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Summary

Summary

Aspergillus fumigatus is a globally distributed opportunistic filamentous fungal pathogen
mainly found in compost and represents the main cause of pulmonary aspergillosis in
immunocompromised individuals. Fungal development and virulence require a highly
controlled balance of regulatory protein biosynthesis, posttranslational maodification and
degradation for signal transduction and DNA maintenance to colonise various habitats and
hosts. F-box proteins are part of the Skp1l/A-Cullin -F-Box (SCF) ubiquitin RING ligase
complex acting as substrate receptors for target proteins, which become posttranslational
ubiquitinated for 26S proteasome mediated degradation. The Aspergillus-specific F-Box
protein Fbx15 was initially described in Aspergillus nidulans as developmentally relevant
protein. A. fumigatus Fbx15 is needed for the regulation of secondary metabolism such as
the control of gliotoxin synthesis, as well as stress response and pathogenicity.
A. fumigatus Fbx15 is unusual because a function in protein ubiquitination through
SCF™15 complex was not yet identified, but it is required for the nuclear localisation of the
essential co-repressor subunit SsnF. A. fumigatus Fbx15 carries two predicted nuclear
localisation signals (NLS) within its primary amino acid sequence. This study had three
issues: (i) The functions of Fbx15 and putative interaction partners were compared
between A. fumigatus and A. nidulans. (ii) It was analysed whether Fbx15-mediated stress
response and virulence of A. fumigatus depends on its control of the synthesis of gliotoxin
or other mycotoxins. (iii) The molecular function of the two NLS of A. fumigatus Fbx15 and
their impact on SsnF localisation was explored.

(i) This study revealed a partial overlap in the functions of the two Aspergillus Fbx15
counterparts. Both heterologous expressed Fbx1l5 proteins c¢omj
functions in secondary metabolite control and in Fbx15-mediated A. nidulans asexual and
sexual development regulation. In contrast, A. nidulans Fbx15 is only partially required for
stress response contrary to the crucial role in stress response of A. fumigatus Fbx15.
Analysis of the interplay of Fbx15 with the transcription factors OefC and SrbB, the putative
transcription factor FiAt, and the putative part of a F-type ATPase, FidA, did not elucidate
a clear link to Fbx15 functions in development, stress response and/or pathogenicity.

(ii) A. fumigatus Fbx15 is not only required for the regulation gliotoxin, but also for the
biosynthesis of the mycotoxin fumagillin at vegetative growth. A. fumigatus
Fbx15-dependent regulation of gliotoxin biosynthesis is dispensable for Fbx15-mediated
stress response at minimal growth and pathogenicity in the Galleria mellonella model.

(iii) Either A. fumigatus Fbx15 NLS1 or NLS2 are sufficient to support nuclear import of
Fbx15 during vegetative growth under non-stress conditions. NLS1 is insensitive against
stress when NLS2 is absent. NLS2 is required to exclude Fbx15 from the nuclear matrix
to the nuclear periphery during oxidative stress. NLS2 is also sufficient to locate SsnF to
the nuclear matrix in the absence of stress, and to the nuclear periphery with stress,
whereas the sole presence of NLS1 results in constitutive nuclear SsnF. Therefore, NLS2
is the stress-responding element to control and shift the distribution of Fbx15 and of SsnF
from the nuclear matrix to the periphery presumably to release the fungal cell from SsnF
dependent gene repression. Fbx15 phosphorylation represents an additional layer of
location control, which is not relevant during non-stress conditions. Fbx15 phosphorylation
or dephosphorylation do not require intact NLS1- or NLS2 sequences. Fbx15 cellular
location during oxidative stress depends on the phosphorylation or dephosphorylation
status at residue S468|9. The major finding of this thesis is the identification of A. fumigatus
NLS2 as control element to exclude Fbx15 and simultaneously the corepressor SsnF from
the nuclear matrix during oxidative stress resulting in derepression of genes e.g. for
mycotoxin formation.



Zusammenfassung

Zusammenfassung

Aspergillus fumigatus ist ein weltweit verbreiteter, filamentoser Pilz, der hautsachlich auf
kompostierbarem Medium vorkommt. Als opportunistischer Krankheitserreger
reprasentiert A. fumigatus die Hauptursache fir atemwegsinvasive Aspergillose in
immungeschwachten Individuen. Pilzspezifische Entwicklungsprozesse und Virulenz
bedlrfen eines kontrollierten Gleichgewichts der Synthese, des Abbaus sowie der
posttranslationalen Modifikation regulatorischer Proteine. Solche regulatorischen Proteine
werden flr Entwicklungsprozesse, Signaltransduktionen und die DNA-Instandhaltung
wahrend der Kolonisierung verschiedenster Habitate oder Wirten bendtigt. F-box Proteine
sind Teil des Skp1/A-E-box-Cullin (SCF) Ubiquitin RING Ligasekomplexes. Sie fungieren
als Substratrezeptoren fir Proteine, die fur ihren Abbau am 26S Proteasom
posttranslational ubiquitiniert werden. Das Aspergillus-spezifische F-box Protein Fbx15
wurde erstmals in A.nidulans als entwicklungsrelevantes Protein beschrieben.
A. fumigatus Fbx15 ist entscheidend fur die Regulation des Sekundéarmetabolismus, wobei
die Biosynthese des Mykotoxins Gliotoxin reguliert wird. Zudem wird A. fumigatus Fbx15
fur die Stresstoleranz und Pathogenitat des Pilzes bendtigt. A. fumigatus Fbx15 ist fur
seinen Proteintyp untypisch, da bis jetzt keine Funktion beziglich der Proteindegradation
mittels Ubiquitinierung durch den SCF™*15-Komplex identifiziert wurde. Stattdessen wurde
eine Fbx15-abhangige Kernlokalisierung der essentiellen Ko-Repressoruntereinheit SsnF
festgestellt. A. fumigatus Fbx15 besitzt zwei potentielle nukleare Lokalisierungssignale
(NLS) in seiner primaren Aminosauresequenz. Diese Arbeit hatte drei Themen: (i) Die
Funktionen von Fbx15 und potentieller Interaktionspartner wurden in A. nidulans und
A. fumigatus miteinander verglichen. (i) Es wurde untersucht, ob die in Abh&angigkeit von
A. fumigatus Fbx15 entstehende Stressantwort und Virulenz im Zusammenhang mit seiner
regulatorischen Wirkung auf die Gliotoxinbiosynthese oder andere Mykotoxine steht. (iii)
Die molekulare Funktion der beiden NLSs von A. fumigatus Fbx15 wurde untersucht,
sowie dessen Einfluss auf die Lokalisierung von SsnF.

(i) Diese Arbeit hat gezeigt, dass es eine partielle Ubereinstimmung in den Funktionen der
beiden Aspergillus Fbx15-Proteine gibt. Beide heterolog exprimierte Fbx15-Proteine
komplementieren  gegenseitig ihre  jeweiligen  Funktionen hinsichtlich  des
Sekundéarmetabolismus, sowie der Fbxl1l5-abhéngigen asexuellen und sexuellen
Entwicklung in A. nidulans. Im Gegensatz dazu ist A. nidulans Fbx15 nur partiell fir
Stresstoleranz relevant, wohingegen A.fumigatus Fbx15 eine Hauptfunktion in
Stresstoleranz vorweist. Die Untersuchung der moglichen Wechselwirkung von Fbx15 mit
den Transkriptionsfaktoren OefC und SrbB, des potentiellen Transkriptionsfaktors FiAt,
und FidA, der potentielle Teil einer F-ATPase, wies keinen eindeutigen Zusammenhang
zu Fbx15 in Entwicklung, Stressantwort und/oder Pathogenitat auf.

