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Summary

Summary

Polar growth of cells depends on the spatiotemporal regulation of expression. Active
transport of MRNAs along the cytoskeleton ensures a defined localization of encoded
proteins and is an important regulatory mechanism for asymmetric cell division and cell
migration. The polar growth of the phytopathogenic basidiomycete Ustilago maydis is
based on the long-distance transport of mMRNAs along the microtubule cytoskeleton.
For transport, the key RNA-binding protein Rrm4 is crucial which is part of messenger
ribonucleic particle complexes. Here, different mRNAs, for example septin mRNAs, are
hitchhiking on endosomes and transported by molecular motors. Because of an
accumulation of translational products of transported mMRNAs on endosomes and the
MRNA binding of Rrm4 not only in the 3’'UTR but also at landmark sites of translation,
the hypothesis of translationally active transport units was postulated. To verify this
hypothesis, this project was focused on the establishment of an antibody-based
method to visualize nascent peptides for the analyzation of translational processes on
endosomes as well as the role of Rrm4 in translation. The method can sense
translation by encoding a tag sequence within a reporter mRNA that, once translation
started, is recognized by an antibody fused to superfolder Gfp. Another RNA-tag within
the reporter allows simultaneous MmRNA detection. For the visualization of local
translation in hyphae of U. maydis, a red fluorescence protein for labeling of mRNAs,
an antibody, a degron sequence and a so-called 2A peptide should be established. For
the labeling of mRNAs within their 3'UTR, the red fluorescence protein mKate2 was
successfully investigated. In addition, it was discovered that the analyzed antibodies
GCN4-scFv, BC2-Nb and Moontag-Nb shuttled bidirectionally with Rab5a-positive
endosomes in a microtubule-dependent manner through hyphae. Deletion of the
potential interacting protein UMAG_00933, which was detected by LC-MS/MS analysis,
abolished unspecific shuttling of GCN4-scFv and BC2-Nb. Furthermore, GCN4-scFv
interacted with its cognate peptide epitope in vivo. Therefore, this antibody can
potentially be used to label a nascent peptide chain. It has been confirmed that for full
functionality, a degron sequence from mouse ornithine-decarboxylase has to be
located at the C-terminus of a protein. To maintain the equilibrium of proteins encoded
by analyzed mRNAs, the 2A peptide P2A was successfully established to separate two
open reading frames with separation efficiencies of nearly 100%. This enables a
degradation of the expressed peptide epitope to which GCN4-scFv binds to without

degrading synthesized proteins encoded by analyzed mRNAs.



Zusammenfassung

Zusammenfassung

Das polare Wachstum von Zellen hangt von der rdumlichen und zeitlichen Regulation
der Expression ab. Der aktive Transport von mRNAs entlang des Zytoskeletts,
gewabhrleistet eine definierte Lokalisierung kodierter Proteine. Das polare Wachstum
des phytopathogenen Basidomyceten Ustilago maydis basiert auf dem Mikrotubuli-
abhangigen Langstreckentransport von mRNAs. Fir dieses ist das Schlissel-RNA-
bindende Protein Rrm4 entscheidend, welches Teil von messenger
Ribonukleoproteinkomplexen ist. Hier werden verschiedene mRNAs mit Rab5a-
positiven Endosomen und molekularen Motorproteinen transportiert. Aufgrund einer
Lokalisation von Translationsprodukten der transportierten mRNAs auf Endosomen
und der mRNA-Bindung von Rrm4, welche nicht nur in der 3'UTR, sondern auch an
Start- und Stopp-Codons der Transkripte erfolgt, wird vermutet, dass translational
aktive Einheiten transportiert werden. Dieses Projekt konzentrierte sich auf die
Etablierung einer Methode zur Visualisierung der Translation, um translationale
Prozesse auf Endosomen sowie die Rolle von Rrm4 bei der Translation zu analysieren.
Die Expression eines Peptid-Epitops innerhalb einer Reporter-mRNA ermdglicht die
Visualisierung der naszierenden Peptidkette durch die Bindung eines Fluoreszenz-
markierten Antikorpers an dieses Peptid-Epitop. Ein weiterer Reporter innerhalb der
3'UTR der Reporter-mRNA ermoglicht eine simultane mRNA-Detektion. Fir die
Visualisierung der lokalen Translation in Hyphen von U. maydis sollten ein rotes
Fluoreszenzprotein zur Markierung der mRNAs, ein Antikérper, eine Degron-Sequenz
und ein sogenanntes 2A-Peptid etabliert werden. Fur die Markierung der mRNAs
innerhalb ihrer 3'UTR wurde das rot fluoreszierende Protein mKate2 etabliert. Dartber
hinaus wurde festgestellt, dass sich die analysierten Antikdrper GCN4-scFv, BC2-Nb
und Moontag-Nb bidirektional in Abhangigkeit von Rab5a-positiven Endosomen und
des Mikrotubuli-Zytoskeletts durch Hyphen bewegen. Die Deletion des potentiell
interagierenden Proteins UMAG_00933, welches durch eine LC-MS/MS-Analyse
gefunden wurde, hob diese Lokalisation auf. DarUber hinaus konnte gezeigt werden,
dass GCN4-scFv in vivo mit dem zugehérigen Peptid-Epitop interagierte. Daher kann
dieser Antikérper potenziell zur Markierung einer naszierenden Peptidkette verwendet
werden. Es konnte nachgewiesen werden, dass eine Degron-Sequenz der
Ornithindecarboxylase aus der Maus fur die volle Funktionalitdt am C-Terminus eines
Proteins lokalisiert sein muss. P2A wurde mit einer Separationseffizienz von nahezu
100 % etabliert, um eine Degradation des translatierten Peptid-Epitops ohne den

vollstandigen Abbau der Reporter-mRNA zu erméglichen.
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Introduction

1 Introduction
1.1 MRNA transport and local translation

The expression of genes can be divided into two processes, beginning with the
transcription and biogenesis of an mRNA, followed by the translation of this mRNA into a
protein by ribosomes. One of the most intriguing questions is to understand how cells
sort mRNAs for localization, storage and/or translation. mMRNAs are always associated
with several proteins, interacting directly and indirectly to form messenger ribonucleic
particles (mMRNPs) that play a crucial role in mRNA stability, degradation and regulatory
processes (Dreyfuss et al.,, 2002; Langdon and Gladfelter, 2018). The composition of
mMRNPs differs at specific phases of the mRNA lifetime from synthesis, over maturation
until translation and contributes to the organization of these steps (Neriec and Percipalle,
2018). Importantly, a minor number of mRNAs incorporated into mRNPs are directly
translated after nuclear export (Neriec and Percipalle, 2018). A large subset of mRNAs
localizes to specific subcellular sites where they are stored inactively, or are translated
on site (Neriec and Percipalle, 2018). Thus, specific mMRNA localization patterns occur
within cells. The phenomenon of patterned mRNA localization is evolutionary conserved
from Escherichia coli to human cells (Valencia-Burton et al., 2007; Weatheritt et al.,
2014). Already in bacteria, the spatial localization of mMRNAs affects gene expression
and post-transcriptional regulation (Fei and Sharma, 2018). In the developmental stages
of Drosophila melanogaster, up to 70% of expressed mRNAs are located in distinct
spatial patterns (Lecuyer et al., 2007). The asymmetric distribution of mMRNAs is thought
to be more energy-efficient than transporting translational products because fewer
MRNA molecules need to be mobilized for a local enrichment of proteins at a defined
subcellular site (Weatheritt et al., 2014). Furthermore, the asymmetric distribution of
mMRNAs allows cells to build up local proteomes (Holt et al., 2019). This holds especially
true for highly polarized cells, such as neurons or long hyphae of filamentous fungi
(Langdon and Gladfelter, 2018). In hippocampal pyramidal neurons, 2,500 mRNAs were
found to be localized in dendrites and axons (Cajigas et al., 2012). In filamentous fungi,
it was shown that mRNA localization and subsequent local translation supports the
complex formation of macromolecules (Zander et al., 2016). Furthermore, RNA
localization is a key determining factor for localized proteins of the neuronal-enriched
proteome (Zappulo et al., 2017). This underlines that both, mRNA localization and
localized translation are important regulatory mechanisms for asymmetric cell division,

cell migration and neuronal morphogenesis.
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Spatial localization can be achieved by diffusion or active transport along the
cytoskeleton (Martin and Ephrussi, 2009). Active transport of mRNAs along the
cytoskeleton ensure a defined localization of mMRNAs and encoded proteins and a
spatiotemporal regulation of expression (Becalska and Gavis, 2009; Holt and Bullock,
2009). Key factors of mRNA transport are RNA-binding proteins (RBPs) which bind to
so-called zipcodes mostly located within the 3 untranslated region (UTR) of mRNAs
(Andreassi and Riccio, 2009). Furthermore, zipcodes for the binding of RBPs can also
be found in the 5°'UTR and in the open reading frame (ORF) of mMRNAs (Jambhekar and
Derisi, 2007). It was shown that some mRNAs are attached to either cytoskeleton motor
or adaptor proteins which ensures active transport through the cell (Czaplinski, 2014;
Mofatteh and Bullock, 2017; McClintock et al., 2018; Baumann et al., 2020).
Cytoskeleton motor proteins can be divided into three families: dyneins, kinesins and
myosins (Bullock, 2007). Dyneins and kinesins mediate the movement along
microtubules towards the minus- and plus-ends, respectively. Motor proteins belonging

to the myosin family move along actin filaments (Bullock, 2007).

1.1.1  Actin- and microtubule-dependent transport of mRNAs

One of the best studied examples for the active transport of mMRNAs along the actin
cytoskeleton is the transport of the ASHT mRNA in the yeast Saccharomyces cerevisiae
(Figure 1.1 A; Bertrand et al., 1998). In S. cerevisiae, the mother cell switches the mating
type after each division, allowing newly formed sister cells to mate after maturation
(Rusche and Rine, 2010). The mating type switch is based on an endonuclease
encoded from the HO gene which is expressed exclusively in the mother cell
(Herskowitz, 1988). It was found out that the transcription factor Ash1p represses the
expression of the HO gene specifically in the daughter cell and thereby prevents its
mating type switch (Sil and Herskowitz, 1996). To allow exclusive expression of Ash1p in
the daughter cell, the ASHT mRNA is actively transported into the daughter cell during
division. This transport is based on the actin cytoskeleton and the interaction with the
RBP She2p, which binds to zipcodes within the 3'UTR and the ORF of ASHT mRNA
(Figure 1.1 A; Long et al., 2000). She2p interacts with She3p which forms a complex
with the myosin motor protein Myo4p. The assembled mRNP is transported to the
daughter cell where the ASH7 mRNA is anchored afterwards (Figure 1.1 A; Gonsalvez
et al., 2004). Importantly, translation of ASH7 mRNA is repressed during transport to
ensure exclusive expression of Ashi1p within the daughter cell (Gu et al.,, 2004).
Interestingly, the transport of mMRNAs mediated by the RBP Shep2p, the adaptor protein
She3p and myosin Myo4p could be shown for at least 24 mRNAs, of which several are

involved in stress response as well as cell wall maintenance (Shepard et al., 2003).
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Thus, the transport of mMRNAs seems to play an important role for different cellular
processes.

Transport along the microtubule cytoskeleton plays a crucial role during
oogenesis, embryogenesis and neuronal processes in higher eukaryotes as well as for
filamentously growing fungi (Baumann et al., 2012). In the oocyte of D. melanogaster,
the transport and localization of mRNAs is essential for the establishment of the body
axis (St Johnston, 2005; Kugler and Lasko, 2009). Prominent examples for spatial
localization of mRNAs in the later stages of oogenesis in the oocyte are oskar, bicoid
and gurken mRNA (Figure 1.1 B). Within the oocyte the localization of the oskar mRNA
defines where the abdomen and germ cells are formed in the embryo. The active
transport of oskar mRNA is based on the microtubule plus-end directed motor kinesin
(Zimyanin et al., 2008). In the later stages of oogenesis the mMRNA is transported in all
directions with a bias towards the posterior cell pole (Figure 1.1 B; Zimyanin et al.,
2008). The transport along the microtubule cytoskeleton also directs bicoid mRNA to the
oocyte anterior, and gurken mRNA to the dorsal/anterior corner, respectively (Figure 1.1
B; Weil et al., 2006; Jaramillo et al., 2008). The localization of bicoid mMRNA is essential
to produce the Bicoid protein gradient that forms the anterior-posterior axis (Figure 1.1
B). The Gurken protein establishes dorsal cell fates in lateral follicle cells. The
localization of both mRNAs is dependent on the minus-end directed motor protein dynein
(Weil et al., 2006; Jaramillo et al., 2008). The localization of gurken and oskar mRNAs is
dependent on RBPs. While Squid is required for the movement as well as for the
anchoring and translation of gurken mRNA (Norvell et al., 2005), the localization of oskar
MRNA depends on the exon-junction complex as well as the RBP Staufen (Yano et al.,
2004). For the localization and anchoring of bicoid mMRNA, several RBPs seem to play an
important role (Macdonald et al., 1991; Ferrandon et al., 1994; Pokrywka et al., 2004).
Interestingly, bicoid mRNA anchoring also requires specific binding of an endosomal
sorting complex (Irion and St Johnston, 2007). Importantly, the translation of spatially
localized mRNAs is silenced during transport by RBPs like Bruno or Pumilio (Flora et al.,
2018).

The spatiotemporal regulation of translation of mRNAs also plays an important
role in the rapid and dynamic activity of highly polarized neurons (Glock et al., 2017). In
the mammalian brain, numerous transported mRNAs were identified which encode
structural proteins like B-actin, receptors and signaling molecules like the CaMKlla
subunit of Ca?*/Calmodulin kinase Il (Rook et al., 2000; Tiruchinapalli et al., 2003;
Grooms et al., 2006). In both dendrites and axons, mMRNPs are actively transported
along the microtubule cytoskeleton (Figure 1.1 C; Das et al., 2019). It was shown that

increased neuronal activity enhances the anterograde movement of mRNAs for more
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efficient localization in dendrites (Buxbaum et al., 2015). Moreover, stimulation of
neurons increased the transport of zipcode containing mRNAs (Bauer et al., 2019). The
mMmRNPs which are transported in axons and dendrites share common features (Figure
1.1 C; Das et al., 2019). However, the key components that regulate the transport of
MRNAs in neurons are still unknown (Baumann et al., 2020). It is thought that kinesin as
well as dynein mediates this transport, but so far this has not been proven in vivo (Kanai
et al., 2004; Hirokawa, 2006). A common assumption is that RBPs which bind to mRNAs
play an crucial role for the localization of mMRNAs. Importantly, it is still not clear how
RBPs interact with motor proteins. There are two putative ways in which RBPs can
interact with motor proteins: via direct interaction or protein-based interaction. A
potentially direct interaction of the RBP Fragile X mental retardation protein (FMRP) with
a kinesin (Kif3C) was discovered in a yeast two-hybrid screen (Davidovic et al., 2007). It
was further shown that FMRP binds to several mRNAs such as CaMKlla and it is
assumed to be involved in their transport (Darnell et al., 2011; Kao et al., 2010; Pilaz et
al., 2016). The best studied localized mRNA in neurons is the B-actin mRNA. It is
associated with the RBP zipcode binding protein 1 (ZBP1) and ribosomes in a
translationally repressed mRNP (Buxbaum et al., 2014). Upon stimulation, B-actin mRNA
and ribosomes are released from the complex for activation of translation (Buxbaum et
al., 2014). In an in vitro reconstitution it was further shown that the RBP adenomatous
polyposis coli (APC) also interacts with B-actin mRNAs and forms stable complexes,

which are connected to a kinesin-2 via a cargo adapter (Baumann et al., 2020).
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Figure 1.1: mRNA localization in different eukaryotic organisms. (A) Schematic representation of the
ASH1 mRNA (blue) transport along the actin (light purple) cytoskeleton during budding in S. cerevisiae. The
mRNA is bound by the RBPs She2p (red) and She3p (dark purple). The motor protein Myo4p (purple) is
responsible for the transport. Translation of ASH7 mRNA takes place in the daughter cell and Ash1p (blue)
is transported into the nucleus (Figure modified according to Niessing et al., 2018). (B) Localization of
mRNAs in D. melanogaster oogenesis (middle stage). The oscar mRNA (rose) localizes at the posterior pole
(P) and the bicoid mRNA (yellow) at the anterior pole (A) of the oocyte. The gurken mRNA (green) is located
in the dorso (D)-anterior (A) region near the nucleus. The figure was modified according to Morris and
Lehmann, 1999. (C) The mRNA transport along the microtubule cytoskeleton (light pink) in the dendrites of
mammalian neurons is mediated by the motor proteins dynein and the kinesin KIF5 (pink). mRNAs (blue)
are bound by the PABC protein (light blue), RBP (red) and several other proteins (gray) forming an mRNP
complex (Figure modified according to Song et al., 2018).

1.1.2 Recruitment of mMRNAs for organelle-coupled translation

The spatial localization of mMRNAs plays a crucial role in developmental and neuronal
processes (Glock et al., 2017). In addition, the localization at defined subcellular sites is
particularly important within eukaryotic cells for the delivery of proteins to membrane-
bound organelles (Bethune et al., 2019). Such organelles, like the endoplasmic reticulum
(ER), mitochondria and endosomes, serve as platforms for membrane-coupled
translation. The mechanism of membrane-coupled translation orchestrates the formation
and assembly of macromolecule-complexes and efficient import of organelle-targeted
proteins (Ricart et al., 1997; Zander et al., 2016).

The most prominent example, is the membrane-coupled translation of secreted
and integral membrane proteins at the ER (Lesnik et al.,, 2015). In general, for ER-
coupled translation, the complex of nascent peptide chains, ribosomes and mRNAs is
targeted to the ER membrane via the so-called translocon complex. For this, the signal
recognition particle (SRP) recognizes hydrophobic N-terminal signal peptides as well as
transmembrane domains and targets the mRNP to the SRP receptor, which is localized
in the ER membrane (Bethune et al., 2019). In addition to the classical way of how
MRNAs associate to the ER, it was shown in metazoans that mRNAs can be targeted to
the ER independently of ribosomes and translation (Cui et al., 2012). This is achieved by
a membrane-bound mRNA receptor which recruits mMRNAs to the ER membrane (Cui et
al., 2012). Interestingly, a co-migration of mRNPs with tubular ER structures was shown
in S. cerevisiae. The association seemed to be dependent on Myo4p as well as the
adaptor protein She3p (Schmid et al., 2006).

Another example for organelle-coupled translation processes has been
discovered for localized mRNAs that encode mitochondrial proteins. It was shown that
99% of mitochondrial proteins in S. cerevisiae are nuclear encoded and have to be
transported to mitochondria (Elstner et al., 2009). The F13 mRNA encoding the 3 subunit
of mitochondrial H*-ATP synthase in rat hepatocytes localizes in electron-dense clusters,

often in close proximity to mitochondria. Further experiments proved that the F13 mRNA
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is translated, either freely or attached to mitochondria (Egea et al., 1997; Ricart et al.,
1997). With the help of a proximity-specific ribosome profiling method, a lot of mRNAs
(87% of the enriched genes) that encode mitochondrial proteins were identified to
localize near the mitochondrial outer membrane (Williams et al., 2014). In addition, it was
shown that many mRNAs encoding mitochondrial inner-membrane proteins are
translated by mitochondria-associated ribosomes (Wiliams et al., 2014). For the
localization of mMRNAs encoding mitochondrial proteins, the 3'UTR as well as RBPs
seems to play a crucial role. For the  subunit of the mitochondrial F1Fo ATP synthase
Atp2p in S. cerevisiae it was shown that the 3'UTR promotes its mitochondrial
localization (Margeot et al., 2002). The RBP Puf3p from S. cerevisiae preferentially binds
mRNAs that encode mitochondrial proteins. In addition, it is associated with the
mitochondrial outer membrane, and deletion affected the localization of many mRNAs at
the mitochondria (Garcia-Rodriguez et al., 2007; Saint-Georges et al., 2008). The
advantage of mRNA localization and local translation in close proximity to mitochondria
relies on the linkage between translation and the import process. Furthermore, it can
contribute to the proper assembly of protein complexes, e.g. ATP-synthase or
cytochrome C oxidase, since components of both are translated in close proximity of
mitochondria (Lesnik et al., 2015).

Other examples of membrane-bound and organelle-coupled translation are
endosomes and lysosomes. In eukaryotic cells, membrane ftrafficking relies on
endosomes which carry macromolecules for targeted delivery (Wideman et al., 2014).
Using the endosomal pathway, cargo from the cell surface is internalized and storage,
recycling or degradation within lysosomes is coordinated (Huotari and Helenius, 2011).
In addition to this, endosomes function as cellular platforms where intracellular signaling
cascades can be activated (Villasenor et al., 2016). These processes are mediated by
early and late endosomes which can be distinguished by their associated Rab
guanosine triphosphatases (GTPases; Stenmark, 2009). The endocytosis and fusion of
early endosomes is organized by Rab5a, while Rab7a regulates the transport and
maturation of late endosomes (Luzio et al., 2009). Furthermore, Rab7a controls the
fusion of late endosomes to lysosomes. Inside the latter, extracellular as well as
intracellular components are collected for degradation (Luzio et al., 2009). In the axons
of retinal ganglion cells of Xenopus laevis (clawed frog), it was shown that mRNPs
associate with Rab7a-positive endosomes (Cioni et al., 2019). These endosomes shuttle
with a slight bias towards anterograde. Furthermore, ribosomes are associated with
transported mMmRNPs and translational activity was shown during the transport.
Interestingly, the translationally active mRNPs transported together with Rab7a-positive

endosomes are often in physical contact with mitochondria and mRNAs, which encode
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proteins for mitochondrial function. This shows that late endosome-coupled translation
can potentially supply mitochondrial proteins to maintain axonal mitochondrial function
(Cioni et al., 2019). Upon heat stress, mRNPs hitchhike on lysosomes for long-distance
trafficking in dependency of the microtubule cytoskeleton in mammalian neuronal cells
(Liao et al., 2019). It was shown that the protein ANXA11, which can be associated with
the neurodegenerative disorder Amyotrophic lateral sclerosis (ALS), binds to mRNA and
lysosomes (Liao et al., 2019). Furthermore, it was shown that this binding might be
regulated by the release of Ca?*, enabling a precise spatiotemporal recruitment as well
as release of mMRNPs (Liao et al., 2019). The authors reported that minor changes in the
mRNA transport could lead to widespread disruption of neuronal homeostasis and
potential deregulation of synaptic activity since ANXA11 knockdown reduced axonal
MmRNP transport. Very recently it was shown that mRNAs were co-transported with
Rabba-positive endosomes in rice endosperm cells (Tian et al., 2020). One of the first
examples in which endosome-coupled translation could be identified was in hyphae of
the phytopathogenic fungus Ustilago maydis (Baumann et al., 2012; Baumann et al.,
2014). Here, translation of septin-encoding mRNAs on fast moving early endosomes is
crucial for the formation of septin complexes (Baumann et al., 2014; Zander et al., 2016).
In contrast to the view that localized mRNAs are translationally silenced during their
transport (Besse and Ephrussi, 2008), these findings underline that transported mRNPs
are not always translationally silenced. This can be advantageous to distribute equal
amounts of some translated proteins within highly polarized cells such as neurons and
hyphae of filamentous fungi. In addition, the translation on transportation platforms
enables the supply of proteins to specific subcellular sites like mitochondria, which can

be more efficient than solely transporting mRNAs or translational products.

1.2 Local translation of mMRNAs on early endosomes in U. maydis
1.2.1 The eukaryotic model organism U. maydis

The phytopathogenic hemibasidiomycete U. maydis belongs to the subsection of
Ustilaginomycotina and is a well-established microbial model for signaling pathways,
regulation of the cell cycle, membrane trafficking, DNA recombination and repair, as well
as for transcriptional and post-translational regulation or modification in eukaryotes
(Boélker, 2001; Feldbriigge et al., 2008; Vollmeister et al., 2012; Langner et al., 2015;
Langner and Gohre, 2016). In addition, it is tested for a putative industrial production of
proteins, such as antibodies as well as the synthesis of metabolites (Bolker et al., 2008;
Sarkari et al., 2014; Terfriichte et al., 2014; Terfriichte et al., 2017; Stoffels et al., 2020).
The biphasic lifecycle of U. maydis consists of a saprophytic and a biotrophic

phase and ensures a developmental switch from haploid cigar-shaped sporidia to
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unipolarly growing diploid hyphae which is important for infection of Zea mays and
Zea mays ssp. parviglumis (teosinte; Figure 1.2 A and B; Lanver et al.,, 2017). The
developmental switch is achieved by the fusion of two sporidia that comprises
compatible mating types. Two different mating type loci, the biallelic a locus and the
multiallelic b locus, mediate the control of cell fusion as well as the establishment of
pathogenicity (Gillissen et al., 1992; Bdlker, 2001). The recognition and fusion of two
sporidia is based on a pheromone/pheromone receptor system, encoded by the a locus
(Garcia-Muse et al.,, 2003). Pheromone recognition activates a signaling pathway
containing a pheromone-responsive mitogen-activated protein kinase (MAPK) module,
resulting in the formation of so-called conjugation tubes and a cell cycle arrest in the G2
phase. The conjugation tubes grow towards each other along a pheromone gradient and
subsequently fuse after cell-cell contact (Figure 1.2 A; Spellig et al., 1994). After
plasmogamy, which is typically separated from karyogamy in basidiomycetes (Kruzel
and Hull, 2010), the b locus is crucial for the formation of a dikaryotic hypha. This locus,
which has a large genetic diversity with approximately 25 different alleles (Schulz et al.,
1990; Gillissen et al., 1992), encodes a pair of unrelated homeodomain proteins (bE and
bW) that form a heterodimeric complex when both proteins derive from different alleles
(Kamper et al., 1995). The formation of a dikaryotic hypha only takes place if mating
partners have different alleles of the multiallelic b mating type locus. Based on this, a
stable heterodimer is formed, activating gene cascades which are necessary for stability
of pathogenicity and the formation of the dikaryotic hypha (Figure 1.2 A; Gillissen et al.,
1992; Brachmann et al., 2004). During hyphal growth, the cells elongate towards the
apical pole, while septa are built at the basal pole which represents barriers to separate
the growing hypha from areas that do not contain cytoplasm (Figure 1.2 B). By forming
several septa at regular intervals, the cell is able to maintain unipolar growth without the
need for de novo generation of cytoplasm (Steinberg et al., 1998; Freitag et al., 2011).
The mechanism of the b-dependent regulation of hyphae formation was used for the
construction of the U. maydis lab strain AB33 (Figure 1.2 B). This strain contains
compatible b-alleles under control of the nitrogen-inducible P s, promoter (P rar:bW2bE1).
A switch from ammonium to nitrate as nitrogen source induces expression of these
compatible b-alleles, which leads to the formation of an active b- heterodimer
(Brachmann et al., 2001). This strain is widely used to study biological processes in
hyphae of U. maydis.

If the hypha recognizes certain chemical and physical signals on the surface of
the host, an appressorium-like structure is formed (Figure 1.2 A). With the help of the
secretion of plant cell wall degrading enzymes, the hypha is able to enter its host plants

(Kolattukudy et al., 1995; Lanver et al., 2010). Once inside, the fungus proliferates and
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forms branched hyphae. At later stages of infection, tumor formation takes place (Figure
1.2 A). During maturation of tumors, hyphal cells differentiate and form teliospores which
are then released into the environment (Figure 1.2 A). Under appropriate environmental
conditions, the teliospores germinate and undergo meiosis on the host surface, giving

rise to haploid sporidia and the lifecycle begins anew (Vollmeister et al., 2012).
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Figure 1.2: The lifecycle of U. maydis. (A) When U. maydis tumors burst, diploid teliospores are released
into the environment. Under appropriate environmental conditions, the teliospores germinate and undergo
meiosis on the host surface, giving rise to haploid sporidia. When haploid sporidia of different mating types
recognize each other via a pheromone/pheromone receptor system, they form conjugation tubes which fuse
at their tips. After the formation of an infectious dikaryotic hypha, an appressorium is formed and U. maydis
enters the plant. Subsequently proliferation, karyogamy and fragmentation as well as tumor formation occurs
and the cycle begins again (modified according to Saville, 2012). (B) Morphology of sporidia and hyphal
cells of the laboratory strain AB33 (N, nucleus; scale bar 10 um; for hyphal cells: 6 h.p.i.; growth direction is
indicated by arrow).

1.2.2 Microtubule-dependent mRNA transport in U. maydis

The microtubule cytoskeleton plays a crucial role during the hyphal growth of U. maydis.
Without microtubules (MT), growing hyphae reach only approximately 50-60 um in
length and they start to grow in a bipolar manner compared to normal unipolar growth
(Fuchs et al., 2005). Thus, the microtubule cytoskeleton is crucial for the morphology of
hyphae and determines cell polarity (Steinberg et al., 2001). The MTs span the entire

hyphae in an anti-parallel orientation. At the cell peripheries, the MTs are arranged in a
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parallel fashion whereby the plus ends are orientated towards the cell poles (Lenz et al.,
2006; Egan et al., 2012). Early endosomes are transported along the microtubule
cytoskeleton through hyphae of U. maydis. Here, dynein (split dynein Dyn1/2) and
kinesin Kin3 mediate the long-distance transport towards the minus- and plus-ends,
respectively (Wedlich-Soldner et al., 2002; Lenz et al.,, 2006). Kin3 is in permanent
contact to the endosomes while dynein only interacts transiently during the transport to
the minus-ends (Schuster et al., 2011). The kinesin Kin1, which moves like Kin3 to the
plus-ends of the microtubule bundles, is responsible for returning dynein from the minus-
to the plus-ends (Vollmeister et al., 2012). This is important to ensure a bidirectional
movement of endosomes through hyphae of U. maydis. A so-called hook protein, Hok1,
coordinates the binding of Kin3 and dynein to early endosomes (Bielska et al., 2014).
Besides the motor proteins, the endosomal sorting complex required for transport
(ESCRT) plays a crucial role since it is a key component of endosomal maturation (Teis
et al., 2009). A previous study shows, that an ESCRT complex regulating protein, Did2,
plays an important role in the coordination of endosomal transport. Deletion of did2
results in reduced endosomal association of the molecular motor proteins and a
decrease of processive long-distance transport (Haag et al., 2017). Thus, the ESCRT
complex is crucial for efficient endosomal long-distance transport.

The first examples of mMRNPs hitchhiking on endosomes has been demonstrated
in hyphae of U. maydis (Baumann et al., 2012). Within these transported mRNPs, two
important RBPs were identified: the poly(A)-binding protein Pab1 and the ELAV-type
RNA recognition motif (RRM) protein Rrm4. The latter is the key RBP, which contains
three amino-terminal (N-terminal) RRM domains for RNA binding and two carboxy-
terminal (C-terminal) MLLE domains for protein-protein interactions (previously known as
PABC domain; (Becht et al., 2005; Kozlov et al., 2010). It was shown that Rrm4 is
essential for the polarity of hyphae since its deletion increases the number of bipolar
growing hyphae and causes a reduction in the formation of retraction septa (Figure 1.3
A; Becht et al., 2006). With the help of a fusion to a green fluorescence protein (Gfp), it
could be shown that Rrm4 localizes almost exclusively on shuttling Rab5a-positive
endosomes and moves bidirectional on microtubules through the hyphae (Figure 1.3 B
and C; Becht et al., 2006; Konig et al., 2009; Baumann et al., 2012). Pab1 interacts with
the poly(A)-tail of cytoplasmic occurring mRNAs and co-localizes to Rrm4-positive
endosomes (Figure 1.3 C; Hogan et al., 2008; Kdnig et al., 2009).

The first identified cargo mMRNAs of Rrm4-dependent endosomal transport were
the ubi1 mRNA, encoding a natural fusion protein consisting of ubiquitin and the
ribosomal protein Rpl40, the rho3 mRNA which encodes a small G protein, the cdc3

MRNA encoding the septin Cdc3 as well as the cts7 mRNA which encodes a chitinase
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(Kénig et al., 2009; Koepke et al., 2011). The latter is an unconventionally secreted
enzyme which plays an important role in cell wall degradation during cell separation
(Langner et al., 2015). The loss of Rrm4 results in a reduced export of Cts1 in fungal
hyphae (Koepke et al., 2011). Septins are conserved GTP-binding proteins that are
found in fungi, animals and microsporidia but are absent in higher plants (Lindsey and
Momany, 2006; Estey et al., 2011). In general, septins assemble into filaments and
higher-order structures. They are functionally active during polar growth and cytokinesis
in fungi (Weirich et al., 2008). The genome of U. maydis encodes four septins (Cdc3,
Cdc10, Cdc11 and Cdc12) and deletion of individual septin genes led to bipolarly
growing hyphae at early stages of hyphal growth which were delayed in the formation of
retraction septa (Baumann et al., 2014; Zander et al., 2016). The subcellular localization
of all septin mRNAs was analyzed in vivo. They shuttled through hyphae in a Rrm4-
dependent manner together with Rab5a-positive endosomes (Baumann et al., 2014;
Zander et al., 2016). On average, two directed septin mRNA particles were observed per
100 um of hyphae of U. maydis (Baumann et al., 2014; Zander et al.,, 2016).
Interestingly, an mRNA-dependent accumulation of septin proteins on endosomes was
observed. Hence, both the mRNAs as well as the encoded proteins shuttled in a
microtubule-dependent manner through hyphae (Figure 1.3 C; Baumann et al., 2014;
Zander et al.,, 2016). This led to the hypothesis that local translation of transported
MRNAs takes place on endosomes (Baumann et al.,, 2014). Local translation of the
septin mMRNAs during the transport seemed to facilitate the assembly and delivery of
septins (Zander et al., 2016). The hypothesis was strengthened by the finding that also
translational active ribosomes associate in mMRNPs and that the association of ribosomal
proteins was dependent on the presence of mRNAs (Baumann et al., 2014; Higuchi et
al.,, 2014). To get a transcriptome-wide view of Rrm4 targets, an individual-nucleotide
resolution UV crosslinking and immunoprecipitation (iCLIP) experiment was performed
(Olgeiser et al., 2019). Here, around 3,000 mRNAs were identified to be bound by Rrm4.
In addition, it was found out that Rrm4 binds to the motif 5-UAUG-3" within its target
mRNAs using its third RRM domain (Olgeiser et al., 2019). Rrm4 predominantly binds
within the 3’'UTR of target mMRNAs. However, precise binding was also observed at start
and stop codons, representing landmark sites of translation, which suggests a close
connection of Rrm4-dependent mRNA transport and translation (Olgeiser et al., 2019).

