays that during transient oxidatstress, there was an increase in the
MRNASs encoding proteins, which uphold the redotustaf thecell like cytosolic thioredoxin
(TRX2) and thioredoxin reductas€RR1) (Koerkamp et a] 2002). Increased transcription of
the thioredoxin system genesSraphylococcus aureus is observed with diamide, menadione,
and t-butyl hydroperoxide but not hydrogen peroxateess (Uziel et al.,, 2004). Both
thioredoxin reductases (TRR1 and TRR2) are inducedesponse to ¥D, stress inS
cerevisiae (Godon et al., 1998; Salmon et al., 2004), whiRRL is induced with menadione
stress irSchizosaccharomyces pombe and with peroxide stress iiluyveromyces lactis (Hong

et al., 2004; Tarrio et al., 2004).

Induction of thioredoxin in response to oxidatiteess seems to be a striking aspect. For
example, inRhodobacter capsulatus, it has been found that although both thioredoXingA
and TrxC have similar functions in some regardserbeless, the two genes respond to
changes in oxygen tension in an opposite way. Wéiteduction in oxygen tension resulted
in a significant increase itrxC mRNA level, thetrxA mRNA level decreased (Li et al.,
2003a). InE. coli, thioredoxins are involved in the response to atwd stress. The
expression of thexC gene is induced by 4@, andtrxC is under the control of OxyR (Ritz et
al. 2000). In contrastrxA expression is not induced by.® in E. coli and is not under
control of OxyR (Michan et al. 1999; Garrido anda@r 2002). Furthermore, there was a
remarkable specificity in the choice of expressioin genes coding for isoenzymes or
isoproteins. Among the thioredoxins, TRX2 was prefé to TRX1 and TRX3, and among
the glutaredoxins, GRX2 was preferred to GRX1, GRX3 GRX4. Thioredoxin reductase
1 (TRR1) was preferred to thioredoxin reductas€RR?2) (Koerkamp et gl2002).

4.3.3 Visualization of the interaction between HapC-TrxA in the cytoplasm and in the

nucleus under oxidative stress conditionsusing BiFC analysis.

Using BIFC, the interaction between HapC and Trx&swebservedn vivo under oxidative
stress conditions. It was expected that the interabetween TrxA and HapC would occur in
the cytoplasm since the treatment of cells wigdkresulted in localization of HapC-EGFP in
the cytoplasm and HapC-EGFP fusion showed cytoptakroalization in thedtrxA strain of

A. nidulans. Surprisingly, the interaction between TrxA andpBawas observed in both the
nucleus and the cytoplasm. This finding contradidiee proposed model, in which HapC
should be reduced in the cytoplasm to become panedCBC complex and transported to the
nucleus. This obvious failure in the subcellulazdiization of the TrxA-HapC interaction is

explained by the BIiFC limitation to visualize resite interactions in the cell (Kerppola,
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2006). Therefore, after reduction of HapC, TrxAaidtes from the reduced HapC while the
two YFP protein parts seem to remain attached,candequently, TrxA is transported to the
nucleus with the CBC.

In spite of the cytoplasmic localization of thiooath, the nuclear localization of thioredoxin
has been reported as well. Thioredoxin has no atitheuclear localization signal (NLS) and
the mechanism of the translocation needs to beadaliiedl. However, many reports showed
that the treatment of the cells withy® induced the translocation of thioredoxin from the
cytoplasm to the nucleus. Previous study on thestmrgption factor glucocorticoid receptor
(GR) demonstrated that TRX directly interacted witte GR in the nucleus, allowing
restoration of sequence-specific DIdfding and subsequent transcriptional activatioGR
underoxidative conditions (Makino et al., 1999). In dmert study, UV irradiation resulted in
accumulation of TRX into the nucleus HSC-1 keratinocytes and HelLa cells (Masutani et
al., 1996). Similarly, in a moudee-NTA-induced renal tubular damage model, thioxedo
has been largelyecovered from nuclear fractions (Tanaka et al.97)9 The nuclear
localization of thioredoxin seems to be a parttobriedoxin’s role during oxidative stress.
Thioredoxin functions as a mediator in responsthéodamaging effects of oxidative stress.
Under oxidative stress conditions, reactive oxygeecies (ROS) are formed, initiating a
cellular response pathway in the cytoplasm, whigbgeérs the flow of electrons from
NADPH to the thioredoxin reductase. Thioredoxinugdse in turn passes the electrons to
the oxidized thioredoxin, which is localized in tlegtoplasm. The reduced thioredoxin
translocates to the nucleus and passes the redoal 4o the transcription factors, e.g. the
nuclear redox factor-1 protein (Ref-1), which aates AP-1 DNA binding activity and gene
transcription (Karimpour et al., 2002; Wei et &000). Taking our results together with
previousinvestigations support the idea that under oxi@asitress conditions, HapC might
get oxidized in the nucleus and dissociates fron€CBonsequently, TrxA might translocate
to the nucleus in response to oxidative stressnmaigtt reduce the oxidized HapC in the
nucleus. However, it was not possible to detecothdized HapC in the nucleus using HapC-
EGFP fusion proteins.