(i) A. fumigatus Fbx15 ist nicht nur fir die Regulierung von Gliotoxin verantwortlich. Es
wird ebenfalls flir die Regulation der Biosynthese des Mykotoxins Fumagillin wéahrend des
vegetativen Wachstums benétigt. Dartiber hinaus sind die regulatorischen Eigenschaften
von A. fumigatus Fbx15 in Bezug auf Gliotoxin nicht fur die von Fbx15 geleitete
Stressantwort wahrend des Minimalwachstums und der Pathogenitat im
Galleria mellonella-Model von Bedeutung.

(i) Beide NLS-Sequenzen von A. fumigatus Fbx15 werden unabh&angig voneinander fur
den Kerntransport von Fbx15 wahrend des vegetativen Wachstums benétigt. Dabei ist
NLS1 ist fur sich alleine unempfindlich gegenuber Stress. NLS2 wird hingegen fir den
Transport von Fbx15 von der Kernmatrix zur Kernperipherie bei oxidativem Stress
benttigt. AuRerdem wird NLS2 fir die erfolgreiche Lokalisierung von SsnF in der
Kernmatrix in Abwesenheit von Stress bendtigt, sowie den Transport von SsnF zur
Kernperipherie bei Stress. In diesem Prozess fuhrt Prdsenz von NLS1 ohne NLS2 zu einer
kontinuierlichen Kernlokalisierung von SsnF. NLS2 ist hierbei ein Element fur die
Stressantwort, das fur den Shift von Fbx15 und SsnF von der Kernmatrix zur
Kernperipherie verantwortlich ist, um vermutlich die von SsnF verursachte Repression der
Genregulation in der Zelle zu unterbinden. Die Phosphorylierung von Fbx15 reprasentiert
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Zusammenfassung

dabei eine zusatzliche Lokalisierungskontrolle, die jedoch nicht bei vegetativen Wachstum
entscheidend ist. Dephosphorylierung oder Phosphorylierung von Fbx15 bendétigt keine
intakte NLS1- oder NLS2-Sequenz. Dennoch ist die zellulare Lokalisierung von Fbx15 bei
oxidativem Stress abhangig von der Phosphorylierung oder Dephosphorylierung an den
Aminoséauren S468|9. Das Hauptergebnis dieser Dissertation besteht in der Identifizierung
von A. fumigatus Fbx15 NLS2 als Kontrollelement, um Fbx15 und SsnF simultan aus der
Kernmatrix wahrend oxidativen Stresses zu transportieren, was zu einer Derepression von
Genen fuhrt, die z.B. fur die Produktion von Mykotoxinen zustandig sind.



Introduction

I Introduction

1 Aspergillus fumigatus - an opportunistic human pathogen

1.1 Nutrient versatility of A. fumigatus and its global distribution

The ubiquitous airborne saprotrophic fungus Aspergillus fumigatus has its natural niche in
the soil on decaying organic matter where the fungus makes an important contribution to
the recycling of carbon and nitrogen (Latgé, 1999). The fungus is able to degrade almost
all components of organic waste such as cellulose, fatty acids, pectin, proteins, sugars and
xylane (Adav et al., 2015; Fogarty, 1994; Wang et al., 2012). This ability is due to its high
metabolic versatility, e.g. demonstrated by the capability to utilise diverse carbon sources
like D-galactose, L-arabinose and D-xylose or alcohols instead of its favoured carbon
source glucose (Flipphi et al., 2009; Zhang et al., 2018). Despite of this, A. fumigatus is
able to recycle nitrogen out of amino acids (aa), nitrate and purines if the favoured
ammonium, glutamate or glutamine is not available (Krappmann and Braus, 2005; Lee et
al., 2013). The ability to utilise different compounds for carbon and nitrogen recycling
contribute to A. fumigatus successful competition with other mesophilic, thermotolerant
and thermophilic aerobic microorganisms, e.g. different bacteria like actinomycetes and
fungi such as molds (Bhatti et al., 2017; Fang and Latgé, 2018; Singh and Satyanarayana,
2019). Whereas most other fungi are mesophilic and grow at temperatures between
25-35°C, A. fumigatus is highly thermotolerant with a growth ability between 30 to 52°C
what depicts the ideal proliferation conditions in young composts (Beffa et al., 1998;
St-Germain and Summerbell, 2003; Cooney and Emerson, 1964). The ability to adapt to a
wide range of environmental conditions makes A. fumigatus one of the most ubiquitous
distributed fungi in the world with a very high genetic diversity (Debeaupuis et al., 1997;
Rocchi et al., 2015). Analysis of over 2,000 A. fumigatus isolates from 13 countries in four
continents revealed eight genetic clusters of which seven showing a broad geographic
distribution. These global populations of A. fumigatus are structured by contemporary gene
flow, historical differentiation, sexual reproduction and local distributed antifungal drug
resistance (Ashu et al., 2017).

1.2 Developmental stages of A. fumigatus

A. fumigatus reproduces itself either asexually or sexually. The sexual life cycle is induced

under specific conditions including heat and a duration of six month resulting in fruiting

bodies, so called cleistothecia (Dyerand O6 Gor man, 2012; Ene and Benne
et al., 1976 ; @thalg @009 d&Neosartorya as a hew Latin genus name was given

to the telomorphic (sexual) state next to the already existing anamorphic (asexual) state
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Aspergillus ( O 6 G o retmal, 8009). During the asexual life cycle airborne haploid spores
are produced, named conidiospores or conidia (Mullins et al., 1976). Conidia are released
into the environment from multicellular conidiophores that are produced by vegetative
hyphae developing specialised foot-cells. Those foot-cells terminate in a stalk with a
clavate vesicle, which is covered with a layer of green phialides, which act as spore forming
cells in a budding-like process. From the polar phialides green-pigmented conidia are
produced by mitotic division and subsequent constriction (Figure 1) (Bayram et al., 2008;
Brakhage and Langfelder, 2002; Tao and Yu, 2011).

Asexual development

Vesicle

| ., Phiaiide

I

® Conidiospore

\—/y %c:::o—/G

Vegetative growth

Foot cell

Conidiophore

ermlings

Figure 1: A. fumigatus asexual life cycle. A. fumigatus airborne conidiospores germinate on a
medium containing suitable nutrient T and energy sources. The fungus grows vegetatively out of
airborne conidia till a new conidiophore is produced, whose first developmental stage is the
formation of a foot cell. From the foot cell a stalk and a vesicle arise. The full-developed conidiophore
contains phialides at the vesicle site with chains of conidiospores. Modified from Bayram et al.,
2008.