In addition to the two already described RBPs Rrm4 and Pab1, other proteins
were found to be associated within the microtubule-dependent and endosome-coupled
mRNPs. The FYVE zinc finger domain protein Upal was found to interact with
endosomal lipids as well as with the MLLE domains of Rrm4 and Pab1 via so-called
PAM2 (P) and PAM2-like (PL) motifs (Figure 1.3 C; Pohlmann et al., 2015). Thus, Upa1
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serves as an adaptor protein which couples the mRNP to endosomes (Pohimann et al.,
2015). Another PAM2 motif containing protein which was identified to be associated
within the mRNP is Upa2 (Jankowski et al., 2019). Upa2 contains four PAM2 motifs, a
coiled-coil domain, which is presumably important for a dimerization process, and a C-
terminal GWW domain, which is important for protein-protein interactions and
maintenance of endosomal localization (Figure 1.3 C; Jankowski et al., 2019). It acts as
a scaffolding protein and potentially stabilizes the mRNP complex by the interaction to
Pab1 (Jankowski et al., 2019). However, an interacting protein which is responsible to
couple Upa2 via its GWW domain to endosomes still remains unknown. With the help of
a co-immunoprecipitation method, the RBP Grp1 was identified (Figure 1.3 C). This
glycine-rich protein is alternatively spliced and both isoforms shuttle on endosomes in a
Rrm4-dependent manner. In addition to this, Grp1 binds predominantly in the 3’'UTRs of
transported mRNAs, often in close proximity to Rrm4 (Olgeiser et al., 2019).
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Figure 1.3: Microtubule-dependent mRNA transport in U. maydis. (A) Morphology of rrm4A hyphae
growing bipolar (N, nucleus; scale bar 10 ym; 6 h.p.i.; growth direction is indicated by arrow). (B) Micrograph
and kymograph of hypha expressing Rrm4-Gfp. Dotted localization as well as shuttling trough the hyphae is
indicated by red arrowhead (6 h.p.i.; inverted pictures; arrow length on the left and bottom of kymograph
indicate time and distance). (C) Schematic representation of transported mRNP along the microtubule
cytoskeleton in U. maydis: motor proteins kinesin Kin3 and dynein (pink) mediate transport along the
microtubule cytoskeleton (light pink); the hook protein (Hok1, gray) coordinates binding of Kin3 and dynein to
early endosomes; small GTPase Rab5a (purple) marks early endosomes; transport endosome (orange);
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Upa1 (khaki) binds endosomes as well as Rrm4 and Pab1; RNA-binding proteins Rrm4 (red) and Grp1
(beige) binding mRNAs (blue line with poly(A)-tail) predominantly in 3'UTR; poly(A)-binding protein (Pab1,
light blue) binds poly(A)-tail of mMRNAs; Upa2 (khaki) binds Pab1 and an unknown interaction partner (X);
ribosomes (dark orange); septin proteins which are assembled on the endosome (shades of blue; modified
depiction; originally designed by Markus Tulinski).

1.3 Methods to visualize the subcellular localization of mRNAs

To better understand the mechanics of mMRNA transport, it is crucial to visualize mRNAs
and associated processes. Several methods were developed which allow the
visualization of the subcellular localization of mMRNAs (Buxbaum et al., 2015). With RNA
fluorescence in situ hybridization (RNA-FISH) or single-molecule FISH (smFISH) it is
possible to detect endogenous mRNAs with the usage of fluorescently labeled
oligonucleotides (Paradies and Steward, 1997; Femino et al., 1998). Much of the
knowledge about the subcellular localization of mMRNA was gained by using FISH
methodology. However, these methods only provides a static picture of mMRNA
localization at the time where the cells were fixed (Tyagi, 2009).

In contrast to this, live-cell imaging of mMRNAs provides dynamic temporal and
spatial information. To visualize the localization of mRNAs in vivo, RBPs fused to
fluorescence proteins can be used which bind specifically to unique RNA hairpins
integrated into the 3'UTR of an mRNA of interest (Figure 1.4 A; Buxbaum et al., 2015).
Three systems deriving from bacteriophages are mainly used to visualize mRNAs in
living cells: the MS2 (Bertrand et al., 1998), PP7 (Larson et al., 2011) and AN system
(Daigle and Ellenberg, 2007). All systems utilize the RNA binding capacities of specific
phage proteins. The original RBP (AN) deriving from the bacteriophage lambda binds to
RNA stem-loops termed boxB. It was first optimized for better visualizing mRNAs and
later on to stabilize the binding to its cognate RNA stem-loops in vivo (new version
named as AN*; Austin et al.,, 2002). The detection of shutting mRNAs in hyphae of
U. maydis was performed with the help of the AN system (Figure 1.4 B and C). Here, the
modified AN* peptide was fused to a double Gfp (Baumann et al., 2014). 16 boxB RNA
hairpins (boxB') were integrated into the 3'UTR of the cdc3 mRNA to analyze the
localization (Figure 1.4 C). For the RBP deriving from the bacteriophage MS2 it was
shown that its usage impairs mMRNA degradation in S. cerevisiae leading to 3" decay
fragments which are visualized with the MS2 system (Garcia and Parker, 2015; Garcia
and Parker, 2016; Heinrich et al., 2017). Thus, an improved version of the MS2 binding
sites was investigated which showed a reduced affinity for the MS2 coat protein (Tutucci
et al., 2018). This clearly indicates that the integration of several copies of RNA hairpins
within the 3'UTR of an mRNA of interest which are each bound by an RBP fused to a

fluorescence protein can alter mMRNA processing. Another possibility of labeling mRNAs
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in vivo is based on the integration of artificial RNA motifs (aptamers) into the UTRs of
MRNAs of interest. These aptamers can stably bind to small, cell-permeable and non-
fluorescent dyes. Upon binding, the dyes become fluorescent (Swetha et al., 2020).
Several aptamers were investigated to analyze the localization of mMRNAs in living cells
including the early developed malachite green (Grate and Wilson, 1999) and later ones
such as Spinach (Kikuchi and Kolpashchikov, 2016), Broccoli (Braselmann et al., 2018)
and Pepper (Chen et al., 2019). RNA aptamers exhibit high brightness, a small size and
almost background-free labeling of mMRNAs. However, imaging of mRNAs within living
cells using aptamers is still at early stages. Thus, the MS2, PP7 and AN systems are the

state-of-the-art methods to analyze subcellular localizations of mMRNAs in vivo.
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Figure 1.4: RNA live imaging of cdc3 mRNA in U. maydis. (A) RNA live imaging is based on the binding
of heterologous RNA binding proteins to a unique RNA hairpin sequence which is integrated in the 3'UTR of
defined mRNAs. A fusion of RBPs with Gfp allows the visualization and tracking of mRNAs (modified
according to Zander et al., 2018). (B) Components of the RNA live imaging in U. maydis. A modified AN*
peptide fused to a double Gfp and an arabinose-regulated promoter (Pcqy) as well as a heterologous
transcriptional terminator (T nos) were used. 16 boxB RNA hairpins (B'®) were integrated in the 3'UTR of cdc3
mRNA modified according to (modified according to Zander et al., 2018). (C) Micrograph and kymograph of
hypha expressing AN*Gfp?/cdc3B'®. Dotted localization of cdc3 mRNA as well as moving mRNAs are
indicated by red arrowhead (6 h.p.i.; inverted pictures; arrow length on the left and bottom of kymograph
indicate time and distance; modified according to Zander et al., 2018).

1.4 Methods to quantify and visualize translational sites within
cells

The spatiotemporal regulation of translation is a fundamental biological process.
Together with a defined localization of mMRNAs, the tight regulation of translation is
crucial to control protein levels and allow cells to orchestrate the synthesis of proteins in
a spatiotemporal manner (Chekulaeva and Landthaler, 2016). In addition to the

knowledge of the mechanism of translation obtained by biochemical and structural
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studies, there has been growing interest to study the dynamics of translation in a cellular
context. Expression of mRNA reporters encoding fluorescence proteins could not answer
questions towards translational dynamics since fluorescent signals were detected after
completion of protein synthesis and proper folding. Several techniques have been
developed to measure translational efficiency and to visualize translation in the cellular
context. Methods which use either RNA sequencing (RNA-seq) or mass spectrometry
(MS) technology enable a transcriptome-wide view on translation. MS-based methods
rely on the labeling of newly synthesized proteins which are enriched, purified and
subsequently quantified in MS. For this, either labeled amino acids (Schwanhausser et
al., 2009), amino acid analogs (Dieterich et al., 2006; Howden et al., 2013) or puromycin
(Aviner et al., 2013) are incorporated into newly synthesized proteins. The most common
example for the usage of RNA-seq is the ribosome profiling method. Here, ribosome-
protected mRNAs from nuclease digestion are sequenced which allows an identification
of translated mRNAs under different growth conditions (Ingolia et al., 2009). Proximity-
specific ribosome profiling makes use of labeling ribosomes with biotin and allows the
analysis of translation at defined subcellular localizations (Jan et al., 2014; Williams et
al., 2014). Importantly, RNA-seq as well as MS-based methods do not offer
spatiotemporal information on localized mRNA translation. In addition, a detection of
translational heterogeneities within a cell population is not feasible (Glock et al., 2017).

In contrast to this, imaging-based methods enable the analysis of subcellular
localization of translation and monitoring of individual MRNA molecules (Chekulaeva and
Landthaler, 2016). For visualizing and identifying newly synthesized proteins, several
methods were established. For this, again either amino acid analogs or (Dieterich et al.,
2010; Tom Dieck et al., 2012) puromycin (Schmidt et al., 2009) are incorporated into
newly synthesized proteins. Both can subsequently be visualized by fluorescently
labeled antibodies. In addition to visualizing newly synthesized proteins, methods which
enable a simultaneous detection of MRNAs as well as a nascent peptide chain are
coming into focus. The first published method which enables a synchronized detection is
based on the integration of RNA stem-loops into mRNAs (Halstead et al., 2015). By
integrating PP7 and MS2 RNA stem-loops upstream and downstream of the stop codon
of an mRNA of interest, labeling of the ORF as well as the 3’'UTR is possible. For this,
the equivalent RBPs PP7 and MS2 were expressed in fusion to Gfp or a red fluorescent
protein (Rfp), respectively. Thus, untranslated mRNAs appear yellow by labeling with
both, green and red fluorophores. Upon the first round of translation, the ribosomes
remove all RBPs interacting with sequences within the ORF of mRNAs. Hence, the RBP
PP7, which binds inside the ORF, is displaced from the transcript and a shift in the

detectable fluorescence from yellow to red indicates translation of the labeled mRNA
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(Halstead et al., 2015). Because of the displacement of the coat protein which binds to
the ORF, the method is called “Translating RNA Imaging by Coat Protein Kick-off’
(TRICK). The main disadvantage of this method is that the fluorophore labeling the ORF
is displaced after the first round of translation. Thus, visualization of several rounds of
translation or translational dynamics cannot be monitored. To overcome this problem,
novel reporter systems were developed in which antibodies are fused to fluorescence
proteins to label a nascent peptide (Morisaki et al., 2016; Wang et al., 2016; Wu et al.,
2016; Yan et al., 2016).

1.4.1 Labeling of nascent peptide chains with antibodies to visualize
translational sites in vivo

The two core detection elements of the aforementioned novel reporter systems are
peptide- and mRNA labeling tags. The MS2 or PP7 RNA stem-loops were integrated in
the 3'UTR to label the mRNA transcript with the RBPs MS2 or PP7 fused to
fluorescence proteins (Wang et al., 2016; Wu et al., 2016; Yan et al., 2016). In addition
to the mRNA labeling, a nascent peptide chain is marked with the SunTag method
(Tanenbaum et al., 2014). In this, a peptide epitope tag is specifically recognized by an
fluorescently-labeled antibody. Thus, this experimental composition allows the
simultaneous detection of MRNA molecules and their corresponding nascent peptides.

In the SunTag method, a repeating peptide array is fused to an ORF, which can
recruit a fluorescently labeled single-chain variable antibody fragment (Figure 1.5 A;
scFv; for further description see section 1.4.1.1; Tanenbaum et al., 2014). By this, long-
term imaging of single protein molecules is possible in mammalian cells. For the SunTag
method, the GCN4-scFv and 24 copies of its cognate peptide epitope (GCN424) were
used (Figure 1.5 A). GCN4-scFv was previously optimized for an intracellular expression
and originally binds to endogenous Gcn4p in S. cerevisiae with high affinity (Worn et al.,
2000). Gendp is a transcription factor which controls the transcription of many genes
involved in amino acid synthesis (Albrecht et al., 1998). By expressing GCN4-scFv fused
to Gfp, protein aggregates were observed in human cells at high expression levels. To
overcome this, GCN4-scFv was fused to superfolder-Gfp (fast folding variant of Gfp,
sfGfp; Figure 1.5 A), which almost completely eliminated protein aggregation
(Tanenbaum et al., 2014). Subsequently, for establishing methods to label a nascent
peptide chain, GCN4-scFv-sfGfp was used. The great advantage of the SunTag method
is that the antibody fused to sfGfp is expressed independently from the protein which will
be labeled. Thus, the fluorophore is already matured and is able to bind to the cognate

peptide epitope as soon as it emerges from the ribosome. In addition, several copies of
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the peptide epitope fused to an ORF increase the number of bound sfGfp molecules and
subsequently the quantifiable intensity during fluorescence microscopy.

For the application of the SunTag method in mammalian cells, GCN42* was fused
N-terminally to the ORF of interest (ORFoi; Figure 1.5 B; Wang et al., 2016; Yan et al.,
2016; Cioni et al., 2019). Simultaneously, GCN4-scFv was expressed in fusion to sfGfp.
To label the mRNAs, 24 copies of the PP7 RNA stem-loops were integrated in the
3'UTR and the corresponding RBP protein was fused to Rfp (Figure 1.5 B; Rfps;
mCherry or tdTomato). Thus, translationally active transcripts were labeled with both, red
and green fluorescence proteins, and appeared as yellow dots during live cell
fluorescence microscopy. In order to prove whether the overlap of mMRNA and nascent
peptide chain fluorescence signals are referable to translational active transcripts, cells
were treated with the translational inhibitor cycloheximide (CHX) which blocks ribosome
elongation and prevents synthesis of new SunTag peptides. The translational sites
detected with GCN4-scFv-sfGfp did not increase after CHX treatment, underlining
translational specific binding of GCN4-scFv-sfGfp to GCN42* (Wang et al., 2016; Yan et
al., 2016). Thus, antibody-based labeling of a nascent peptide chain in combination with
RNA live imaging offers an excellent and robust way to track translational sites of a
single mRNA in vivo. However, GCN4-scFv-sfGfp binds to nascent peptide chains and
keeps attached to the synthesized proteins after translation is completed. Hence, the
number of labeled proteins increases within the cell over time. To overcome this
problem, the auxin-inducible degron was used (AID;(Nishimura et al., 2009); for further
description see section 1.4.1.2) to remove completely synthesized proteins. For this, in
addition to the N-terminally GCN424, the AID was C-terminally fused to the ORFoi (Wang
et al., 2016).

The labeling of mMRNAs as well as their corresponding nascent peptides provides
a direct quantitative readout of initiation, elongation and localization of translation
(Chekulaeva and Landthaler, 2016). The approach enabled a simultaneous detection of
movement of mMRNA and the nascent peptide chain produced from this mMRNA (Morisaki
et al., 2016). In addition, measurements of diffusion rates of translated and untranslated
mRNAs (Wu et al., 2016), as well as initiation and elongation rates (Wang et al., 2016;

Yan et al., 2016) were possible.
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Figure 1.5: Schematic representation of the SunTag method and its application to label a nascent
peptide chain. (A) The SunTag method is based on the binding of the GCN4-scFv (orange) to its cognate
peptide sequence (light orange; GCN42*). Repeating arrays of GCN4?* are fused to the ORF of a protein of
interest (blue) which can recruit multiple GCN4-scFv fused to sfGfp (green) for long-term imaging of single
proteins. The antibody fused to sfGfp is independently expressed from the ORF fused to GCN42*. (B)
Methodology in which the nascent peptide chain is visualized by using the SunTag peptide epitope (light
orange) which is bound by GCN4-scFv-sfGfp (orange/green). The mRNA (blue) is visualized by RNA stem-
loops (brown), integrated into the 3’'UTR, which are recognized by an RNA-binding protein (RBP, brown)
fused to a red fluorescence protein (FP, red). The dual labeling of mRNA and the nascent peptide chain
enables the visualization of translational sites in vivo.

1.4.1.1 Composition of antibodies

Antibodies are immunoglobulin (Ig) molecules which specifically recognize their target
molecule (antigen) with high affinity (Joosten et al., 2003). In addition to their function of
recognizing antigens of pathogens during immune response, they are also used in
medical and scientific research due to their specific binding to antigens. Immunoglobulin
G (IgG) are class G antibodies, which have a characteristic tertiary structure of identical
polypeptide chains comprising a light- (L) and heavy-chain (H) which are connected by
disulfide bridges (Figure 1.6 A; Narciso, 2012). Each chain can be divided into variable
(heavy and light chain variable domain ,Vy and V) and constant parts (Cu1-43 and Cy).
The unique antigen-binding site consists of the Vy and V. domains (fragment antigen
binding, Fab fragment). The non-antigen binding part (fragment crystallizable region, Fc
fragment) is not essential for therapeutic applications, but mediates binding to receptors
and has other immunological functions (Joosten et al., 2003). Because most of the
whole IgG antibodies have a size of approximately 160 kDa, many recombinant antibody
fragments were developed in which the non-antigen binding part is removed (Holliger
and Hudson, 2005). These include so-called single-chain variable fragments (scFvs) in

which a flexible amino acid linker or disulfide bond connects the V4 and V. parts (Figure
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1.6 A; Glockshuber et al., 1990). scFvs show antigen affinities which are comparable to
whole antibodies and can easily be produced in heterologous systems e.g. E. coli
(Griffiths and Duncan, 1998; Ahmad et al., 2012). The smallest antigen-binding antibody
fragment is the so-called nanobody (Nb; Figure 1.6 B). It is based on antibodies which
are found in Camelidae or cartilaginous fish (Hamers-Casterman et al., 1993). These
antibodies lack the light chains and the antigen-binding site only consists of the heavy-
chain variable domains (Vun;Figure 1.6 B; Muyldermans and Lauwereys, 1999).
Because of the small size, the Vuu domain has superior body distribution properties. In
addition, Nbs are highly resistant to denaturation, exhibit high aqueous solubility and are

functionally expressed in standard microbial expression systems (Doshi et al., 2014).
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Figure 1.6: Schematic representation of IgG antibodies and antibody fragments. (A) Complete IgG
antibody consisting of two identical heavy chains (H, khaki) and light chains (L, rose). Heavy chains are
composed of three constant (Cu1, Cu2, Cu3) and one variable (Vu) part. The light chain contains one
constant (CL) and one variable (VL) domain. The antigen-binding site consists of the Vn and VL domain
(Fab fragment) while the non-antigen binding part comprises Cn2 and Cn3 (Fc fragment). Via hydrolysis of
the Fc fragment, a single chain variable fragment (scFv) consisting of Vi1 and VL linked by a flexible amino
acid linker or disulfide bond is formed. (B) Complete camelid type heavy-chain IgG antibody. It consists of
two identical chains where each contain a variable (Vu1) and two constant (Cu2, Cn3) domains. The
isolation of VuH domains lead to the discovery of nanobodies (Nb).

1.4.1.2 Methods to degrade synthesized proteins

Organisms must tightly control the levels of intracellular proteins in order to adapt to
changing environmental conditions (Balch et al., 2008). Rapid removal of misfolded
proteins by the proteasome is crucial for the proper function of a cell’s health (Amm et
al., 2014). However, the proteasome is also responsible for the rapid turnover of
regulatory proteins (Bhattacharyya et al., 2014). Several sequences and modifications
target proteins for proteolysis and play a key role in regulating the degradation of
proteins (Chassin et al., 2019). One example of a modifying target is ubiquitin (Ub),

which is covalently linked to lysine residues of proteins that are targeted for degradation
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in the proteasome (Bailey-Elkin et al., 2017). For a rapid and specific degradation of
proteins, several Ub-based systems were developed. One of these systems is the auxin-
inducible degron (AID;(Nishimura et al., 2009). This system is based on the auxin-
dependent degradation pathway of plants, which was implemented in other eukaryotic
cells. Addition of the synthetic auxin 1-naphthaleneacetic acid (NAA) induces poly-
ubiquitinated of proteins fused to the AID degron (Nishimura et al., 2009).

Most of the cellular proteins are poly-ubiquitinated and targeted to the
proteasome for degradation. However, some proteins are also degraded by the
proteasome independently of Ub. Short intrinsic amino acid sequences, which are called
degron sequences were found to be involved in this degradation pathway. Such small
peptide motifs are for example PEST motifs. In general, PEST sequences are
hydrophilic stretches, which are not interrupted by positively charged residues. They
begin and end with positively charged amino acids like lysine, arginine or histidine and
are rich in proline (P), glutamate (E), serine (S) and threonine (T; Rogers et al., 1986).
The proteasome-mediated turnover of PEST motif containing proteins is often based on
phosphorylation (Rechsteiner, 1991). PEST sequences are present in key metabolic
enzymes, transcription factors, protein kinases, phosphatase and cyclins (Rechsteiner
and Rogers, 1996). They are often present as C-terminal extensions but some proteins
also contain multiple PEST regions within their amino acid sequence. The activation of
degradation varies from exposure to light (Phytochrome; Rechsteiner, 1990),
phosphorylation (G1 cyclin; Rechsteiner, 1990) to ligand binding (Shumway et al., 1999).
One of the well-studied PEST sequences is located C-terminally within the mouse
ornithine decarboxylase (mODC). This sequence is conserved and induces rapid
proteasomal proteolysis (Murakami et al., 1992). The mODC degron was already
successfully used for heterologous destabilization of proteins in S. cerevisiae (Hoyt et
al., 2003) and mammalian cells (Li and Coffino, 1993).

1.4.1.3 2A peptides for the generation of polycistronic mRNAs in eukaryotes

Genes can be found clustered in so-called operons in which they are transcribed
coherently to form one mRNA (polycistronic mRNA), or separated from each other
resulting in mRNAs encoding for one protein (monocistronic mRNA). In bacteria and
archaea, the gene expression is often organized in operons resulting in polycistronic
mRNAs (Kozak, 1983). In eukaryotes, most of the mRNAs are monocistronic. However,
some polycistronic precursor mRNAs, which are cleaved at the polyadenylation site and
trans-spliced are also found in eukaryotes (Spieth et al., 1993). For genetic and
metabolic engineering, polycistronic mRNAs are beneficial because they allow the co-

regulation of expression of different proteins. One possibility to generate polycistronic
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MRNAs in eukaryotes is the use of internal ribosome entry site (IRES) sequences. It was
shown that ORFs combined by IRES sequences are often not expressed at the same
level leading to different protein levels (Szymczak et al., 2004). In addition, the usage of
multiple IRES sequences can lead to a competition for translational factors (Wang et al.,
1996), and it was shown that the expression of proteins can be significantly lower
compared to monocistronic expression (Mizuguchi et al., 2000).

Another approach which circumvents the emerging limitations using IRES
sequences is the usage of viral 2A peptides (Szymczak et al., 2004). The name “2A”
refers to a specific region in the viral genome and is attributable to the gene numbering
scheme of viruses (Liu et al.,, 2017). 2A peptides, which contain a characteristic C-
terminally DXEXNPGP motif were first discovered in the foot-and-mouth disease virus
(FMDV, F2A peptide; Ryan et al., 1991). In a so-called ‘stop and carry on* (Sharma et
al., 2012) or 'stop and go‘ (Atkins et al., 2007) mechanism, the ribosome pauses the
translation at the glycine within the characteristic motif (Figure 1.7 (2)). It is thought that
the 2A peptide sequence interacts with the exit tunnel of the ribosome, causing a
sterically restricted C-terminus of the 2A peptide within the peptidyl-transferase center (P
site). Thus, nucleophilic attack of the ester linkage of the glycyl-tRNA by the prolyl-tRNA
is inhibited (Roulston et al., 2016). Several subsequent scenarios are conceivable:
termination of translation at this point, resumption of translation or release of the nascent
peptide and resuming of translation with proline as first amino acid (Roulston et al.,
2016). For the latter, the eukaryotic release factors are proposed to release the nascent
protein from the ribosome (Figure 1.7 (3); Roulston et al., 2016). Because of the failure
of forming a peptide bond, the prolyl-tRNA is released from the ribosome. The
translational release factors eRF1 and eRF3 enter the ribosome and disassociate the
nascent peptide chain (Roulston et al., 2016). Subsequently, the prolyl-tRNA enters the
ribosome and translation is resumed (Figure 1.7 (4)). The ratio of the different potential
scenarios is dependent on the separation efficiency of the 2A peptide in the organism in
which it is applied. Different 2A peptides deriving from different viruses were already
successfully used in fungal model organisms for the production of carotenoids in
S. cerevisiae (Beekwilder et al., 2014) or fungal toxins in Asperqgillus niger (Schuetze and
Meyer, 2017).
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Figure 1.7: 2A peptide mediated ‘stop and carry on’ mechanism. The nascent peptide upstream of the
2A peptide sequences is emerging from the ribosome and translational accommodation and translocation
takes place. When the prolyl-tRNA (blue/green) enters the accommodation site of the ribosome (A-site, step
1), the nascent 2A peptide interacts with the exit tunnel of the ribosome causing a sterically restricted C-
terminus of the 2A peptide within the peptidyl-transferase center (P-site, step 2). The nucleophilic attack of
the ester linkage of the glycyl-tRNA by the prolyl-tRNA is inhibited and the nascent peptide chain is released
from the ribosome (step 3). To overcome ribosomal stalling, the prolyl-tRNA enters the ribosome and
translation is resumed (step 4).

1.5 Aim of this thesis

In the past it was already successfully shown, that mRNAs bound by Rrm4 are
transported through hyphae of U. maydis together with early endosomes. Furthermore,
the accumulation of translational products of transported mRNAs on endosomes was
observed. Together with the observation that active ribosomes are also part of the
mMRNP and that the association of ribosomal proteins in mRNPs is mRNA-dependent,
the mentioned observations led to the hypothesis that local translation of transported
mMRNAs takes place on the endosomal surface (Baumann et al., 2014; Higuchi et al.,
2014). In addition to this, a potential regulatory role of Rrm4 during translation was
hypothesized because Rrm4 binds mRNA not only in the 3’UTR but also at landmark
sites of translation (Olgeiser et al., 2019). The observation of translational sites of an
mRNA in vivo enables better insides in both the translation on endosomes as well as in

the regulatory role of Rrm4 during translation. Hence, this project focused on the
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establishment of an antibody-based method to visualize the nascent peptide chain to
analyze translational processes on endosomes as well as the role of Rrm4 in translation.
On the one hand, the SunTag method should be applied in U. maydis to label a nascent
peptide chain. For this, the GCN4-scFv had to be stably expressed in fusion to sfGfp
(Figure 1.8 A). In addition to the labeling of a nascent peptide chain with GCN4-scFv-
sfGfp, the analyzed mRNA should be fluorescently marked within its 3’'UTR. At the
beginning of this project, mMRNAs were labeled within their 3'UTR with the AN system in
which AN* was fused to double Gfp (Baumann et al., 2014). Because of a simultaneous
visualization of a nascent peptide chain and the corresponding mRNA, the mRNA has to
be labeled with a Rfp. A proper candidate for the AN system should be identified in this
project (Figure 1.8 B).

On the other hand, various tools should be established that allow an optimal
visualization of translation by fusion to the ORFoi. First of all, the interaction of GCN4-
scFv-sfGfp to its cognate peptide epitope (GCN424) should be analyzed in vivo. Besides,
a reliable degron sequence should be combined with the 2A peptide (Figure 1.8 C). The
degron should enable a background-reduced fluorescence microscopy since completely
translated GCN42* will be degraded. To maintain the equilibrium of proteins encoded by
analyzed mRNAs by the integration of a degron, the 2A peptide downstream of the
degron sequence and upstream of the ORFoi should enable the independent expression
of GCN424fused to a degron and the ORFoi from one mRNA (Figure 1.8 C).
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Figure 1.8: Schematic representation of desired constructs. (A) The GCN4-scFv antibody (orange)
which was used in the SunTag method in fusion with sfGfp (green) to label the nascent peptide chain. (B)
The RNA-binding protein AN* (brown) in fusion with a red fluorescence protein (Rfp, red) to fluorescently
label MRNAs within their 3’'UTR. (C) The final fusion construct of the ORF of interest (ORFoi, blue) to which
upstream the peptide epitope of the GCN4-scFv antibody (GCN424, orange), a degron sequence (black)
and the 2A peptide (light blue) is fused, respectively. 16 RNA stem-loops (boxB16, brown) should be
integrated into the 3'UTR of the mRNA to ensure binding of AN* protein.

T
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2 Results

2.1 Establishing of red fluorescence proteins as a marker to label
mRNAs in vivo

To visualize local translation of mMRNAs in hyphae of U. maydis in vivo, various building
blocks of a detection system had to be established. At the beginning of this study,
mRNAs in U. maydis were labeled with Gfp. As only sfGfp was used to label nascent
peptide chains, the establishment of labeling mMRNAs with a Rfp by binding to the 3'UTR
was the first crucial step towards analyzing local translation of mRNAs in vivo. In the
context of establishing TRICK in U. maydis, the capability of mCherry and TagRfp to
label the 3’'UTR of cdc3 mRNA was already tested (Mintjes, 2015). RNA live imaging
with mCherry or TagRfp was not feasible because both fluorescence proteins were
visible in vacuoles due to their high stability in acidic environments. U. maydis tends to
have a lot of vacuoles and the visible accumulations outshined moving mRNAs. For this
reason, two other Rfps, mKate2 and mOrange2, were established and tested for their
ability to label mRNAs in vivo. mKate2 and mOrange2 have the same molecular weight
as Gfp and therefore should not influence the efficiency of RNA live imaging. mKate2 is
a monomeric Rfp which is an optimized version of mKate (Shcherbo et al., 2009). mKate
itself was produced by site-specific and random mutagenesis from TurboRfp deriving
from the sea anemone Entacmaea quadricolor (Shcherbo et al., 2007). mOrange2 is
further developed from the orange fluorescence protein mOrange (Shaner et al., 2008).
mOrange is an derivate of DsRed, which originally was found in Discosoma sp. (Shaner
et al.,, 2004). The excitation and emission maxima of mKate2 (588 nm/630 nm) do not
differ much compared to mCherry (687 nm/610 nm). This should enable the detection
with a laser operating at a wavelength of 561 nm of the given fluorescence microscopy
set-up. Contrary to this, the excitation and emission of mOrange2, as the name already
indicates, are more shifted to the orange spectral range of visible light (549 nm/565 nm)
which could probably not be detected in full efficiency with the given fluorescence
microscopy filter set. Importantly, both fluorescence proteins have a low stability in acidic
environments compared to mCherry and TagRfp which could avoid visible accumulation

in vacuoles (Day and Davidson, 2009).

2.1.1 Determining the expression levels of mKate2 and mOrange2 in U. maydis

To examine mKate2 and mOrange2, it was first necessary to analyze expression levels
and intensities of both fluorescent proteins in vivo. To this end, the protein sequences of
mKate2 and mOrange2 were fused to Rrm4 (Zhou et al., 2018). Plasmids encoding the

fusion proteins were integrated at the native locus of rrm4 by homologous recombination
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in the genetic background of AB33 (Brachmann, 2001). Correct transformants were
verified by PCR and by Southern blot analysis and used for further studies. To compare
the intensities of mKate2 and mOrange2 with already existing Rfps, fluorescence
microscopy and line scan measurements were performed in hyphae (Figure 2.1 A-D).
The signals of moving Rrm4-mKate2 particles (Figure 2.1 D) appeared to be brighter
than Rrm4-mCherry (Figure 2.1 A) and were comparable to those of Rrm4-TagRfp
(Figure 2.1 B). In contrast to this, the signal of Rrm4-mQOrange2 was barely visible
(Figure 2.1 C, note the scale of the y-axis). This can be referred to a non-optimal
excitation with a laser operating at a wavelength of 561 nm. The differences in the signal
intensities of the Rfps were visualized and quantified using line scans, where the
different absolute gray levels were directly comparable. Note that the fluorescence
pictures were taken with the same laser power and without an autocorrected signal
intensity. Thus, the absolute intensities are comparable. For the line scans, a
background value of 100 (average value of the background fluorescence measured in 10
pictures) of each fluorescence microscopy picture was subtracted and the intensities of
distinct particles (gray level) were measured. The intensities of Rrm4-TagRfp and Rrm4-
mKate2 were comparable with peaks at values around 1,200-1,300. The maximum
intensity of Rrm4-mCherry was determined to be around 600 (Figure 2.1 A). This
underlines the first impression of an increased brightness of TagRfp and mKate2 (Figure
2.1 B and D) compared to mCherry and mOrange2 (Figure 2.1 A and C). The maximum
absolute gray level of mOrange2 was around 220. For quantification, line scans of 45
hyphae from three independent experiments were conducted. For better comparison, all
measured intensities were normalized to the maximum intensity of TagRfp (brightest red
fluorescence protein) which was set to 100%. As indicated in Figure 2.1 E, the Rrm4
particles that were detected with TagRfp and mKate2 showed significantly increased
intensities compared to mCherry. Normalized to TagRfp, the intensities of mCherry and
mKate2 were determined to be around 60% and 99%, respectively (Figure 2.1 E). A
normalized intensity of 7% was determined for mOrange2. Thus, mOrange2 was not
further investigated because it cannot be used to visualize mRNAs with the given

microscopy set-up.
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Figure 2.1: Comparison of fluorescence intensities of mCherry, TagRfp, mKate2 and mOrange2
fused to Rrm4. (A-D) Fluorescence microscopy and line scans of hyphae expressing different red
fluorescence proteins fused to Rrm4. The fluorescence microscopy pictures show distribution of Rrm4-
mCherry (A), Rrm4-TagRfp (B), Rrm4-mOrange2 (C) and Rrm4-mKate2 (D) signals. The corresponding line
scans below the fluorescence microscopy pictures show an intensity profile given as gray levels. (6 h.p.i;
inverted pictures; scale bar 10 ym). (E) Quantification of fluorescence intensity scans through hyphae.
Intensities of mCherry, mOrange2 and mKate2 tagged Rrm4 particles narmalized to the maximum intensity
of TagRfp which was set to 100%. Intensity peaks below 100 were excluded for the analysis (n>30 in 3
independent experiments; error bars, SEM; unpaired two-tailed t-test; a<0.05).

In order to determine the photostability of mKate2 in comparison to mCherry and
TagRfp, the shuttling of Rrm4 through hyphae was analyzed by recording movies for
75s with a constant excitation of the fluorophore (Figure 2.2 A). In the kymograph
recorded from Rrm4-mKate2, defined signals of shuttling Rrm4 particles were visualized
for the whole period of time (red arrowheads). Comparatively, the shuttling of Rrm4-
mCherry and Rrm4-TagRfp was also visible but the signal intensity decreases over a

period of 75 s (Figure 2.2 A). Note that the signals disappeared much faster for TagRfp
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than for mCherry. With mCherry, it was possible to detect moving particles for the whole
period of time but the number seemed to be decreased. However, mKate2 seemed to be
more photostable than TagRfp and mCherry which allows a detailed analysis of
subcellular localization of fusion proteins over an extended period of time. Because of
the fact that the pH stability of mCherry and TagRfp results in strong fluorescence in
vacuoles and that this causes difficulties in quantification and the detection of cognate
fusion proteins, mKate2 was analyzed with respect to the visibility in vacuoles. To
analyze the accumulation in vacuoles, strains capable of cytosolic expression of
mCherry, TagRfp or mKate2 were investigated. Plasmids were integrated at the ipS locus
(see 2.2.1 for further information) via homologous recombination in the genetic
background of AB33. Single insertion strains, which were confirmed by PCR and
Southern blot analysis, were used for further studies. For co-localization experiments,
hyphae expressing different fluorescence proteins were labeled with CellTracker™ Blue
(CMAC) which is a fluorescent chloromethyl derivate that stains vacuolar membranes.
Due to high fluctuation of the vacuolar system, images of CMAC staining were taken in
close successions to green or red fluorescence pictures. As control, a strain with
cytosolic expression of Gfp (eGfp, enhanced version of Gfp) was used, because a visible
accumulation of Gfp in vacuoles of hyphae of U. maydis was not observed before. In
addition, Gfp exhibits low pH stabilities in vitro (Ishii et al., 2007). As indicated by red
arrowheads in Figure 2.2 B and E, the Gfp and mKate2 fluorescence were not visible in
vacuolar structures. Both fluorescence signals seemed to lose their ability to emit a
signal upon excitation under acidic conditions. Contrary to this, TagRfp (Figure 2.2 C) as
well as mCherry (Figure 2.2 D) were visible in the whole cell including vacuolar
structures.