4.4 Iron acquisition in A. nidulans.

Iron is a trace-substance required for the survofabll organisms. It is essential for the
function of some proteins. Some of these proteresraquired for crucial cellular processes
including respiration and cell divisioA. nidulans has evolved various strategies, often used

in parallelto adapt to iron starvation. The first strategthis up-regulation of the iron uptake
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by secretion of siderophores (Haas, 2003). Themskstrategy is down-regulation of many
iron-dependent pathways, including proteins invdlvie the tri-carboxylic acid cycle,
respiration and heme biosynthesis (Oberegger et2@D2a). Fungi produce a variety of
siderophores in response to iron-limiting environisebecause of their high affinities to
withdraw iron from protein-irorcomplexes (Howard, 199®Ratledge and Dover, 2000).
Triacetylfusarinine C is a siderophore common Aspergillus species (Diekmann and
Krezdorn, 1975; Eisendle et al., 2003), while f@ocin is thought to be an important
intracellular iron storage compound in fungi sushAanidulans (Eisendle et al., 2003) and
Neurospora crassa (Matzanke et al., 1987). Ferricrocin is producgdabwide variety of
fungi, including Cenococcum geophilum (Haselwandter and Winkelmann, 2002),
Phialocephala fortinii (Bartholdy et al., 2001), andolletotrichum gloeosporioides (Ohra et
al., 1995). The repression of the synthesis andkepbf siderophore system under iron-rich
conditions inA. nidulans is mediated, at least in part, by GATA transcaptifactor SreA
(Oberegger et al., 2001; Oberegger et al., 200@kgontrast téA. nidulans, S. cerevisiae does
not secrete siderophores, but is abl@ake up ferric ions by an iron transport systemictvlis
composed of two proteins, the iron permease Ftriththe copper-requiring enzyme Fet3p
(Stearman et al., 1996; Askwith and Kaplan, 1997).

The second strategy represents oxidative metabohdneh is largely dependent on iron. We
showed (Hortschansky et al., 2007) that various-dependent pathways are repressed during
-Fe conditions by the interaction of HapX with t88C. Moreover, using BiFC analysis, |
could demonstrate the physical interaction betweapX and HapBin vivo under iron-
limiting conditions. In contrast to CBC, which igrictionally independent on iron, HapX has
a novel mechanism of iron-dependent regulation. XHagpresses the expression of iron-
dependent proteins and pathways (e.g., aconitas®, h@me biosynthesis) during iron-
depleted conditions by physical interaction withe tiICBC. Extracellular siderophore

biosynthesis is activated by CBC-HapX interaction.
4.5 Involvement of iron in the formation of reactive oxygen species (ROS).

Iron homeostasis is important for the cell as ipmtentiates the formation of ROS via the
Fenton and Haber—Weiss reactions (van Vliet e2@D2). Thus, iron uptake and assimilation
need to be tightly controlled in order to avoidnnmediated oxidative damage to the cell.
Anti-oxidative stress enzymes are used by the teldetoxify ROS, and therefore, the
expression of these enzymes is often coordinatdtl wie expression of iron-transport

systems in anticipation of the influx of iron intbe cell (Holmes et al., 2005). Iron
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overloading provides the ability of iron to partiate in reactions that generate ROS and thus,
it elicits an adaptive response that may play aomajle in the resistance to iron-induced
oxidative damage (Pantopoulos and Hentze, 1998ppanlos and Hentze, 1998; Kotamraju
et al., 2002).