The conidia of A. fumigatus are long-term resting structures that are resistant against a
wide range of environmental stress inducers such as oxidative stress, ultraviolet radiation
and heat (Corrochano, 2007; Hagiwara et al., 2014; Kozakiewicz and Smith, 1994).
Several layers are covering A. fumigatus conidia and protect them from stressors. The
outer layer is the rodlet layer that consists of amyloid fibres that are composed of the
hydrophobin family member protein RodA. So far seven different hydrophobins are
identified (RodA-RodG) whereby RodA is solely important for the formation of the rodlet
layer, conidial hydrophobicity, sporulation and resistance to physical injury and
immunological inertia (Paris, Debeaupuis, et al., 2003; Valsecchi et al., 2018; Wyatt et al.,
2013). The cell wall of A.fumigatus conidia consist of different polysaccharides,

U-(1,3)-glucan, chitin, galactomannan, R-(1,3)-glucan and  mycelial-specific
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galactosamino-galactan (Alkhayyat et al., 2015; Hohl and Feldmesser, 2007; Samar et al.,
2015; Valiante et al., 2015). The reorganization of the conidial cell wall during germination
is mediated by the glycosyl hydrolase GH55 members (Millet et al., 2019). Two types of
melanin are parts of the conidia cell wall: Pyomelanin and 1,8-dihydroxynaphthalene
(DHN)-melanin. Pyomelanin is a brown, water-soluble compound protecting the conidia
against cell wall stress and reactive oxygen species (ROS) whereas DHN-melanin is a
blue-green pigment accumulated in the conidia and has an additional protective function
against ROS (Heinekamp et al., 2012; Rambach et al., 2015; Schmaler-Ripcke et al., 2009;
Sugareva et al., 2006).

1.3 A. fumigatus as opportunistic human pathogen

A. fumigatus represents the most common and opportunistic aerial fungal pathogen as it
causes 90% of all cases of invasive aspergillosis in immunosuppressed individuals next to
other pathogenic fungi such as A. niger, A. flavus or A. terreus (Fang and Latgé, 2018;
Perfect et al., 2001). The airborne conidia of A. fumigatus with a size of 2 to 3 um are small
enough to reach the lung alveoli (Christensen et al., 1989; Yaguchi, 2011). In fact,
mammals inhale daily several hundreds of A. fumigatus conidia (Chazalet et al., 1998;
Goodley et al., 1994; Hospenthal et al., 1998). These conidia are normally eliminated in
immunocompetent individuals, e.g. by engulfing or inactivation through recruited
neutrophils and Ly6Chi inflammatory monocytes of the innate immune system (Bonnett et
al., 2006; Espinosa et al., 2014; Jhingran et al., 2012; Mircescu et al., 2009; Shlezinger et
al., 2017). Immunosuppression is a cause of chemotherapies, diseases like tuberculosis,
AIDS, neutropenic diseases or as a result of organ transplantations. In these individuals
inhaled conidia are able to enter the lung where they start to germinate (Figure 2) (Tekaia
and Latgé, 2005). Invasive aspergillosis can lead to death and is characterized by
angioinvasion with sinopulmonary involvement while disseminating to the central nervous
system (Fayed, 2018; Pauw et al., 2008). Invasion to the gastrointestinal tract, skin or
contiguously belongs to the characteristics of invasive aspergillosis (Pauw et al., 2008).
Depending on the degree of immune suppression A.fumigatus causes allergic,
saprophytic, partially invasive or acute invasive aspergillosis clinical syndromes. Allergic
reactions result in extrinsic asthma including allergic fungal sinusitis, severe asthma with
fungal sensitization and allergic bronchopulmonary aspergillosis (Chaudhary and Marr,
2011; Ghosh et al., 2015; Knutsen et al., 2012). Saprophytic syndromes are categorised
in chronic cavitary or fibrosing aspergillosis and Aspergilloma (Denning et al., 2016;
Steinbach, 2018). Recent global estimations accomplished in 2017 projected over

3,000,000 cases of chronic pulmonary aspergillosis and around 250,000 cases of invasive
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aspergillosis annually (Bongomin et al., 2017). The mortality rate of patients suffering from
chronic pulmonary aspergillosis ranges from 14% to 53% after one to ten years post

infection (Lowes et al., 2017).

Airborne conidia Conidial germination in abscence
environmental distributed of sufficient pulmonary defense

Infection of
immunosuppressed individuals

Figure 2: Infection life cycle of A. fumigatus. Inhalation of environmental distributed airborne
A. fumigatus conidia can distribute through the lung alveoli in immunosuppressed individuals.
Pulmonary aspergillosis can break out in the absence of a sufficient pulmonary defence leading to
the germination of conidia through the lung tissue. Modified from Tekaia and Latgé, 2005.

2 Aspergillus nidulans - a genetic model organism for

filamentous fungi

Aspergillus nidulans represents a model organism for the genome research, cell
development and gene regulation of filamentous fungi (Martinelli, 1994; Osmani and
Mirabito, 2004). In contrast to the heterothallic A. fumigatus, A. nidulans is homothallic and
undergoes an asexual and sexual life cycle under moderate growth conditions (Bayram et
a., 2010a; ¢ al.&x2009;Rager-Herreros et al., 2011).

The asexual life cycle of A. nidulans is favoured by a combination of factors including light
and characterized by the production of conidia that origin from conidiophores (Adams et
al., 1998; Bayram et al., 2010; Mooney and Yager, 1990). The conidiophores of A. nidulans
contain an additional cell type, called metula, in contrast to A. fumigatus conidiophores
(Adams et al., 1998; Mims et al., 1988). The metula origins from the conidiophore stalk,
called conidiophore vesicle, and comprises a single nucleus (Mims et al., 1988). From the
metula the spore forming phialides arise whose asymmetric budding-like division results in
the formation of conidia chains (Adams et al., 1998). The sexual life cycle is favoured in

darkness with limited oxygen levels (Park et al., 2019). After cultivation A. nidulans needs
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20h at 37°C to initiate sexual development (Seo et al., 2004). In A. nidulans dikaryon
formation occurs either homothallic (self-fertilized) or heterothallic (two compatible
partners) (Galagan et al., 2005; Paoletti et al., 2007; Scazzocchio, 2006). Hulle cells cluster
around the di karyotic hyphae appeaaledylgbhosen a fines:
cells (Poggeler et al., 2018). They are assumed to function as nurse cells for cleistothecia
and are not directly connected to sexuality (Braus et al., 2002; Hermann et al., 1983;
Scherer and Fischer, 1998). Inside the dikaryotic cells, which form a network of
ascogenous hyphae, nuclear fusion takes place (Poggeler et al., 2018). Young ascis are
formed containing eight nuclei synthesized by meiotic division and a post-meiotic mitosis.
These young ascis are comprised in a pre-mature cleistothecium, the primordium (Sohn
and Yoon, 2002). In numbers over 10.000 asci are comprised in one cleistothecium. The
formation of a mature cleistothecium with a size of 125-200 um in diameter takes 96h (Seo
et al., 2004). Asexual conidia and sexual ascospores can germinate and undergo either
the asexual or sexual life cycle depending on the environmental conditions after vegetative
growth (Figure 3).
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Figure 3: Developmental stages of A. nidulans. In light with sufficient oxygen supply the fungus
favours the asexual development producing conidiophores. Conidiophores contain a foot cell, a
stalk and a vesicle with metulae, on which spore-forming phialides produce large numbers of
conidiospores. In darkness with reduced oxygen supply the sexual development is favoured
resulting in the production of the fruiting bodies, cleistothecia. Cleistothecia arise from Hiuille cells
surrounding nest structures, of which a primordium is developed. Mature cleistothecia contain
ascospores with inside of each four ascis are present. A released ascospore can germinate like a
conidiospore producing a mycelium network at vegetative growth. Modified from Bayram et al.,
2008.
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Reorganisation of the morphogenesis due to environmental changes or by passing
developmental stages like from filamentous growth to other reproductive stages needs the
synthesis and degradation of certain proteins as most recently described in
Candida albicans by an increased ubiquitin polypeptide-dependent protein degradation
during hyphal growth (Yang et al.,, 2020). The autophagy as well as degradation of
corresponding proteins through the ubiquitin-dependent 26S proteasome represent
important tasks during these processes (Glickman and Ciechanover, 2002; Pollack et al.,
2009). Proteins degraded by the 26S proteasome need to be marked with K48-
polyubiquitin (Petroski and Deshaies, 2005b). This labelling is required for development,
which process itself reversable (Meister et al., 2019; Tyers and Jorgensen, 2000; von
Zeska Kress et al., 2012).