In summary, these results show that mKate2 is a bright fluorescence protein
possessing high photostability compared to mCherry and TagRfp in U. maydis. In
addition, it is presumably not stable at low pH values because no visible accumulation in
vacuoles was detected. To analyze whether mKate2 can be used to visualize the

localization of mMRNAs in vivo, RNA live imaging was conducted.
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Figure 2.2: Analysis of mCherry, TagRfp and mKate2 expressed in hyphae of U. maydis regarding
their photo and pH stability. (A) Kymographs of hyphae expressing different Rrm4 fusions to red
fluorescence proteins (6 h.p.i.; arrow length on the left and bottom indicates time and distance; inverted
pictures). Bidirectional movement is indicated by red arrowheads. (B-E) Micrographs of hyphae capable of
cytosolic expression of Gfp (B, top), TagRfp (C, top), mCherry (D, top) and mKate2 (E, top) and the
corresponding CMAC staining (bottom) to analyze accumulation of fluorescent proteins in vacuolar
structures (6 h.p.i.; inverted pictures; scale bar 10 um). Red arrowheads in (B) and (E) indicate vacuoles
stained with CMAC.

2.1.2 Usage of mKate2 to visualize movement of cdc3 mRNA

RNA live imaging was carried out by labeling the well-studied cdc3 mRNA (Baumann et
al., 2014; Zander et al., 2016) with mKate2 by using defined RNA hairpins within its
3'UTR. By using a comparable integration construct design, this enabled a direct
comparison to the published system which uses AN* fused to two copies of Gfp
(Baumann et al., 2014). For this, the RNA-binding protein AN* was fused to two copies of
mKate2 (AN*mKate2?) under the control of the inducible promoter from the arabinase
gene crg1 which is active in the presence of arabinose and inactive in the presence of
glucose (Pcy; Bottin et al., 1996; Brachmann, 2001). The plasmid expressing the fusion
protein was integrated into the ipS locus via homologous recombination in the genetic
background of AB33 and harbors 16 copies of boxB binding sites (B'6) integrated into
the 3'UTR of cdc3 (AB33-cdc3B'6). After identifying positive recombination events by
Southern blot analysis, RNA live imaging was conducted with the strain AB33-
AN*mKate2?/cdc3B'® and AB33-AN*Gfp?/cdc3B'® as control. By analyzing the movement
of cdc3 mRNAs in AB33-AN*Gfp%/cdc3B'®, cytoplasmic green fluorescence was
observed. Due to this high background noise, the movement of cdc3 mRNAs was barely
visible (Figure 2.3 A, indicated by red arrowheads). In comparison, the background noise
was reduced when detecting signals of cdc3 mRNA with AN*mKate2? (Figure 2.3. B).
Hence, shuttling of cdc3 mRNA was clearly visible as indicated in the kymograph by red

arrowheads (Figure 2.3. B). In addition to weaker cdc3 mRNAs, shuttling signals with
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higher fluorescence intensities were observed (yellow arrowhead; Figure 2.3 B). To
verify whether these particles were mRNA-dependent, the AN*mKate2? fusion protein
was integrated at the ipS locus by homologous recombination in the genetic background
of AB33. After Southern blot analysis for the verification of correct transformants,
fluorescence microscopy of AB33-AN*mKate2? was conducted. Because of the fact that
B'® was not integrated in a 3'UTR of an mRNA, no binding sites for AN*mKate2? were
present. Thus, signals of moving particles should not be attributed to mRNA shuttling. In
comparison to AB33-AN*mKate22/cdc3B'¢, no shuttling particles were detectable in the
strain only expressing AN*mKate2? (Figure 2.3 C). Due to this, it can be assumed that
the shuttling signals with higher fluorescence intensities were mMRNA-dependent.

In summary, these experiments show that mKate2 can be used to label mMRNAs
in vivo. The low fluorescence background enabled a noise-reduced detection of mMRNAs.
The visible and moving fluorescence accumulations will probably not interfere with

further experiments and seemed to be mMRNA-dependent.

A P T C
Bl gfp T
g AN*mKate2%/cdc3B"¢

p boxB'6 T
et OO0 it A

3UTR
AN*Gfp2/cdc3B16

.~
Gf =
B R mKate2 ¥ 4 ~]
AN*mKate2?

nos
AN* mKate2 mKate2

p boxB'6 T
et e 000 i

3UTR
AN*mKate2?/cdc3B"6
mKate2

mliate'z
10 ym——

<—10s

Figure 2.3: RNA live imaging with mKate2 to visualize movement of cdc3 mRNA. (A-B) Top: Schematic
representation of constructs necessary for RNA live imaging: RNA binding protein AN* (brown) fused to two
copies of Gfp (green, Gfp?) or two copies of mKate2 (red, mKate2?), inducible promoter Py and terminator
Thos (both black). 16 copies of boxB RNA hairpins (brown, B'®) were integrated into the 3'UTR of cdc3
mRNA (blue). Bottom: Fluorescence microscopy and kymographs of hyphae of an AB33 derivative
expressing the AN* system to label the cdc3 mRNA. Moving mRNAs are indicated by red arrowheads.
Shuttling signals with higher fluorescence intensities are indicated by yellow arrowheads (6 h.p.i.; arrow
length on the left and bottom of kymograph indicates time and distance; inverted pictures; scale bar 10 ym).
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(C) Kymographs of hyphae of AB33 derivatives expressing the AN* system to label the cdc3 mRNA (top) or
AN* fused to mKate2? only (bottom). Moving mRNAs are indicated by red arrowheads. Brighter moving
fluorescence protein accumulations are indicated by yellow arrowheads (6 h.p.i.; arrow length on the left and
bottom of kymograph indicates time and distance; inverted pictures).

2.2 Expression of heterologous antibodies for the labeling of
nascent peptide chains

In order to establish a system to visualize local translation in hyphae of U. maydis, the
expression of a heterologous antibody for the labeling of nascent peptide chains was the
most crucial part since the detection of a nascent peptide chain is based on a
fluorescently labeled antibody. In a previous study in which a scFv was fused to different
N- and C-terminal fusion proteins, it was found that sfGfp almost completely eliminated
protein aggregation (Tanenbaum et al., 2014). Thus, for labeling nascent peptides, the
expressed antibodies were fused to sfGfp. For the expression of heterologous
antibodies, first of all, a suitable locus had to be found because the well-studied jpS locus
is needed for the expression of the fluorescently labeled RBP to mark the mRNA. For
this, two protease loci were analyzed regarding their capability of a homogeneous
distribution of expression within the population. Afterwards, different single chain variable
fragments (scFv) as well as nanobodies (Nb) were expressed in U. maydis and

examined for their expression levels and localization.

2.21 Establishment of aspartic protease upp3 locus to express heterologous
proteins

The so-called ipS locus is the best known and most widely used locus to express
heterologous proteins in U. maydis. The ip° gene expresses the succinate
dehydrogenase iron-sulfur protein subunit SDH2 (UMAG_00844). Insertion of a mutant
version (ipf), in which two point mutations are inserted, mediates resistance against
carboxin (Keon et al., 1991). Due to the fact that the RNA-binding protein AN*, which is
needed to label the 3’'UTR of the mRNA of interest will be expressed in this locus,
another genomic locus was needed for the expression of an antibody. In a previous
study, several protease genes were deleted to increase the yield of secreted proteins in
U. maydis (Sarkari et al., 2014). The deletion of the genes pep4 (UMAG_04926), upp2
(UMAG_00064), upp3 (UMAG_11908) and prb1 (UMAG_04400) had no effect on the
growth of sporidial cells. As protease deletions tend to have no severe effects on the
phenotype in U. maydis, the respective genomic regions are potential loci to express
heterologous proteins. The pep4 locus was already used to express heterologous
proteins. However, the expression of Gfp seemed to be heterogeneous (data not

shown). This effect could not be observed for the ipS locus. Because of this, the upp2
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and upp3 protease deletion mutants were analyzed. First of all, single deletion strains
were generated in the genetic background of AB33 (AB33-upp3A; AB33-upp2A) and the
morphology of sporidia as well as of hyphae was analyzed. Both growth forms did not
show any morphological differences compared to the wild type strain (data not shown).
Because there was no apparent effect of the deletion, Gfp was integrated into the
genetic regions of upp2 and upp3 by homologous recombination into the genetic
background of AB33-upp3A and AB33-upp2A strains, respectively. This was done to
analyze the distribution of expression within the population. A huge advantage of using
single protease deletions was that a counter-selection procedure was feasible to
accelerate strain generation. The deletion of the genes was achieved by introducing a
hygromycin resistance cassette as marker, while Gfp was inserted in the same locus
with a nourseothricin resistance cassette as marker afterwards. Potential positive
transformants lose their resistance against hygromycin and gain nourseothricin
resistance. This can be tested easily with a plate assay. After verifying correct
transformants by Southern blot analysis, fluorescence microscopy was performed. As
indicated in Figure 2.4 A, no high variation of expression could be observed for Gfp
integrated into the ipS and the upp3 locus. Contrary to this, the Gfp expression level was
heterogeneous in the pep4 and the upp2 locus in which hyphae with a reduced Gfp
expression were observed (Figure 2.4 A). To quantify this effect, the numbers of hyphae
showing a reduced Gfp fluorescence (dim expressing cells) from the protease loci were
compared to the ipS locus (Figure 2.4 B). Importantly, dim expressing cells were visible
in all strains. However, no significant difference was visible between the dim expressing
cells of the ipS and the upp3 locus, contrary to the pep4 and the upp2 locus. In the latter,
55% or 84% dim expressing cells were detected, respectively (Figure 2.4 B). Importantly,
the measured RFUs did not differ significantly between the ipS and the upp3 locus
(Figure 2.4 C). In both strains RFU values of approximately 20,000 were measured.

In summary, these results show that the upp3 locus can be used to express
heterologous proteins in U. maydis with a homogeneous expression within the
population and expression rates which are comparable to the ipS locus. In addition, this

locus enables rapid strain generation via counter-selection.
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Figure 2.4: Analysis of the distribution of Gfp expression from different loci within the population of
hyphal growing cells. (A) Micrographs of hyphae of AB33 derivates expressing Gfp from different loci.
Hyphae showing lower expression of Gfp are marked with red arrowheads (6 h.p.i.; inverted pictures; scale
bar 10 ym). (B) Quantification of bright and dim Gfp expressing cells in different loci (n>10 in 3 independent
experiments; error bars, SEM; unpaired two-tailed t-test; a<0.05). (C) Comparison of Gfp expression in the
ipS and the upp3 locus (3 independent experiments; RFU: relative fluorescence units; error bars, SEM;
unpaired two-tailed t-test; a<0.05).

2.2.2 Expression of heterologous antibodies in U. maydis

2.2.2.1 Expression of Myc-scFv, Bot-Nb and GCN4-scFv in hyphae of U. maydis

The usage of an antibody to label the nascent peptide chain is crucial. Thus, different
antibodies were fused to sfGfp and the expression level in hyphae was analyzed. The
first two antibodies that were investigated for their capability to label a nascent peptide
chain, a scFv against the myc epitope (Myc-scFv) and a nanobody against the botulinum
toxin (Bot-Nb), were already expressed in fusion to the chitinase Cts1 in sporidia of
U. maydis (Sarkari et al., 2014; Terfrlchte et al., 2017). To analyze the expression levels
of both antibodies in the context of labeling a nascent peptide chain, they were fused to
sfGfp (Figure 2.5 A). The transcription of the construct was controlled by the constitutive
tef promoter (Pr) from the elongation factor 1 of U. maydis (Figure 2.5 A; Spellig et al.,
1996). The constructs expressing the fusion proteins were transformed into the genetic
background of AB33-upp3A via homologous recombination, and positive candidates
were identified via counter-selection. After verifying positive recombination events by
Southern blot analysis, the expression of the encoded constructs was analyzed by
Western blot experiments. The Western blot analysis of whole cell lysate of positive

clones in sporidial and hyphal cells confirmed that the expression of the Myc-scFv-sfGfp

32



Results

construct was reduced in hyphae compared to sporidia (Figure 2.5 B). In hyphae, only a
faint band of the full length protein was visible. The expression of Bot-Nb-sfGfp was
barely visible in both growth forms. Here, only hardly visible bands for the full-length
protein were detectable by Western blot analysis using an a-Gfp antibody (Figure 2.5 C).
Because the intended application of the antibodies is needed in hyphae, these antibody

candidates were not further investigated.
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Figure 2.5: Expression of Myc-scFv-sfGfp and Bot-Nb-sfGfp in sporidia and hyphae of U. maydis. (A)
Schematic representation of the fusion constructs of Myc-scFv and Bot-Nb (orange) fused to sfGfp (green).
The constructs are expressed under control of Ptr (black) and terminated with Tnos (black). (B/C) Western
blot analysis of the expression of Myc-scFv-sfGfp (B) and Bot-Nb-sfGfp (C) in sporidial (S) and hyphal (H)
cells 6 h.p.i. 5pug of whole cell extracts were subjected to SDS-PAGE and Western blot analysis. Both
antibodies were detected via sfGfp and the membrane was stained with Coomassie brilliant blue after
detection (CBB). Bands representing full-length protein of both antibodies are marked with asterisks.

The next antibody which was analyzed was the scFv against the transcriptional master
regulator GCN4 (GCN4-scFv) from S. cerevisiae, which was originally used for signal
amplification in gene expression and fluorescence imaging (Tanenbaum et al., 2014).
This antibody was already successfully used to label a nascent peptide chain in
mammalian cells (Pichon et al., 2016; Wang et al., 2016; Wu et al., 2016; Yan et al.,
2016). Note that neither the GCN4 protein nor homologous proteins are present in
U. maydis. The fusion protein was integrated in the genetic background of AB33-upp3A.
A Western blot analysis of whole cell lysates of positive clones in sporidial and hyphal
cells confirmed that the GCN4-scFv-sfGfp was expressed in equal amounts in both
growth forms (Figure 2.6 B). Fluorescence microscopy was conducted to analyze the
subcellular localization in a strain lacking a cognate peptide epitope of GCN4-scFv-
sfGfp. Because of this genetic background, a cytosolic distribution of the Gfp
fluorescence signal was expected. However, fluorescence microscopy revealed that the
GCN4-scFv-sfGfp fusion protein localized in a manner reminiscing of microtubule-like
structures within hyphae of U. maydis. In addition to this, recording a movie and
generating a kymograph revealed shuttling of GCN4-scFv-sfGfp through the hyphae
along stained tracks (red arrowheads; Figure 2.6 C). Because this shuttling resembled
the movement of mMRNP components which shuttle on the endosomal surface, a co-
localization study using FM4-64 was performed. The styryl dye FM4-64 visualizes

endocytic pathway components like early and late endosomes and multivesicular bodies.
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The localization analysis of GCN4-scFv-sfGfp and FM4-64 revealed a co-localization of
both fluorescence signals, as indicated by red arrowheads in Figure 2.6 D. Thus, the
GCN4-scFv-sfGfp seemed to localize to endocytic compartments. To further
characterize whether the shuttling of GCN4-scFv-sfGfp with endocytic compartments is
dependent on microtubules, hyphae were treated with benomyl. Benomyl is a
benzimidazole fungicide which binds to microtubules and inhibits polymerization and
thus shuttling of endosomes. As indicated in Figure 2.6 E, GCN4-scFv-sfGfp stopped
shuttling through hyphae after benomyl treatment. Thereby, the shuttling of GCN4-scFv-
sfGfp appeared to be dependent on the endocytic compartment as well as on
microtubules. To finally characterize the specificity of the shuttling signals, co-localization
studies with different endosomal marker proteins were performed. For this, Rab5a-
mKate2 and Rab7-mKate2 fusion proteins were integrated in the genetic background of
AB33-GCN4-scFv-sfGfp. Rab5a mainly localizes to early and Rab7 mainly to late
endosomes, respectively. Note, that Rab7 does not shuttle as extensively within the
hyphae as Rab5a (Haag et al., 2017). Analyzing the strains expressing GCN4-scFv-
sfGfp and either Rab5a-mKate2 or Rab7-mKate2 revealed a co-localization of GCN4-
scFv-sfGfp to Rab5a-positive endosomes, but not to Rab7-positive endosomes (Figure

2.6 F and G). Thereby, GCN4-scFv-sfGfp seemed to specifically localize to early

endosomes.
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Figure 2.6: Analysis of the expression and localization of the GCN4-scFv in U. maydis. (A) Schematic
representation of the fusion construct of the GCN4-scFv (orange) fused to sfGfp (green). The construct is
expressed under control of P (black) and terminated with Tros (black). (B) Western blot analysis of the
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expression of GCN4-scFv-sfGfp in sporidial (S) and hyphal (H) cells 6 h.p.i. 5 ug of whole cell extracts were
subjected to SDS-PAGE and Western blot analysis. GCN4-scFv-sfGfp was detected via sfGfp and the
membrane was stained with Coomassie brilliant blue after detection (CBB). Bands representing full-length
protein of GCN4-scFv-sfGfp are marked with asterisks. (C) Micrograph and kymograph of an hypha of AB33
derivative expressing GCN4-scFv-sfGfp in upp3 locus. Staining of microtubule-like structure is indicated by
yellow arrowheads. Shuttling particles are indicated by red arrowheads. (D) Kymographs of GCN4-scFv-
sfGfp expressing hypha showing the Gfp signal and staining with FM4-64. Co-localization events are
indicated by red arrowheads. (E) Kymograph of GCN4-scFv-sfGfp expressing hypha treated with benomyl
for two hours. (F) Kymographs of GCN4-scFv-sfGfp/Rab5a-mKate2 expressing hypha showing the Gfp and
the mKate2 signal. Co-localization events are indicated by red arrowheads. (G) Kymographs of GCN4-scFv-
sfGfp/Rab7-mKate2 expressing hypha showing Gfp and mKate2 signals (D-G: 6 h.p.i.; inverted pictures;
arrow length on the left and bottom of kymograph indicate time and distance).

The GCN4-scFv binds to a 19 amino acid peptide epitope with the amino acid sequence
EELLSKNYHLENEVARLKK. Because of the unspecific shuttling of GCN4-scFv-sfGfp, a
sequence comparison of the epitope against the whole proteome of U. maydis was
performed. By this, proteins which have a comparable sequence were identified.
Because of the shortness of the peptide epitope, more than 100 proteins were identified
containing a sequence which is comparable, including Kinesin-7a (UMAG_00896) and
Tea1 (UMAG_15019). In both proteins, several amino acid stretches were found sharing
up to 80% identity with the peptide epitope of GCN4-scFv. Kinesin-7a is a CENP-E-like
motor protein without any defect in cell morphology after deletion in U. maydis and is
thought to play a role in membrane trafficking or mitosis/meiosis (Schuchardt et al.,
2005). Note that Kinesin-7a was initially published as Kinesin-1 (Lehmler et al., 1997).
Tea1 is a kelch domain protein, which is involved in marking cell poles and sites of
growth (Tatebe et al., 2005). The microtubule cytoskeleton and microtubule-associated
proteins are crucial for the localization of Tea1 (Mata and Nurse, 1997; Busch et al.,
2004). In U. maydis, Tea1 is a multidomain protein necessary for establishing the axis of
polarity, septum positioning and cell wall integrity (Woraratanadharm et al., 2018).
Because both proteins seem to be directly or indirectly involved in transport processes
on microtubules, deletions of both proteins should be investigated in the genetic
background of GCN4-scFv-sfGfp to analyze if one of these proteins is actually bound
and visualized by this antibody fusion. In the context of this project, it was not possible to
delete teat. Teal1 fused to Gfp localized to the growing pole of sporidia and hyphae.
Shuttling of Tea1-Gfp could not be observed in hyphae of U. maydis (data not shown).
This decreases the probability that GCN4-scFv-sfGfp interacts with Tea1 which would
result in shuttling signals. The deletion of kin7a was feasible in the strain expressing
GCN4-scFv-sfGfp, but did not inhibit the movement of GCN4-scFv-sfGfp within hyphae
of U. maydis (Figure 2.7 A). By quantifying the number of particles per 10 um of hyphae,
no significant difference was detected between the GCN4-scFV-sfGfp and GCN4-scFv-
sfGfp/kin7aA strains (Figure 2.7 B). Thus, both proteins found by sequence comparison
seemed not to be responsible for the unspecific shuttling of GCN4-scFv.
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In summary, these experiments showed that the expression of heterologous antibodies
were differed between the two growth forms of U. maydis. Unexpectedly, GCN4-scFv-
sfGfp, which was expressed in sporidia as well as in hyphae, shuttled through hyphae of
U. maydis. GCN4-scFv-sfGfp seemed to localize to early endosomes and the shuttling
was dependent on microtubules. The analysis of potential interacting proteins did not
reveal a direct interaction partner which is responsible for the unspecific shuttling. In
conclusion, GCN4-scFv-sfGfp seemed to be unsuitable to label a nascent peptide chain.
Therefore, other heterologous antibodies were tested and their expression profile as well

as their localization within the cell were analyzed.
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Figure 2.7: Effect of kinesin-7a deletion on shuttling GCN4-scFv-sfGfp units . (A) Kymographs of cells
expressing GCN4-scFv-sfGfp without (top) and with (bottom) deletion of kin7a. Shuttling particles are
indicated by red arrowheads (6 h.p.i.; inverted pictures; arrow length on the left and bottom of kymograph
indicate time and distance). (B) The number of particles per 10 um of hyphae was quantified with respect to
the effect of the deletion of kin7a (Box and whisker plot with median shown in red; n>30 in 3 independent
experiments; unpaired two-tailed t-test; a<0.05).

2.2.2.2 BC2-Nb and Moontag-Nb

Because of the unspecific shuttling of GCN4-scFv, two additional antibodies were
expressed and analyzed with respect to their localization in U. maydis. The first antibody,
BC2-Nb, was originally generated against -catenin and binds to its peptide epitope with
a very high affinity (Braun et al., 2016). In addition, the interaction relies on sequence-
independent backbone interactions. Therefore, the chance of an unspecific binding of
BC2-Nb to other sequences was considered small. The Nb was already successfully
used to tag proteins specifically in direct stochastic optical reconstruction microscopy
(dSTORM) in mammalian and yeast cells, respectively (Virant et al., 2018). The second
antibody, Moontag-Nb, binds a 15 amino acid long peptide from the HIV envelope
protein complex subunit gp41 (Lutje Hulsik et al., 2013). It was used to study
translational heterogeneity in mammalian cells in combination with the GCN4-scFv
(Boersma et al., 2019). The sequences from both antibodies were optimized for dicodon

usage in U. maydis and plasmids expressing fusion proteins to sfGfp were generated
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(Figure 2.8 A). After verifying correct insertion at the upp3 locus via homologous
recombination in the genetic background of AB33-upp3A, Western blot analysis as well
as fluorescence microscopy were performed. As indicated in Figure 2.8 B and F, both
nanobodies were expressed in sporidia as well as in hyphae. The expression level of
BC2-Nb seemed to be decreased in sporidia compared to hyphae. This should not
interfere with further applications because the translation of mMRNAs should be analyzed
in hyphae. Surprisingly, both nanobodies shuttled throughout the whole hyphae and
stained a microtubule-like structure (Figure 2.8 C and G; red and yellow arrowheads).
On the basis that GCN4-scFv-sfGfp showed the same localization, both strains
expressing the nanobodies were stained with FM4-64 and treated with benomyl,
respectively. In fact, both nanobodies co-localized to FM4-64 shuttling particles in a
microtubule-dependent manner (Figure 2.8 D, H, E and I). In consequence of the fact
that three antibodies shuttled through hyphae of U. maydis, sfGfp was analyzed in more
detail. For this, a construct in which the antibody sequence was removed from the
original construct was generated (Figure 2.8 A). By this, the possibility of an interaction
of the different construct components to early endosomes or microtubules could be
excluded. As indicated in Figure 2.8 J, within the strain expressing sfGfp in the upp3
locus, no shuttling particles could be observed. Thus, the previously observed shuttling
of the different antibodies seemed to be antibody-specific.

In summary, these results show that three antibodies, GCN4-scFv, BC2-Nb and
Moontag-Nb, shuttled bidirectionally through hyphae of U. maydis, most likely coupled to
early endosomes, in a microtubule-dependent manner. To characterize the shuttling
behavior, the next important step was to analyze whether the shuttling could be referred
to a direct protein-protein interaction and consequently an accidental recruitment of

antibodies to endosomes.
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Figure 2.8: Analysis of the expression and localization of BC2-Nb and Moontag-Nb in U. maydis. (A)
Schematic representation of the fusion constructs of the antibodies (orange) fused to sfGfp (green). All
constructs are expressed with Ptr (black) and terminated with Tros (black). (B/F) Western blot analysis of
the expression levels of antibodies in sporidial (S) and hyphal (H) cells 6 h.p.i. 5 ug of whole cell extracts
were subjected to SDS-PAGE and Western blot analysis. BC2-Nb-sfGfp and Moontag-Nb-sfGfp were
detected via sfGfp and the membranes were stained with Coomassie brilliant blue after detection (CBB).
Bands representing full-length proteins are marked with asterisks. (C/G) Micrograph and kymograph of
hypha expressing different antibodies. Staining of microtubule-like structures is indicated by yellow
arrowheads. Shuttling particles are indicated by red arrowheads. (D/H) Kymographs of hyphae stained with
FM4-64 expressing different antibodies fused to sfGfp. Co-localization events are indicated by red
arrowheads. (E/l) Kymograph of hypha expressing BC2-Nb or Moontag-Nb treated with benomyl for two
hours. (J) Kymograph of hypha expressing sfGfp in the upp3 locus. (C-J: inverted pictures; arrow length on
the left and bottom of kymograph indicate time and distance).
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2.2.3 Analysis of direct protein-protein interactions

To analyze whether the shuttling of antibodies is referable to a direct protein-protein
interaction, a so-called Far-Western blot experiment was performed (Hall, 2004). For
this, cell extracts of hyphal wild type cells, a Gfp expressing strain (AB33-Gfp) as well as
a strain expressing Pab1-mCherry (AB33-Pab1-mCherry) were generated and 10 pg of
total cell extract were used for SDS-Page followed by Western blotting. The membrane-
bound cell extract of AB33-Gfp was used as an internal control. Two identical
blotting-membranes were generated which were subsequently treated differently. The
first membrane (membrane A) was incubated with natively obtained cell extracts of sfGfp
expressing sporidia. The second membrane (membrane B) was incubated with natively
obtained cell extracts of GCN4-scFv-sfGfp expressing sporidia. After incubation of the
membranes with native cell extracts, signal detection was performed using an a-Gfp
antibody directed against the sfGfp of both cell extracts as well as the membrane-bound
Gfp from AB33-Gfp. Subsequently, incubation with the secondary o-mouse HRP
antibody enabled final detection (Figure 2.9 A). By this, a potential interaction of GCN4-
scFv-sfGfp to proteins should be visible because it serves as primary antibody in this
method. As indicated in Figure 2.9 B on membrane A, no protein bands except the
membrane-bound Gfp with a size of 28 kDa were detected. On membrane B, which was
incubated with native cell extracts from sporidia expressing GCN4-scFv-sfGfp, different
protein bands were visible with a size of 70-130 kDa (Figure 2.9 B). A strong band was
detectable at the size of 130 kDa. The bands occurred in all three blotted cell extracts at
the same height emphasizing a strain-independent result. It can be claimed that GCN4-
scFv-sfGfp seemed to be able to interact with proteins of U. maydis. The unknown

interacting proteins appeared at the size of around 130 kDa.
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Figure 2.9: Western blot analysis to confirm protein-protein interaction of GCN4-scFv to an unknown
protein partner. (A) Schematic representation of Far-Western blots with GCN4-scFv (orange) fused to
sfGfp (green), a-Gfp antibody (green/gray) and a-mouse HRP (gray/blue). (B) Western blot membranes
incubated with native purified sfGfp (membrane A) or GCN4-scFv-sfGfp (membrane B). 10 ug of whole cell
extracts of wild type (wt), AB33-Gfp or AB33-Pab1-mCherry strains were subjected to Western blot analysis
with three-step antibody system. Interacting GCN4-scFv-sfGfp was detected as shown in A. Membranes
were stained with Coomassie brilliant blue (CBB) after detection.

There are three possible ways in which an interaction between the antibodies and an
unknown protein could take place. The first one is based on the peptide epitope, the
second one is sequence- and the third one is structure-based, respectively. The three
peptide epitopes recognized by GCN4-scFV, BC2-Nb and Moontag-Nb were compared
and studied concerning analogous sequences. First of all, it became clear that the three
peptide epitopes differ in the recognized amino acid numbers. Whereas GCN4-scFv
recognizes 19 amino acids, BC2-Nb and Moontag-Nb recognize peptide epitopes with a
length of 12 and 15 amino acids, respectively. The sequence comparison showed a low
similarity between the three peptide epitopes without any consensus amino acid stretch
(Figure 2.10 A). Similar amino acids in all three peptide epitopes are highlighted in black,
similarities in two epitopes are marked in gray, respectively. Only some amino acids,
marked in gray in Figure 2.10 A, were similar. Therefore, the possibility of an interaction
based on the binding of an unknown protein to all peptide epitopes was low. To test

whether a sequence-based interaction could be possible, the amino acid sequences of
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GCN4-scFv, BC2-Nb and Moontag-Nb were compared. GCN4-scFv consists of 256
amino acids, whereas BC2-Nb and Moontag-Nb comprise of 123 amino acids (Figure
2.10 B). For the comparison, the V4 region of GCN4-scFv was aligned to BC2-Nb and
Moontag-Nb. The sequence similarity was expected to be higher in this area, since Nb
only consists of a variable heavy chain region (Vun). Similar amino acids in all antibodies
are marked in black, similarities in two antibodies are marked in gray, respectively. As
indicated in Figure 2.10 B, areas with a high level of coincidence in the sequence were
found. Especially the N-termini of all antibodies showed a high level of consistency. The
Moontag-Nb and the GCN4-scFv showed a higher similarity than GCN4-scFV to BC2-Nb
(Figure 2.10 B). Based on this sequence alignment, an interaction of an unknown protein

with the N-termini of all antibodies could be possible.
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Figure 2.10: Sequence alignments of GCN4-scFV, BC2-Nb and Moontag-Nb. Sequence comparison of
(A) peptide epitopes recognized by and (B) amino acid sequences of GCN4-scFv, BC2-Nb and Moontag-
Nb. Sequence alignments were conducted using ClustalW. Similar amino acids in all peptide epitopes or
antibodies are marked in black, similar amino acids in two epitopes or antibodies are marked in gray.
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Variable part of light chain (VL, rose) and variable part of heavy chain (Vx, khaki) of GCN4-scFv are
indicated by boxes below the sequence comparison.

The final possibility of an interaction to an unknown protein could be based on the
structure of antibodies. These were obtained from the Protein Data Bank (PDB)
advanced sequence search (PDB, n.d.). For the structures of GCN4-scFv and Moontag-
Nb, other previously solved structures of an a-acetyl antibody from mouse (C6-scFv)
and an antibody against HIV-1 glycoprotein gp41 (GP41-Nb) showing high PDB
validation rates for the deposited sequences were used (GCN4-scFv, Nishiguchi et al.,
2019; Moontag-Nb, Lutje Hulsik et al., 2013). The structure of BC2-Nb is already solved
and available on PDB and was used for this analysis (Braun et al., 2016). With the help
of Prof. Dr. Lutz Schmitt (Head of Biochemistry |, Heinrich Heine University, Dusseldorf),
the structures of the antibodies were aligned with the coot tool (Tool, n.d.) and the
alignment was visualized using pymol (Pymol, n.d.). As indicated in Figure 2.11 C, the
structure of BC2-Nb (orange) and Moontag-Nb (yellow) showed a high similarity. In
addition, GCN4-scFv (blue) showed a comparable structure. This became more clearly
visible in the overlay of all structures. Here, the structures of BC2-Nb and Moontag-Nb
corresponded to the C-terminus of GCN4-scFv (Figure 2.11 C). Thus, a potential protein-
protein interaction could be based on the structure of the antibodies.

In summary, GCN4-scFv seemed to be able to interact to an unknown protein
since an potential interaction was visible in the Far-Western Blot experiment. The
protein-protein interaction could possibly base on the primary and tertiary structure of
antibodies since peptide epitope alignments did not show high similarities between the
three tested antibodies. The unspecific shuttling which is possibly based on protein-
protein interactions made the usage of an antibody to label a nascent peptide chain
impossible unless the interaction partner is found. In addition, it was crucial to
characterize whether the shuttling is dependent on known proteins which are present on

the early endosomal surface.
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GCN4-scFv BC2-Nb Moontag-Nb

Figure 2.11: Structure alignments of GCN4-scFV, BC2-Nb and Moontag-Nb. Tertiary structures of
GCN4-scFv (blue), BC2-Nb (orange) and Moontag-Nb (yellow) obtained from Protein Data Base (PDB). The
structures of GCN4-scFv and Moontag-Nb were compared to other known structures and best PDB
validated structures were chosen. The structure of BC2-Nb is solved and was used for the analysis.
Alignment of secondary structures was obtained using coot tool. Visualization was conducted with pymol.

2.2.4 Dependency of shuttling antibodies on mRNP components

Known proteins which are part of the mRNP complex in U. maydis show the same
subcellular localization as it was observed for antibodies. They all shuttle in a
bidirectional manner through the hyphae, co-localize with FM4-64 and the early
endosomal marker protein Rab5a, and the shuttling is dependent on microtubules.
Notably, the velocities of observed shuttling particles of the antibodies were comparable
to mMRNP complex proteins (data not shown). It was important to verify that the
antibodies did not interact with known proteins of the mRNP complex because a
potential interaction partner has to be deleted to be able to use antibodies to label a
nascent peptide chain. To investigate whether the shuttling of antibodies in hyphae of
U. maydis is due to an interaction to known early endosomal proteins from the mRNP
complex, different core proteins were deleted. Because of the fact that all antibodies
behave the same way, GCN4-scFv-sfGfp was chosen as a proof of principle for the
analysis. All of the analyzed mRNP proteins are crucial for efficient endosomal mRNA
transport and deletions lead to an increasing number of bipolar growing hyphae. In
addition, they show interdependency to each other and deletion of one protein of the

MRNP complex leads to the loss of different proteins. The following genes were deleted
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in the genetic background of GCN4-scFv-sfGfp: upa2, rrm4, upa1 and kinesin-3 (kin3).
The deletion of all four genes led to bipolar growth of hyphae (Figure 2.12 A-D). As
shown with yellow arrowheads in Figure 2.12 A to D, a stained microtubule-like structure
was visible in all hyphae. Note that the background signal of Gfp seemed to be
increased in the kin3A strain. GCN4-scFv-sfGfp shuttled in the upalA, rrm4A and upa2A
strains bidirectionally through the hyphae. The number of shuttling signals seemed to be
decreased in the strain in which kin3 was deleted (Figure 2.12 D). This led to the
hypothesis of a Kin3-dependent shuttling of GCN4-scFv-sfGfp. To quantify whether the
deletion of upa1, rrm4, upa2 and kin3 had a significant effect on the shuttling of GCN4-
scFv-sfGfp, the traveled distance, the velocity and the number of particles per 10 ym of
hypha were analyzed. Within the traveled distance of the shuttling particles, no
significant differences could be observed between the strain expressing GCN4-scFv-
sfGfp and the generated deletion strains (Figure 2.12 E). The velocities of the moving
particles changed significantly between the strain expressing GCN4-scFv-sfGfp and the
strains GCN4-scFv-sfGfp/rrm4A and GCN4-scFv-sfGfp/kin3A, respectively. While the
velocity in the strain expressing GCN4-scFv-sfGfp was around 2 pym/s, it increased up to
2.4 um/s in GCN4-scFv-sfGfp/rrm4A. Contrary to this, there was a reduction of the
velocity of moving particles to 1.5 um/s in GCN4-scFv-sfGfp/kin3A (Figure 2.12 F). The
number of detectable moving particles per 10 ym of hypha did not differ significantly
between the strain expressing GCN4-scFv-sfGfp and the deletion strains of upa2, rrm4
and upa1, as in all cases approximately 5 particles per 10 um of hypha were observed.
In the kin3 deletion strain, the number of moving GCN4-scFv-sfGfp particles was
significantly decreased to 1.6 particles per 10 um of hypha (Figure 2.12 G).