However, iron deficiency has been shown to inducédative stress as well. Many
cyanobacteria respond to iron limitation by expiregsheisiA gene, which is also induced by
oxidative stress (Xt al., 2003;Yousef et al., 2003). Alternatively, iron deficighcaused
the accumulation of ROS iAnabaena sp. strain PCC 7120 (Latifi et al., 2005). Studres
Campylobacter jguni found that the genes encoding several oxidativesst proteins,
including thioredoxin, thioredoxin reductase angdrabable thiol peroxidase known as Tpx,
were expressed at higher levels in iron-limiteddibons (Holmes et al., 2005).

Therefore, observing the interaction between Trx#p8 and HapX-HapB under the same
stress conditions, i.e., oxidative stress and @epleting conditions could be explained by the
overlap in the triggering signal. This overlap ntigasult from iron-induced oxidative stress
or it is caused by synchronized regulatory mechmasiagainst iron-depleting and oxidative
stress conditions. This assumption could be proatensince the function and the regulatory

mechanism of HapX are confined to the iron-depleuitions (Hortschansky et al., 2007).
4.6 Advantages of using BiFC assay to study protein-protein interactionsin A. nidulans.

The bimolecular fluorescence complementation (BiFCia novel promising tool to study
protein—protein interactions vivo, which relies on the expression of two proteingntérest
as fusion proteins either to the N- or the C-teahipart of YFP (Hu et al., 2002). In this
study, the BiFC analysis was used to visualizenteractionin vivo. The BIiFC analysis was
used because it has several advantages compatedthar methods for the investigation of

protein interactions in cells. These advantagesliaissed below.

4.6.1 Visualization protein-protein interactions in vivo and in the homologous host

system.

One important feature of this method is the ability visualize the interaction in the
homologous host. Using BIiFC, the interaction betwemapC and TrxA on one side, and
between HapB and HapX on the other side was vizedliand proverin vivo in the
homologous hosA. nidulans. The interaction between HapC and TrxA was provevitro

(M. Thon, pers. communication). Furthermore, theriaction between HapB and HapX was
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also studied using two-hybrid system in a heterleghost (Tanaka et al., 2002). In other
studies, BIFC was applied to detect protein—proteieractions in living animal cells (Hu et
al., 2002; Hu and Kerppola, 2003), plants (Walteale 2004) and filamentous fungi (Hoff
and Kuck, 2005; Blumenstein et al., 2005) by cotiemal epifluorescence microscopy.
Therefore, it is a convenient approach for visw@ion of protein-protein interactions in many

living cells.

4.6.2 Studying different types of protein-protein interactions including permanent as

well astransient interactions and the corresponding triggering signal.

Protein-protein interactions can be distinguishadeld on the half-life of the complex into
permanent and transient. Permanent interactionssara@ly stable and thus exist only in form
of a complex. In contrast to permanent interactidrasient interactions carry out cycles of
association and dissociation depending on thevedesignal (Nooren and Thornton, 2003).
Transient complexes are more difficult to studycsithe proteins or conditions responsible
for the transient interaction have to be identifiedt. Using BiFC, the detection of protein-
protein interactions is quite simple and does equire any disruption or stressful treatment
of the cells, and therefore, it is suitable for tlegection of protein-protein interactions under
stress conditions. However, it is important herenegntion that when transient interactions are
observed, it is expected that such interactionsladvbe observed only elusively. However,
using BIiFC, transient interactions were observathpaently but emitted weak fluorescence.
In this study, BiFC was applied to study both tlenpanent interaction, e.g HapC-HapE
interaction, and the transient interaction, e.go&arxA and HapB-HapX interactions. These
findings agree with previous studies, which showresl possibility to employ BiFC to study
permanent as well as transient protein-proteinracteons (Hu et al., 2002; Walter et al.,
2004; Hoff and Kiick, 2005; Blumenstein et al., 200rell et al., 200Y.

4.6.3 Measuring the strength of protein-protein interactions semi-quantitatively.

The strength of protein-protein interactions cooé&lmeasured semi-quantitatively using the
BiFC analysis, allowing discrimination between higand low-affinity bindings. As
previously mentioned, BiFC was applied to visualibe two types of interaction: the
permanent interactions and the transient intenasti®uring this work, it was observed that
the permanent interactions are characterized Wy flugrescence emission while the transient
interactions emitted low fluorescence, a semi-gtatite indicator for the strength of the
interaction. This could be also considered as atiign point for BiFC when BIFC is
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compared to other protein-protein interaction déacmethods like the BIACORE system,

which is a technology that enables the calculadiotie interactants affinity in real time.
4.6.4 Deter mination of the subcellular localization of the interaction.