3 The fungal F-Box protein Fbx15

3.1 F-Box proteins as part of the SCF E3 ubiquitin RING ligases

3.1.1 SCF E3 ubiquitin RING ligases mediate ubiquitination followed by proteasomal
degradation

The tetrameric Skpl-cullin-E-box protein (SCF) E3 ubiquitin ligases are one of the
best-understood families of the cullin-b a s aedlly interestingnewgene 6 ( RI NG) I i g
and were first characterized in Saccharomyces cerevisiae (Bai et al., 1996). They are of
high importance in biological processes such as cell cycle progression, development, DNA
replication, gene transcription and signal transduction (Nakayama and Nakayama, 2006;
Petroski and Deshaies, 2005a; Ren et al., 2008). Most recently, a specific mammalian
SCFFBX03 E3 ligase was identified to modulate inflammation in atherosclerosis (Chandra et
al., 2019). The fungal SCF E3 ubiquitin RING ligase consists of a scaffold protein, cullin (5
family members), an F-box protein as substrate receptor (approx. 70 family members), an
adapter protein Skpl/SkpA and a catalytic RING component (2 members: RBX1 and
RBX2) (Deshaies and Joazeiro, 2009; Sarikas et al., 2011; Willems et al., 2004).
Dysfunctions in the regulation of cellular processes by the SCF E3 ubiquitin RING ligases
can cause severe diseases such as human cancer and have a direct influence on the
embryonic development (Nakayama and Nakayama, 2006; Wei and Sun, 2010).

The SCF E3 ubiquitin RING ligases are required to control the life span of regulatory
proteins involved in coordinating development, signal transduction and DNA maintenance
in the ubiquitin 26S proteasome system (UPS). Hence, around 90% of protein breakdowns
in mammalian cells are mediated by proteasome degradation (Lee and Goldberg, 1998).
Well studied substrates are short-lived proteins such as transcription factors, cyclins,

cyclin-dependent kinases and their inhibitors (Glotzer et al., 1991; Ko and Cho, 2018;
9
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McNeilly et al.,, 2018; Pagano et al.,, 1995). The degradation of substrates by the
proteasome occurs either in the nucleus or in the cytoplasm (Berner et al., 2018;
Serrano-Bueno et al., 2019). Target proteins are recruited to the proteasome if labelled
with a specific ubiquitin chain in a sequential action of E1, E2 and E3 enzymes, of which
E3 ubiquitin RING ligases are responsible for the substrate specificity through their F-box
proteins (Clague et al., 2015; Skaar et al., 2013). The 76 aa long comprising ubiquitin is
highly conserved in eukaryotic organisms. First, monomeric ubiquitin is bound to the E1
ubiquitin-activating enzyme and transferred to cysteine residues of E2
ubiquitin-conjugating enzyme, both in an adenosine triphosphate (ATP)-dependent
manner. The ubiquitin-bound E2 enzyme binds to the E3 ubiquitin ligase. After the
substrate is bound to E3 through its F-box protein, the ubiquitin of the E2 enzyme is
transferred to a lysine residue of the substrate (Glickman and Ciechanover, 2002; Lennarz
and Lane, 2013).

Cullin A

SCF complex 26S Proteasome

Figure 4: Substrate degradation by the ubiquitin 26S proteasome system (UPS). (1) Linking
substrates to ubiquitin for degradation by the 26S proteasome starts with activating and binding of
free monomeric ubiquitin (Ubi) to the E1 ubiquitin-activating enzyme in an energy-consuming step.
(2) Ubiquitin is transferred to the ubiquitin-conjugating enzyme E2 binding on an internal cysteine
residue. (3) The E2-Ubiquitin bundle binds to the RbxA adapter of the E3 ubiquitin ligase (here:
Skp1-cullin/Rbx-E-box protein (SCF) complex), where the transfer of active ubiquitin to a lysine
residue of the substrate, bound to the F-box protein, is catalysed. (4) A final polyubiquitin chain is
built by attachment of single ubiquitin to a previous attached ubiquitin through its internal Lys48
residue and recognized by the ubiquitin binding domains (UBD) in the 19S proteasomal regulatory
particle (RP). The substrate enters the proteolytic chamber of the 20S core particle (CP) after a ring
of six ATPases unfolded it. Hereby, the ubiquitin-tag was removed from the substrate by a
deubiquitinating enzyme (DUB) and releases inactive monoubiquitin. Modified from J6hnk, 2016.
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In case of proteasomal degradation of the substrate a polyubiquitin chain is formed by the
covalent attachment of monomeric ubiquitins achieved by an isopeptide bound of the C-
terminal glycine residue at aa 76 of the new ubiquitin to Lys48 (one of seven lysine
residues) of the already attached substrate-bound ubiquitin (Komander and Rape, 2012).
Polyubiquitinated substrates at Lys48 are recognized by two ubiquitin receptors with
ubiquitin binding domains (UBD) of the 19S proteasomal regulatory particle (RP) and get
unfolded by six ATPases in the RP. During this process the ubiquitin chain gets cleaved
and recycled from the target protein by deubiquitinating enzymes (DUBs) (Bhattacharyya
et al., 2014; Gu and Enenkel, 2014). The unfolded protein exits the proteolytic core of the
proteasome, the 20S core particle (CP), though its two entrance pores with specific sizes
allowing only unfolded proteins to pass through (Figure 4) (Bhattacharyya et al., 2014).
Most recently it has been identified that SCF E3 ligases can regulate the modelling of other
SCF E3 ligases by coupled monoubiquitylation (Kelsall et al., 2019).

3.1.2 Regulation of the SCF E3 ubiquitin RING ligase

A specific lysine at the C-terminus of the cullin of the SCF E3 ubiquitin RING ligases gets
modified in its binding affinity to the other SCF subunits by the
neural-precursor-cell-expressed developmentally down-regulated 8 (NEDDS8) cascade
(Huang et al., 2009; Osaka et al., 1998; Pan et al., 2004). Neddylation promotes the activity
of SCF E3 ligases by a NEDD8 cascade (Gong and Yeh, 1999). Thereby, the catalytic
efficiency is increased, which results in promoting RBX-cullin dimerization by a
conformational change in the cullin scaffold. Moreover, NEDD8 supports the assembly of
polyubiquitin chains by allowing the E2 enzyme to move in closer proximity to the acceptor
lysine residue of the substrate protein (Duda et al., 2008; Merlet et al., 2009). The COP9
(constitutive photomorphogenesis 9) signalosome (CSN) recognizes cullin ring ligases
such as SCF E3 ubiquitin RING ligases, which are not bound to substrates. The binding
leads to a deactivation resulting in the deneddylation of the cullin by the recruitment of the
cullin-associated neddylation-dissemination 1 (CAND1), which leads to a disassembly of
the SCF E3 ubiquitin RING ligase components (Goldenberg et al., 2004; Kohler et al.,
2019; J. Zheng et al., 2002). Most recently it was shown that six subunits of the CSN
interact with a novel ubiquitin-specific protease UspA in A. nidulans (Meister et al., 2019).
UspA is one of 22 DUBs in A. nidulans, which can reverse the ubiquitination processes
(Abdul Rehman et al., 2016; Meister et al., 2019). UspA negatively regulates the amount
of ubiquitinated proteins during developmental processes and is itself repressed by a
functional CSN as well as reduces the protein level of the secondary metabolism-regulating
NF-oB-like velvet domain protein VeA (Kato et al., 2003; Meister et al., 2019).
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3.2 F-Box proteins in fungi