In summary, the deletion of kin3 seemed to have an influence on the shuttling
behavior of GCN4-scFv-sfGfp. Nevertheless, there were still moving particles detectable
which indicated that there seemed to be another protein which transports antibodies.
Besides, an interaction to the mRNP proteins Upa2, Rrm4 and Upa1 could be excluded.
Thus, it was important to find the unknown interaction partner and test whether a
deletion would abolish the shuttling of the antibodies without affecting any relevant

process like mRNA transport and endosomal transport.
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Figure 2.12: Impact of the deletion of mRNP proteins on the shuttling of GCN4-scFv-sfGfp. (A-D) DIC
microscopy, micrographs and kymographs of hyphae expressing GCN4-scFv-sfGfp in combination with
different deletions of mMRNP proteins (6 h.p.i.). Yellow arrowheads indicate stained microtubule-like
structures. Moving particles are indicated by red arrowheads (micrographs show maximum projection;
inverted picture; scale bar 10 ym; arrow length on the left and bottom of kymograph indicates time and
distance). (E-G) The distance of shuttling particles of GCN4-scFv-sfGfp (E), the particle velocity (F) and the
number of particles per 10 um of hypha (G) were quantified in respect to the effect of the deletion of different
mRNP proteins (box and whisker plot shows median (red) and min and max values; n>30 in 3 independent
experiments; shuttling particles with a distance <5 pm were excluded from the analysis; unpaired two-tailed
t-test; a<0.05).

2.2.5 LC-MS/MS analysis for the identification of potential interaction partners

To enrich proteins which potentially interact with the expressed antibodies, an
immunoprecipitation (IP) was performed (Bonifacino et al.,, 2016). For this, total cell
extracts of hyphae expressing GCN4-scFv-sfGfp or BC2-Nb-sfGfp were mixed with
magnetic agarose beads coated with o-Gfp antibodies. This enabled a specific
purification of interacting proteins. As a control, cell extracts of a strain expressing sfGfp
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and AB33-upp3A were included. In total, three replicates of each IP were analyzed by
liquid chromatography coupled to mass spectrometric analysis (LC-MS/MS), which was
performed in collaboration with the Molecular Proteomics Laboratory (MPL, BMFZ,
Heinrich Heine University Disseldorf, Dr. Gereon Poschmann and Prof. Dr. Kai Stuhler).
Raw data was further processed using MaxQuant software environment with standard
parameters (Dr. G. Poschmann). Due to a higher quality of the data, GCN4-scFv-sfGfp
was chosen for further analysis. To identify proteins which were significantly enriched in
the GCN4-scFv-sfGfp strain, sfGfp was chosen as negative control for further analysis
since the difference between the identified proteins of the strains AB33-upp3A and sfGfp
was minor (data not shown). In total, 292 proteins were identified by LC-MS/MS analysis.
A plot of paired student’s t-test p-values (Y-axis, -Log1o[p-value]) against the protein’s
fold change, (X-axis, difference of log, [mean intensity]), showed that 37 proteins are
significantly enriched in GCN4-scFv-sfGfp in comparison to sfGfp (Figure 2.13 A;
student’s t-test p-value < 0.1, fold change > 2; red dots). 251 Proteins did not show a
significant enrichment (Fig.2.10 A, gray dots), four proteins were significantly enriched in
the control group and therefore false positive (Figure 2.13 A, light blue dots). Eleven out
of 37 enriched proteins were enriched at least fivefold including known proteins like
Cdc11 and Cdc12 (Figure 2.13 B; green dots). Interestingly, also Tea1 was significantly
enriched in GCN4-scFv-sfGfp which was already found by sequence comparison
analysis (see 2.2.2.1). Besides, different potential subunits of the pyruvate
dehydrogenase were found (Pdr1, Pda1 and Pdb1; Figure 2.13 B). Surprisingly, a
related protein of myosin-1 isoform heavy chain (MYO1), which is part of myosin-1
belonging to the type Il myosin transporter, was also highly enriched in GCN4-scFv-
sfGfp. The most abundant protein was UMAG_00933 (Figure 2.13 B). By analyzing the
three replicates from all strains, it became clear that UMAG_00933 was highly abundant
in all three replicates of GCN4-scFv-sfGfp and totally absent in the control strains (Figure
2.13 C).

In summary, the LC-MS/MS analysis showed that the uncharacterized protein
UMAG_00933 was highly enriched in the IP sample of GCN4-scFv-sfGfp. Interestingly,
also Tea1, which was already found by sequence comparison of the epitope of GCN4-
scFv against the whole proteome of U. maydis, was enriched. However, Tea1 could be
excluded to be responsible for the recruitment of antibodies to shuttling units. Thus,
UMAG_00933 could possibly be the interacting protein which recruits the antibodies to
shuttling units within hyphae of U. maydis. To prove this hypothesis, UMAG 00933 was
studied further.
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Figure 2.13: Liquid chromatography coupled to mass spectrometric analysis of GCN4-scFv-sfGfp.
(A) Volcano blot of GCN4-scFv-sfGfp versus sfGfp. Significantly enriched proteins within GCN4-scFv-sfGfp
are marked in red, within sfGfp are marked in light blue. Non-significant proteins are marked in gray (X-axis,
fold change between GCN4-scFv-sfGfp and sfGfp, difference of logz normalized intensities; Y-axis, -log1o of
p value of unpaired t-test of GCN4-scFv-sfGfp and sfGfp). (B) Close-up of volcano blot showing the eleven
most enriched proteins. Known proteins are marked in green. The most abundant protein is framed. (C) Heat
map showing logz normalized intensities of the eleven highly enriched proteins in three replicates of
analyzed AB33-upp3A, sfGfp and GCN4-scFv-sfGfp expressing strains (Intensities ranging from low (yellow)
to red (high)).

2.2.6 Analysis of UMAG_00933 as potential interaction partner

2.2.6.1 Bioinformatical analysis of UMAG_00933

UMAG_00933
0 1290
" CTD SMC l] 136 kDa

Figure 2.14: Schematic representation of the domain architecture of UMAG_00933. UMAG_00933
consists of 1290 amino acids and has two predicted domains; CTD-domain (blue) and SMC-domain (purple;
predicted domains obtained from the SMART website: http://smart.embl-heidelberg.de).

With an IP of GCN4-scFv-sfGfp followed by a LC-MS/MS run, UMAG_00933 was
significantly enriched in comparison to the control strains. Due to this, UMAG_00933

could be a possible interaction partner of antibodies within U. maydis. UMAG_00933 is
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annotated as hypothetical protein consisting of 1290 amino acids and has a molecular
size of 136 kDa. It contains a predicted CTD-domain at the C-terminus which can also
be found at the C-terminus of Spt5 from Schizosaccharomyces pombe and
representatives of the division of Basidiomycota (Figure 2.14). Spt5 interacts with Spt4
and forms a complex (Spt5-Spt4) which regulates early transcription elongation by RNA
polymerase Il (Schwer et al., 2009). Note that UMAG_00933 and Stp5 from S. pombe
and representatives of the division of Basidiomycota share only minimal overall identities
in the protein sequences. Another domain which was found in UMAG_00933 is a SMC-
domain (Figure 2.14). This domain can be found in several proteins which play a role in
chromosome segregation, and this domain seems to be conserved in all kingdoms. A
very low conserved SMC domain was found in Upa2, a member of the mRNP complex in
U. maydis. Note that the conservation of this domain was also very low in UMAG_00933.
Both domains might indicate that this protein has the capability of nucleic acid binding.
Overall, 110 orthologs of UMAG_00933 could be found by a protein sequence search in
fungal species and all of them were found in Basidiomycota. In addition, no orthologs
were found in mammalian species. This indicated that the protein seems to be specific
for Basidiomycota. A previous study analyzed the conservation of core components of
the mRNP complex in U. maydis to other representatives of the fungal kingdom (Mdaller
et al., 2019). Orthologs of Upa1, Rrm4 and Upa2 are present in most analyzed
Basidiomycota, e.g. Sporisorium reilianum (S. reilianum), Coprinopsis cinerea
(C. cinerea) and Microbotryum lychnidis-dioicae (M. lynchnidis-dioicae), but absent in
Malassezia globosa (M. globosa). Furthermore, Upa1 and Rrm4 orthologous are also
found in Mycoromycota but are most likely absent in Ascomycota. To analyze a potential
link of UMAG_ 00933 to the mRNP complex, a search for orthologs in selected
organisms was performed. An UMAG_00933 ortholog was found in S. reilianum and
C. cinerea. Interestingly, no apparent ortholog was found in M. lynchnidis-dioicae and
M. globosa. This indicated that the presence of UMAG_00933 seemed to be
independent of the presence of core components of the mRNP complex from U. maydis.

In summary, UMAG_00933 is a hypothetical protein which seemed to be specific
to Basidiomycota. The occurrence in other organisms was independent of the presence
of core components of the mRNP complex. To examine the interaction with antibodies
in vivo, a deletion strain was generated in the genetic background of expressed
antibodies. First of all, the effect of deleting UMAG_00933 was analyzed in sporidia as

well as in hyphae to investigate the role of UMAG_00933 in cellular processes.

48



Results
2.2.6.2 Impact of the UMAG_00933 deletion on sporidia and hyphae of U. maydis

To be able to use the deletion of UMAG 00933 in combination with the antibodies to
label a nascent peptide chain, it was important to analyze the impact of the deletion in
more detail. First of all, the morphology of sporidia and hyphal cells was studied. For
this, the strains GCN4-scFv-sfGfp/UMAG_00933A and BC2-Nb-sfGfp/UMAG_00933A
were compared to GCN4-scFv-sfGfp, BC2-Nb-sfGfp and wild type (wt). As indicated in
Figure 2.15 A, in comparison to the antibody expressing cells and wt no morphological
changes could be observed for the strains in which UMAG_00933 was deleted. Sporidial
cells were cigar shaped, and hyphae grew unipolar while inserting septa at the basal
site. To analyze whether an impact on the hyphal growth would be visible on plates, the
GCN4-scFv-sfGfp/UMAG _00933A and BC2-Nb-sfGfp/UMAG_00933A strains were
spotted on nitrate medium plates containing charcoal, on which the hyphal growth is
induced. If a strain is able to form hyphae, a fuzzy area surrounding the dropped colony
is visible. Note that a colony is visible on the plate because the cell cycle is not arrested
directly upon dropping cells on the plates. In comparison to the wt, GCN4-scFv-
sfGfp/lUMAG_00933A and BC2-Nb-sfGfp/UMAG_00933A strains showed a slight
reduction of the hyphal growth (Figure 2.15 B). Nonetheless, the deletion strains were in
general able to grow unipolar which was detectable by the minor fuzzy areas
surrounding the growing colonies on the plate (Figure 2.15 B). Secondly, the doubling
time of sporidia in which UMAG_00933 was deleted was determined. For this, the
growth was monitored in the BioLector, in which the ODgoo was measured every 30 min.
All strains were diluted to the same starting ODegoo of 0.1 and growth was monitored for
24 h. Note that the BioLector measures the scattered light in contrast to the transmitted
light which is measured with spectrophotometry. As indicated in Figure 2.15 C and D, a
slight difference could be observed in the growing behavior of sporidial cells harboring a
deletion of UMAG 00933 in comparison to the wt and the progenitor strains. The
doubling time of strains harboring GCN4-scFv-sfGfp and BC2-Nb-sfGfp was 1.76 h and
1.81 h, respectively. In comparison to this, the doubling time of GCN4-scFv-
sfGfp/UMAG_00933A and BC2-Nb-sfGfp/UMAG_00933A decreases about 10-20% to
1.56 h and 1.44 h, respectively. This indicated that even though no difference was found
in the morphology of the sporidia, the GCN4-scFv-sfGfp/UMAG_00933A and BC2-Nb-
sfGfp/UMAG_00933A strains seem to grow more slowly. Third, the growth of hyphal
cells was quantified to finally exclude an impact of the deletion of UMAG 00933 since a
slight decrease of fuzziness of growing hyphae on plates was observed. No significant
difference between the progenitor strains, the wild type and the strains harboring a
deletion of UMAG 00933 could be observed (Figure 2.15 E). A slight decrease from
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90% to 70% of unipolar growing cells which formed at minimum one septum at the basal
site of the hyphae was already observable in the strain expressing GCN4-scFv-sfGfp or
BC2-Nb-sfGfp. Between the strains expressing the antibodies and strains harboring the
deletion in addition, a difference of 5% of unipolar growing cells with a septum was
quantified (Figure 2.15 E). Note that no bipolar growth of cells was observed in all
analyzed strains. To exclude slower growing hyphae in the deletion strains, the length of
the hyphal growing cells was quantified since there was a slight decrease in the number
of unipolar growing cells which inserted at least one septum. As shown in Figure 2.15 E,
the length of the hyphae of the wild type, GCN4-scFv-sfGfp, GCN4-scFv-
sfGfp/UMAG_00933A and BC2-Nb-sfGfp/UMAG_00933A did not differ significantly. The
hyphae showed an average length of 75-90 uym. Thus, the deletion of UMAG_00933
seemed to have no severe influence on the growth of hyphal cells, even though a slight

reduction of hyphal growth could be observed on plates containing charcoal.
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Figure 2.15: Analysis of the impact of the UMAG_00933 deletion on sporidia and hyphae of
U. maydis. (A) DIC microscopy of sporidia and hyphal cells expressing GCN4-scFv-sfGfp, BC2-Nb-sfGfp,
GCN4-scFv-sfGfp/UMAG_00933A, BC2-Nb-sfGfp/UMAG_00933A and wild type. The growth direction of
hyphae is indicated by arrows, the nucleus of hyphae is indicated with N (6 h.p.i.; scale bar 10 ym). (B)
Hyphal growing plate assay on nitrate minimum medium plates containing charcoal. (C) Growth curves of
sporidia expressing GCN4-scFv-sfGfp, BC2-Nb-sfGfp, GCN4-scFv-sfGfp/UMAG_00933A, BC2-Nb-
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sfGfp/UMAG_00933A and wild type (starting ODeoo, 0.1; measured every 30 minutes for 24 hours; biomass
indicated in scattered light). (D) Calculated doubling times of growth curves obtained in B. (E) Quantification
of unipolar growing hyphae (light blue) and unipolar growing hyphae which inserted at least one septum
(dark blue) expressing GCN4-scFv-sfGfp, BC2-Nb-sfGfp, GCN4-scFv-sfGfp/UMAG_00933A, BC2-Nb-
sfGfp/UMAG_00933A and wild type (n>30 in 3 independent experiments; unpaired two-tailed t-test; a<0.05).
(F) Quantification of length of hyphal cells expressing GCN4-scFv-sfGfp, BC2-Nb-sfGfp, GCN4-scFv-
sfGfp/UMAG_00933A, BC2-Nb-sfGfp/UMAG_00933A and wild type (box and whisker plot shows median
(red) and min and max values; n>30 in 3 independent experiments; unpaired two-tailed t-test; a<0.05).

Finally, stress tests were conducted with the cells harboring a deletion of UMAG_00933
to exclude a crucial role of UMAG_00933 in cellular processes. The cells were on the
one hand spotted on plates in serial dilutions and incubated at 16, 28 and 37 °C for up to
four days. For this, sporidial cells of the strains GCN4-scFv-sfGfp/UMAG_00933A and
BC2-Nb-sfGfp/UMAG _00933A were compared to GCN4-scFv-sfGfp, BC2-Nb-sfGfp,
rrm4A, grp1A and wild type. The deletions of rrm4 and grp1 served as controls because
both deletions show growth defects. rrm4A hyphae grow in a bipolar manner in contrast
to unipolar growing wild type cells. grp7A results in slower proliferation, an increased cell
length of hyphae as well as in a decreased tolerance towards lower temperatures
(Olgeiser et al., 2019). Note that 28 °C is the optimal growth temperature for U. maydis.
At 16 °C, all strains grew in a comparable way except the grp?1 deletion strain which
exhibited altered colony morphology and a strongly reduced growth (Figure 2.16 A). The
altered colony morphology was also observed on plates which were incubated at 28 °C
in contrast to the other tested strains which grew in a comparable way to the wild type
strain. At 37°C it seemed that the BC2-Nb-sfGfp as well as BC2-Nb-
sfGfp/lUMAG_00933A strains had an increased tolerance towards higher temperatures
since both colonies exhibited stronger growth (Figure 2.16 A). Importantly, the deletion of
UMAG_00933 seemed to have no influence on the temperature stress tolerance of
U. maydis. On the other hand, sporidial cells were plated out and an agar diffusion test
with different stress inducing agents was performed. For this test, filter paper was
soaked with different stress inducing agents and placed on the plates. After two days,
zones of growth inhibition (halo formation) were analyzed and compared between the
different strains. Here, sporidial cells of the strain GCN4-scFv-sfGfp/UMAG _00933A
were compared to GCN4-scFv-sfGfp, rrm4A and wild type. As a positive control for
induced growth inhibition, H2O2 was chosen, because its toxic effect on U. maydis is
already known (Molina and Kahmann, 2007). Upon treatment with H2O», reactive
oxygen species (ROS) accumulate within the cell which has to be detoxicated. Pure H2O
and DMSO were used as solvent controls, because the tested agents were solved in
one of these two media. Here, no reaction of U. maydis was expected, otherwise the test
would be inconclusive. The first reagent that was tested was SDS. SDS is a detergent

that denatures proteins and thus alters the stability of membranes. The second reagent
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targeted the ATPase Complex V within the mitochondrial membrane. Olegomycin A
inhibits the proton channel which is necessary for oxidative phosphorylation of ADP to
ATP (Jastroch et al., 2010). The third reagent was Tunicamycin. It is an antibiotic which
is commonly used to induce endoplasmic reticulum (ER) stress by inhibiting the first
steps of glycoprotein biosynthesis. This results in the accumulation of misfolded proteins
and a strong induction of the unfolded protein response (UPR; Guha et al., 2017). The
fourth reagent was Benomyl which was already used to treat hyphae to analyze
microtubule-dependent shuttling processes. The fifth reagent targets the translation of
eukaryotes. Cycloheximide (CHX) is an antibiotic which blocks the translocation step in
elongation of translation resulting in cell growth arrest and cell death (Schneider-Poetsch
et al., 2010). To arrest the cell cycle by inhibiting the formation of deoxyribose
nucleoside triphosphate (ANTPs) and therefore stalling of replication forks, Hydroxyurea
(HU) was used as sixth reagent. It targets class | ribonucleotide reductase, the enzyme
that catalyzes the formation of dNTPs (Jordan and Reichard, 1998). The seventh
reagent tested was Latrunculin A. It disrupts actin cytoskeleton organization by binding
to monomeric G-actin (Mailfert et al., 2017). The last reagent tested was Calcofluor
White (CW). It interferes with the cell wall assembly by binding to chitin and thereby
induces a stress response of the cell wall (Ram and Klis, 2006). In all tested reagents,
no enormous difference between the control strains (see appendix Figure 6.1), GCN4-
scFv-sfGfp and GCN4-scFv-sfGfp/UMAG _00933A was detectable. Sporidia of all strains
formed comparable halos under all tested conditions (Figure 2.16 B). One exception was
the rrm4A strain which exhibited higher tolerance towards Benomyl which was expected
because it prevents polymerization of microtubules. Because of the deletion of rrm4, the
long distance transport of mMRNAs and corresponding translational products was already
altered. Hence, Benomyl seemed to have a minor effect on the cells compared to the
wild type. Note that exactly the same result was visible for tested hyphal growing cells
(data not shown). No huge difference between the control strains, GCN4-scFv-sfGfp and
GCN4-scFv-sfGfp/lUMAG_00933A regarding halo formation was observed. Thus,
deletion of UMAG_00933 seemed to have no influence on the tested cellular processes.

In this study, no severe effect of UMAG_00933A to the morphology of sporidia as
well as hyphal cells was observed. Besides, UMAG_00933 seemed to have no crucial
role in tested cellular processes. To investigate the subcellular localization of
UMAG_00933, a Gfp fusion was analyzed. In addition the localization of GCN4-scFv-
sfGfp as well as BC2-Nb was analyzed in UMAG 00933 deficient hyphae.
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Figure 2.16: Testing of sporidial growth of UMAG_00933A strain under stress conditions. (A) Plate
assay to analyze growth behavior of different strains at 16, 28 and 37 °C. Serial dilutions of sporidial cells
were dropped on CM plates containing glucose (cfu, colony forming units; 10'-10%; colony formation was
analyzed after 48 hours of incubation). (B) Halo plate assay to study the role of UMAG_00933 in different
cellular processes. For agar diffusion test, filter paper was soaked with different stress inducing reagents.
The deletion strain GCN4-scFv-sfGfp/ UMAG_00933A was compared to its progenitor strain. Halo formation
was analyzed after 48 hours of incubation.
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2.2.6.3 Analysis of the impact of an UMAG_00933 deletion on shuttling of
antibodies in vivo

To analyze the subcellular localization of UMAG 00933, a Gfp fusion construct was
generated. The construct was integrated into the native locus of UMAG 00933 in the
genetic background of AB33 and transcription was under the control of the native
promoter. After verifying correct transformants by Southern blot analysis, the localization
in hyphae was analyzed with fluorescence microscopy. As indicated by yellow
arrowheads in Figure 2.17 A, a stained microtubule-like structure was visible. In addition,
UMAG_00933 shuttled bidirectional through hyphae (red arrowheads). A co-localization
analysis with FM4-64 revealed that UMAG_ 00933 seemed to co-localize to endocytic
compartments (Figure 2.17 B). The shuttling of UMAG_00933 through hyphae was
dependent on the microtubule cytoskeleton since the shuttling units were no longer
detectable after benomyl treatment (Figure 2.17 C). The localization of UMAG_00933
was equal to the localization of the investigated antibodies which increased the
possibility that this protein could be responsible for their shuttling. To be able to verify
this hypothesis, a deletion of UMAG_00933 was realized in the genetic background of
strains expressing either GCN4-scFv-sfGfp or BC2-Nb-sfGfp. After verifying the deletion
strains with Southern blot analysis, the shuttling behavior of GCN4-scFv-sfGfp and BC2-
Nb-sfGfp was analyzed. As it can be seen in Figure 2.17 D, the stained microtubule-like
structure was no longer visible in fluorescence microscopy of the GCN4-scFv-
sfGfp/lUMAG_00933A strain. In addition, no shuttling particles were detected. To prove
whether GCN4-scFv-sfGfp is still expressed, a Western blot experiment was performed.
Here, a full-length protein band of the fusion of GCN4-scFv to sfGfp could be detected in
sporidia as well as in hyphae (Figure 2.17 D). The same result was observed for the
BC2-Nb-sfGfp/UMAG_00933A strain. No shuttling of BC2-Nb-sfGfp was visible even
though the antibody was expressed in both growth forms (Figure 2.17 E). Thus,
UMAG_00933 seemed to interact with antibodies and is responsible for the unspecific
shuttling.

In summary, this result show that UMAG_00933 seemed to interact with
heterologous expressed antibodies in U. maydis. It could be proven that deletion of
UMAG_00933 abolished shuttling of GCN4-scFv-sfGfp as well as BC2-Nb-sfGfp.
Consequently, antibodies could potentially be used to label a nascent peptide chain for
visualizing local translation together with the deletion of UMAG_00933. Ultimately, it was
necessary to analyze the direct interaction of antibodies to their peptide epitopes in vivo.
This was the last important step to demonstrate that the usage of an antibody to label

the nascent peptide chain is possible.
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Figure 2.17: Analysis of the subcellular localization of UMAG_00933 and its impact on shuttling
antibodies. (A) Micrograph and kymograph of hypha expressing UMAG_00933-Gfp. Staining of
microtubule-like structure is indicated by yellow arrowhead. Shuttling particles are indicated by red
arrowheads (6 h.p.i.; maximum projection; inverted picture; scale bar 10 ym; arrow length on the left and
bottom of kymograph indicates time and distance). (B) Kymographs of hyphae stained with FM4-64
expressing UMAG_00933-Gfp. Co-localization events are indicated by red arrowheads (6 h.p.i.; inverted
pictures; arrow length on the left and bottom of kymograph indicates time and distance). (C) Kymograph of
hypha expressing UMAG_00933 fused to Gfp after treatment with benomyl for two hours (inverted pictures;
arrow length on the left and bottom of kymograph indicates time and distance). (D/E) Micrograph and
kymograph of hypha expressing GCN4-scFv-sfGfp/UMAG_00933A or BC2-Nb-sfGfp/UMAG_00933A and
Western blot analysis of the expression levels of antibodies in sporidial (S) and hyphal (H) cells 6 h.p.i. 5 ug
of whole cell extracts were subjected to SDS-PAGE and Western blot analysis. GCN4-scFv-sfGfp and BC2-
Nb-sfGfp were detected via the sfGfp and the membrane was stained with Coomassie brilliant blue after
detection (CBB). Bands representing full-length proteins are marked with asterisks (maximum projection;
inverted picture; scale bar 10 ym; arrow length on the left and bottom of kymograph indicate time and
distance).

2.2.7 Analysis of interaction of antibodies to corresponding peptide epitope in
vivo
In order to investigate the interaction of GCN4-scFv-sfGfp and BC2-Nb-sfGfp with their
corresponding peptide epitopes, fusion constructs of the peptide epitopes to a so-called
phox domain and mKate2 were generated. This domain originates from the t-SNARE
protein Yup1 from U. maydis (Wedlich-Soldner et al., 2000). The phox-domain is able to
interact with phosphoinositides and can bind to the surface of early endosomes. Thus,
expressed peptide epitopes fused to the phox-domain and mKate2 were recruited to the
endosomal surface und shuttle through hyphae. The peptide epitopes of GCN4-scFv
and BC2-Nb were optimized for dicodon usage in U. maydis and were multimerized up

to 24 copies. For the GCN4-scFv, 24 copies of the peptide epitope (GCN4?4) were fused
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N-terminally to mKate2 and the phox-domain, because 24 copies of the epitope were
previously proven to be sufficient for visible interaction (Figure 2.18 A; Tanenbaum et al.,
2014). For the BC2-Nb, 12 (BC2'?) as well as 24 (BC2?%*) copies were tested (Figure
2.18 A). Transcription was driven by the constitutive derivative of the promoter from the
translational elongation factor 1 of U. maydis, in which 14 tetracycline operator
sequences were integrated (Spellig et al., 1996). The fusion constructs were integrated
into the genetic background of the corresponding antibodies in either GCN4-scFv-
sfGfp/UMAG_00933A or BC2-Nb-sfGfp/UMAG_00933A strains at the ipS locus,
respectively. Observable shuttling of GCN4-scFv-sfGfp and BC2-Nb-sfGfp would now
indicate an interaction to the expressed peptide epitopes since deletion of UMAG 00933
abolished unspecific shuttling. Correct transformants were verified by Southern blot
analysis and fluorescence microscopy was conducted. As indicated in Figure 2.18 B,
shuttling of GCN4-scFv-sfGfp was observed. In addition a co-localization of GCN4-scFv-
sfGfp and phox-mKate2-GCN42* was visible. Thus, GCN4-scFv-sfGfp seemed to interact
with the corresponding peptide epitope in vivo. In contrast to this, no shuttling could be
observed for BC2-Nb-sfGfp independently of the number of integrated peptide epitopes
(Figure 2.18 C). Neither the antibody nor the peptide epitope shuttled through hyphae.
This indicated that the peptide epitope expression could be too low to analyze shuttling
of both BC2-Nb-sfGfp and the corresponding peptide epitope.

In summary these results show that GCN4-scFv-sfGfp interacted to its cognate
peptide epitope in vivo. Contrary to this, BC2-Nb interaction to the corresponding peptide
epitope was not observed probably due to low expression of the peptide epitope.
Conclusively, in combination with UMAG_00933A, GCN4-scFv-sfGfp can possibly be

used to label the nascent peptide chain to visualize sites of translation of mRNAs in vivo.
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Figure 2.18: In vivo interaction of GCN4-scFv-sfGfp and BC2-Nb with their cognate peptide epitopes.
(A) Schematic representation of constructs generated for in vivo interaction studies of expressed antibodies
and their cognate peptide epitopes. 24 copies of GCN4-scFv epitope (GCN424) or BC2-Nb (BC?*) and 12
copies of BC2-Nb peptide epitope (BC'2) were N-terminally fused to mKate2 (red) and a phox-domain (gray)
from Yup1 of U. maydis. Expression was driven by constitutive Poter promoter and terminated with Tros
(black). (B) Kymographs of hyphae expressing GCN4-scFv-sfGfp/UMAG_00933A/phox-mKate2-GCN424,
Co-localization events of GCN4-scFv-sfGfp and phox-mKate2-GCN42* are indicated by red arrowheads (6
h.p.i.; inverted pictures; arrow length on the left and bottom of kymograph indicates time and distance). (C)
Kymographs of hyphae expressing BC2-Nb-sfGfp/UMAG_00933A/phox-mKate2-BC2'2 or BC2-Nb-
sfGfp/UMAG_00933A/phox-mKate2-BC22%* (6 h.p.i.; inverted pictures; arrow length on the left and bottom of
kymograph indicates time and distance).

23 Establishment of 2A peptides and degron sequences

Another important step towards analyzing the site of translation of mMRNAs in vivo was
the reduction of the background fluorescence to increase signal to noise ratios of labeled
nascent peptide chains and mRNAs. Once GCN4-scFv-sfGfp binds to GCN42* during
translation, the synthesized fusion protein of GCN424-ORF is constantly labeled with
sfGfp. To achieve a low fluorescence background, degradation of synthesized GCN424
bound by GCN4-scFv-sfGfp should be realized by fusing degron sequences to GCN42
which induces fast degradation. Degron sequences are features of proteins that make
them short-lived in vivo. Two versions of the so-called PEST sequence from mouse
ornithine-decarboxylase (mODC) were already successfully implemented in U. maydis
by fusing them C-terminally to Gfp (Brachmann, 2001). The first one, d2, was the original
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sequence which can be found at the very C-terminus of mODC and provides a half-live
of two hours of the protein to which it is fused to. Within the second one, d1, three
glutamic acids were exchanged to alanines. By this, the half-live of fused proteins was
decreased to approximately one hour (Brachmann, 2001). The amount of proteins within
a cell is controlled by equilibrium of synthesis and degradation. By integrating a PEST
sequence into a construct, the amount of resulting proteins within the cell is decreased
since protein degradation rates raise while synthesis rates still remain equal. For the
application of visualizing local translation it was important to maintain the equilibrium of
proteins encoded by analyzed mRNAs. For this reason, it was important to separate the
translated protein from GCN42¢. An elegant way to already separate them during
translation is provided by the use of so-called 2A peptides. During translation, the
ribosome skips formation of the peptide bound in between the C-terminal amino acids
glycine and proline within 2A peptides. Thus, a polycistronic-like mRNA is formed in
eukaryotes since translation of one mRNA leads to two separately folded proteins (de
Felipe et al., 2006). Therefore degron sequences were combined with 2A peptides which

were tested in U. maydis.

2.3.1 Combination of d1 PEST sequence and F2A peptide

For the first test of PEST sequences in combination with the 2A peptides, the d1 from
mODC was used. In addition, the F2A peptide deriving from the foot-and-mouth disease
virus was chosen for the first test since it was already well established in the cooperating
lab of Prof. Dr. Matias Zurbriggen (Head of Synthetic Biology, Heinrich Heine University,
Dusseldorf; personal communication; Ryan et al., 1991). To test the activity of PEST and
F2A in U. maydis, a reporter construct was designed. This construct contained the
constitutively active Power, mKate2 fused to an HA tag (mKate2"4), d1 mODC, F2A and
Gfp (eGFP, enhanced version of Gfp, Clontech) fused to a nuclear localization signal
(GfpNtS; Kalderon et al., 1984). Hence, two different peptides should be synthesized:
mKate2HA-d1-F2A and GfpN-S which could be examined by Western blot experiments
using a-HA and o-Gfp antibodies (Figure 2.19 A). In addition, an active 2A peptide would
result in increased cytoplasmic red fluorescence while green fluorescence will be located
to the nucleus because of the NLS. This can be analyzed by fluorescence microscopy
(Figure 2.20 B). Note that due to the fusion of d1 mODC to mKate2H this fusion protein
should be degraded, initiated by the d1 sequence. The construct was integrated into the
genetic background of AB33-upp3A in the upp3 locus. After verifying correct integration
of the construct by Southern blot analysis, fluorescence microscopy as well as Western
blot experiments with a-HA and o-Gfp antibodies were conducted to analyze separation

efficiency and expression levels of both parts of the construct. By analyzing hyphal cells
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with fluorescence microscopy, it could be seen that mKate2 and Gfp were located in the
nucleus. In addition, both fluorescence proteins seemed to be expressed in equal
amounts (data not shown). To analyze the separation efficiency in more detail, total cell
extracts of sporidia were subjected to SDS-PAGE and Western blot analysis. The
Western blots showed a separation of mKate2HA-d1-F2A and GfpNtS (Figure 2.19 C). In
both blots, protein bands representing mKate2HA-d1-F2A and GfpN-S were detected at
sizes of 36 and 30 kDa, respectively. Thus, the F2A peptide seemed to work in
U. maydis. However, strong bands at 70 kDa for the unseparated full length protein of
mKate2HA-d1-2A-GfpNS were detectable in the blots incubated with a-HA antibody as
well as with a-Gfp antibody. This indicated that the ratio of separated to unseparated
protein was approximately 50%. Hence, the separation efficiency could be improved.
Surprisingly, the band of 36 kDa representing the mKate2"A-d1-F2A protein was
detectable on the blot incubated with a-HA antibody (Figure 2.19 C). Thus, the construct
was not degraded accordingly to previously generated results of d1 fused C-terminally to
Gfp (Brachmann, 2001). Due to the fact that the separation of both proteins takes place
in the last two C-terminal amino acids of the F2A peptide, the upstream 22 amino acids
still remain at the C-terminus of the d1 sequence. The mODC PEST sequence is
originally located at the end of the C-terminus. For mODC, conformational change and
exposure of the hydrophilic PEST domain within the C-terminus is crucial for direct
proteasomal degradation (Murakami et al., 1992). Therefore, embedment of the d1
sequence within a protein instead of at the end of the C-terminus prevent its exposure,
leading to a reduction or loss of the signal for degradation in U. maydis.

In summary, these results indicated that the 2A peptide seemed to work in
U. maydis. However, the separation efficiency within F2A was low and not sufficient for
the application of visualizing local translation since the equilibrium of proteins encoded
by analyzed mRNAs should be unchanged. To avoid degradation of 50% of the
generated constructs, the separation efficiency had to be improved. For this, a linker
study was conducted and several 2A peptides were tested. The tested d1 from mODC
lost its activity as a degrading sequence. To prove that the tested PEST sequence has
to be located at the end of the C-terminus of a protein, constructs with and without a
short linker sequence were generated. Furthermore, another PEST sequence which is
located within in a protein was tested. With this, the capability of destabilizing Gfp was

tested.
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Figure 2.19: Analysis of combined action of d1 PEST sequence and F2A peptide. (A) Schematic
representation of construct to analyze action of PEST and F2A peptide and the resulting proteins after
translation due to F2A peptide separation: constitutively active promoter (Poter), ORF encoding mKate2
fused to an HA tag (red, mKate2"*), F2A (blue) and Gfp fused to a nuclear localization sequence (green,
GfpNLS), transcriptional terminator (Tnos). (B) Scheme of fluorescent protein localization within yeast-like and
hyphal cell of U. maydis displaying an inactive 2A peptide (left) or an active version (right) (modified
according to (Mintjes et al., 2020; Figure 1). (C) Western blot analysis showing ratio of unseparated to
separated proteins. 5 ug of whole cell extracts were subjected to SDS-PAGE and Western blot analysis. The
proteins were detected with a-HA and o-Gfp antibodies and the membrane was stained with Coomassie
brilliant blue after detection (CBB; Western blot membranes were cropped for better visualization).