One of the important advantages of BiFC is theitgtib determine subcellular localization of
the interaction. However, this is not always amgiliie using BiFC. Determination the
subcellular localization of the interaction is degent on observing the BiFC fluorescence in
the cell, which is influenced by several factodselithe strength of the promoter used to
control the production of the fusion proteins (dssed in 4.7.1) and the strength of the
interaction. Permanent interactions, like that adpB-HapE, are strong interactions and
therefore, it is possible to observe them in théoglasm and the nucleus. By contrast,
transient protein interactions between HapC andATox HapX and HapB produce weak
signals, compared to that produced by a HapC-Hapterd This weak signal was detectable
in the nucleus and conidial cytoplasm but not mttycelial cytoplasm. The reason for this is
that transient interactions are so weak, and thexethe fluorescence resulting from transient
interactions is harder to observe when distributeer the mycelial cytoplasm in comparison
with the nucleus or the compact conidial cytopla3ims feature could be considered as one
of the BiFC limitations.

4.7 Limitations of using BiFC to study protein-protein interactionsin A. nidulans.

Despite the big advantages of using BiFC to studyem-protein interactions vivo in A.
nidulans, several limitations have been noticed for thehieque. One of the limitations is the
incapability of BIFC to detect transient interaasoin the mycelial cytoplasm as previously

mentioned (refer to 4.6.4). The other limitations discussed below.
4.7.1 BiFC relieson strong promoters.

Fluorescent proteins must be expressed at higltsléwessure that the fluorescence signal is
above the cellular background (Remy and Michnid)7). Therefore, in this study, strong
promoters were used for BIFC assays. However, gtrgmomoters may lead to
misinterpretation of subcellular localization ofetinteracting proteins. Thayay alter the
subcellular localization of the interacting proteiny overexpressing certain subuniksgood
example is that HapC-HapE dimers carry no nucleealization signal (NLS), and thus, they
are dependent on HapB in the nuclear localizati@mnsequently, expression bépC and

hapE, driven by the strong promotegpdAp), leads to imbalance in the stoichiometry of the
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complex causing accumulation of the HapC-HapE diméhe cytoplasm. This accumulation
was visualized by BIiFC as a strong fluorescencténcytoplasm. However, this would not
apply for interacting partners, especially if baththem carried the localization signals or if
the interacting partners were transiently interagtiFor example, both HapB and HapX carry
NLSs and they transiently interact with each otAdrerefore, expression dbpB andhapX
was visualized in the nucleus despite of the inti@dan the stoichiometry of the other CBC

subunits.
4.7.2 Fluorescence resulting from protein-protein interactionsisirreversible.

Visualization of the transient protein-protein natetions using BiFC has been demonstrated
to be irreversible (Hu et al., 2002; Kerppola, 200@ich could lead to misinterpretation of
the turnover or the localization of the interactipgteins. As consequence, the interaction
between HapC and TrxA was observed in the nucldusnwt was visualized using BiFC
assay. Moreover, the addition of®} to the growing mycelia did not cause the disas$gmb
of the HapC-HapE dimer when it was visualized by®@ianalysis. This feature could be also
considered as one of the BiFC advantages sinseuseful for trapping and visualizing rare
complexes using plasmid library screening (Joshil.e2007). BiFC can therefore be used to
identify novel protein interactions without priondwledge of the structural basis of the
interaction (Hu et al., 2002).

4.7.3 The fluorescence is resulting from binding of the two YFP terminal proteins not

from interacting proteins.

Since the achieved signal, e.g. the fluorescemscdependent on the association of the two
terminal parts of EYFP with each other, visualiaatof fluorescence is dependent not only on
the two interacting proteins but also on the twoFPYterminal parts. This point has to be
taken into consideration during cloning of genesoeling the studied proteins. If the
structural basis of complex formation is not cleae two interacting proteins should be fused
N- and C-terminally to the N- and C- terminal pafrtYFP. The resulting eight combinations
of the fusion proteins should be tested for completation (Kerppola, 2006). Moreover, the
resulting fluorescence should be verified whetherftuorescence is resulting from a specific

protein-protein interaction or from unspecific bimgl of the two YFP termini.
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