F-box proteins contain a F-box domain and function as protein receptors for substrates of
SCF E3 ubiquitin RING ligases for ubiquitination through the adaptor Skp1/A to Cull/A
scaffold (Schmidt et al., 2009). The amount of F-box proteins differ among species. For
instance, humans, A. fumigatus and A. nidulans comprise approx. 70 F-box associated
genes whereas 897 F-box-coding genes were found in Arabidopsis thaliana (Galagan et
al., 2005; Hua and Vierstra, 2011; Orejas et al., 2001; Skaar et al., 2009). Based on further
protein interaction domains, F-box proteins can be subdivided into three classes: FBXW,
FBXL, FBXO (Shen and Spruck, 2017). The class of the FBXW interaction domains
contains one or more WD40 domains and R-propeller structures that are required to
recognize the specific consensus sequence DSGXXX(X)S, which must be phosphorylated
on its serine (Ser) residues. FBXL proteins contain a C-terminal leucine-rich repeat (LRR)
domai n as wefl-repeahstructara. The last class with FBXO interaction domains
contains different, partially uncharacterized motifs. Identified motifs of FBXO proteins are
include carbo-hydrate-binding proteins and sugar hydrolases (CASH), Kelch-repeats
(double glycine repeats forming [-propellers), zinc finger and proline rich domains
(Cardozo and Pagano, 2004; J6hnk, 2016; Shen and Spruck, 2017; Skaar et al., 2013).
F-box proteins are involved in different molecular pathways in ascomycetes. For example,
the F-box protein GrrA is required for the development of matured ascospores during
meiosis in A. nidulans (Krappmann et al., 2006). In contrast, A. nidulans SconB is a
negative regulator of the sulphur metabolism by repressing the MetR transcription factor,
which represents an activator of sulphur metabolism (Natorff et al., 2003 ; etdli
2014). Fbx23 and Fbx47 of A. nidulans regulate the CreA-mediated catabolite repression.
Thereby, Fbx23 as part of the SCF™*23 E3 ubiquitin RING ligase complex is bridged to the
CreA-SsnF-RcoA repressor complex through the GskA protein kinase, which leads to the
degradation of the multi-repressor complex during xylan-induced derepressing conditions
(de Assis et al., 2018). Most recently, Fbx19 and Fbx22 were fund to be required in carbon
catabolite repression responses in Neurospora crassa as Fbx19 is required to promote
growth on medium containing arabinan and pectin whereas Fbx22 is needed to negatively
control growth on D-glucose and glucomannan (Horta et al., 2019).

The fungal specific Fbx15 is conserved among Aspergillus spp. and was primarily
characterized in A. nidulans, where it has critical functions for asexual and sexual
development as well as secondary metabolite homeostasis (Johnk et al., 2016; von Zeska
Kress et al., 2012). The A. fumigatus Fbx15 protein sequence comprises several domains.
The N-terminal F-box domain at aa position 6 to 53 is followed by the genus-specific
interaction motif 1 at aa position 223 to 272 and the non-genus-specific second motif 2 at

aa 313 to 362. Motif 2 is found in different other members of the genus such as
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Penicillium chrysogenum. Both motifs do not contain FBXW belonging WD40 repeats or
FBXL belonging LRR, which categorises Fbx15 to the FBXO class of interaction domains
in F-box proteins (J6hnk et al., 2016; Skaar et al., 2013). At the C-terminus two predicted
monopartite nuclear localisation signals (mp NLS) at aa position 407 to 418 (NLS1.:
YERPRKRLRRYY) and 485 to 494 (NLS2: VSRKRKSPID) were identified. Two serine
(Ser) residues were identified as putative phosphorylation sites by LCMS-analysis at aa
468 and 469 in between of the NLS sequences. S469 is most likely the critical putative

phosphorylated residue with a probability of 98% compared to 2% for S468 (Figure 5)
(Joéhnk et al., 2016).
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Figure 5: Domain architecture of the A. fumigatus F-box protein Fbx15. The F-box protein
Fbx15 is 655 amino acids (aa) long. The characteristic F-box domain acting as interface to the SCF
complex is located at the N-terminus at aa position 6 to 53. Two additional interaction motifs that
contain no WDA40 repeats or leucin-rich repeats (LRR) are positioned in the middle of the protein
sequence: genus-specific motif 1 at aa position 223 to 272 and non-genus specific motif 2 at aa
position 313 to 372. Two predicted monopartite nuclear localisation signals (mp NLS) are present
at the C-terminus: NLS1 at aa position 407 at 418, NLS2 at aa position 485 and 494. Two serine

(S) residues are probable phosphorylated: S468 (2%) and S469 (98%) are positioned between
NLS1 and NLS2. Modified from Johnk et al., 2016.

Whereas F-box proteins are often rather instable, Fbx15 is a stable protein compared to
the F-box protein SconB in A. fumigatus, whose homolog Met30 in S. cerevisiae is known
to be short lived (Johnk et al., 2016; Pashkova et al., 2010). An active SCF™*5 complex
formation occurs in the cytoplasm when Fbx15 is phosphorylated. However, binding to
SkpA also occurs in the nucleus when Fbx15 is mimicked to be dephosphorylated at S468
and S469 by exchanging the Ser residues to alanine (Ala) residues. Increased
dephosphorylation of Fbx15 protein is triggered by oxidative stress induced by hydrogen
peroxide (H202), which is probably driven by the GIcA/BimG phosphatase. Nonetheless,

the overall ubiquitin pattern in A. fumigatus is not significantly altered in absence of fbx15,
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indicating the SCF™15 E3 ubiquitin RING ligases bind a rare number of substrates for

proteasomal degradation (J6hnk et al., 2016).

3.2.1 Oxidative stress response is supported by fungal F-box proteins

Aspergillus spp. must cope with diverse stressors during colonization of various habitats
or invasion of potential host organism including oxidative stress induced by ROS (Fountain
et al., 2016; Jia et al., 2018). The most critical host immune defence mechanism is the
NADPH-oxidase-mediated production of ROS by alveolar macrophages and neutrophils
(Grimm et al., 2013). ROS are divided into three major ROS molecules: superoxide anion
(OJ'), hydroxyl radical (HOA and H»0,. O;' is produced by the reduction of molecular
oxygen (0O?). H,O. is produced by the conversion of O, through superoxide dismutases
(SODs). A full reduction is performed by catalases or glutathione peroxidases to water.
HOAresults in a partially reduction of O, through Fenton reaction catalysed by ferrous
ions. Targets of O, are proteins with prosthetic Fe-S groups, whereas the extremely
oxidizing HO” can damage all major groups of biomolecules. The relatively stable,
non-charged H>O, can diffuse through biological membranes causing damages to Fe-S
proteins (Breitenbach et al., 2015; Daly, 2009; Sato et al., 2009). Thioredoxin functions as
oxidoreductase, which acts as electron donor for the thioredoxin peroxidase, comparable
to glutathione (Sato et al., 2009; Thon et al., 2007). The glutathione system is the major
cellular oxidative stress defence system (Bakti et al., 2017; Breitenbach et al., 2015). The
glutathione peroxidase is an electron donor while reducing H>O> to H.O (Breitenbach et
al., 2015; Meister and Anderson, 1983; Sato et al., 2009). Menadione generates O, and
is suggested to affect the reduced glutathione (GSH) pool by a detoxification reaction
catalysed by glutathione S-transferase (Pécsi et al., 2004). Ascomycetes can actively
regulate the elimination of ROS by e.g. catalases that act as ROS scavengers (Green and
Johnson, 2004; Paris, Wysong, et al., 2003; Poggeler et al., 2018). During host invasion
A. fumigatus has to scope with host-specific ROS of the innate immune system. In this
context it was examined that the protein AfBIR1 acts as inhibitor of the fungal caspase
activity, which is controlled by conidial susceptibility to NADPH oxidase-dependent killing
(Shlezinger et al., 2017).