2.3.2 Testing the role of linker sequences for the function of PEST sequences

To prove the hypothesis that the loss of the signal for degradation of the tested d1 PEST
sequence of mODC was due to embedment within a protein instead of a localization at
the end of the C-terminus, constructs of different PEST sequences fused downstream to
Gfp and an eight amino acid C-terminal extension (linker, L) were generated (Figure 2.20
A). This linker was slightly hydrophobic which was consistent with a study analyzing
naturally occurring linkers. Longer naturally occurring linkers were more hydrophilic
(George and Heringa, 2002). The C-terminal extension was optimized for dicodon usage
in U. maydis. For the analysis, both versions of mODC PEST sequence, d1 and d2, were
used. In addition, a potential PEST sequence of the G1 cyclin CIn1 (UMAG_04791) of
U. maydis was tested (G1; Castillo-Lluva and Perez-Martin, 2005). Unlike mODC PEST,
this PEST sequence is not located at the end of the C-terminal of CIn1. This increases
the probability that this PEST sequence works independently of a direct position at the
C-terminus. This is further supported by the fact that in S. cerevisiae no direct
conformational change induces the degradation of Cin1p, as serine and threonine
residues are phosphorylated within the PEST sequence, which causes them to be
recognized and processed by the ubiquitin-proteasome pathway (Lanker et al., 1996).

The fusion constructs of Gfp and different PEST sequences were constitutively
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expressed with Po.r. After verifying the correct integration of the constructs via Southern
blot analysis, the internal protein levels were measured by Gfp fluorescence. As control,
a strain expressing cytosolic Gfp (AB33-Gfp) was used. As indicated in Figure 2.20 B,
the relative fluorescence units (RFUs) of AB33-Gfp revealed values of approximately
23,000. In comparison to this, all strains harboring a fusion of Gfp to PEST sequences
showed a decreased Gfp fluorescence. The efficiency of degradation ranged from d1
with 1,300 RFUs over d2 with 3,600 RFUs to G1 with 13,800 RFUs, respectively (Figure
2.20 B). Thus, the efficiency of degradation can be scored as followed: d1 > d2 > G1.
The linker (L) downstream of the PEST sequence increased the measured Gfp
fluorescence for d1 and d2 significantly by the factor 3.8 for d1 and 2.8 for d2. This
confirmed that the mODC PEST has to be placed at the end of the C-terminus of a
protein to efficiently act as a degron sequence. The degron efficiency of G1 PEST was
unaffected by the linker (Figure 2.20 B). Nevertheless, compared to d1 and d2, G1 PEST
showed minor degradation efficiency. Here, in comparison to the control strain, 58% of
the Gfp fluorescence was measured. It can be claimed that the G1 PEST sequence is
not sufficient for needed level of protein degradation.

In summary, these results indicate that the two versions of mODC have to be
placed at the end of the C-terminus of a fusion protein to act efficiently as degron
sequence in U. maydis since a C-terminal linker consisting of eight amino acids already
decreased the efficiency of degradation. In addition, it could be shown that the PEST
sequence of G1 cyclin CIn1 from U. maydis can be used to degrade up to 60% of a
protein to which the sequence is fused to. However, for a degradation of almost 100% of
the fusion protein this sequence seemed to be not suitable. For the application of
degrading synthesized peptide epitopes to which GCN4-scFv binds to, another degron
sequence or degron system has to be found which obtains almost 100% degradation

even though it is located within the fusion protein.
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Figure 2.20: Testing the role of linker sequences for the function of PEST sequences. (A) Schematic
representation of constructs with and without linker to analyze the influence of downstream linker sequences
for degrading efficiency of PEST sequences: constitutively active promoter (Potr), Gfp (green) fused to
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different PEST sequences (gray), transcriptional terminator (T nos). (B) Measurement of relative fluorescence
units (RFU) of reporters expressed in hyphal cells of the following strains: AB33-Gfp (Gfp), two mODC PEST
versions with (Gfp-d1-L and Gfp-d2-L) and without (Gfp-d1 and Gfp-d2) linker and G1 cylcin PEST sequence
of U. maydis with (G1-Gfp-L) and without (G1-Gfp) linker (3 independent experiments with 3 technical
replicates each; unpaired two-tailed t-test; a<0.05).

2.3.3 Testing of linkers to enhance separation efficiency within F2A

To increase the separation efficiency of 2A peptides, the already established reporter
construct containing the constitutively active Poer, mKate2 fused to an HA tag
(mKate2"A) and Gfp fused to a nuclear localization signal (GfpN'S; Figure 2.21 A;
Kalderon et al.,, 1984) was used. In contrast to the previous work, the d1 mODC
sequence was removed from the construct, and different linkers upstream of F2A were
tested since it was known from other organisms that linker sequences influence the
expression of proteins connected by 2A peptides and ensure complete separation (Holst
et al., 2006). For this, constructs without linker (no linker; NL) were compared to those
having a short GSG linker sequence (L1) and a longer 18 amino acids linker (L2; Figure
2.21 B). Note that efficient separation in within F2A lead to two different proteins:
mKate2"A-F2A and GfpN-S. As a control, the same constructs without the C-terminal
proline within the F2A were generated (F2AAP) since this amino acid has been
previously shown to be essential for separation (Ryan et al., 1991). The linker
sequences were optimized for dicodon usage in U. maydis and the constructs were
integrated into the upp3 locus in the genetic background of AB33-upp3A via counter
selection. After identifying positive recombination events by Southern blot analysis, the
separation efficiencies within F2A with the different used linkers were analyzed by
Western blot experiments. For this, total cell extracts of sporidia were subjected to SDS-
PAGE followed by Western blot analysis in which proteins were detected with a-HA and
o-Gfp antibodies (Figure 2.21 C). Expectedly, for the constructs containing F2AAP no
separation of mKate2"A-F2AAP and GfpN'S was observed. Independent of the used
linker a signal with a size of around 70 kDa was detected on both Western blots. As
indicated in Figure 2.21 C, low expression levels of the constructs without a linker were
detectable compared to constructs containing the linkers L1 or L2. In addition, the
expression level increased with the length of the linker sequence. Thus, L2 seemed to
be suitable to enhance the expression level of proteins fused to 2A peptides. Only low
separation efficiencies within F2A could be observed in all constructs (Figure 2.21 C). A
strong band representing a fusion of mKate2"A-F2A-GfpN-S was detectable at 70 kDa.
Nevertheless, barely visible bands for GfpNtS around 35 kDa were also detected. Even
though separation of two ORFs seemed to work with F2A, only minor separation

efficiencies could be achieved in U. maydis.
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In summary, linker sequences enhance the expression level of proteins separated by 2A
peptides. It can be concluded that the expression level increases with the length of the
linker. Because of this, L2 was chosen for further experiments. The separation efficiency
of F2A appeared to be low. Thus, different 2A peptides had to be tested and analyzed

towards their separation efficiencies.
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Figure 2.21: Reporter system for screening the activity of 2A peptides. (A) Schematic representation of
reporter construct to analyze 2A peptides in U. maydis containing constitutively active Poter, ORF encoding
mKate2 fused to an HA tag (red, mKate2"”), 2A peptide of interest (blue) and Gfp fused to a nuclear
localization sequence (green, GfpNS), transcriptional terminator Tnos. (B) Schematic representation of linker
constructs for 2A peptide analysis: constitutively active promoter (Poter), mKate2"” (red), F2A (blue), Gfp
fused to NLS (green), transcriptional terminator (T nos); no linker (NL), GSG linker (L1), 18 amino acid linker
(L2). (C) Western blot analysis showing ratio of unseparated to separated proteins. 5 uyg of whole cell
extracts from sporidia were subjected to SDS-PAGE and Western blot analysis. The proteins were detected
with a-HA and a-Gfp antibodies and the membrane was stained with Coomassie brilliant blue after detection
(CBB; Western blot membranes were cropped for better visualization; modified according to (Mintjes et al.,
2020; Figure 1).

2.3.4 Testing different 2A peptides regarding their cleavage efficiency

It has been previously demonstrated that 2A peptides from various viruses showed
varying activities in different organisms (Kim et al., 2011; Souza-Moreira et al., 2018). In

order to identify a 2A peptide which exhibits high separation efficiencies in U. maydis,
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five different 2A peptides were analyzed. For this, P2A from Porcine teschovirus-1
(PTV), T2A from Thosea asigna virus (TaV), E2A from Equine rhinitis A virus (ERAV)
and the already tested F2A from Foot-and-mouth-disease virus (FMDV) were chosen. In
addition, Po2A from porcine rotavirus C (PoRV) was analysed which was not previously
studied in other organisms. The 2A peptides have a size of 30 amino acids except F2A
which comprises 23 amino acids. They all contain the characteristic C-terminal
DXEXNPGP motif but differ in the rest of the amino acid sequence (Figure 2.22 A). The
2A peptides were inserted downstream of the L2 linker and the constructs were
integrated into the upp3 locus of AB33-upp3A. Note that efficient separation between the
different 2A peptides leads to two different proteins: mKate2HA-L2-2A and GfpNtS (Figure
2.22 A). After verification of correct transformants by Southern blot analysis, total cell
extracts of sporidial cells were studied by Western blot analysis to investigate the
different 2A peptide separation efficiencies (Figure 2.22 B). The separation efficiencies
of the different 2A peptides were qualitatively evaluated from the ratio of unseparated
versus separated variants of mKate2"A-L2-2A and GfpNtS. As indicated in Figure 2.22 C,
F2A and Po2A were barely active. Only the band representing the fusion of mKate2HA-
L2-2A-GfpN-S was detected at 70 kDa in both Western blots. Increased separation
efficiencies were observed for E2A, T2A and P2A and the latter showed the highest
efficiency since only bands for the two separated proteins were detected (Figure 2.22 B).

Thus, P2A seemed to be the best performing 2A peptide in U. maydis.
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Figure 2.22: Separation efficiencies of 2A peptides (A) Top: Sequence comparison of 2A peptides
(highlighted in black: conserved and important amino acids; arrow indicates point of peptide separation;
consensus sequence below). Bottom: Schematic representation of reporter construct and the resulting
proteins after translation due to 2A peptide separation: constitutively active promoter (Poter), mKate2HA (red),
L2 linker upstream of the 2A peptide of interest (blue), GfpN-S (green), transcriptional terminator (T nos). (B)
Western blot analysis showing ratio of unseparated to separated proteins for the different tested 2A
peptides. 5 ug of whole cell extracts were subjected to SDS-PAGE and Western blot analysis. The proteins
were detected with a-HA and a-Gfp antibodies and the membrane was stained with Coomassie brilliant blue
after detection (CBB; Western blot membranes were cropped for better visualization; modified according to
(Muntjes et al., 2020; Figure 2).

Because of the fusion of Gfp to an NLS sequence, the separation efficiency was in an
additional experiment analyzed by fluorescence microscopy. If the separation efficiency
within a 2A peptide is high, separated mKate2"A-L2-2A is expected to localize in the
cytoplasm in contrast to GfpN-S, which should mainly localize to the nucleus (Figure 2.19
B). For the fluorescence microcopy, sporidial cells as well as hyphal cells were analyzed.
The fluorescence microscopy revealed that the 2A peptides at the N- and C-termini did
not interfere with the fluorescence of mKate2 and Gfp. Besides, a strong fluorescence
signal of mKate2 and Gfp was detectable in the nucleus of sporidial as well as hyphal
cells (Figure 2.23 A and B; Figure 6.2). P2A was an exception to this because mKate2
fluorescence was also visible in the cytoplasm (red arrowheads; Figure 2.23 A; Figure

6.2). This underlines the impression already gained by Western blot analysis that P2A
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seemed to have very high separation efficiency in U. maydis. To quantify the separation
efficiencies, fluorescence resonance energy transfer (FRET) measurements between the
reporters Gfp and mKate2 were conducted in sporidial cells. The phenomenon of FRET
can only occur if the donor fluorophore (GfpN-S) is in very close proximity (below 10 nm)
to the acceptor (mKate2"A-L2-2A;Lakowicz, 2006). FRET is decreasing with an
increasing distance between the two fluorescence proteins. Thus, FRET experiments
conducted in the nucleus showed the amount of unseparated reporter proteins (Figure
2.23 C), because the fusion protein mKate"A-L2-2A-GfpNtS accumulated in the nucleus
due to its NLS. Note that mKate"A-L2-2A itself is able to enter the nucleus due to its
small size even in the absence of an NLS (Figure 2.23 A; Figure 6.1). However, a so-
called “bystander FRET” effect (unspecific FRET due to crowding of non-interacting
donor and acceptor) is only likely at very high concentrations of proteins (King et al.,
2014). Thus, the small amount of free mKate2 protein in the nucleus which was
observed with fluorescence microscopy (Figure 2.23 A) should not interfere with the
measurement. With the experimental set-up, minor but very stable apparent FRET
efficiencies (FRETsp) were measured. The highest FRET 4y efficiency was observed in
the nucleus of cells expressing the unseparated negative control F2AAP, contrary to
reduced FRET .y, efficiencies within cells expressing constructs with the different 2A
peptides (Figure 2.23 C). The highest FRET 4, efficiency of the different 2A peptides
was observed for F2A, followed by Po2A, T2A, E2A and P2A in descending order. P2A
showed FRET.p, efficiencies comparable to the control strain only expressing Gfp.
Therefore, P2A had a nearly 100% separation rate determined in vivo. This is consistent
with the results obtained by the Western blot analysis (Figure 2.22 B) and the live cell
fluorescence microscopy (Figure 2.23 A; Figure 6.2). Note that the negative values of
FRET ., were due to slight acquisition bleaching of Gfp. The other tested 2A peptides
had separation rates of 20% for F2A, 30% for Po2A, 40% for T2A and 60% for E2A
(Figure 2.23 C). Thus, FRET measurements were suitable and sensitive enough for
making a quantitative statement about the separation efficiencies of different 2A
peptides.

In summary, these experiments showed that the activity of different tested 2A
peptides ranged from 20-100% in U. maydis. The 2A peptide exhibiting the highest
separation efficiency was P2A from porcine teschovirus. After identification of another
suitable degron sequence or system, this can be combined with P2A to separate
GCN42* and the synthesized protein from the analyzed mRNA for the application of
visualizing local translation. By this, the background fluorescence will be decreased
without affecting the equilibrium of synthesized proteins. To illustrate the applicability of

P2A, it was used to monitor regulated gene expression. For this, the induction of a
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promoter over time as well as protein degradation was quantified using a straight forward

reporter enzyme activity assay.
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Figure 2.23: Separation efficiencies of 2A peptides analyzed in vivo. (A) Morphology and fluorescence
microscopy of sporidial cells expressing reporter construct for analysis of 2A peptide separation efficiency
(inverted picture; N, nucleus; strong fluorescence signal in cytoplasm is indicated by red arrowhead; scale
bar 10 ym; for hyphal cells: 6 h.p.i.; growth direction is indicated by arrow). (B) Apparent FRET efficiencies
of tested 2A peptides determined within nucleus (ROI, region of interest; green dots show apparent FRET
efficiencies in individually measured cells; each shade of green represents an independent experiment, (n =
3), box and whisker plot shows median and min and max values; for each experiment > 10 yeast cells were
analyzed; unpaired, two-tailed t-test, a<0.05; modified according to (Miintjes et al., 2020; Figure 3).
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2.3.5 Quantification of Rrm4 protein amounts within the cell using P2A peptide

To monitor regulated gene expression, the Photinus pyralis firefly luciferase fused to an
HA tag (FLuc™; L. Hisemann et al., manuscript in preparation) was combined with
Rrm4-Gfp using L2-P2A (Figure 2.24 A). A luciferase was already successfully
implemented to determine the activity of P2A in A. niger (Schuetze and Meyer, 2017).
The FLuc activity enabled a straight forward read-out of protein levels within the cell
since the converted substrate luciferin is able to pass the cell wall of U. maydis. The
main advantage of measuring FLuc activities in comparison to Gfp fluorescence is that
there is almost no background luminescence in this measurement. The transcription of
the desired construct was under the control of the inducible promoter from the arabinase
gene crg1 which is active in the presence of arabinose and inactive in the sole presence
of glucose (Figure 2.24 A; Bottin et al., 1996; Brachmann, 2001). The construct was
integrated at the ipS locus via homologous recombination in the genetic background of
AB33-rrm4A. The resulting strain will be referred to as follows: AB33-P4-Rrm4-Gfp-
P2A-FLucHA. After identifying positive recombination events by Southern blot analysis, a
Western blot experiment of hyphae growing under uninduced and induced conditions
was performed to analyze the protein expression level. As indicated in Figure 2.24 B,
FLuc as well as Rrm4-Gfp were expressed in medium containing arabinose and both
were fully separated by P2A. The analysis of the morphology of hyphae grown in
arabinose or glucose revealed that only hyphae grown in medium containing glucose
grew in a bipolar mode (Figure 2.24 C). Note that this growth is characteristic for loss of
key components of the mRNP complex in U. maydis. Importantly, hyphae grew in a
unipolar manner in medium containing arabinose, indicating the expression of a
functional version of Rrm4 (Figure 2.24 C). To analyze the subcellular localization,
fluorescence microscopy of Rrm4-Gfp was conducted in hyphae which grew in medium
containing arabinose or glucose. As control, a strain expressing Rrm4-Gfp with its native
promoter was included (AB33-P.msRrm4-Gfp). In this strain, no influence of the carbon
source on the dynamic subcellular localization of Rrm4 could be observed. Under both
conditions Rrm4 shuttled bidirectionally through hyphae of U. maydis (red arrowheads;
Figure 2.24 D). The same localization of Rrm4 was visible in AB33-P ¢y-Rrm4-Gfp-P2A-
FLucHA grown in arabinose. However, no fluorescence signal was detectable in the

presence of glucose indicating that the promoter was switched off (Figure 2.24 D).
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Figure 2.24: Morphology of strain expressing arabinose-inducible Rrm4-Gfp. (A) Schematic
representation of a construct to analyze regulated gene expression: arabinose-inducible promoter (Pcrg),
Rrm4 fused to Gfp (green), L2 linker fused to P2A (blue), firefly luciferase fused to HA tag (FLuc"”; purple),
transcriptional terminator (Tnos). (B) Western blot analysis of strain expressing construct explained in A in
induced and uninduced conditions. 5 pg of whole cell extracts were subjected to SDS-PAGE and Western
blot analysis. The proteins were detected with a-HA and a-Gfp antibodies and the membranes were stained
with Coomassie brilliant blue after detection (CBB; Glc: Glucose; Ara: Arabinose). (C) Morphology of
growing hyphae expressing Rrm4-Gfp and FLuc™” separated by P2A in induced and uninduced conditions
(6 h.p.i.; Glc: Glucose, Ara: Arabinose; growth direction is indicated by arrow; N, nucleus; scale bar 10 ym).
(D) Kymographs of hyphae expressing Rrm4-Gfp and FLuc™* separated by P2A in induced and uninduced
conditions (6 h.p.i.; Glc: Glucose; Ara: Arabinose; arrow length on the left and bottom indicates time and
distance). Bidirectional movement is indicated with red arrowheads (modified according to (Mintjes et al.,
2020; Figure 4).
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To analyze the induction of the Py promoter in the presence of arabinose, sporidial cells
were initially grown in the presence of glucose. After switching the cells to hyphal growth,
the cells were still grown in the presence of glucose (t = 0; Figure 2.25 A). At different
time points, 1 h (T1), 2 h (T2) and 3 h (T3) post induction of hyphal growth, hyphae were
transferred into medium containing arabinose, and FLuc activity (relative luminescence
units; RLU) as well as the fluorescence signal of Rrm4-Gfp were analyzed. As positive
and negative control, AB33-P.4-Rrm4-Gfp-P2A-FLuc™ was kept constantly in medium
containing arabinose or glucose, respectively, to analyze the background luminescence
as well as maximum FLuc activity rates. As indicated in Figure 2.25 A, FLuc activity
increased after shifting to medium containing arabinose, indicating an activation of the
Pcy promoter. A slightly delayed induction in T1 was visible, since the fold change of 300
in FLuc activity was decreased in contrast to 500-600 in T2 and T3. After two hours, fold
changes of FLuc activity of around 2,000 were measured in T1, T2 and T3, respectively.
Thus, the induction rates of the Py promoter did not differ in between the samples
(Figure 2.25 A). In contrast to the arabinose control, in which a maximum FLuc activity of
650,000 RLU was measured, maximum values of 300,000 RLU, 360,000 RLU and
380,000 RLU for T1, T2 and T3 were measured six hours post induction of hyphal
growth (Figure 2.25 A). Hence, AB33-Py-Rrm4-Gfp-P2A-FLuc™ in T1, T2 and T3 did
not reach the maximum FLuc activity measured in the control after six hours. In addition,
the maximum FLuc activity measured in T1 was lower compared to T2 and T3. Together
with the delayed induction, it can be claimed that a subsequent induction of hyphal
growth and the Py enlarged the stress level in the cells and therefore a lower FLuc
activity was measured. Under all conditions, shuttling of Rrm4-Gfp was visible after two
hours of inducing Pcy which was consistent with increased fold change rates of FLuc
activity after two hours (Figure 2.25 B). After six hours, the signal intensities were
comparable to a strain expressing Rrm4-Gfp under the control of the native promoter
(red arrowheads; Figure 2.25 B). Importantly, no shuttling of Rrm4-Gfp was observed in
AB33-P¢4-Rrm4-Gfp-P2A-FLuc™” constantly kept in glucose.

In summary, these results show that the usage of 2A peptides enabled simple
and reliable quantification of gene expression. This approach can be used to investigate

other aspects like mRNA stability, protein turnover or degradation.
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Figure 2.25: Monitoring the induction and turn-off of Pcry promoter driving the expression of Rrm4-
Gfp and FLucH” separated by P2A. (A) FLuc activity measured in a strain expressing Rrm4-Gfp-P2A-
FLucHA shifted to hyphal growth at time point 0. After 1, 2 or 3 h cells were transferred to medium containing
arabinose (purple variants). As control, FLuc activities were measured in the same strain grown in glucose
(black) or arabinose (gray) for the whole time period of the experiment (error bars, SEM; n = 3 independent
experiments, relative luminescence units are given). (B) Kymographs of hyphae containing the construct
Pcrg-Rrm4-Gfp-P2A-FLucH” after different time points of switching to medium containing arabinose (Glc:
Glucose; Ara: Arabinose; arrow length on the left and bottom indicates time and distance; bidirectional
movement is indicated with red arrowheads; modified according to (Mintjes et al., 2020; Figure 4).
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3 Discussion

The spatiotemporal regulation of protein expression plays a crucial role for asymmetric
cell division, cell migration and neuronal morphogenesis. An important process in this
regulation is the active transport of mMRNAs along the cytoskeleton. In previous studies,
U. maydis served as an excellent model organism to study the long distance co-transport
of MRNAs and endosomes along microtubules. Here, the key RBP Rrm4 binds mRNAs
and hitchhikes on Rabb5a-positive endosomes for bidirectional movement through
hyphae (Becht et al., 2006; Konig et al., 2009; Baumann et al., 2012). Due to results
obtained in co-localization studies, it is assumed that local translation of transported
mRNAs takes place on endosomes (Baumann et al., 2014). This seems to be
particularly important for the assembly and delivery of septin complexes (Zander et al.,
2016). Recent studies showed that Rrm4 binds predominantly within the 3'UTR of target
mRNAs but also to landmark sites of translation (Olgeiser et al., 2019). This further
suggests a close connection between Rrm4-dependent mRNA transport and
translational processes. However, the technical means to study the sites of translation of
single mRNAs in vivo had not been established. Thus, this project was focused on the
establishment of an antibody-based method to simultaneously visualize a nascent
peptide chain and the corresponding mRNA in vivo. This technique should lead to better
insights in translational processes on endosomes as well as the role of Rrm4 in
translation. To visualize local translation of mRNAs in hyphae of U. maydis in vivo,
various building blocks for labeling both the mRNA and their cognate peptide chain had
to be established. For labeling of mMRNAs within their 3'UTR, the Rfp mKate2 was
successfully established. In addition, it was discovered that the analyzed antibodies
GCN4-scFv, BC2-Nb and Moontag-Nb, which were fused to sfGfp, shuttled
bidirectionally on Rab5a-positive endosomes in a microtubule-dependent manner
through hyphae. Deletion of the potential interacting protein UMAG_00933, which was
identified by LC-MS/MS analysis, abolished unspecific shuttling of GCN4-scFv and BC2-
Nb. Furthermore, GCN4-scFv-sfGfp interacted with its cognate peptide epitope in vivo.
Therefore, this antibody can potentially be used to label a nascent peptide chain. It was
confirmed that for full functionality, a degron sequence (PEST) derive from mODC has to
be located at the C-terminus of a protein. To maintain the equilibrium of proteins
encoded by analyzed mRNAs, P2A was successfully established to separate two ORFs
with separation efficiencies of nearly 100%. This enables the degradation of the
expressed peptide epitope bound by GCN4-scFv-sfGfp without degrading synthesized

proteins encoded by analyzed mRNAs.
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3.1 mKate2 is a suitable Rfp to label mRNAs in U. maydis in vivo

At the beginning of this project, mRNAs were labeled within their 3'UTR with the AN
system in which AN* was fused to double Gfp (Baumann et al., 2014). For simultaneous
labeling of a nascent peptide chain and the corresponding mRNA, the mRNA has to be
labeled with a Rfp since the nascent peptide chain is tagged by sfGfp. In previous
studies, the Rfps mCherry and TagRfp were tested regarding their ability to label the
3'UTRs of mRNAs (Miintjes, 2015). Here, the two Rfps accumulated in vacuoles and
outshined moving mRNAs. A fusion of mCherry or TagRfp to an NLS did not abolish
these accumulations (Muntjes, 2015). This kind of accumulations were not observed with
Gfp and can be explained with the high sensitivity of Gfp to low pH values. pH sensitivity
is attributed to the protonation of the electron-rich, light-absorbing part of the
chromophore, which occurs at lower pH (Roberts et al., 2016). This phenomenon can be
referred to the pKa values of the different fluorescence proteins. The pKa values of Gfp,
mCherry and TagRfp are 6, <4.5 and <4.0, respectively (Merzlyak et al., 2007; Ma et al.,
2014). Thus, compared to Gfp, mCherry and TagRfp have sufficient acidic resistance to
allow the emission of a fluorescence signal upon excitation under acidic conditions. Due
to this, an alternative Rfp was required, which is not able to emit at low pH. For this,
mKate2 and mOrange2 were chosen as potential Rfps. mKate2 has a relative brightness
of 74% as compared to Gfp and a pKa value of 5.4 (Day and Davidson, 2009). Thus, it is
described to show moderate acid sensitivity (Shcherbo et al., 2009). mOrange2 has a
pKa value of 6.5 and it is described to show a high acid sensitivity (Shaner et al., 2008).
Furthermore, mOrange2 has a relative brightness of 104% as in comparison to Gfp (Day
and Davidson, 2009).

mKate2 and mOrange2 were analyzed in a fusion with Rrm4 and compared to
the already established Rfps mCherry and TagRfp. The fusion of Rrm4 to mKate2 and
mOrange2 were fully functional resulting in unipolar growing hyphae, whereas the loss of
Rrm4 increases the number of bipolar growing hyphae (Becht et al., 2006). Bidirectional
movement of Rrm4 through hyphae could be observed with mCherry, TagRfp and
mKate2 (Figure 2.1 A-D). The signal of Rrm4-mQOrange2 was barely visible (Figure 2.1
C). Note, that mOrange?2 fluorescence emission was measured with optimal excitation in
a plate reader. Hence, mOrangeZ2 can in general be used to label proteins in U. maydis if
detection is conducted with a different microscopy set-up. In mammalian cells, the
brightness of mKate2 and TagRfp was higher compared to mCherry (Day and Davidson,
2009). Using line scan measurements, it turned out that TagRfp was the brightest Rfp,
followed by mKate2, mCherry and mOrange2 (Figure 2.1). In addition, the brightness of
mKate2 was significantly increased compared to mCherry, whereas it was significantly

decreased for mOrange2. Except for mOrange2, the ratios of the brightness of the
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individual Rfps correspond to already measured ratios in mammalian cells (Day and
Davidson, 2009; Piatkevich et al., 2010).

In U. maydis, the shuttling of Rrm4 visualized with mKate2 and mCherry was
visible for 75 s even though in direct comparison more moving particles were detected
with mKate2 (Figure 2.2). Contrary to this, Rrm4-TagRfp signals disappeared rapidly.
This corresponds to the photostabilities of mCherry, TagRfp and mKate2 measured in
mammalian cells where mKate2 is slightly more photostable than mCherry (Bindels et
al., 2017). The ability of mKate2 to emit a fluorescence signal under acidic conditions
and thus the visible accumulation in vacuoles was analyzed in hyphae. In accordance to
the literature and the pKa value, Gfp was not visible in vacuoles of U. maydis (Figure 2.2
B). The cellular fluorescence signal of mKate2 was interrupted by structures stained with
a vacuolar dye (Figure 2.2 E). This indicated that mKate2 seemed to be unable to emit a
fluorescence signal under acidic conditions. Thus, mKate2 probably exhibits high or
moderate acidic sensitivity, which was observed before in mammalian cells (Shcherbo et
al., 2009).

In RNA live imaging experiments using AN*-mKate2?, the movement of cdc3
mMmRNAs was visible. In contrast to the fusion of AN* to a double Gfp, which was used
before to analyze the localization of cdc3 mRNA in U. maydis (Baumann et al., 2014;
Zander et al., 2016), a background-reduced fluorescence imaging was possible.
However, in addition to weaker cdc3 mRNA signals, shuttling signals with higher
fluorescence intensities were observed (Figure 2.3 B). An explanation could be a
potential dimerization of mKate2. mKate2 showed a monomeric character at high
concentrations in mammalian cells (Shcherbo et al., 2009). However, high-pressure
liquid chromatography (HPLC) analysis revealed the presence of an equilibrium of
monomer-dimer fractions of mKate2 (Lin et al., 2009). Even though this equilibrium is
most probably due to very high protein concentrations during HPLC, the dimerization
events could explain shuttling of brighter fluorescence signals in RNA live imaging
experiments with AN*-mKate2?. Importantly, these accumulations were mMRNA-
dependent (Figure 2.3 C) and would probably not interfere with further experiments. In
addition, the usage of mKate2 in fusion with proteins seems to cause no apparent
difficulties in U. maydis as it is now frequently used in other experiments. However, the
potential of a slight dimerization of mKate2 should be considered for further applications.
In recent years, a new class of Rfps has been developed, which show no dimerization
tendency. They vary in their pKa values and usually have a lower brightness compared
to Gfp (Wannier et al., 2018). Whether one of these fluorescent proteins is suitable for
the visualization of mMRNAs in U. maydis without the formation of any brighter

accumulations could be tested in the future. In summary, it can be concluded that
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mKate2 was established as another Rfp for the visualization of proteins in U. maydis. It
exhibits better photostability than the previous used Rfps and is unable to emit light

under acidic conditions. Therefore, it can be used to label mMRNAs in vivo.

3.2 Recruitment of antibodies to early endosomes Vvia
UMAG_00933

3.2.1 Single chain variable fragments and nanobodies shuttle unspecifically
through hyphae of U. maydis

Besides visualizing the subcellular localization of translation in vivo, co-tracking of a
nascent peptide chain and the corresponding mRNA enabled the analysis of translation
initiation as well as the elongation (Wang et al., 2016; Wu et al., 2016). The analysis of
translation in real time revealed moving polysomes in dendrites (Wang et al., 2016; Wu
et al., 2016), which coincides with the assumption that the transport of mRNAs is
accompanied by their translation in U. maydis (Baumann et al., 2014). The measured
elongation rates between three and ten amino acids per second were comparable to
previously measured rates by pulse-chase experiments (Bostrom et al., 1986; Wang et
al., 2016; Wu et al., 2016; Yan et al., 2016). This underlines the preciseness and
strength of this approach. Moreover, the direct interaction of polysomes with
membranous structures like the ER, mitochondria and late endosomes was observed
(Wang et al., 2016; Wu et al., 2016; Cioni et al., 2019). This further supports the
assumption that the association of mMRNA transport and their translation on membranous
structures, which was initially discovered in U. maydis by co-localization studies
(Baumann et al., 2014), seems to be conserved.

To label a nascent peptide chain, an antibody has to be expressed which binds
its cognate peptide epitope in vivo. For this, the upp3 locus was successfully established
with comparable expression rates measured in the well-studied ipS locus (Figure 2.4).
Upp3 is a protease whose deletion had no severe effect on the morphology of U. maydis
(Sarkari et al., 2014). The first two antibodies which were tested regarding their ability to
label nascent peptides were already successfully expressed in fusion to the chitinase
Cts1 in sporidia of U. maydis (Sarkari et al., 2014; Terfrichte et al., 2017). Myc-scFv
against the myc-epitope and Bot-Nb against the botulinum toxin were expressed in
fusion to sfGfp in the upp3 locus. The expression of Myc-scFv-sfGfp was reduced in
hyphae compared to sporidia (Figure 2.5 B). The reasons for a lower expression of the
Myc-scFv-sfGfp in hyphae compared to sporidia was not further investigated in this
project. It can only be assumed that the construct seems to be degraded or is potentially
unstable in hyphae. In the above-mentioned study, in which Myc-scFv was fused to

Cts1, only the expression in sporidia was analyzed (Sarkari et al., 2014). The expression
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of Bot-Nb-sfGfp was low in both growth forms (Figure 2.5 C). The protein amount of Bot-
Nb analyzed in whole cell extracts of AB33 sporidia was already described to be
diminished in fusion to Cts1 (Terfrlichte et al., 2017). Nevertheless, the expression of
Bot-Nb-sfGfp was investigated, since a different composition of the construct and the
usage of a different promoter compared to the previous experiments could have led to a
different expression rate. However, because the intended application of the antibodies is
needed in hyphae, other antibodies were tested regarding their expression. In
mammalian cells, the SunTag antibody GCN4-scFv, which was originally established in
S. cerevisiae was used to label a nascent peptide chain (Wang et al., 2016; Wu et al.,
2016; Yan et al., 2016; Cioni et al., 2019). GCN4-scFv-sfGfp was detected in sporidial as
well as hyphal cells. GCN4-scFv-sfGfp shuttled microtubule-dependent in a bidirectional
manner on early endosomes through hyphae (Figure 2.6). This unexpected endosomal
localization was neither described in mammalian cells nor in S. cerevisiae (Worn et al.,
2000; Tanenbaum et al., 2014). Because of the unspecific shuttling of GCN4-scFv-sfGfp,
two additional nanobodies, BC2-Nb and Moontag-Nb, were expressed and analyzed
with respect to their localization in U. maydis. Both antibodies resembled the same
localization as GCN4-scFv-sfGfp. Importantly, the shuttling can be directly attributed to
the antibodies, since the expression of the same construct without an antibody did not
lead to any shuttling particles (Figure 2.8). In summary, the antibodies investigated in
this project showed an unexpected cellular localization that could not be resolved by
deleting possible interaction partners.

The obtained results suggest that there could be a protein that can interact with
antibodies, even if the origin of scFv and Nb is different. Using Far-Western blot
methodology, a strong interaction of GCN4-scFv-sfGfp with a protein which has a
molecular size of approximately 130 kDa was detected (Figure 2.9). This result
confirmed that GCN4-scFv-sfGfp interacts with an unknown protein. Based on the same
cellular localization of all antibodies, it can be concluded that they probably interact with
this protein. A possible interaction can be explained by comparable peptide epitope
sequences recognized by the different antibodies, a similar amino acid sequences of the
antibodies themselves or a comparable tertiary structure. No homologous regions were
found within the amino acid sequences of the recognized peptide epitopes (Figure 2.10
A). Furthermore, the recognition of BC2-Nb relies on sequence-independent backbone
interactions (Braun et al., 2016). Thus, an interaction to an unknown protein based on
comparable peptide epitope sequences which are recognized by the different antibodies
can be excluded. Within the amino acid sequences of the analyzed antibodies, areas
with a high level of coincidence were found. Especially the N-termini of BC2-Nb and

Moontag-Nb showed a high degree of sequence homology with the N-terminus of the Vy
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domain of GCN4-scFv (Figure 2.10 B). In general, the sequence diversity between
different scFv is higher than in Nbs. This can be referred to the origin of scFv from many
different IgG antibodies from different species compared to the smaller number of genes
that are used to produce the majority of Nbs (Mitchell and Colwell, 2018). However, the
V4 domain of scFvs and Nbs, show a high degree of amino acid sequence identity
(Muyldermans et al., 2001). The amino acid sequence similarity found in the antibodies
analyzed in this project is therefore consistent with the data sets which are already
described. Based on the amino acid sequence alignment, an interaction of an unknown
protein with the N-termini of all antibodies could be possible. The tertiary structure of the
three analyzed antibodies showed a high structural identity within the V4 domain of
GCN4-scFv and the whole sequence of BC2-Nb and Moontag-Nb. This phenomenon
was already described in an earlier report in which Nbs adopt the typical IgG fold and
cover perfectly the structure of V4 domains of full IgGs or scFv (Muyldermans et al.,
2001). Thus, an interaction to an unknown protein based on a similar tertiary structure of
the Vy domain of GCN4-scFv and BC2-Nb as well as Moontag-Nb is also conceivable.
The shuttling behavior of GCN4-scFv-sfGfp, BC2-Nb-sfGfp and Moontag-Nb-
sfGfp resembled the movement of mMRNP components which shuttle on the endosomal
surface (Konig et al., 2009; Baumann et al., 2012; Pohlmann et al., 2015; Jankowski et
al., 2019). Hence, it was particularly important to find out whether the protein which
seemed to be responsible for the recruitment of antibodies to early endosomes is directly
involved in the long-distance transport of mRNAs. Note, that not all proteins involved in
the transport of MRNAs are already known. Therefore, only the core components upa2,
rrm4, upal and kin3 of the mRNA transport were deleted, because the loss of these
proteins causes other proteins to lose their association to mMRNPs. The deletion of upa2,
for example, leads to a reduced shuttling of Pab1 and thus mRNAs, but does not affect
the localization of the RBP Rrm4 (Jankowski et al., 2019). On the other hand, the
deletion of rrm4 causes Upa2 to be no longer associated in to mRNP complexes
(Jankowski et al., 2019). The deletion of rrm4 does not affect the localization of Upa1
(Pohlmann et al., 2015). Deletion of kin3, the plus-end directed microtubule motor
protein, influences the shuttling of all analyzed components of the mRNP complex
(Baumann et al., 2012; Pohlmann et al., 2015). This clearly shows the hierarchical
interdependencies of the individual proteins of mMRNP complexes and illustrates that the
deletion of important components of the mRNP complex can lead to the loss of further
proteins. In accordance to the literature, the deletion of the core mRNP proteins led to a
bipolar growth of analyzed hyphae. However, deletion of upa2, rrm4 and upa did not
influence the cellular localization of GCN4-scFv-sfGfp (Figure 2.12). Notably, the velocity

of moving particles of GCN4-scFv-sfGfp was significantly increased in the upa2 and rrm4
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deletion strains. This phenomenon was observed before for moving Rrm4-Gfp signals in
upa2 depleted hyphae suggesting that the absence of Upa2 and Rrm4 in mRNP
complexes has an influence on transporting endosomes in general (Jankowski et al.,
2019). Therefore, it can be assumed that GCN4-scFv-sfGfp and thus all tested
antibodies co-traffic with early endosomes which also transport mRNPs. Interestingly,
significantly less moving particles of GCN4-scFv-sfGfp were observed in the kin3A
strain. However, some moving particles were detected in kin3 depleted hyphae which
possessed a significantly reduced velocity but unaltered travelled distance. This
underlines that Kin3 is important for the trafficking of an unknown protein which seems to
recruit antibodies to early endosomes. However, this protein also appears to be
transported by an alternative motor protein. Three motor proteins (Kin1, Kin3 and
Dyn1/2) were described to be involved in the transport of early endosomes in U. maydis.
The deletion of kin1 (previously named kin2; Lehmler et al., 1997) and kin3 led to bipolar
growing cells as well as drastically reduced movement of Rrm4 (Becht et al., 2006;
Baumann et al., 2012). Nevertheless, residual movement of Upa1 was observed in kin3
depleted hypha (Pohlmann et al., 2015). This movement might be due to the transport of
MRNP complexes with dynein and could also be the reason why still moving GCN4-
scFV-sfGfp particles were observed. In a strain that carries a temperature-sensitive
allele of dyn2 which causes inactivation of dynein at restrictive temperatures, no residual
movement of MRNP complexes were detected (Baumann et al.,, 2012). To analyze
whether Dyn1/2 is responsible for the remaining moving particles of GCN4-scFV-sfGfp in
kin3 depleted cells, the temperature sensitive allele of dyn2 could be integrated in
GCN4-scFv-sfGfp expressing cells. If no more moving particles are detectable in this
strain, it can be concluded that dynein could possibly be responsible for the movement.
Furthermore, deletion of kin1 could be carried out in GCN4-scFV-sfGfp expressing cells
to analyze whether Kin1 is involved in the residual movement of GCN4-scFV-sfGfp. It is
important to mention that it cannot be excluded that the unknown protein is in direct
contact with a motor protein transporting early endosomes. Hok1 for example is a protein
which directly interacts with dynein and is crucial for its association to early endosomes
(Bielska et al., 2014).

3.2.2 UMAG_00933 as potential interaction partner of single chain variable
fragments as well as nanobodies

For the identification of potential antibody-interacting proteins, an immunoprecipitation of

GCN4-scFv-sfGfp followed by LC-MS/MS was performed. In this, eleven high abundant

proteins were identified in comparison to the control sfGfp, including UMAG_00933

(Figure 2.13). In addition, Cdc11 and Cdc12 were detected, which are described to be
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associated with mRNP complexes (Zander et al., 2016). UMAG_00933 is annotated as a
hypothetical protein and has a molecular size of 136 kDa. Interestingly, in a Far-Western
blot using GCN4-scFv-sfGfp as an antibody, a strong interaction to a protein, which has
a size of approximately 130 kDa was visible (Figure 2.9). This shows, that the
identification of UMAG_00933 using LC-MS/MS analysis seems to coincide with the Far-
Western blot result.

To characterize UMAG_00933, deletion strains as well as a strain harboring a
Gfp fusion protein were generated. The analysis of the deletion was particularly
important: if UMAG_00933 interacts with antibodies, a deletion of UMAG 00933 could
enable the usage of antibodies to label a nascent peptide chain, assuming that this
deletion has no effect on the growth of U. maydis. UMAG_00933 deficient sporidia and
hyphae neither showed a severe phenotype nor a change in the response to
temperature stress or different stress inducing reagents tested in this project (Figure
2.14, Figure 2.15, Figure 2.16, Figure 6.1.). Surprisingly, UMAG_00933 showed the
same cellular localization as the analyzed antibodies (Figure 2.17). Therefore, a
connection between the localization of UMAG_00933 and the antibodies being tested
was conceivable. Due to the fact that by deleting UMAG_00933 no bipolar hyphae could
be observed, UMAG_00933 cannot play an important role in the long-distance transport
of MRNAs, since deletion of important core components leads to an increase in bipolar
growing hyphae (Becht et al., 2006; Pohimann et al., 2015; Jankowski et al., 2019). This
is consistent with the results obtained in the analysis of the influence of mMRNP complex
proteins on the shuttling of GCN4-scFv-sfGfp. No direct influence of core components
was observed. In fact, the shuttling was only influenced by the deletion of kin3. However,
deletion of core components of the mRNP complex had an influence on the velocity of
shuttling GCN4-scFv-sfGfp which indicated co-trafficking. The small glycine-rich protein
Grp1 is part of the mRNPs in U. maydis. Deletion of grp1 did not influence the movement
of Rrm4 whereas it had an effect on the temperature stress tolerance as well as on the
response towards cell wall stress (Olgeiser et al., 2019). Although the deletion of
UMAG_00933 had no observable effect on the stress stimuli tested in this project, it
could be possible that a protein can still be part of the mRNP complex without being
essential for the transport of MRNAs.

The analysis of the deletion of UMAG_00933 in hyphae expressing GCN4-scFv-
sfGfp or BC2-Nb revealed that the deletion prevents shuttling of both antibodies (Figure
2.17). In addition, the stained microtubule-like structure was absent in these strains.
Consequently, UMAG_00933 is responsible for the subcellular localization of the tested
antibodies and seems to interact with them. Importantly, in UMAG _00933 deficient
sporidia and hyphae, GCN4-scFv-sfGfp as well as BC2-Nb-sfGfp were still expressed in
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full-length. It can be concluded that the interaction partner of the tested antibodies was
successful identified by LC-MS/MS analysis. UMAG_00933 seems to be a protein that is
transported through hyphae together with mRNP complexes without having an essential
role in this transport. These results are an important step towards visualizing translation

by single-molecule imaging of nascent peptides within hyphae of U. maydis.

3.2.3 Interaction of UMAG_00933 to antibodies and its own endosomal
localization

Due to the different origin and structure of scFvs and Nbs, UMAG_00933 seems to be
able to recognize either the secondary structure of the antibodies (Figure 2.11) or a
conserved amino acid sequence (Figure 2.10) within the V4 and Vun domains. Several
proteins were described in the last years which exhibit an antibody-binding capacity. The
first described antibody-binding protein was protein A, which is a small cell wall protein
isolated from Staphylococcus aureus (Forsgren and Sjoquist, 1966). Protein A primarily
binds to the Fc region of antibodies between the Ch2 and Cnx3 domain (Deisenhofer,
1981; Moks et al.,, 1986). A second protein from Streptococci, named protein G,
recognizes structures in the Fc-region of IgG antibodies (Kronvall, 1973). Interestingly, in
addition to the recognition of the Fc regions, both proteins can also bind to the Fab
region. Protein G recognizes the first constant domain (Cx1) from the heavy chain within
the Fab region (Derrick and Wigley, 1992). Protein A interacts with the V4 domain of the
heavy chain (Inganas, 1981). The sequence recognized within the domain is only
present in the Vu3 family (Graille et al., 2000). Based on nucleic acid sequence
homology, the Vy genes in humans have been grouped into seven families. Among
these families, the Vu3 family is the largest consisting of 22 functional genes (Cook and
Tomlinson, 1995). Importantly, Vun domains have a high sequence and structural
identity with human V43 domains. However, only some of them were recognized by
protein A (Crauwels et al., 2020). This can be referred to the fact, that important amino
acids to which protein A binds to in V43 domains are mostly substituted in Vuy domains
(Frenken et al., 2000; Graille et al., 2000). However, this shows that it is generally
possible for a protein to bind both the Vi domain of scFv and the Vuy of which Nbs
consist. Other Fab-region binding proteins are protein L from Peptostreptococcus
magnus, which predominantly binds to the V. domain and protein P, isolated from
Clostridium perfringens, which is thought to bind to both the V4 and V. chain (Bjorck,
1988; Lindahl and Kronvall, 1988; Nilson et al., 1992). However, nothing is known about
these proteins to have the capability to bind to Vun Nbs. Another protein, called protein
Fv (previously named protein F) recognizes V4 domains (Bouvet et al., 1990). It was

shown that protein Fv binds to the Vu3 domain of various antibody types with high
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affinity (Bouvet et al., 1991; Silverman et al., 1995). However, it is not reported whether
there is the possibility that protein Fv binds to Vuy domains. Due to the fact that the Fv
protein is able to bind V43 domains which show a similarity to Vuy of the Nbs, it is
conceivable that the protein could also recognize Nbs. In general, these examples
clearly indicate that it cannot be excluded that a protein is able to interact with the Vy
domain of scFvs and the Vuu of Nbs. UMAG_ 00933 showed no amino acid sequence
similarities to protein A or the other reported antibody-binding proteins. In general, it can
be said that the amino acid sequences of the different antibody-binding proteins do not
show a high degree of similarity. The amino acid composition of protein G, for example,
was found to be different from protein A (Akerstrdom and Bjorck, 1986). Therefore, a
sequence-based prediction of antibody-binding proteins is particularly difficult. In any
case, it is essential to verify whether UMAG_00933 is generally capable of binding
antibodies. It is important to mention that there is the possibility that only the antibodies
examined in this project could be recruited to early endosomes by UMAG_00933, but
other antibodies do not show any interaction. This could be investigated, for example, by
the expression of other antibodies (e.g. the nanobody against Gfp), which have already
been successfully expressed in sporidia of U. maydis, but no analysis of the cellular
localization was conducted (Terfrichte et al., 2017).

The less conserved CTD and SMC domains, which are found in the amino acid
sequence of UMAG_00933 are not described to directly interact with endosomal lipids or
to be involved in the association of proteins to endosomes. However, it could be shown
that UMAG_00933 seems to localize to early endosomes (see 3.2.2). The CTD domain
found in UMAG_00933 shows homology to the CTD domain found in the C-terminus of
the transcription elongation factor Stp5 in S. pombe. This domain is crucial for the
interaction with another protein which acts as a functional complex and regulates early
transcription elongation (Schwer et al., 2009). Furthermore, this complex might be
involved in pre-mRNA processing since it associates with mRNA capping enzymes.
Thus, the CTD domain facilitates binding of Stp5 to other proteins (Schwer et al., 2009).
Whether this domain is important for the endosomal localization of UMAG_00933 could
be investigated by deleting this region followed by the analysis of the cellular
localization. Proteins containing a SMC domain are capable of binding nucleic acid since
they drive conformational changes in DNA topology (Hassler et al., 2018). Therefore, it
could also be assumed that this domain is capable of binding RNA. mRNAs are bound
by Rrm4 and this binding is essential for their localization in mRNP complexes (Konig et
al., 2009). The association of mMRNAs in mRNPs is further stabilized by Upa2 (Jankowski
et al., 2019). When Upa2 or Rrm4 are deleted, the localization of MRNAs on endosomes

is reduced or completely abolished (Kénig et al., 2009; Jankowski et al., 2019). Due to
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the unchanged localization of GCN4-scFv-sfGfp in hyphae carrying a deletion of rrm4 or
upa2, and the fact that UMAG 00933 is responsible for this localization, it can be
assumed that UMAG_00933 does not attach to endosomes through binding of mRNA.
Note, that a low conserved SMC domain was also found in Upa2, a member of the
MmRNP complex in U. maydis. In the context of Upa2, Gfp fusion experiments showed
that the SMC domain was insufficient for endosomal localization (personal
communication Dr. Silke Jankowski). In addition, it was shown that a C-terminal GWW
motif is important for the specific endosomal localization of Upa2 (Jankowski et al.,
2019). It is thought that Upa2 interacts via its GWW domain to an up to now unknown
protein which is associated to the mRNP complex and recruits Upa2 to endosomes
(Jankowski et al., 2019). Importantly, no GWW motif could be identified in
UMAG_00933. The recent identification of the GWW motif demonstrates that the
association of proteins to early endosomes can also be achieved through small motifs
which were previously unknown. Therefore, it is possible that UMAG_00933 is recruited
onto early endosomes by interacting with a yet unknown protein of the mRNP complex.
Furthermore, there is also the general possibility that it interacts with proteins on the
endosomal surface. In order to determine the region within UMAG_00933 that is
responsible for the endosomal localization, truncations of the protein could be
investigated. By analyzing the cellular localization of UMAG_00933-Gfp, the truncations
can then be used to precisely determine the region that is involved in shuttling through
the hyphae of U. maydis. This technique was already successfully used to uncover the
GWW motif within Upa2 which is responsible for the endosomal localization (Jankowski
et al., 2019).

3.2.4 Usage of antibodies to label the nascent peptide chain in U. maydis

The unspecific localization of the analyzed antibodies was prevented by the deletion of
UMAG_00933. Furthermore, the interaction of the antibodies to their cognate peptide
epitopes is crucial. To test the interaction of GCN4-scFv-sfGfp and BC2-Nb-sfGfp with
their peptide epitopes, several copies of these peptide epitopes were fused C-terminally
to mKate2, which was itself fused to a phox domain. The phox domain recruits the whole
construct to the surface of early endosomes (Wedlich-Soldner et al., 2000). Thus, the
interaction of the antibodies to their peptide epitopes was analyzed in vivo by co-
localization of both sfGfp and mKate2 in hyphae. For the GCN4-scFv-sfGfp, 24 copies of
the peptide epitope (GCN424) were used, because 24 copies of the epitope were
previously proven to be sufficient for visible interaction (Tanenbaum et al., 2014). For the
BC2-Nb, 12 (BC2'?) as well as 24 (BC2?*) copies were tested. For dSTORM microscopy

in mammalian cells, only one copy of the peptide epitope was sufficient for a detectable
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binding of BC2-Nb labeled with fluorescent dyes (Virant et al., 2018). However, it was
thought that an increased copy number of the peptide epitope would increase the
probability of detectable signals. The generated constructs were integrated in strains that
carry a deletion of UMAG _00933 and express either GCN4-scFv-sfGfp or BC2-Nb-sfGfp.
For BC2-Nb-sfGfp, no interaction to its cognate peptide epitope was detectable (Figure
2.18 C). This could be due to the absence of an mKate2 signal in fluorescence
microscopy. Whether the expression of the reporter constructs mKate2-BC2'? and
mKate2-BC2%* was too low for a visible detection or whether the constructs were not
expressed at all could not be further investigated within the framework of this project.
Interestingly, the interaction of the BC2-Nb to its cognate peptide epitope was further
developed by industry and is now commercially available as Spot-Tag (Chromotek,
2018). For this, four amino acids were exchanged in the BC2 epitope, which results in a
significantly higher affinity to the antibody. It is not reported if this replacement decreases
potential expression problems in other model systems than mammalian cells.
Fortunately, shuttling was observed for GCN4-scFv-sfGfp as well as for mKate2-GCN424
(Figure 2.18 B). Furthermore, co-localization of both fluorescence proteins was observed
which is attributable to an interaction of GCN4-scFv-sfGfp with the related peptide
epitope. Since GCN4-scFv-sfGfp has already been successfully used in mammalian
cells, this observation is consistent with the literature (Tanenbaum et al., 2014; Wu et al.,
2016). In summary, the investigation of the interaction of GCN4-scFv-sfGfp to its
cognate peptide epitope in UMAG_00933 depleted hyphae was a major step towards

simultaneous detection of mMRNAs and the associated nascent polypeptide chains.

3.3 Combination of degron and 2A peptide

3.3.1 PEST sequence from mouse ornithine-decarboxylase cannot be used
together with 2A peptide

GCN4-scFv-sfGfp, which could probably be used to label a nascent peptide chain binds
constantly to its cognate peptide epitope. Thus, it will also bind to fully translated
proteins and not only to nascent peptides which results in an increased number of
labeled proteins. To overcome this problem, a degron can be used to remove fully
synthesized proteins. For this, a degradation inducing sequence is fused C-terminally to
GCN424. The auxin-inducible degron (AID) was already successfully used in combination
with GCN4-scFv-sfGfp and GCN424 in mammalian cells (Wang et al., 2016). This system
is based on the auxin-dependent degradation pathway of plants which was implemented
in other eukaryotic cells such as S. cerevisiae (Nishimura et al., 2009). Addition of the
synthetic auxin 1-naphthaleneacetic acid (NAA) induces polyubiquitination of proteins

which are fused to the AID degron. The polyubiquitination is mediated by the interaction
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of an F-box protein (TIR1) to the E3 ubiquitin ligase enzyme (Nishimura et al., 2009).
The establishment of AID has already been tried in the past in U. maydis (Master thesis,
Christine Howner). Unfortunately, the expression of TIR1 was not possible in the
framework of this master thesis. In addition, it is important to mention that U. maydis
itself is able to produce auxin (Reineke et al., 2008). Whether the cellular amount would
be sufficient to activate the degron without addition of NAA is questionable.

As the preliminary results already showed that the establishment of AID seems to
be difficult, this project concentrated on the application of so-called PEST sequences,
because these have already been used successfully to degrade Gfp in U. maydis
(Brachmann, 2001). PEST sequences are present in key metabolic enzymes as well as
cell cycle regulating proteins (Rechsteiner and Rogers, 1996). The PEST sequences
which were already applied in U. maydis derive from the mODC. Two different versions
were already used which provide different half-lives (d1, one hour; d2, two
hours)(Brachmann, 2001). The amount of proteins within a cell is controlled by an
equilibrium of synthesis and degradation. Because of the usage of a degron sequence to
degrade fully synthesized GCN424, also the protein to which GCN4?* is fused to will be
degraded. Thus, the amount of resulting proteins within the cell is decreased since
protein degradation rates raise while synthesis rates still remain equal. To visualize local
translation, it is important to maintain the equilibrium of proteins encoded by analyzed
mRNAs. Because of this, it was essential to separate the translated protein from
GCN424, For this, a 2A peptide should be used in U. maydis. During translation, the
ribosome skips formation of the peptide bound in between the C-terminal amino acids
glycine and proline within 2A peptides. Thus, a polycistronic-like mRNA is formed in
eukaryotes since translation of one mRNA leads to two separately folded proteins (de
Felipe et al., 2006). It is important to mention that the amino acids upstream from the
ribosomal skipping site within 2A peptides remain on the protein which is N-terminally
fused to them. For the combination of PEST sequences and the 2A peptide, a reporter
construct was designed in which mKate2 fused to an HA-tag and the d1 from mODC
(mKate2HA-d1) and Gfp fused to an NLS (GfpNtS) should be separated by the well-
studied F2A (Figure 2.19 A). Because of the fusion of d1 to mKate2"4, it should be
rapidly degraded by the proteasome after translation. It could be shown that the
separation of mKate2" and GfpN'S was successful using F2A (further characterization,
3.3.2). However, the mKate2"* was still detected on Western blot membranes and
therefore not degraded by d1 (Figure 2.19 C). This was referable to the C-terminal
extension of the d1 sequence by the N-terminus of the 2A peptide since the integration
of an eight amino acid long linker influences the degradation efficiency of d1 as well as

of d2 (Figure 2.20). Two elements are crucial for the destabilization activity of mODC.
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The first one is a cysteine-alanine motif, which is important for the association with the
proteasome. The other one is an unstructured region which flanks the cysteine-alanine
motif (Takeuchi et al., 2008). It is known that for an efficient degradation of mODC,
conformational change and exposure of the hydrophilic PEST domain within the C-
terminus are crucial (Murakami et al., 1992). It was further reported that blocking of the
C-terminus with antibodies prevents degradation (Li and Coffino, 1993). Therefore, it is
not surprising that both versions of the mODC degron show a reduced activity when they
were combined with F2A. For this reason, another PEST sequence from the G1 cyclin
CIn1 from U. maydis was analyzed with respect to its ability to mediate protein
degradation even when it is integrated in the middle of an amino acid sequence. Cyclins
are constitutively unstable and their expression is tightly regulated and dependent on the
cell cycle (Rahman and Kipreos, 2010). The PEST sequence of CIn1 (G1) is located in
the middle of the protein (Castillo-Lluva and Perez-Martin, 2005). In S. cerevisiae it was
shown that the degradation of the two G1 cyclins CIin1p and CIn2p is dependent on their
PEST sequences and ubiquitin ligases (Quilis and Igual, 2017). Furthermore, it was
found out that no direct conformational change induces the degradation of Cin1p in
S. cerevisiae and that phosphorylation within the PEST sequence causes the recognition
by the proteasome pathway (Lanker et al., 1996). Cin1p and CIn2p had a half-live of
around 10 minutes measured in translational shut-off assays (Quilis and Igual, 2017).
Unfortunately, the role of the PEST sequence in CIn1 was not investigated in U. maydis
(Castillo-Lluva and Perez-Martin, 2005; Heimel et al., 2010). However, it was shown that
cin1 from U. maydis moderately functions in S. cerevisiae and partially complemented
cin1 and cIn2 deletion mutants (Castillo-Lluva and Perez-Martin, 2005). Therefore it was
assumed that the PEST sequence of the Cin1 protein from U. maydis has a short half-
life and a high degradation efficiency. Compared to the d1 and d2 PEST sequence of
mODC, the G1 PEST sequence exhibited a significantly reduced efficiency of
degradation (Figure 2.20). Interestingly, C-terminal extension of the fusion construct did
not influence the degradation efficiency of the G1 PEST sequence. This is referable to
the fact that this PEST sequence is naturally embedded in the Cin1 protein. However,
the G1 PEST sequence of the CIn1 protein from U. maydis cannot be used to degrade
GCN42* because 50% of the peptide epitope would remain which can lead to false
results as they indicate potential translation sites although the protein is already
translated. For an efficient degradation of GCN424, the degradation of mODC PEST
sequences has to be optimized, or another degron sequence or system has to be found.
In S. cerevisiae, the mODC PEST sequence was C-terminally fused to a TEV protease
cleavage site to create a bidirectional degron in combination with a dormant N-degron.

Activation of the degron is induced upon cleavage of the TEV protease (Jungbluth et al.,
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2010). For this a synthetic cODC degron was investigated which is shorter than the
original mODC. The cODC could be tested in U. maydis by integrating a TEV cleavage
site in between the cODC and the 2A peptide. Another possibility is based on the usage
of the rapamycin analog shield-1. It binds to a degron domain (DD) which either prevents
or induces degradation by the proteasome (Banaszynski et al.,, 2006; Bonger et al.,
2011). This system was already successfully implemented in mammalian cells as well as
in plants (Su et al.,, 2013; Wang et al., 2015). However, a recent study showed that
rapamycin influences cell morphology of sporidia of U. maydis, leading to the formation
of several septa, several nuclei, big vacuoles and large lipid droplets (Romero-Aguilar et
al., 2020). This can be attributed to the inhibition of the conserved serine/threonine
kinase TOR by rapamycin (Romero-Aguilar et al., 2020). It has to be analyzed whether
usage of shield-1 results in similar morphological defects. An upcoming possibility of
degrading proteins or controlling the expression is based on optogenetic tools. For this,
the light-reactive LOV2 domain of Arabidopsis thaliana is combined with parts of the
mODC degron. The part of the mODC degron is masked by a Ja helix of the LOV2
domain. Upon irradiation with blue light, the mODC degron is exposed and induces
degradation by the proteasome (Renicke et al., 2013). The functionality of this degron
was proven in S. cerevisiae. Unfortunately, the establishment in U. maydis was not
feasible up to now (Bachelor thesis, Christine Hoéwner, 2016). However, the usage of the
LOV2 domain to regulate gene expression in U. maydis was recently demonstrated
(Hisemann and Heucken, manuscript in preparation). Whether the LOV2 domain can be
used to degrade GCN4?* has to be shown in further experiments. In summary, the
efficiencies of degradation identified in this project can be scored as followed: d1 > d2 >
d1-L > d2-L > G1-L > G1. These results led to a number of degradation sequences of

varying strength, which can be used for further applications in U. maydis.

3.3.2 P2A exhibits high separation rates to generate polycistronic mRNAs in
U. maydis

2A peptides were first discovered in the foot-and-mouth disease virus (FMDV, F2A
peptide) (Ryan et al., 1991). Later on, several 2A peptide sequences were found in
several viruses (Luke et al., 2008). The ‘stop and carry on* mechanism of the ribosome
at the C-terminal glycine and proline is not functional in prokaryotes (Donnelly et al.,
1997), but it is widely used in eukaryotes for different applications. 2A peptides were for
example used for the production of carotenoids in plants (Ha et al., 2010) or of the
production of monoclonal antibodies in mammalian cell culture (Chng et al., 2015). Also
in fungi, 2A peptides are increasingly used to express heterologous proteins or to control

the expression of clusters by combining them in a polycistronic mRNA. In S. cerevisiae,
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carotenoids were produced by generating a polycistronic construct of three carotene
biosynthesis genes from the ascomycete Xanthophyllomyces dendrorhous (Beekwilder
et al., 2014). The psychotropic mushroom alkaloid psilocybin was produced in high
amounts by heterologous expression of the entire biosynthetic gene cluster in one
polycistronic mMRNA in Aspergillus nidulans (Hoefgen et al.,, 2018). Besides, the
expression of gene clusters from A. fumigatus was conducted in A. nidulans using 2A
peptides (Stroe et al., 2020). The applicability of 2A peptides for the expression of
natural products in fungi was further demonstrated in Aspergillus niger (Schuetze and
Meyer, 2017).

For the further analysis of 2A peptides in U. maydis, the same reporter construct
was used which was established for the analysis of the combination of PEST sequences
and F2A. Two fluorescence proteins were already successfully used as reporters to
analyze the separation efficiencies of different 2A peptides in mammalian cells and in
S. cerevisiae (Liu et al., 2017; Souza-Moreira et al., 2018). It was already reported that
short linker sequences upstream of 2A peptides influence the expression of ORFs and
improve the separation efficiency (Holst et al., 2006; Gao et al., 2012; Souza-Moreira et
al., 2018). Therefore, first of all different linker sequences varying in their length were
tested (Figure 2.21 B). In combination with the PEST sequences the separation
efficiency within F2A was low. However, for the linker study the well-studied F2A was
chosen, because a linker might increase the separation efficiency. An increase in the
expression levels of mKate2" as well as Gfp was observed, which was associated with
an increasing length of the tested linker sequences (Figure 2.21 C). Thus, the usage of a
linker sequence upstream of the F2A also elevates the expression of mKate2H* and Gfp
in U. maydis. Hence, the longest tested linker (L2) should be used for further
experiments to ensure high expression rates of ORFs which are combined by 2A
peptides. However, a weak separation efficiency was observed within the F2A peptide. It
was reported in several organisms that the separation efficiency can vary between
different 2A peptides (Table 3.1). The best investigated 2A peptides are F2A from
FMDV, E2A from the Equine rhinitis A virus (ERAV), T2A from Thosea asigna virus
(TaV) and P2A from Porcine teschovirus-1 (PTV). The separation efficiencies in
mammalian cells as well as in D. melanogaster vary from the worst separation efficiency
in F2A, through E2A and T2A to an efficiency of almost 100% in P2A (Kim et al., 2011;
Daniels et al., 2014). In the silkworm Bombyx mori F2A, E2A, T2A and P2A exhibit
comparable separation efficiencies (Wang et al., 2015). In S. cerevisiae as well as in
A. fumigatus, the highest separation efficiencies were achieved using P2A (Souza-
Moreira et al., 2018; Manfiolli et al., 2019). In contrast to this, a high separation efficiency

of nearly 100% was observed using F2A in Trichoderma reesei (Table 3.1; Subramanian
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et al., 2017). In Pichia pastoris, separation efficiencies of 50-60% were observable for
both F2A and P2A (Table 3.1; Geier et al., 2015). This shows a high diversity within the
separation efficiencies of different 2A peptides in various organisms. Therefore, it was
important to analyze several 2A peptides and their separation efficiencies in U. maydis to
find the most efficient one. Western blot analysis as well as fluorescence microscopy
revealed that P2A showed the highest separation efficiency, followed by E2A, T2A,
Po2A and F2A (Figure 2.22 and Figure 2.23). Using FRET it could be confirmed that
P2A had the highest separation efficiency of almost 100% (Figure 2.23 B). The other
tested 2A peptides had separation rates of 20% (F2A), 30% (Po2A), 40% (T2A) and
60% (E2A; Table 3.1) and were comparable to previously determined rates conducted in
mammalian cells (Kim et al., 2011). By confirming that 2A peptides have different
separation efficiencies, it was shown that it is important to test different 2A peptides in
the organism in which they will be used. Nevertheless, it can generally be said that P2A
is the 2A peptide that most commonly exhibits nearly 100% separation efficiency (Table
3.1). In U. maydis, P2A in combination with the L2 linker was used for further

applications.

Table 3.1: Comparison of 2A peptide separation efficiencies in different organisms; modified

according to (Mintjes et al., 2020);Fungal organisms shaded in orange; other organisms shaded in gray

2A peptide Organism Seperation Reference
efficiency [%]
HEK293T; HT1080; (Kim et al., 2011)
~50

HelLa
Zebrafish embryo ~40 (Kim et al., 2011)
Mouse liver ~30 (Kim et al., 2011)

F2A Silkworm B. mori 91-98 (Wang et al., 2015)
D. melanogaster ~65 (Daniels et al., 2014)
T. reesei ~100 (Subramanian et al., 2017)
P. pastoris ~50 (Geier et al., 2015)
U. maydis 20 This stud
HEK293T; HT1080; ~60 (Kim et al., 2011)
HelLa
Zebrafish embryo ~60 (Kim et al., 2011)

E2A Mouse liver ~50 (Kim et al., 2011)
Silkworm B. mori 99-100 (Wang et al., 2015)
D. melanogaster ~70 (Daniels et al., 2014)
S. cerevisiae ~45 (Souza-Moreira et al., 2018)
U. maydis 60 This stud
HEK293T; HT1080; (Kim et al., 2011)

~70

Hela
Zebrafish embryo ~80 (Kim et al., 2011)

T2A Mouse liver ~50 (Kim et al., 2011)
Silkworm B. mori 90-97 (Wang et al., 2015)
D. melanogaster ~85 (Daniels et al., 2014)
S. cerevisiae ~55 (Souza-Moreira et al., 2018)
U. maydis 40 This study
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HEK293T; HT1080; (Kim et al., 2011)
~90
Hela
Zebrafish embryo ~100 (Kim et al., 2011)
Mouse liver ~90 (Kim et al., 2011)
Silkworm B. mori 100 (Wang et al., 2015)
P2A D. melanogaster ~95 (Daniels et al., 2014)
S. cerevisiae ~85 (Souza-Moreira et al., 2018)
A. nidulans ~100 (Unkles et al., 2014)
P. pastoris ~60 (Geier et al., 2015)
A. niger ~100 (Schuetze and Meyer, 2017)
A. fumigatus ~100 (Manfiolli et al., 2019)
U. maydis 100 This study
Po2A U. maydis 30 This study

To illustrate applicability of P2A, regulated gene expression was monitored. For this, a
bi-cistronic mMRNA was generated in which the Photinus pyralis firefly luciferase (FLuc)
was combined with the RBP Rrm4 fused to Gfp. The combination of Rrm4-Gfp and FLuc
enabled the visualization of the expression of Rrm4-Gfp by fluorescence microscopy on
the one hand and the measurement of the FLuc activity by addition of luciferin on the
other hand. The transcription of the construct was controlled by the inducible Py
promoter (deriving from the arabinase gene crg7; Brachmann, 2001). Thus, expression
of the bi-cistronic construct was inducible by switching the carbon source from glucose to
arabinose (Bottin et al., 1996; Brachmann, 2001). Luciferases were already used to
monitor the expression of genes and exhibit an excellent dynamic range and sensitivity
(Qureshi, 2007; Grant et al., 2012). Furthermore, a luciferase was already successfully
implemented to determine the activity of P2A in A. niger (Schuetze and Meyer, 2017).
Additionally, it was already proven that the FLuc activity can be measured easily in
U. maydis since the converted substrate luciferin is able to pass the cell wall (Hisemann
et al., manuscript in preparation). In general, monitoring gene expression is a powerful
tool for studying the function of different genes in various environments as well as at
different cell stages (Hong et al., 2011). Thus, the establishment of a robust system for
tracking gene expression is extremely helpful and allows the analysis of the expression
of various genes of U. maydis. It was shown that the fusion of Rrm4-Gfp to L2-P2A did
not alter the activity of Rrm4 since bipolar growth of hyphae which was observable in
medium containing glucose was rescued by the usage of arabinose as carbon source
(Figure 2.24). Furthermore, the bi-cistronic construct seemed to be only expressed in the
presence of arabinose as sole carbon source since FLuc activity as well as Rrm4-Gfp
fluorescence were not detectable in medium which contained glucose (Figure 2.24).
Thus, the promoter seemed to have no residual activity in the presence of glucose. This
is consistent with other experiments where Rrm4 was expressed under the control of the
Py promoter (personal communication Srimeenakshi Sankaranarayanan). In contrast, a

residual activity of the Py promoter could be detected when genes responsible for the

90



Discussion

activation of the signaling cascade for the formation of hyphae in U. maydis were
controlled by this promoter (Brachmann, 2001). To monitor the expression of Rrm4-Gfp
as well as FLuc, hyphal cells were shifted at different time points to medium which
contains arabinose. FLuc activity as well as endosomal shuttling of Rrm4-Gfp were
detected two hours after induction of the expression of the bi-cistronic construct (Figure
2.25). This showed that the measurement of FLuc activity was related to the expression
of Rrm4-Gfp. It furthermore emphasized the robustness of the construct used in this
project for monitoring gene expression and corroborates the literature describing
luciferases as a robust read-out for monitoring gene expression (Qureshi, 2007; Grant et
al., 2012). P2A was further used to enhance the production of biosurfactants and to
uncouple the production of the glycolipids mannosylerythritol lipid (MEL) from nitrogen
starvation in U. maydis (Mintjes et al., 2020). In summary, the P2A peptide which was
established in this project can be successfully used in basic and applied science.
Furthermore, it is likely that it can be successfully used to separate GCN42* which should
be degraded by a degron from downstream ORFs which will be analyzed for subcellular

translational activity in vivo

34 Future directions

In this project, it was possible to establish different building blocks which are crucial to
visualize a nascent peptide chain during translation. These can also be used in future
projects and other applications. Furthermore, a new locus for the expression of
heterologous proteins was tested, which possesses comparable expression rates as the
well-studied ipS locus. Together with other recently tested loci, it expands the repertoire
at possible integration sites within the genome of U. maydis and facilitates expression of
heterologous proteins.

mKate2 was successfully established as a new Rfp in U. maydis for labeling
proteins and mRNAs within their 3’ UTRs. The latter enables not only the simultaneous
labeling of mMRNAs and their corresponding nascent peptides but also various other
experimental set-ups. It is known that all septin proteins are transported within mRNP
complexes and that their localization to early endosomes is dependent on each other
(Zander et al., 2016). However, up to now it was not feasible to analyze whether mRNAs
encoding septin proteins are also co-transported on the same endosome. Together with
the previous establishment of several systems for labeling of 3'UTRs of mMRNAs (Zander
et al., 2018), it is now possible to analyze two mRNAs and their transport through
hyphae of U. maydis. This could lead to further insights whether mMRNAs encoding for

proteins which interact with each other are transported together.
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The successful establishment of P2A with nearly 100% separation efficiencies provides
the opportunity for various other applications in both basic and applied research.
U. maydis potentially serves as a great production host for many industrial products
(Bolker et al., 2008; Sarkari et al., 2014; Terfrlchte et al., 2014; Terfrichte et al., 2017;
Stoffels et al., 2020). It could already be shown that the establishment of P2A enabled
the production of MELs independent of nitrogen starvation by the expression of a tri-
cistronic mMRNA (Mintjes et al., 2020). This can be further extended, for example to
reduce the expression of different gene clusters to one mRNA. This decreases the
number of loci required for the expression of heterologous proteins and allows a narrow
and simultaneous expression of these proteins. Furthermore, the usage of the P2A
enabled a simple and reliable monitoring of gene expression. For this, the recently
established FLuc was used (Husemann, et al., manuscript in preparation). For future
applications, FLuc can be used in combination with P2A to study protein stabilities and
turnover rates or the expression of different mRNAs.