Besides, it has been shown that A. fumigatus Fbx15 is required for the fungal tolerance
against oxidative stress resulting in a diminished growth ability in absence of fbx15. On
molecular level Fbx15 is required for the downregulation of the catalase associated gene
catl. Moreover, fox15 gene expression and Fbx15 protein amounts are increased in
presence of H,O, (J6hnk et al., 2016). In S. cerevisiae the intrinsically instable F-box

protein Pofl4 is required for oxidative stress response induced by H,O, in a SCFPof4-
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independent manner (Tafforeau et al., 2006). Most recently, it was investigated that the
Magnaporthe oryzae F-box protein gene MoFWDL is required for oxidative stress release

during conidial germination (Shi et al., 2019).

3.2.2 F-box proteins are involved in secondary metabolite homeostasis in Aspergilli
Fungi produce a wide range of natural products such as the spore- and fruiting body-
containing pigment melanin (Kimura and Tsuge, 1993; Rambach et al.,, 2015;
Schmaler-Ripcke et al., 2009). These natural products can be subdivided in essential
(primary metabolites) and non-essential (secondary metabolites) natural products.
Secondary metabolite genes occur in clusters contrary to the primary metabolite genes
that are scattered in the whole genome (Keller et al., 2005; Malik, 1980). A wide range of
structurally heterogenous secondary metabolites with high interest to research, medicine
and biotechnology are produced by Aspergillus spp. (Singh et al., 2016; Yoon et al., 2013).
Synthesis of the secondary metabolites is performed in two steps: the core backbone is
processed either by a polyketide synthase (PKS) which can be divided into non-reducing
PKS and highly-reducing PKS, a non-ribosomal peptide synthetase (NRPS), a PKSi
NRPS hybrid, a dimethylallyl tryptophan synthase (DMATS) or a terpene cyclase (TC) .
The carbon skeleton is diversified by enzymes, which genes are usually clustered with the
secondary metabolites core backbone gene (Fischbach and Walsh, 2006). Under standard
laboratory growth secondary metabolites are usually repressed in filamentous fungi
because secondary metabolite production is likely triggered under specific circumstances,
e.g. to adapt to changed environmental conditions (Bode et al., 2002; Gerke and Braus,
2014). Some pathogenic Aspergilli produce useful secondary metabolites for
biotechnology industry like citric acid, enzymes and therapeutically relevant secondary
metabolites as antimicrobial aurasperone A of A. niger (Schuster et al., 2002; Shaaban et
al., 2012). So far, for the Aspergillus spp. members A. nidulans, A. fumigatus, A. niger and
A. terreus several secondary metabolite-linked enzymes were identified. Of 66 core
synthase genes for secondary metabolite production 29 were verified to secondary
metabolite production in A. nidulans. In comparison, 19 out of 44 identified genes were
linked to secondary metabolite production in A. fumigatus. In A. niger only 14 out of 99
total identified genes were linked to secondary metabolite production and in A. terreus 20
out of 74 genes (Table 1) (Romsdahl and Wang, 2019).
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Table 1: Status of linked Aspergillus secondary metabolite core synthase genes to
downstream products. PKS = Polyketide synthase, NRPS = Non-ribosomal peptide synthetase,
Hybrid = Mixture of PKS and NRPS, DMATS = Dimethylallyl tryptophan synthase, TC = Terpene
cyclase, SM = Secondary metabolite (Romsdahl and Wang, 2019).

A. nidulans A. fumigatus A. niger A. terreus

Linked Total | Linked Total Linked Total Linked Total
PKS 16 33 6 16 8 46 9 29
NRPS 11 25 9 18 4 35 9 36
Hybrid 1 1 1 2 2 9 1 1
DMATS 0 5 2 3 0 2 0 5
TC 1 2 1 1 0 7 1 3
SM 29 66 19 40 14 99 20 74

Fbx15 of A. fumigatus and A. nidulans control the secondary metabolite homeostasis as
the absence of fbx15 results in an orange (A. fumigatus) or dark reddish (A. nidulans)
pigmented colony during asexual development, which is presumably due to the regulation
of so far unidentified or uncharacterised secondary metabolites (Johnk et al., 2016; von
Zeska Kress et al., 2012).

Previous studies have confirmed that secondary metabolism is directly linked to asexual
and sexual development (Bayram et al., 2008; Elramli et al., 2019; Zhou et al., 2019). For
instance, the global regulator, regulation of secondary metabolism and development
(RsdA), regulates secondary metabolism accompanied by the repression of asexual
development (Zhou et al., 2019). Also, the assembly of a heptameric striatin-interacting
phosphatase and kinase (STRIPAK) complex is required for the coordination of
light-dependent fungal development with secondary metabolism in A. nidulans (Elramli et
al., 2019). Therehy, the STRIPAK complex is involved in the proper expression of the
VeA-VelB-LaeA complex, which is required to coordinate secondary metabolism such as
the production of the mycotoxin sterigmatocystein and fungal development (Bayram and
Braus, 2012; Elramli et al., 2019).

Some secondary metabolites produced by fungi have toxic features. The secondary
metabolite gliotoxin is an intensively studied mycotoxin in A. fumigatus. The gli-cluster
consists of 13 genes (Figure 7) (Gardiner and Howlett, 2005; Schrettl et al., 2010).
Gliotoxin has antioxidant properties by promoting the degradation and recycling of GSH
and is considered to be directly linked to virulence (Gallagher et al., 2012; Kwon-Chung
and Sugui, 2009; Owens et al., 2014; Scharf et al., 2012). However, various studies on
gliotoxin in context to virulence revealed contradictory findings. Gliotoxin was described as
virulence factor in a non-neutropenic mouse model as tested with the gliP mutant (Sugui

et al., 2007). Thereby, it was discovered that gliotoxin impairs the function of neutrophils
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by inhibiting the formation of neutrophil-recruiting leukotriene A4 hydrolase (Koénig et al.,
2019). However, in neutropenic mice no altered pathogenicity in A. fumigatus lacking
gliotoxin synthesis by gliP deletion was observable (Spikes et al., 2008; Kupfahl et al.,
2006).

)= - o

Figure 6: Structure of the gli-cluster genes in A. fumigatus. Gliotoxin biosynthesis is encoded
by the 13 gli-cluster genes (in colour and labelled with their last letter), that are located at
chromosome 6. Modified from Dolan et al., 2015.

The gene product of gliZ is a Zn,Cyss finger binuclear transcription factor, which is required
for the induction of gliotoxin production and its regulation (Bok et al., 2006; Kwon-Chung
and Sugui, 2009; Scharf et al., 2012). Lacking gliZ gene expression results in a block of all
other gliotoxin cluster genes except gliT. The bioactivity of gliotoxin is controlled by the
multimodular NRPS GIiP (Balibar and Walsh, 2006). Upstream regulation of the gliotoxin
gene cluster is performed by transcription factors like VeA or MtfA and the
methyltransferase LaeA, known as global secondary metabolite regulators (Dhingra et al.,
2012; Perrin et al., 2007; Schoberle et al., 2014; Smith and Calvo, 2014).

Fbx15 is required for the downregulation of gli-cluster genes such as gliP and gliZ, which
encoding products are essential for the biosynthesis of the mycotoxin gliotoxin (Gardiner
and Howlett, 2005; Johnk et al., 2016). Moreover, mimicking dephosphorylation of Fbx15
at S468 and S469 by exchanging Ser to Ala also promotes the induction of gli-gene

expression but does not influence the gliotoxin biosynthesis (J6hnk et al., 2016).

3.3 Transcriptional regulators as (potential) interaction partners of
A. fumigatus Fbx15

Putative interacting proteins for A. fumigatus Fbx15 were identified by Tandem-Affinity

Chromatography Purification (TAP). Next to the subunits of the SCFF*15 complex, nuclear

proteins, proteins with functions in transcriptional regulation, RNA processing, signal

transduction, metabolism, fungal morphology, as well as three proteins of unknown

function were identified, in total 38 proteins (Table 2) (J6hnk et al., 2016).
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Table 2: Fbx15 putative interacting proteins - co-purified proteins with Fbx15 identified by
TAP analysis in A. fumigatus. S. cerevisiae homologous proteins with a known function are given
in brackets. Co-purified with Fbx15: Putative interacting proteins with Fbx15 had to appear at least
twice in two independent Fbx15-purifications. Already used proteins for analysing the interaction
with Fbx15 are shaded in grey. Putative Fbx15-interacting transcription factors are shaded in blue.
Modified from J6hnk et al., 2016.

A. fumigatus Fbx15 co-
purified proteins

Protein description

SCF-subunits & related proteins

AFUA_1G12960 (CulA)

SCEF ubiquitin ligase subunit

AFUA_5G06060 (SkpA)

SCEF ubiquitin ligase subunit

AFUA_4G10350 (UbiD)

Polyubiquitin

AFUA_4G10780 (Tom1)

ubiquitin-protein ligase

AFUA_8G05500 (CsnD)

COP9 signalosome subunit

AFUA_5G07260 (CsnF)

COP9 signalosome subunit

AFUA_4G12630 (CsnG)

COP9 signalosome subunit

Transcription factors & nuclear proteins

AFUA_3G09670 (OefC)

C6 transcription factor

AFUA_4G03460 (SrbB)

bHLH transcription factor, involved in hypoxia and virulence

AFUA 4G08930

Putative nucleolar GTPase (Nog2p)

AFUA 2G11840 (SsnF)

Transcriptional corepressor (Ssn6ép)

AFUA_6G05150 (RcoA)

Transcriptional corepressor (Tuplp)

AFUA 5G11390

APSES transcription factor, putative

AFUA_2G06140

uracil DNA N-glycosylase activity, DNA repair

AFUA_5G07890

single-stranded DNA binding protein (Rim1p)

RNA processing

AFUA_3G06440

Splicing factor with U2 snRNP localisation (Prp21p)

AFUA_5G04420

Splicing factor with U2 snRNP localisation (Cuslp)

AFUA_6G08610

RNA trimethyl guanosine synthase, role in 7-methylguanosine
cap hypermethylation (Tgslp)

AFUA_5G09670

RNase Ill domain protein

AFUA_7G05810

Putative ribonucleoprotein, nucleic acid binding (Mrd1p)

Ribosomal proteins

AFUA_1G05990

60S ribosomal protein (Rpl16Ap)

AFUA_2G04130

40S ribosomal protein (Rps11A)

AFUA_2G01830

Protein with putative ribosomal activity

Signal-transduction

AFUA_1G11730 (ArfA)

GTPase activity, role in ER/Golgi transport

AFUA_2G07600

GTP binding, signal recognition activity

AFUA_6G07980 (NimX)

Cyclin-dependent serine/threonine kinase

AFUA_6G06750

14-3-3 family protein; predicted gene pair with ArtA

Metabolic enzymes

AFUA _1G12800

Putative NADPH isocitrate dehydrogenase (Idh2p)

AFUA_2G04520

Protein with metal ion binding domains, oxidoreductase activity
(Adh4p)

AFUA_2G10920 (EchA)

Putative enoyl-CoA hydratase/isomerase family protein, role in
beta oxidation of fatty acids

AFUA_3G08660 (IdpA)

Putative isocitrate dehydrogenase

AFUA_6G10660 (AclA)

Putative ATP citrate lyase subunit

AFUA_3G11070 (PdaC)

Putative pyruvate decarboxylase

Fungal morphology

AFUA_4G08770

Protein with putative microtubule binding activity

AFUA_5G03080 (AspC)

Septin, role in cell polarity and hyphal growth

Unknown function

AFUA_1G09610

Conserved hypothetical protein

AFUA_3G13930

Conserved hypothetical protein
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Interactions with A. fumigatus Fbx15 were analysed with the Ser/threonine (Thr) kinase
NimX and the transcriptional co-repressor subunit SsnF (Table 2, grey). A cytoplasmic
interaction of A. fumigatus Fbx15 with NimX was investigated considering to trigger Fbx15
phosphorylation (J6hnk et al., 2016).

Three transcription factors were found to be potential interaction partners of A. fumigatus
Fbx15: OefC (overexpressed fluffy C), SrbB and the putative APSES transcriptional
regulator AFUA 5G11390 (later called FiAt (Fbx15-interacting putative APSES
transcription factor)) (Table 2, blue shaded). The regulation of the cellular localisation by
transcriptional regulators is essential to cope with environmental changes or internal
constitutions. In general, transcription factors regulate gene transcription through binding
to DNA motifs or other transcriptional regulators as monomers or in a complex to control
gene expression, either positively or negatively (Goodbourn and R., 1990; Horikoshi et al.,
1988; Levine and Manley, 1989; Ptashne, 1988; Sigler, 1988; Xiong et al., 2019). In
A. fumigatus transcriptional regulation is mandatory during adaptation to environmental
changes and in virulence mechanisms (Bahn, 2015). 6.19% (618/9.981) from annotated
genes in A. fumigatus genome are specific for DNA binding. Similar proportions are
predicted in other fungi like A. nidulans FGSC A4 with 5.95% (651/10.931), A. oryzae
RIB40 with 4.10% (499/12.164) or S. cerevisiae with 4.06% (281/6.918) (Bultman et al.,
2017).

3.3.1 Nuclear localisation of the co-repressor subunit SsnF is mediated by Fbx15
in A. fumigatus

The interaction of A. fumigatus Fbx15 with SsnF was analysed in more detail (J6hnk et al.,
2016). SsnF or Ssn6 in Saccharomyces cerevisiae represents a co-repressor subunit
forming a complex with homo-tetramers of Tupl (Gounalaki et al., 2000; Palaiomylitou et
al., 2008). During transcriptional repression SsnF/Ssn6 functions as an adaptor between
the specific DNA-binding proteins and the Tupl tetramer, whereas Tupl comprises the
repressive function of the co-repressor complex (Garcia-Sanchez et al., 2005; Liu and
Karmarkar, 2008; Tzamarias and Struhl, 1994). Remarkable, the Tupl-Ssn6 complex
belongs to the conserved orthologous protein groups OG5 128428 and OG5 131310 in
fungi and represses approx. 3 to 5% of the whole yeast genome (http://orthomcl.org)
(DeRisi et al., 1997; Li et al., 2003; Parnell and Stillman, 2011).