The hypothetical protein UMAG_00933 was identified to be able to interact with
three tested antibodies. Furthermore, this protein seems to be associated to early
endosomes and shuttles through hyphae in a bidirectional manner in dependency of the
microtubule-cytoskeleton. Interestingly, UMAG_00933 seems to hitchhike on mRNP
complexes transporting endosomes. In further experiments, it has to be clarified why
UMAG_00933 seems to be associated with early endosomes. This may provide further
information on the structure of the mRNPs, as some associated proteins are still
unknown. Moreover, it is possible that future investigations of UMAG_00933 will provide
new insights into the general transport of endosomes. Since UMAG_00933 appears to
interact with antibodies, deletion may improve the expression level of antibodies
expressed for biotechnological application (Terfriichte et al., 2017). This could also be
tested and examined in the future. Whether UMAG_00933 is generally capable of
binding to antibodies or if the antibodies examined here were bound by chance must be
verified by further experiments. If UMAG_00933 is an antibody-binding protein, this could
be used for an artificial recruitment of proteins which can be fused to antibodies.

Unfortunately, in this project no degron was found that can be combined with
P2A to degrade GCN42* and reduce the background during fluorescence microscopy of
nascent polypeptide chains. Further sequences and methods that induce protein
degradation should be tested. In general, it could be possible to localize GCN4?* to the
nucleus via a fusion to an NLS sequence. If this is successful, first experiments could be
performed to visualize the translation of well-studied mRNAs, such as the cdc3 mRNA. If
the visualization of the translation with GCN4-scFv-sfGfp and GCN424 is not feasible, the

interaction of a fluorescently labeled antibody that binds to the FLAG tag could be used
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(Morisaki et al., 2016). This has already been successfully applied to study translation in
mammalian cells. With this antibody, experiments would also have to be carried out in
order to determine whether it binds to UMAG_00933.

In general, the establishment of a method for the analysis of translational sites
in vivo provides further insights to where and when translation occurs in hyphae of
U. maydis. If translation can be verified on mRNP-transporting endosomes, this will
underline the co-localization studies which were carried out previously (Baumann et al.,
2014) and demonstrate a possible conservation of this mechanism (Cioni et al., 2019).
Furthermore, the visualization of the translation can provide information on whether
Rrm4 plays a regulatory role during translation. Rrm4 binds nine out of 17 subunits of the
FoF1 ATP synthase at the stop codon (Olgeiser et al., 2019). Together with earlier
experiments (Koepke et al., 2011), this suggests an important role of Rrm4 in
mitochondrial functionality. Whether a translation in close proximity of mitochondria, as
described in neurons, also occurs in U. maydis can be investigated with the method
whose establishment was started in this project. In summary, this project has laid the
groundwork for the establishment of an antibody-based labeling of the nascent

polypeptide chain for the analysis of translationally active sites within the cell.
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4 Materials and Methods

4.1 Materials
411

4.1.1.1 Chemicals

Chemicals, enzymes, kits

Materials and Methods

The chemicals used in this study (degree of purity: p.a.) were mainly ordered by the

following companies unless specified otherwise: Carl Roth (Karlsruhe), Difco (Augsburg),
Merck (Darmstadt), Sigma-Aldrich (Deisenhofen), Applichem (Darmstadt), VWR (West
Chester, Caelo (Hilden), Thermo Fisher Scientific (Schwerte), Biorad (Feldkirchen), GE
Healthcare (Solingen) and Fluka (Buchs).

4.1.1.2 Enzymes and kits

The following tables list the enzymes, protease inhibitors and various kits used in this

study.

Table 4.1: Enzymes used in this study

Name Application Company
Lysozyme Plasmid isolation Thermo Fisher Scientific
Glucanex Protoplasting of U. maydis Merck

Phusion-HF-DNA-Polymerase
Restriction enzymes
RNAse A

T4 DNA-ligase
Quick-ligase
T5 exonuclease
Taq DNA ligase

Amplification of DNA molecules
Restriction of DNA molecules
Plasmid isolation; genomic DNA
isolation

Ligation of DNA molecules
Ligation of DNA molecules

Gibson cloning

Gibson cloning

New England Biolabs
New England Biolabs
Boehringer Ingelheim

Roche

New England Biolabs
New England Biolabs
New England Biolabs

Table 4.2: Protease inhibitors used in this study

Name Application Company
Benzamidine Preparation of cell extracts Sigma-Aldrich
cOmplete™ EDTA-free Protease Preparation of cell extracts Sigma-Aldrich
Inhibitor Cocktail

Phenylmethylsulfonylfluorid Preparation of cell extracts Sigma-Aldrich

(PMSF)
Dithiothreitol (DTT)

Preparation of cell extracts

Thermo Scientific

Table 4.3: Kits used in this study

Name Application Company
Monarch® PCR and DNA Cleanup Purification of DNA and PCR New England Biolabs
Kit products

Monarch DNA Gel
Extraction Kit
Plasmid Mini Kit

PCR DIG Labeling Mix

CDP Star ®

Elution and purification of DNA
fragments from agarose gels

Large scale plasmid

preparation

Digoxigenin labeling of PCR
products for generating Southern
blot probes

Chemiluminescent substrate for
alkaline phosphatase in Southern

New England Biolabs
Qiagen

Roche

Roche
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AceGlow™

SureClean

blot analysis

Chemiluminescent substrate for PeqlLab
horseradish peroxidase in
Western blot analysis

Purification of DNA Bioline

fragments and PCR products

Table 4.4: Protein- and DNA size standards used in this study

Name Application Company
GeneRuler™ 1 kb DNA DNA Gel electrophoresis Thermo Fisher
Ladder Scientific
GeneRuler™ 50 bp DNA DNA Gel electrophoresis Thermo Fisher
Ladder Scientific
APstl (Pstl digested entherophage DNA Gel electrophoresis In house preparation
ADNA)

PageRuler™ Prestained SDS-Page Thermo Fisher
Protein Ladder (10-180 kDa) Scientific
PageRuler™ Plus SDS-Page Thermo Fisher
Prestained Protein Ladder (10-250 Scientific

kDa)

4.1.2 Solutions and media

The solutions and buffers utilized were mainly generated as described in (Sambrook,

1989). Solutions or buffers of special composition are described in the sections of the

corresponding part. If it was necessary, solutions or buffers were autoclaved by 121 °C

or sterile filtered.

4.1.2.1 E. coli cell cultivation

E. coli cells were cultivated either in dYT liquid medium at 37 °C and 200 rpm or on YT

agar plates at 37 °C. Required antibiotics are listed in Table 4.5.

Table 4.5: Concentrations of used antibiotics for the cultivation of E. coli

Antibiotics Concentration
Ampicillin 100 pg/mi
Kanamycin 50 pg/ml

dYT liquid medium:

dYT medium plates:

1.6% (w/v) Tryptone (Difco)
1.0% (w/v) Yeast extract (Difco)
0.5% (w/v) NaCl

Fill with ddH-O and autoclave

0.8% (w/v) Tryptone (Difco)
1.0% (w/v) Yeast extract (Difco)
0.5% (w/v) NaCl
1.3% (w/v) Bacto agar (Roth)
Fill with ddH-O and autoclave
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4.1.2.2 U. maydis cell cultivation

To cultivate U. maydis cells, complete medium (CM) was used and carbon sources
(glucose or arabinose) were added. In liquid medium U. maydis cells were incubated at
28 °C and 200 rpm. To generate a liquid culture, a pre-culture (3ml of CM medium
supplemented with 1% glucose) was incubated overnight. For a main culture, 10-50 pl of
the pre-culture were added to 30 ml of CM (supplemented with glucose or arabinose)
and incubated overnight afterwards. To cultivate U. maydis cells on solid media CM
glucose or arabinose plates were used. Required antibiotics and their corresponding
concentrations are listed in Table 4.6. For sterilization, media were either autoclaved for
5 min at 121 °C or filter-sterilized with a 0.22 ym Fitropur BT50 bottle filter (Sarstedt).

Table 4.6: Concentrations of used antibiotics for the cultivation of U. maydis in liquid medium or on

plates
Antibiotics Concentration Concentration
medium regeneration agar
(Bottom)
Hygromycin 200 pg/ml 400 pg/mi
Nourseothricin 150 pg/mi 300 pg/ml
Carboxin 2 ug/ml 4 pg/ml
Geneticin 500 pg/ml 1000 pg/ml
Vitamin solution (Holliday, 1974): 0.05%o (w/v) Folic acid
0.05%o (w/v) Pyridoxin
0.2%o (w/v) Pantothenic acid calcium salt
0.05%o (w/v) 4-Aminobenzoic acid
0.2%o (w/v) Nicotinic acid
0.2%o (w/v) Choline chloride
1.0%o (W/v) myo-Inositol
Fill with ddH,O and sterile filter,
store at -20 °C
Salt solution (Holliday, 1974): 16.0%o0 (w/v) KHoPOy4

4.0%o (w/v) NapSO4

8.0%o (w/v) KCI

1.32%o (w/v) CaCly*2H,0
2.0%o (w/v) MgSO4

Fill with ddH20 and sterile filter
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Trace element solution:

(Holliday, 1974)

Complete medium (CM)
(Holliday, 1974):

Nitrate minimal medium (NM)
(Scherer et al., 2006)

Charcoal containing NM plates:

Regeneration agar:

Materials and Methods

0.06%o (w/v) H3BO3

0.14%o (w/v) MnCI*4H20

0.4%0 (W/v) ZnCl>

0.4 %o (w/v) NaoMoO4*2H>0
0.1%o (w/v) FeClz*6H20
0.04%o (w/v) CuSO4*5H20

Fill with ddH.O and sterile filter

0.25% (w/v) Casaminoacids (Difco)

0.1% (w/v) Yeast extract (Difco)

1.0% (v/v) Vitamin solution

6.25% (v/v) Salt solution

0.05% (w/v) Salmon sperm

0.15% (w/v) NH4NO3

Fill with ddH.O and adjust pH with 5M
NaOH to 7. Autoclave and add 1% (w/v) of
carbon source and needed antibiotic

afterwards

0.3% (w/v) KNO3

6.25% (v/v) Salt solution

Fill with ddH-O and adjust pH with 5M KOH
to 7. Autoclave and add 1% (w/v) of carbon

source afterwards

0.3% (w/v) KNO3

6.25% (v/v) Salt solution

Fill with ddH-O and adjust pH with 5M KOH
to 7. Autoclave and add 1% (w/v) of carbon

source and 1% (w/v) charcoal afterwards

Top: 1.0% (w/v) Yeast extract
0.4% (w/v) Bacto™-Peptone
0.4% (w/v) Sucrose

18.22% (w/v) Sorbitol

1.5% (w/v) Agar

Fill with ddH.O and autoclave
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Bottom: same as top plus antibiotics (see

above)

NSY glycerin 0.8% (w/v) Nutrient Broth (Difco)
0.1% (w/v) Yeast-Extract (Difco)
0.5% Succrose (Roth)
80% (v/v) 87% Glycerin (f.c. 69.6%)
Prepare with ddH>O

4.1.3 Centrifuges

Samples of 1.5 or 2 ml sample volume where centrifuged in a Heraeus™ Biofuge™
Pico™ or a Heraerus™ Biofuge™ Fresco™ (Heraeus, Thermo Fisher Scientific). Larger
samples with a volume of 15 or 30 ml were centrifuged in a Heraeus™ Biofuge™

Stratos™.

4.1.4 Oligonucleotides, plasmids and strains

4.1.4.1 Oligonucleotides

The oligonucleotides were synthesized by Metabion GmbH (Martinsried) or Integrated
DNA Technologies Inc. (Coralville). The sequences were designed in a 5’-3’ orientation.
All oligonucleotides had a concentration of 100 uM. In Table 4.7 the designed and used
oligonucleotides are listed. Oligonucleotides which are used for sequencing are

excluded from this list.

Table 4.7: Cloning oligonucleotides used in this study

Name Nucleotide sequence 5°-3°

AB14 CAATTGATGTACAAAGCTCGCGCGCTCTACG

AB15 ACCGGTTAGGAGCTGCATGTAGTTGC

AB325 ACCGGTGAAGAACTTTTGAGCAAGAA

AB326 AGCGGCCGCTAATGACCCG

AB603 TGTACAAACACGGCTTCCCGCCGGCGGTG

AB604 CAATTGGGGACCGGGGTTCTCCTCGAC

MB656 GATGAATTCATGCGCAAGGGCGAGGAGC

MB657 CTAGGGGCGCGCCTTACTTGTAGAGCTCGTCC

MB660 CATCCCTGCAGGGAGCAGCTGAAGCTATTCG

MB661 CAGTCCATGGCCCGTGGATGATGTTGTCTG

MB670 CCATGGTGTCGGAGCTCATC

MB671 GATGGCGCGCCGGCGTAGTCGGGCACGTCG

MB988 GGCGCGCCAAAGCTTAGCCACGG

MB989 CCATGGTCGGGACCTTTCTCTTCTTTTTTGGAGGCGCTTTCGTGAATTCTGCAGGT
CCAGGATTTGATTCCACGTCGCCG

UM16 GGTCTCGCCTGCCATTTAAATCAGATGTTGTCAG

um17 GGTCTCCAGGCAAGCTTATGACACAGCTTCAG

UM18 GGTCTCCGGCCGGCCTGAGTGGCCGTTACTTCG

um19 GGTCTCGCTGCATTTAAATGCGCGAACTGCC

UM20 GTATACCCTGCAGGCTAGAACTAGTG

UM21 GTATACGCGATCGCGGGATCGAATTCCTGCAGCC

UM22 GTATACCAATTGATGGACGGAGGTTCTCACG
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uM23

UM24

UM25

UM31

UM32

UM206
umM207
UM404
UM405
UM406
uM407
uM487
UuM488
uMs48
UM849
UM850
UM851
UM852
UM853
UM854
UM855
UM959
UM960
UM961
UM962
UM963
UM964
UM965

UM967
UM968

UM969
UM970
UM971

UM973
umM9a74
UM975

UM976
uUmM9ar7
uM979
UM980
uM982
UM983
uM983
UM984

UP75
UP76
upP77
UP78
UP79
UP80
UP83
UP84
UP85
UP86
upP248
UP249
upP250
UP251
up252

GTATACCCTAGGTTAGTTTCGCAGTGAGAAACC
GTATATCGCTAGCAAGAGCTCAACTCTTTCTTGG
GTATACCTTAAGTGCTCTCGGCGATTGCTGGG
GATATCCCATGGCACAAACACAGCCAC
GATATCGGCCGCGTGGGCCCCATTCGATAAACTGCTTGAAC
CAGACAACATCATCCACGGCAATTGCATGGCGGCCCATCACCA
TTCCCGAGCCCGACGAGACGGTGACCGTCGACGAGACGGTGACCTGG
AGCTGTCAAACATGAGAATTGCGGCGCTCGGTCTCGGCCTAGATG
ACGGCCACTCAGGCCTATTAATGCGTGCAGTCGACGGTCTCCG
CGCATTAATAGGCCTGAG

GCCGCAATTCTCATGTTTG
CCTGCAGGTTGGCCGCCATGGTGAGCAAGG
GCGGCCGCCGCCGGCCGCTTTACTTGTAC
GCCGCTCTTCCGTGCAATATTGGCCCTGGTGTCTTTG
GCCGCTCTTCCGGCCCTTGACTAGTTCGTAAACC
GCCGCTCTTCCCCTAATATTGAGGAGCGCCTCAAACAAATG
GCCGCTCTTCCGACAATATTCTCCAATCTCTTGCTTG
GGTCTCGCCTGCAATATTCGCAAATCGCACGCTGATG
GGTCTCCTGGCCTGCTCATCACGTTCGGCGCGG
GGTCTCCGGCCCTCAGGAACAAGAAGAGGTCG
GGTCTCGCTGCAATATTGACGTGATGCCAGTTCG
GGTCTCGCCTGCCCTGCAGGCTAGAACTAGTG
GGTCTCCAGGCCGGCCGGCGTAGTCGGGCACGTCGTAAGG
GGTCTCCGCCTGCGAGAGAGAGAGCTCAGCCCATGGTGAGCAAGGGCGAGG
GGTCTCGCTGCGGCGCGCCGGCCGCTAGATC
GGCCGGCCTGGCTCGGGCCCCGTGAAACAGCTGCTCAAC
GCTGAGCAGGTCCAGGATTTGATTCC
GGCCGGCCTCACGGCTTCCCGCCGGCGGTGGCGGCGCAGGATGATGGCACGCT
GGTCCCCGTGAAACAGCTGCTCAAC
GCTGAGCGGGACCGGGGTTCTCCTCGAC
GGCCGGCCTCACGGCTTCCCGCCGGCGGTGGCGGCGCAGGATGATGGCACGCT
GGTCGCCATGACCGTCATGGCCTTC
GGCCGGCCTGGCTCGGGCCGCCACAAGTTCCCCACCAAC
GCTGAGCGGGACCGGGGTTCGACTCGAC
GGCCGGCCTCACGGCTTCCCGCCGGCGGTGGCGGCGCAGGATGATGGCACGCT
GGTCCGCCACAAGTTCCCCACCAAC
GGCCGGCCTGGCTCGGGCCGTGGTCCTCGTCCCCAGAAC
GCTGAGCGGGACCGGGGTTCTCCTCGAC
GGCCGGCCTCACGGCTTCCCGCCGGCGGTGGCGGCGCAGGATGATGGCACGCT
GGTCCGTGGTCCTCGTCCCCAGAAC
GGCCGGCCTGGCTCGGGCGGCAACGGCAACCCGCTCATC
GCTGAGCGGGACCGGGGTTGAGCTCG
GGCCGGCCTGGCTCGGGCGGTCAGCGCACCACCGAGC
GCTGAGCGGGACCGGGGTTCGACTCG
GGCCGGCCTGGCTCGGGCCCCGTGAAACAGCTGCTCAAC
GCTGAGCTCCAGGATTTGATTCCACG
GCTGAGCTCCAGGATTTGATTCCACG
GGCCGGCCTCACGGCTTCCCGCCGGCGGTGGCGGCGCAGGATGATGCAGCTGGT
CCCCGTGAAACAGCTGCTCAAC
GGTCTCGCCTGCATTTAAATCGTCGAGATCTGCAAGAGGCCGAGC
GGTCTCCTGGCCGACTTGGCATACTCTTCGGCACG
GGTCTCGGGCCGGCGTAACCACACCATCCCACC
GGTCTCGCTGCATTTAAATCCGAGGGAAATATCGTGAATATTG
GCATCCATGGCCGAGGTCG
CGGGAATTCGCGACTAGTCTTGATCTCGAGC
GGTCTCCGGCCTAGAGCCGCCCCGATTCGAGTTTC
GGTCTCGCTGCAATATTATCGCGCCCCTTTCGCCGGCTG
GGTCTCGCCTGAATATTCGGGATTTGTGAGTGATAATC
GGTCTCCAGGCGATGCAGAGATTAGCTCGTCTG
GGTCTCGCCTGCAATATTGTTGGCTATGCTGGCACTTTCG
GGTCTCCAGGCCGAGTGAAGCGTAATACCTAGC
GGTCTCCGGCCACCGTAGATCATGCCTGATG
GGTCTCGCTGCAATATTCGATGTGCATACAGCAAACCGCC
GGTCTCGGGGGACGGAACCATAACATCGTAGAG
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UP253 GGTCTCGCCCCGTTCTCTTTTAGTCACACGTAGTC

UP375 CAATGTACAGGTACCGCAATGCCGGTGCAGTAGCCC

UP376 CAAGGCGCGCCTTACGAAGAAGGCATGGGCACAG

UP377 CATGGCGCGCCCTACACATTGATCCTAGCAG

UP378 ACTTGTACAGGAAGCTTAGCCATGGCTTCCC

UP379 CATTGTACAGGAAGCTTAGCCATGGCTTCC

UP380 TAAGGCGCGCCCTACACATTGATCCTAGCAGAAG

UP381 CAAGGCGCGCCTTACCCGTGAAACAGCTGCTCAACTTCCGAAGAAGGCATGGGC

ACAG

UP382 CATGGCGCGCCCTACCCGTGAAACAGCTGCTCAACTTCCACATTGATCCTAGC
AGAAG

UP383 TAAGGCGCGCCCTACCCGTGAAACAGCTGCTCAACTTCCACATTGATCCTAGCAGA
AGCAC

4.1.4.2 Plasmids

Plasmid generation was performed by standard molecular cloning methods as described
in (Sambrook, 1989), the Golden Gate cloning procedure described in (Terfrichte et al.,
2014) or the Gibson cloning method which is described in (Gibson et al., 2009).
Oligonucleotides used for cloning are listed in Table 4.7. Plasmids containing synthetic
genes were synthesized by Integrated DNA Technologies (Coralville). All heterologous
sequences were designed according to the context-dependent codon usage for
U. maydis (Zarnack et al., 2006; Zhou et al, 2018; http://dicodon-
optimization.appspot.com). Sequencing of all constructs was performed at the
Sequencing Service of the Genomics Service Unit at Ludwig Maximilians University
Munich or at Eurofins Genomics (Ebersberg). The plasmids for gene expression in
U. maydis are integrative vectors, derived from p123 (Aichinger et al., 2003). The
plasmids carry sequences for homologous recombination at different loci. The sequence
for homologous recombination at the jpS-locus enables stable genomic integration and
selection on carboxin containing media (CbxR; Brachmann, 2001). The expression locus
for each construct is indicated in the plasmid descriptions following below. In Table 4.8

the used and in Table 4.9 the generated plasmids are listed, respectively.
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Table 4.8: Plasmids used in this study, AmpR = Ampicillin resistance, KanR = Kanamycin resistance, HygR = Hygromycin resistance,

G418R = Geneticin resistance, NatR = Nourseothricin resistance, CbxR = Carboxin resistance

Name Construct description Locus for Resistance Resistance Reference/
integration E. coli U. maydis Producer
in
U. maydis

pCR®II-Topo Vector which was used for the storage and cloning of - AmpR/KanR - Life
PCR products with help of the type | Topoisomerase; Technologies
possibility of blue-white selection for correct insertion.

pMF1hs pUMa194  Vector contains the coding sequence for a 1884 bp - AmpR - (Brachmann
Sfil/Sfil  hygromycin resistance cassette with the et al., 2004)
constitutive promoter Phsp70, the coding gene hph from E.
coli (Wang et al., 1988) and the terminator Tnos deriving
from Agrobacterium tumefaciens (Bevan, 1983).

PMF1n pUMa262  Vector contains the coding sequence for a 1437 bp - AmpR - (Brachmann
Sfil/Sfil nourseothricin resistance cassette with the gap1 et al., 2004)
promoter, the coding gene nat and the terminator Tcycr
from Saccharomyces cerevisiae.

pRrm4-Gfp pUMa496  Vector contains the coding sequence for a C-terminal rrm4 AmpR - (Becht et al.,
fusion of Rrm4 to Gfp. Expression is under control of the 2006)
native promoter of rrm4 and is terminated via Tnos. The
cassette is flanked by an 830 bp UF and a 1.9 kb DF for
homologous recombination. The expression of the
construct is driven by the native promoter of rrm4.

pPcrg-AN22-3xGfp pUMa1044 Vector contains the coding sequence for the inducible ipS AmpR CbxR (Baumann et
Pcg promoter which controls the expression of the 22 aa al., 2012)
RNA-binding protein AN (AN*) from the phage A fused to
a triple Gfp. Expression is terminated via Tnos terminator.

Homologous recombination is feasible due to an ipR
gene.

pMF1g pUMa1057 Vector contains the coding sequence for a 2073 bp - AmpR - (Baumann et
Sfil/Sfil geneticin resistance cassette with the constitutive al., 2012)
promoter Poer, the coding gene neo and the terminator
Teyer from S. cerevisiae.

pPoter-cdc12- pUMa1449 Vector contains the coding sequence for a constitutively cdc12 AmpR NatR (Zander et al.,

BoxB'6-3'UTR expressed construct of the cdc12 (UMAG_03599) gene in 2016)
which 16 boxB binding sites for the RNA-binding protein
AN are integrated in the 3’'UTR. Expression is terminated
via T nos.

pkin3A pUMa1231 Vector contains a kin3 gene (UMAG_06251) deletion kin3 AmpR CbxR (Baumann et
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Poter-mCherry?

pMK-scFv-myc

pDestl

pStorl

pStorll

pupp2A

pupp3A

PP crg-MTS-sfGfp

PStorlll

pUMa1353

pUMa1465

pUMa1467

pUMa1545

pUMa1546

pUMa1549

pUMa1556

pUMa1604

pUMa1694

construct which is flanked by a 1 kb upstream and 6 kb
downstream flank for homologous recombination in
U. maydis and the ip® gene for selection.

Vector contains the coding sequence for a constitutively
expressed triple mCherry for cytosolic localization.
Expression is driven with constitutive Poer promoter and
terminated with Tnhos. Vector contains the jpR gene for
homologous recombination in the ipS locus.

Vector contains the coding sequence for a single chain
variable fragment against the myc epitope. It was codon
optimized for dicodon usage in U. maydis and custom
ordered from GeneART.

pUC57 derivative used in Golden Gate cloning as a
destination vector for the final ligation construct. It
contains a multiple cloning site including Bsal restriction
sites.

Vector used in Golden Gate Cloning with Bsal which
contains the Sfil/Sfil geneticin resistance cassette from
pUMa1057.

Vector used in Golden Gate Cloning with Bsal which
contains the Sfil/Sfil hygromycin resistance cassette from
pUMa194.

Vector contains an upp2 gene (UMAG_00064) deletion
construct which is flanked by a 1 kb upstream and 1.7 kb
downstream flank for homologous recombination in
U. maydis.

Vector contains an upp3 gene (UMAG_11908) deletion
construct which is flanked by a 1.4 kb upstream and 1.8
kb downstream flank for homologous recombination in
U. maydis.

Vector contains the coding sequence for a heterologously
expressed fusion of a mitochondrial localization signal
(MTS) to superfolder Gfp (sfGfp). sfGfp was codon
optimized for dicodon usage in U. maydis and custom
ordered from IDT. Expression is under the control of the
inducible Pcg promoter and is terminated with Tros.
Vector contains the ipR? gene for homologous
recombination.

Vector used in Golden Gate Cloning with Bsal which
contains the Sfil/Sfil nourseothricin resistance cassette
from pUMa262.

ipS AmpR

- AmpR

- AmpR

- KanR

- KanR

upp2 AmpR

AmpR

upp3

ipS AmpR

- KanR

al., 2012)

CbxR Carl Haag

- Parveen
Sarkari

- (Terfriichte et
al., 2014)

G418R (Terfriichte et

al., 2014)
HygR (Terfriichte et
al., 2014)
HygR (Sarkari et al.,
2014)

HygR (Sarkari et al.,

2014)

CbxR Thorsten

Langner

NatR Carl Haag
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pPtr-mCherry-
Rab5a

pDestil

pRrm4-mEos2

PStorlV

pcdc10-BoxB'S-
3°'UTR

pcdc11-BoxB*®-
3°UTR

PP oter-mCherry-
cdc3-PBS'2-
3'UTR

ppep4A::P oter-
Gfp-T nos

pvps60A

pUMa1806

pUMa2074

pUMa2086

pUMa2242

pUMa2288

pUMa2292

pUMa2492

pUMa2580

pUMa2692

Vector contains the coding sequence for an ectopic N-
terminal fusion of mCherry to Rab5a (UMAG_10615).
Expression is under control of the constitutive Pier
promoter and is terminated with T nos.

pUC57 derivative used in Golden Gate cloning as a
destination vector for the final ligation construct. It
contains a multiple cloning site including Sapl restriction
sites.

Vector contains the coding sequence for a C-terminal
fusion of the RNA-binding protein Rrm4 (UMAG_10836)
and the photoswitchable protein mEos2. Expression is
under control of the native promoter of rrm4 and is
terminated via Tnos. The cassette is flanked by an 830 bp
UF and a 1.9 kb DF for homologous recombination. The
expression of the construct is driven by the native
promoter of rrm4.

Vector used in Golden Gate Cloning with Sapl which
contains the Sfil/Sfil hygromycin resistance cassette from
pUMa194.

Vector contains a construct of the cdc10 (UMAG_10644)
gene in which 16 boxB binding sites for the RNA-binding
protein AN* are integrated in the 3'UTR. Expression is
driven with native promoter and terminated with T ros.
Vector contains a construct of the cdc17 (UMAG_03449)
gene in which 16 boxB binding sites for the RNA-binding
protein AN* are integrated in the 3’'UTR. Expression is
driven with native promoter and terminated with T nos.
Vector contains a construct in which 12 copies of PP7
binding sites for the PP7 RNA-binding protein from the
phage PP7 were integrated in the 3'UTR of cdc3. In
addition, Cdc3 is N-terminally tagged with mCherry. The
construct is under the control of the constitutive Promoter
Poter. Termination takes place with the Tos terminator.
Vector contains a cassette for the constitutive expression
of eGfp. The expression is driven by the Potr promoter
and terminated by the Tros. The cassette is flanked by an
800 bp UF and 700 bp DF for homologous recombination
at the pep4 locus (UMAG_04926).

Vector contains a vps60 gene (UMAG_05282) deletion
construct which is flanked by a 700 bp UF and 900 bp DF
for homologous recombination in the desired locus.

ipS

rrm4

cdc10

cdc11

cde3

pep4

vps60

AmpR

AmpR

AmpR

KanR

AmpR

AmpR

AmpR

AmpR

AmpR

CbxR

NatR

HygR

NatR

NatR

NatR

NatR

G418R

(Pohlmann et
al., 2015)

(Mintjes,
2013)

Kira Muntjes

(Muntjes,
2013)

(Zander et al.,
2016)

(Zander et al.,
2016)

(Muntjes,
2015)

Kai
Hussnatter

Carl Haag

Materials and Methods
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pPoma'1 OxHis-
UmciA-H7 Nb-
TEV-3xHA-Cts1

PP oter-phox-Gfp

pPab1mCherry

pCdc3mCherry

PHRdASV40-NLS-
dCas9-
24xGCN4_v4-
NLS-P2A-BFP-
dWPRE

pHR-scFv-GCN4-
sfGFP-GB1-NLS-
dWPRE

pP otef-Gfp

pUMa2863

pUMa2931

pUMa2963

pUMa3099

pUMa3162

pUMa3163

pUMa3440

Vector contains the coding sequence for a fusion of a
nanobody against a part of the botulinum toxin, 10 times
His-tag for purification, a TEV protease cleavage site and
the chitinase protein Cts1 fused to three times HA-tag.
The expression of the construct is under the control of the
strong Poma promoter. Terminated is the expression with
help of Thros.

Vector contains the coding sequence for an N-teminal
fusion of Gfp to the phox domain from the endosomal t-
SNARE protein Yup1 (UMAG_05406). Expression is
driven by constitutive Powr promoter and terminated by
Thes. Vector contains jpR gene for homologous
recombination.

Vector contains the coding sequence for a C-terminal
fusion of the Poly(A)-binding protein Pab1
(UMAG_03494) to mCherry. The construct is flanked by 1
kb UF and 900 bp DF for homologous recombination in
desired locus.

Vector contains the coding sequence for an N-terminal
fusion of the septin protein Cdc3 (UMAG_10503) to
mCherry. The expression is driven by the native promoter
of cdc3. The construct is flanked by 1.7 kb UF and 1 kb
DF for homologous recombination in the desired locus.
dCas9 fused to 24 copies of the GCN4 peptide v4, which
is part of the Suntag system.

The plasmid encodes an antibody that binds to the GCN4
peptide from the Suntag system, and is fused to sfGFP
and an NLS for imaging.

Vector contains a constitutively and cytosolically
expressed eGfp. Expression is terminated with Tnos.
Vector contains the ipR gene for homologous
recombination in jp locus.

ipS

ip

pab1

cdc3

AmpR

AmpR

AmpR

AmpR

AmpR

AmpR

AmpR

CbxR

CbxR

NatR

NatR

CbxR

(Terfriichte et
al., 2017)

Thomas
Pohlmann

Silke
Jankowski

Silke
JankowskKi

designed by
Ron Vale
(Addgene
plasmid #
60910)(Tane
nbaum et al.,
2014)
designed by
Ron Vale
(Addgene
plasmid #
60906)(Tane
nbaum et al.,
2014)
Markus
Tulinski

Materials and Methods
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pPotef'FLUCHA

PP crg-Rrm4-Gfp

pUMa3797 Vector contains a constitutively and cytosoliccaly expressed upp3

pUMa3981

firefly luciferase (FLuc) from Photinus pyralis. The firefly
gene was optimized for dicdon usage of U. maydis.
Expression is terminated with Tnos. Vector contains UF and
DF for integration into upp3 locus.

Vector contains a fusion construct of Rrm4 and Gfp for an jpS

expression in the ipS locus. Expression is under the control
of the inducible Py promoter and is terminated with T os.