The wide range of gene regulation is due to its property not to bind directly to DNA but to
other DNA-binding proteins, demonstrating its flexibility in respect to target a variety of
proteins (Hanlon et al., 2011; Roy et al., 2013). For instance, the S. cerevisiae TUpA-Ssn6

co-repressor complex is needed to position nucleosomes across the entire coding
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sequence of the DNA damage-inducible gene RNR3 together with Imitation SWitch (ISWI)
chromatin remodelling factors (Zhang and Reese, 2004). Moreover, the FLO1 gene, whose
gene product is responsible for cell-cell adhesion during S. cerevisiae flocculation in terms
of survival under adverse conditions, is repressed by the TupA-SsnF complex during
nutrient rich conditions (Church et al., 2017; Teunissen et al., 1995; Verstrepen and Fink,
2009). Most recently, a TupA-independent network of S. cerevisiae SsnF with other
transcriptional regulators was elucidated in copper homeostasis by the regulating the
CTRL1 gene, which encodes the Ctrl copper transporter (Dancis et al., 1994; Voutsina et
al., 2019). SsnF represses CTR1 gene expression in dependency of the transcriptional
activator Macl (Jungmann et al., 1993; Voutsina et al., 2019). Moreover, SsnF interacts
physically and genetically with the transcriptional repressor Hirl, a histone chaperon,
resulting in an inactivation of Hirl transcription if CTR1 gene expression is repressed (Amin
et al.,, 2013; Voutsina et al., 2019). Comparable co-repressor systems are existing in
mammals. For instance, a well-studied physiological relevant co-regulator complex is the
NR-co-repressor complex, which includes 6 subunits. The complex is required to
coordinate the metabolism in hepatocytes (Liang et al., 2019).

The Fbx15-interacting protein SsnF has essential functions in A. fumigatus and is
transported through the nuclear core membrane in dependency of Fbx15 and its
phosphorylation status at S469 and S468. The phosphorylation status is presumably
controlled by the essential NimX kinase and GIcA phosphatase. It is assumed that On the
one hand, mimicking dephosphorylation of Fbx15 at S468 and S469 results in a nuclear
clearance of SsnF during vegetative growth. The physical interaction of Fbx15 and SsnF
is thereby shifted to the nucleus. On the other hand, mimicking phosphorylation at the most
likely phosphorylated S469 through replacing the Ser residue with asparagine residue
results in an accumulation of SsnF in the nucleus during oxidative stress conditions
(Figure 7) (Johnk et al., 2016).

SsnF is located in the nucleus and suggested to be transported to the nuclear envelop in
a Fbx15-dependent manner during oxidative stress in A. fumigatus (Johnk et al., 2016).
The molecular traffic through the nuclear core is essential for many cellular processes in
all multicellular organisms and is mediated either passive through diffusion or active
transport coupled with energy consumption (Gorlich and Kutay, 2002; Mattaj and
Englmeier, 1998; Nakielny and Dreyfuss, 1999). NLS-containing proteins like A. fumigatus
Fbx15 are associated with an active nuclear transport mechanism through the nuclear pore
complex (NPC) contrary to passive diffusion, which is achieved for molecules with a size
up to 110 kilodalton (kDa) (Johnk et al., 2016; Lange et al., 2007; Wang and Brattain,
2007). Classical NLS sequences are categorised into two subgroups: monopartite (mp)

NLS consist of single stretches of basic aa and bipartite (bip) NLSs consisting of two
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stretches of basic aa separated by a linker region (Dingwall and Laskey, 1991; Kalderon
et al., 1984; Robbins et al., 1991).

vegetative growth

{1

imX Kinase t | Phosphatase
® \ NG

S469 L] S469
$468 < ‘ $468
oxidative stress
Cytoplasm Nucleus

Figure 7: Simplified model of SsnF shuttle mechanism through the nuclear membrane
depending of A.fumigatus Fbx15. SsnF gets transferred into the nucleus during vegetative
growth when Fbx15 is phosphorylated most likely at S469 prior to S468, which is presumably driven
by the NimX kinase in the cytoplasm. Upon oxidative stress conditions SsnF and Fbx15 RE shuttled
outside the nucleus whereby SsnF is transported to the nuclear envelop depending on
dephosphorylated Fbx15 at S468|9. Dephosphorylation of Fbx15 is presumably triggered by the
GIcA/BimG phosphatase. Modified from Johnk et al., 2016.

Most of the active nuclear import is driven by importin B-related transport receptors which
are constantly circulating between the nucleus and cytoplasm. Recognized cargo
molecules are guided through NPCs whereby a physical interaction between the receptors
and the NPCs is formed. This nuclear trafficking mechanism is regulated by a RanGTP
gradient, in which low concentrations are present in the cytoplasm and high concentrations
in the nucleus (Gdarlich et al., 1996; Mattaj and Englmeier, 1998). Release of cargo
molecules in the nucleus is triggered by RanGTP binding (Chi et al., 1996; Rexach and
Blobel, 1995). In contrast to nuclear import where importins are involved, the nuclear
export is mediated by exportins that bind cargo molecules at high RanGTP concentrations
in the nucleus (Fornerod et al., 1997; Kutay et al., 1997). Cargo proteins consisting of
nuclear export signals (NESs) are bound to an exportin and guided through the NPC
outside the nucleus (Fridell et al., 2002; Murphy and Wente, 1996; Nakielny and Dreyfuss,
1999; Wen et al., 1995). Exported cargos are released from the cargo-exportin-RanGTP
complex by GTP hydrolysis, whereby Ran is removed from exportin (Bischoff and Goérlich,
1997; Gdrlich et al., 1997; Kutay et al., 1997). A higher concentration of RanGTP in the
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nucleus is ensured by RanGDP nuclear import by nuclear transport factor 2 (NTF2) and
followed by a RanGEF-mediated re-charging of Ran with GTP (Figure 8) (Bauer et al.,
2015; Bischoff and Ponstingl, 1991; Ribbeck et al., 1998; Smith et al., 2004). Noteworthy,
in the A. fumigatus Fbx15 protein sequence no NES sequences were identified (Johnk et
al., 2016).
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Figure 8: Model of the nuclear transport cycle. (1) Import cargo binds to transport
receptor/karyopherin in the cytoplasm and (2) moves through the nuclear pore complex (NPC) into
the nucleus. There, (3) RanZ5TP binds to the karyopherin resulting in the release of the imported
cargo. (4) Export cargo binds to karyopherin-RanZsTP complex, which (5) transits through the NPC
into the cytoplasm. (6) RanGAP triggers the conversion of RanZ5TP to RanZ5DP resulting in the
dissociation of the karyopherin from Ran and export cargo. Recovering nuclear pools of RanA5TP
is mediated by (7) RanZ5DP, which binds to the nonZaryopherin transport receptor NTF2, and (8)
moves into the nucleus, where (9) RanGEF triggers the conversion of Ran4AsDP to RanZ5TP. NTF2
is released and (10) moves back into the cytoplasm. Modified from Bauer et al., 2015.
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