AmpR

AmpR

NatR

CbxR

Lisa
Hisemann/Ni
cole Heucken

Srimeenakshi
Sankaranaray
anan

Table 4.9: Plasmids generated in this study, AmpR = Ampicillin resistance, KanR = Kanamycin resistance, HygR = Hygromycin resistance, G418R = Geneticin

resistance, NatR = Nourseothricin resistance, CbxR = Carboxin resistance

Name

Construct and cloning description

Locus for
integration
in

U. maydis

Resistance
E. coli

Resistance
U. maydis

Reference

pRrm4-
mOrange2

ppep4A::P oter-
mOrange2

pRrm4-mKate2

ppep4A::P otef-

pUMa2958

pUMa2984

pUMa2985

pUMa2986

Vector for the expression of a C-terminal fusion of Rrm4
(UMAG_10836) to mOrange2. mOrange2 was codon
optimized for dicodon usage in U. maydis and custom
ordered from IDT. mOrange2 was inserted via Sfil and Ascl
into pUMa2086. Expression is driven with the native
promoter of rrm4 and terminated with Tnes. The coding
sequence for the fusion protein is flanked by an 830 bp UF
and a 1.9 kb DF for homologous recombination.

Vector endcodes for a constitutively and cytosolically
expressed mOrange2. mOrange2 was codon optimized for
dicodon usage in U. maydis and custom ordered from IDT.
mOrange?2 was inserted into pUMa2580 via Ascl and Ncol.
The expression is driven by the Poer promoter and
terminated by the Tnos. The cassette is flanked by 800 bp
UF and 700 bp DF for homologous recombination at the
pep4 locus (UMAG_04926).

Vector for the expression of a C-terminal fusion of Rrm4
(UMAG_10836) to mKate2. mKate2 was codon optimized
for dicodon usage in U. maydis and custom ordered from
IDT. mKate2 was inserted via Sfil and Ascl into pUMa2086.
Expression is driven with the native promoter of rrm4 and
terminated with Tnos. The coding sequence for the fusion
protein is flanked by an 830 bp UF and a 1.9 kb DF for
homologous recombination.

Vector contains a constitutively and cytosolically expressed

rrm4

pep4

rrm4

pep4

AmpR

AmpR

AmpR

AmpR

NatR

NatR

NatR

NatR

This study

This study

This study

This study
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mKate2

pupp2A::P ote-Gfp

pupp3A::Poter-Gfp

P P crg=A N*-
mKate2?

pPoter-mKate2-
HA-PEST-F2A

pUMa3131

pUMa3132

pUMa3137

pUMa3169

mKate2. mKate2 was codon optimized for dicodon usage in
U. maydis and custom ordered from IDT. mKate2 was
inserted into pUMa2580 via Ascl and Ncol. The expression
is driven by the Poter promoter and terminated by the Tros.
The cassette is flanked by 800 bp UF and 700 bp DF for
homologous  recombination at the pep4 locus
(UMAG_04926)

Vector for targeted ectopic expression of Gfp in the upp3
locus (UMAG_11908). For pUMa3131, a 3370 bp fragment
containing the constitutive Poter promoter, the eGfp coding
sequence and the Tnos terminator from pUMa2580 were
cloned into pUMa1549, using the restriction endonuclease
Sfil. Thereby, the expression cassette was inserted in
between flanking regions of 800 bp for homologous
recombination

Vector for targeted ectopic expression of Gfp in the upp3
locus (UMAG_11908). For pUMa3132, a 3370 bp fragment
containing the constitutive Poer promoter, the eGfp coding
sequence and the Tnes terminator from pUMa2580 were
cloned into pUMa1556, using the restriction endonuclease
Sfil. Thereby, the expression cassette was inserted in
between flanking regions of 800 bp for homologous
recombination

Vector for targeted ectopic expression of the modified AN*
RNA-binding protein C-terminally fused to double mKate2
in the ip° locus. For pUMa3137, a 1413 bp fragment
containing two times mKate2 from pUMa3181 was cloned
into pUMa1044, using the restriction endonuclease Ascl
and Notl. Thereby AN* was fused to mKate2>.

Intermediate vector for cloning of pUMa3170. The coding
region of mKate2 is fused to an HA-tag, a PEST sequence
and the F2A peptide. The PEST sequence is a degron
sequence from the ornithine decarboxylase from mouse
which is also recognized in U. maydis (Brachmann, 2001).
The F2A peptide derives from the foot-and-mouth disease
virus 18 (Liu et al., 2017). The fusion of PEST sequence
and F2A was custom ordered from IDT. mKate2-HA was
PCR amplified from pUMa2986 with oligonucleotides
MB670/MB671. The PCR product was cloned into
pUMa1353 with the restriction endonucleases Ascl and
Ncol in combination with the PEST-F2A construct which

upp2

upp3

ipS

ipS

AmpR

AmpR

AmpR

AmpR

NatR

NatR

CbxR

CbxR

This study

This study

This study

This study
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PP oter-m Kate2-
HA-PEST-F2A-
GprLs

pupp3A::P - Gfp

pupp3A::P - Gfp

pupp3A::P tef-
GCN4-scFv-Gfp

pupp3A::P tef-
GCN4-scFV-
sfGfp

PP crg-AN*-2xGfp

pUMa3170

pUMa3212

pUMa3213

pUMa3214

pUMa3215

pUMa3232

was cloned with the restriction endonucleases Ascl and
BsrGl.

Vector contains the final construct of a fusion of mKate2-
HA, PEST-F2A, eGfp and an NLS. The nuclear localization
sequence (NLS) (Pohimann et al., 2015) and the Gfp were
PCR amplified with oligonucleotides MB988/MB989 from
pUMa496 and cloned into pUMa3169 via BsrGl and Sfil.
Vector contains a heterologously expressed Gfp under the
control of the P promoter in the upp3 locus. Expression is
terminated via Tnos. To generate pUMa3212 Pir was
amplified via PCR with oligonucleotides MB660/MB661
from pUMa1806 and stored in pCR®II-Topo. It was cloned
with the restriction endonucleases Ncol and Sbfl into
pUMa3132. Thereby the expression cassette was inserted
in between flanking regions of 800 bp for homologous
recombination.

Same as pUMa3212 but the resistance cassette was
exchanged for hygromycin. For this, the resistance cassette
from pUMa194 was cloned into pUMa3212 using the
restriction endonuclease Notl. For cloning, the backbone of
pUMa3212 was dephosphorylated with  Antarctic
phosphatase.

Vector contains a fusion of the single chain variable
fragment (scFv) of the GCN4 transcription factor of
S. cerevisiae, which is used in the Suntag method
(Tanenbaum et al., 2014), to Gfp. ScFv-GCN4 was codon
optimized for dicodon usage in U. maydis and custom
ordered from IDT. It was cloned into pUMa3213 with the
restriction endonucleases Ascl and Ncol.

Same as pUMa3214, but Gfp was exchanged for
superfolder Gfp (sfGfp). To generate pUMa3215, sfGfp was
amplified via PCR with oligonucleotides MB656/MB657
using pUMa1604 as template and stored in pCR®II-Topo. It
was cloned with the restriction endonucleases Ascl and
EcoRl into pUMa3134.

Vector contains the inducible Pcy promoter which controls
the expression of an improved version of the RNA-binding
protein AN (AN*) from the phage A fused to a double Gfp.
The expression is terminated by Tres. The vector contains
the ip® gene for integration into the ipS locus via
homologous recombination.

upp3

upp3

upp3

upp3

ipS

AmpR

AmpR

AmpR

AmpR

AmpR

AmpR

CbxR

NatR

HygR

HygR

HygR

CbxR

This study

This study

This study

This study

This study

This study
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pTea1-Gfp

pStorV

pupp3A::P tef-
myc-scFv-sfGfp

pkin7aA

pupp3A::P ter-
GCN4-scFV-
sfGfp

PP oter-cdc 3-
PBS'2-3'UTR

pupp3A::Poter-
mKate2HA-F2A-
GprLS

pUMa3299

pUMa3300

pUMa3302

pUMa3304

pUMa3310

pUMa3359

pUMa3407

Vector contains a C-terminal fusion of Gfp to the protein
Teal (UMAG_15019). Cloned via Bsal Golden Gate
Cloning into pUMa1467 and pUMa1546. The resistance
cassette and the Gfp are flanked by regions 1 kb upstream
and downstream of tea7. The regions were amplified by
PCR with oligonucleotides UP75/UP76 and UP77/UP78
using genomic DNA from the U. maydis wild type strain
UM521 as template.

Vector used in Golden Gate Cloning with Bsal which
contains a cassette expressing recyclable hygromycin
resistance. The recycling hygromycin cassette is based
upon the FIp/FRT system (Park et al., 2011)

Same as pUMa3215, but the scFv-GCN4 was exchanged
with scFv against the myc epitope. For this, the ScFv was
amplified via PCR with the oligonucleotides UP79/UP80
from pUMa1465 and stored in pCR®II-Topo. It was cloned
into pUMa3215 via EcoRI/Ncol.

Vector contains a construct for the deletion of kin7a
(UMAG_00896). Cloned via Bsal Golden Gate Cloning into
pUMa1467 and pUMa3300. The resistance cassette is
flanked by regions 1 kb upstream and 500 bp downstream
of kin7a. The regions were amplified by PCR with
oligonucleotides UP85/UP86 and UP83/UP84 using
genomic DNA from wild type strain UM521 as template.
Same as pUMa3215. Exchange of resistance cassette for
better strain design. pUMa2692 was cut with Notl to get the
geneticin resistance gene. This was inserted into
pUMa3215.

Same as pUMa3736. Resistance cassette was exchanged
for recyclable hygromycin. For this the Gibson assembly
was used. The resistance cassette (2883 bp) was amplified
via PCR from pUMa3300 with oligonucleotides
UM404/UM405. The backbone from pUMa3736 (9919 bp)
was amplified via PCR with oligonucleotides
UM406/UM407. In the Gibson mix both fragments were
ligated to generate pUMa3359.

Vector contains a fusion of mKate2"” and GfpMS. In
between an F2A peptide ensures expression of two
proteins from one open reading frame (F2A originally from
the foot-and-mouth disease virus 18). Expression is driven
by the constitutive Powr and terminated by Trnos. Flanking

teat

upp3

kin7a

upp3

cdc3

upp3

AmpR

KanR

AmpR

AmpR

AmpR

AmpR

AmpR

HygR

HygR

HygR

G418R

HygR

NatR
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This study

This study

This study
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pupp3A::P oter-
mKate2HA-Eo02A-
GfpNts

pupp3A::Poter-
mKate2"A-Po2A-
GprLs

pupp3A::P otes-
mKate2"A-P2A-
GprLS

pupp3A::P oter-
mKate2"A-E2A-
GprLS

pupp3A::Poter-
mKate2"A-T2A-
GprLs

pUMa3408

pUMa3409

pUMa3410

pUMa3411

pUMa3415

regions of 800 bp ensure homologous recombination at
upp3 locus.

Vector contains a fusion of mKate2"” and GfpMS. In
between an Eo02A peptide ensures expression of two
proteins from one open reading frame (Eo2A originally from
inflavirus (Luke et al., 2008). Expression is driven by the
constitutive Poter and terminated by Tros. Flanking regions of
800 bp ensure homologous recombination at upp3 locus.

Vector contains the coding sequence for a fusion of
mKate2™ and GfpM'S. In between a Po2A peptide ensures
expression of two proteins from one open reading frame
(Po2A originally from rotavirus). Expression is driven by the
constitutive Poter and terminated by Tnos. Flanking regions of
800 bp ensure homologous recombination at upp3 locus.

Vector contains the coding sequence for a fusion of
mKate2" and GfpN-S. In between a P2A peptide ensures
expression of two proteins from one open reading frame
(P2A originally from porcine teschovirus-1 2A). Expression
is driven by the constitutive Poter and terminated by Tros.
Flanking regions of 800 bp ensure homologous
recombination at upp3 locus.

Vector contains the coding sequence for a fusion of
mKate2™ and GfpM-S. In between an E2A peptide ensures
expression of two proteins from one open reading frame
(E2A originally from ERAV virus; (Kim et al., 2011)).
Expression is driven by the constitutive Poter and terminated
by Tros. Flanking regions of 800 bp ensure homologous
recombination at upp3 locus.

Vector contains the coding sequence for a fusion of
mKate2"* and GfpN-S. In between a T2A peptide ensures
expression of two proteins from one open reading frame
(T2A originally from Tetraviridae; (Geier et al., 2015)).
Expression is driven by the constitutive Poer and terminated

upp3

upp3

upp3

upp3

upp3

AmpR

AmpR

AmpR
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AmpR
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by Tnes. Flanking regions of 800 bp ensure homologous Hiseman
recombination at upp3 locus. n/
Nicole
Heucken)
pupp3A::P oter- pUMa3435 Same as pUMa3407. Here, the last proline within the F2A  upp3 AmpR NatR This study
mKate2"A-F2AAP- is deleted to prevent cleavage within the peptide. (in
Gfp"Ls cooperatio
n with Lisa
Hiseman
n/
Nicole
Heucken)
PUpp3A::Poter- pUMa3441 Vector for targeted ectopic expression of Gfp in fusion with upp3 AmpR NatR This study
Gfp-G1-PEST a degron sequence (PEST) deriving from the G1 cyclin
(UMAG_04791) of U. maydis in the upp3 locus. For
pUMa3441, a 259 bp fragment was amplified with
oligonucleotides UP375/UP376 using genomic DNA from
wild type strain UM521 as template. The PCR fragment
was cloned into pUMa3132 with the restriction
endocucleases BsrGl and Ascl.
pupp3A::P oter- pUMa3442 Same as pUMa3441. Here, the PEST sequence from upp3 AmpR NatR This study
Gfp-d1-PEST ornithine decarboxylase from mouse with a half-life of one
hour was integrated. PCR was done with oligonucleotides
UP377/UP378
pupp3A::P oter- pUMa3443 Same as pUMa3441. Here, the PEST sequence from upp3 AmpR NatR This study
Gfp-d2-PEST ornithine decarboxylase from mouse with a half-life of two
hours was integrated. PCR was done with oligonucleotides
UP379/UP380.
pupp3A::P oter- pUMa3444  Same as pUMa3441. Here, an 8 aa linker (EVEQLFHG) upp3 AmpR NatR This study
Gfp-G1-PEST- was integrated downstream of the PEST sequence. The
Linker linker sequence was integrated into oligonucleotide UP381
which was used instead of UP376 for PCR amplification
pupp3A::Poter- pUMa3445  Same as pUMa3442. Here, an 8 aa linker (EVEQLFHG) upp3 AmpR NatR This study
Gfp-d1-PEST- was integrated downstream of the PEST sequence. The
Linker linker sequence was integrated into oligonucleotide UP382
which was used instead of UP377 for PCR amplification.
pupp3A::P oter- pUMa3446  Same as pUMa3443. Here, an 8 aa linker (EVEQLFHG) upp3 AmpR NatR This study
Gfp-d2-PEST- was integrated downstream of the PEST sequence. The
Linker linker sequence was integrated into oligonucleotide UP383
which was used instead of UP380 for PCR amplification.
PP oter-phox- pUMa3726 Vector contains the coding sequence for a heterologous ipS AmpR CbxR This study
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mKate2-BC2'? fusion of the phox domain from Yup1, mKate2 and 12
copies of the BC2 epitope which is recognized by the BC2
nanobody (Nb) (Virant et al., 2018). A construct containing
12 copies of the BC2 epitope was codon optimized for
dicodon usage in U. maydis and custom ordered from IDT.
It was cut with Ndel and Notl for cloning. The phox domain
was amplified via PCR with oligonucleotides UM31/UM32
from pUMa2931. Together with the mKate2 which was cut
from the IDT vector with Ndel and Sfil it was inserted in

pUMa2931.
PP oter-phox- pUMa3727 Same as pUMa3726. 24 copies of the BC2 epitope were ip° AmpR CbxR This study
mKate2-BC2%* cloned with Ndel and Notl into pUMa3726.
pPupp3A::P e pUMa3728  Same as pUMa3310. The GCN4-ScFv was exchanged to upp3 AmpR G418R This study
BC2-Nb-sfGfp the BC2-Nb which is usually used for dSSTORM microscopy

(Virant et al., 2018). For this the BC2-Nb was codon
optimized for dicodon usage in U. maydis and custom
ordered from IDT. It was cut with EcoRIl and Sbhfl and the
fragment was inserted in pUMa3310.
pUF+DF pUMa3732 This vector is the first one for the generation of a cassette cdc3 AmpR - This study
system for RNA live imaging and visualization of local
translation. Here, the UF and DF of the cdc3 gene where
inserted in pUMa1467 via Bsal Golden Gate cloning. For
this, 1.6 kb UF and 1.2 kb DF were amplified via PCR with
oligonucleotides UM16/UM17 and UM18/UM19. The UF
and DF can be used for homologous recombination at the
desired locus.
PUF-P oter-DF pUMa3733 In this vector, the constitutive promoter Poer was inserted cdc3 AmpR - This study
into pUMa3732. For this, the Poter was amplified via PCR
with oligonucleotides UM20/UM21 from pUMa2580 and
was stored in pCR®II-Topo. It was cloned with AsiSI/Sbfl
into pUMa3732.
PUF-Poter-cdc3- pUMa3734 In this vector the cdc3 gene was inserted into pUMa3733. cdc3 AmpR - This study
DF For this cdc3 was amplified via PCR with oligonucleotides
UM22/UM23 from pUMa3285 and was stored in pCR®II-
Topo. It was cloned with Avrll/Mfel into pUMa3733.
PUF-Potef-cdc3- pUMa3735 In this vector, the 3’'UTR of cdc3 including 12 copies of cdc3 AmpR - This study
PBS'2-3'UTR-DF PBS was inserted into pUMa3734. For this the 3’'UTR and
PBS'? was amplified via PCR with oligonucleotides
UM24/UM25 from pUMa2492 and was stored in pCR®II-
Topo. It was cloned with Aflll/Nhel into pUMa3734.
pPoter-cdc3-PBS'?  pUMa3736 Final vector of the cassette system for RNA live imaging cdc3 AmpR NatR This study
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pupp3A::P tef-
sfGfp

pupp3A::P r-Bot-
Nb-sfGfp

pPupp3A::P ter-
Moontag-Nb-
sfGfp

pUMAG_00933A

pUMAG_00933-
Gfp

pupp3A::P oter-

pUMa3872

pUMa3873

pUMa4042

pUMa4173

pUMa4174

pUMa4197

and visualization of local translation. Here the
nourseothricin resistance cassette with the gap7 promoter,
the coding gene nat and the terminator T¢ecs was cloned
into pUMa3735. For this, pUMa2580 was digested with
Ascl and Sfil and the 1713 bp fragment was inserted into
pUMa3735 upstream of the DF.

Same as pUMa3728. For pUMa3872 the antibody was
removed to get an expression of sfGfp in the upp3 locus
under the control of the constitutive Ptr. For this pUMa3728
was cut twice: Firstly with AlwNI and Mfel to generate a
3652 bp fragment, secondly with AlwNI and EcoRIl to
generate a 5771 bp fragment. Both fragments were ligated
to get the final plasmid.

Same as pUMa3728. The antibody was exchanged to a
nanobody against a part of the botulinum toxin (Bot-Nb).For
this Gibson cloning was used. pUMa3728 was cut with the
restriction endonucleases BstEll and Mfel. The coding
sequence for the Bot-Nb was amplified via PCR with
oligonucleotides UM206/UM207 from pUMa2863.

Same as pUMa3728. Antibody was exchanged to the
Moontag-Nb (Boersma et al., 2019). The coding sequence
for the Moontag-Nb was codon optimized for dicodon usage
in U. maydis and custom ordered from IDT. The 399 bp Nb
sequence was cloned into pUMa3728 using the restriction
endonucleases Agel and Mfel.

Vector contains a deletion construct for UMAG_00933.
Cloned via Sapll Golden Gate Cloning into pUMa2242 and
pUMa2074. The resistance cassette is flanked by regions 1
kb upstream and 1.1 kb downstream of UMAG_00933. The
regions were amplified by PCR with oligonucleotides
UM848/UM849 and UMB850/UM851 using genomic DNA
from wild type strain UM521 as template.

Vector contains the coding sequence for a C-terminal
fusion of Gfp to the protein UMAG_00933. Cloned via Bsal
Golden Gate Cloning into pUMa1467 and pUMa1694. The
resistance cassette and the Gfp coding sequence are
flanked by regions 1 kb upstream and downstream of
UMAG _00933. The regions were amplified by PCR with
oligonucleotides UM8525/UM853 and UM854/UM855 using
genomic DNA from wild type strain UM521 as template.
Same as pUMa4260. In addition a linker sequence

upp3
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upp3

UMAG_009
33
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upp3

AmpR

AmpR

AmpR

AmpR
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G418R
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mKate2HA-L 2-
F2AAP-GfpNtS

pupp3A::Poter-
mKate2HA-L2-
F2A-GfpNS
pupp3A::P oter-
mKate2HA-L 2-
P2A-GfpN-®
pupp3A::P oter-
mKate2HA-L2-
E2A-GfpNtS
pupp3A::P oter-
mKate2HA-L 2-
T2A-GfpN-S
pupp3A::P oter-
mKate2HA-L2-
Eo2A-GfpNtS
pupp3A::P oter-
mKate2HA-L 2-
Po2A-GfpN-®

p Poter-m Kate2HA-
GprLS

pupp3A::Poter-

mKate2HA-GfpNLS

pupp3A::Poter-
mKate2"'A-GSG-

pUMa4198

pUMa4199

pUMa4200

pUMa4202

pUMa4203

pUMa4204

pUMa4259

pUMa4260

pUMa4261

(KLSHGFPPAVAAQDDGTLV) and the F2A peptide in
which the last proline is deleted were integrated in between
the mKate2"* and the Gfp. For this, F2AAP was amplified
via PCR with oligonucleotides UM984/UM983 from
pUMa3435 and stored in pCR®Il-Topo. The linker
sequence was integrated in one oligonucleotide. The
fragment was cloned into pUMa4260 with the restriction
endonucleases Bipl and Fsel

Same cloning strategy as pUMa4197. Here, F2A was
integrated. The linker-F2A was codon optimized for dicodon
usage in U. maydis and custom ordered from IDT.

Same cloning strategy as pUMa4197. Here, P2A was
integrated. Used oligonucleotides:  UM965/UM964.
Template: pUMa3410.

Same cloning strategy as pUMa4197. Here, E2A was
integrated. Used  oligonucleotides:  UM970/UM971.
Template: pUMa3411

Same cloning strategy as pUMa4197. Here, T2A was
integrated. Used  oligonucleotides:  UM974/UM975.
Template: pUMa3415.

Same cloning strategy as pUMa4197. Here, Eo2A was
integrated. The linker-Eo2A was codon optimized for
dicodon usage in U. maydis and custom ordered from IDT.

Same cloning strategy as pUMa4197. Here Po2A was
integrated. The linker-Po2A was codon optimized for
dicodon usage in U. maydis and custom ordered from IDT.

Intermediate vector to analyze 2A peptides. Vector contains
the coding sequence for a fusion of mKate2, an HA-tag and
Gfp fused to a nuclear localization sequence (NLS). Cloned
via Bsal Golden Gate cloning into pUMa1467. The
fragment Poer-mKate2 was amplified via PCR  with
oligonucleotides UM959/UM960. The fragment containing
Gfp-NLS was amplified with UM961/UM962. In both cases
pUMa3410 serves as template.

Vector contains the same construct which was built in
pUMa4259. This construct was inserted into pUMa4259 for
expression in the upp3 locus. For this, pUMa4259 was cut
with Ascl and Sbfl and the 2495 bp fragment was cloned
into pUMa3410.

Same cloning strategy as pUMa4197. Here, F2A was
integrated. Instead of inserting a longer linker, the short
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F2A-Gfp"S

pupp3A::Poter-
mKate2"A-L1-
P2A-GfpN-S

pupp3A::Poter-
mKate2"A-L1-
F2AAP-GfpN-S

pPotef-PhOX-
mKate2-GCN4-
epitop?

PP crg-Rrm4-Gfp-
L2-P2A-FLuc"”

pUMa4263

pUMa4273

pUMa4438

pUMa4565

linker GSG was integrated upstream of F2A. Used
oligonucleotides: UM963/UM964. Template: pUMa3407.
Same cloning strategy as pUMa4197. Here, P2A was
integrated. Instead of inserting a longer linker the short
linker GSG was integrated upstream of P2A. Used
oligonucleotides: UM967/UM968. Template: pUMa3410.
Same cloning strategy as pUMa4197. Here, F2A with a
deletion of the last proline was integrated. Instead of
inserting a longer linker the short linker GSG was integrated
upstream of F2AAP. Used oligonucleotides:
UM969/UM970. Template: pUMa3411.

Same as pUMa3726. The binding sites from the BC2-Nb
were exchanged with 12 copies of binding sites for the
GCN4-Nb. For this, the binding sites were amplified via
PCR with oligonucleotides AB325/AB326 from pUMa3162
and stored in pCR®II-Topo. The 1748 bp fragment was
cloned into pUMa3726 via Agel and Nofl.

The vector contains the coding sequence for a fusion of
Rrm4-Gfp and FLuc"” separated by L2-P2A. The L2-P2A
was amplified with AB603/AB604 from pUMa4276 and
stored in pCR®II-Topo. The 161 bp fragment was cloned
into pUMa3981 with BsrGl and Mfel. The FLuc™ was
cloned into pUMa3987 via Ascl and Mfel. The vector
contains the jp® gene for homologous recombination.

upp3

upp3

ipS

AmpR

AmpR

AmpR

AmpR

NatR

NatR
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4.1.4.3 E. coli strains

The Top10 E. coli strain (Grant et al., 1990), Invitrogen) was used for all cloning steps
in this study. The strain has the following genotype: F-mcrA A(mrr-hsdRMS-
mcrBC)p80lacZAM15 AlacX74 recA1 araD139 A(araleu)7697 galU galK rpsL endA1
nupG.

4.1.4.4 U. maydis strains

Table 4.10 shows the U. maydis strains which were used in this study. They were used
as progenitor and control strains, respectively. Table 4.11 shows the U. maydis strains

generated in this study.

Table 4.10: U. maydis strains used in this study, all strains are derivatives of AB33 and have the

additional genotype a2 P nar:bW2bW1.

Strain Relevant UMa Reference

genotype
AB33 a2 Pnar:bWebE1 133 (Brachmann, 2001)
AB33rrm4A rrm4A 273 (Becht et al., 2006)
AB33Rrm4-Gfp rrm4-Gfp 274 (Becht et al., 2006)
AB33grp1A grpi1A 380 (Olgeiser et al., 2019)
AB33Pab1-Gfp pab1-Gfp 389 (Konig et al., 2009)
AB33Gfp-Cdc3 gfp-cdc3 421 (Baumann et al., 2014)
AB33P oterGfp gfp 486 (Baumann et al., 2014)
AB33Pab1-mCherry-3xMyc gab1-mCherry-3xmyc 578 Thomas Pohlmann
AB33kin3A kin3A 662 Thomas Pohimann
AB33Porer-cdc3-boxB'8-3'UTR  cdc3B6 773 Sebastian Baumann
AB33P crgAN*Gfp3/ AN*Gfp3cdc3B'° 779 Sebastian Baumann
Potercdc3-boxB'6-3'UTR
AB33Rrm4-mCherry rrm4-mCherry 830 (Baumann et al., 2014)
AB33upaiA upailAa 859 (Pohlmann et al., 2015)
AB33PcgAN*G% AN*G3cdc3CnB'® 1002 (Baumann et al., 2014)
Potercdc3CnB1®
AB33PgmCherry mCherry 1203 Thorsten Langner
AB33upa2A upa2A 1505 (Jankowski et al., 2019)
AB33pep4A::P oterGfp pep4APorGip 1569 Julius Wierichs
AB33Rrm4-TagRfp rrm4-TagRfp 1317 (Mintjes, 2015)
AB33PoterPCP-GfpG2NLS/ PCP*G?NLScdc3PBS" 1735 (Mintjes, 2015)
Powrcdc3-mCherry-PBS'2-
3'UTR
AB33pep4A:PoiProtA-TagRfp  pep4AprotA-TagRfp 1747 (Mintjes, 2015)

Table 4.11: Description of U. maydis strains generated in this study, all strains are derivatives of
AB33 and have the additional genotype a2 P nar:bW2bW1.

Strain relevant genotype UMa integrated Locus Progenitor Refer-
plasmid ence

(pUMa)
AB33Rrm4-mOrange2 rrm4-mQOrange2 1984 2958 rrm4 UMa273 This
study
AB33Rrm4-mKate2 rrm4-mKate2 1985 2985 rrm4 UMa273 This
study
AB33pep4A::P oter- mOrange 1986 2984 pep4 UMa1569 This

115



Materials and Methods

mOrange2
AB33pep4A::Poter-
mKate2
AB33upp2A

AB33upp3A
AB33upp2A:P ower-Gfp
AB33upp3A:P oter-Gfp

AB33P otef'cdc3'
boxB'¢-3'UTR/P crg')\.N*-
mKate22
AB33Tea1-Gfp

AB33P oter-mKate2-d1-
F2A-Gfp

AB33upp3A::P tef-
GCN4-scFv-sfGfp
AB33upp3A::P ter-
GNC4-scFv-
sfGfp/kin7aA
AB33P¢-AN*-mKate2?

AB33upp3A::Pter-Myc-
scFv-sfGfp
AB33upp3A:P ower-Gfp-
G1-PEST
AB33upp3A::P oter-Gfp-
G1-PEST-linker
AB33upp3A::Potr-Gfp-
d1

AB33_upp3A::P oter-
Gfp-d2

AB33_upp3A::P oter-
Gfp-d1-linker
AB33_upp3A::P oter-
Gfp-d2-linker
AB33_upp3A::P tef-
BC2-Nb-sfGFP
AB33upp3A::P ter-
GCN4-scFc-sfGFP-
upalA

AB33upp3A::P tef-
GCN4-scFv-sfGFP-
upaz2A

AB33upp3A::P ter-
GCN4-ScFv-sfGFP-
rrm4A

AB33upp3A::P tef-
sfGFP
AB33upp3A::P«r-Bot-
Nb-sfGFP
AB33upp3A::P tef-
Moontag-Nb-sfGFP
AB33upp3A:P tef-
GCN4-scFv-
sfGfp/UMAG_00933A
AB33UMAG_00933-
Gfp

AB33upp3A::P oter-

mKate2
upp2A
upp3A
gfp

gfp

AN*mKate22/
cdc3B°

tea1-gfp
mKate2-d1-F2A-
gfp
GCN4-scFv-sfgfp

GCN4-scFv-
sfGfp/kin7aA

AN*mKate2?
Myc-scFv-sfgip
gfp-G1-PEST
gfp-G1-PEST-
Linker
gfp-d1-PEST
gfp-d2-PEST
gfp-d1-PEST-
Linker
gfp-d2-PEST-
Linker

BC2-Nb-sfgfp

GCN4-scFv-
sfgfp/upa1A

GCN4-scFv-
sfGfp/upa2A

GCN4-scFv-
sfgfp/rrm4A

sfgfp

BC2-Nb-sfgfp
Moontag-Nb-sfgfp
GCN4-scFv-
sfGfp/UMAG_0093

34
UMAG_00933-gfp

mKate2-GSG-F2A-

1987

2147

2148
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2179

2218

2268

2277

2278

2279

2345

2395

2421
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2423

2425
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2634

2679

2680
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2683

2684

2799

3029

3030

3116

2986

1549

1556
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3132

3137

3299

3283

3310
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3137
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3441

3444
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3728

3728

3728
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3872

3873

4042
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4174

4261

pep4
upp2
upp3
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upp3
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upp3

UMAG
0093
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upp3

UMa1569

UMa133

UMa133

UMa2147

UMa2148

UMa773
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UMa2179

UMa2148

UMa2148

UMa2148
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UMa2148

UMa2148
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UMa859

UMa273

UMa2148

UMa2148

Uma2148
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UMa2148
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4.2 Microbiological methods

421 E. coli

4.2.1.1 Cultivation of E. coli cells

E. coli cells were mostly grown on solid or liquid dYT medium, supplemented with
antibiotics in concentrations shown in Table 4.5. Cultivation was performed overnight in

glass tubes on a rotary wheel at 37 °C and 200 rpm.

4.2.1.2 Preparation of chemically competent E. coli cells

Chemically competent E. coli cells were prepared with help of a modified protocol of

(Cohen et al., 1972). They are stored at -80 °C and free for usage.

4.2.1.3 E. coli transformation

To introduce foreign DNA into E. coli cells, plasmid DNA was transformed into
competent cells using a heat shock method. For this, 2-20 ul of each construct were
added to 50 ul of competent cells. This mixture was incubated on ice for 30 min and a
heat shock (42 °C for 45 s) step was performed afterwards. Following an additional
incubation for approximately 2 min on ice, 150 pl sterile dYT medium without antibiotics
were added to the cell suspension and the cells were incubated for 30 min at 37 °C and
200 rpm. After incubation, the cell suspension was streaked onto YT agar plates

containing ampicillin. The plates were incubated overnight at 37 °C.

4.2.2 U. maydis

4.2.2.1 Cultivation of U. maydis cells

U. maydis cells were mostly grown on solid or liquid CM medium, supplemented with
carbon source. Cultivation was performed in glass tubes on a rotary wheel or in baffled
shaking flasks. Cultivation of the cells was always performed at 28 °C and 200 rpm. For
induction of filamentous growth (section 4.2.2.3), the cells were shifted to liquid or solid
NM medium. If necessary, solid CM-medium was supplemented with antibiotics in
concentrations listed in Table 4.6. For long term storage, U. maydis cells were mixed
with NSY-glycerin and stored at -80 °C.

4.2.2.2 Preparation of chemically competent U. maydis cells (protoplasts)

To prepare chemically competent U. maydis cells, a modified version of the protocols
of (Gillissen et al., 1992) and (Schulz et al., 1990) was used. The desired strains for
competent U. maydis cells were streaked out onto CM plates and incubated for at least

2 days at 28 °C. The cells were inoculated in CM liquid medium at 28 °C and 200 rpm,
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afterwards. The pre-cultures were then diluted (1:100) in 50 ml fresh CM and incubated
at 28 °C and 200 rpm until an ODggo of 0.6-1 was reached. Subsequently the cultures
were centrifuged for 5 min at 3.000 rpm. The cell pellets were resuspended in 20 mi
SCS buffer and centrifuged again for 5 min at 3.000 rpm. The cell pellets were
resuspended in a novozyme containing solution (7 mg/2 ml SCS; sterile filtered) or a
glucanex solution (12.5 mg/ml SCS; sterile filtered) and incubated for 5-15 min at RT.
The cells were checked under a light microscope every 5 min to control the cells (30-
40% should be round or pinhead-like). The following steps were all performed on ice.
By adding 10 ml of cold (4 °C) SCS buffer to the novozyme or glucanex suspension
and performing a centrifugation step for 5 min at 2,400 rpm the reaction was stopped.
To wash the cell pellet, this step was repeated twice. Subsequently, the pellets were
resuspended in 10 ml of cold STC buffer and centrifuged again for 5 min at 2,400 rpm.
Finally the cell pellets were resuspended in 1 ml of cold STC buffer and 100 pl aliquots

were made. The aliquots were kept frozen at -80 °C.

SCS buffer: 1st Solution:
20 mM tri-Na-Citrate*2H,0
1 M Sorbitol
2" Solution:
20 mM Citric acid*H20
1 M Sorbitol
Fill with ddH20. Adjust the pH of the first
solution to 5.8 with help of the second

solution and autoclave.

STC buffer: 50% (v/v) 2 M Sorbitol
1% (v/v) 1 M Tris-HCI pH 7.5
10% (v/v) 1 M CaCl,
Fill with ddH>O and sterile filter

4.2.2.3 U. maydis transformation

The chemically competent U. maydis cells were thawed on ice for 10 minutes. 1 pl
heparin (15 mg/ml) and previously linearized plasmid-DNA (3-4 ug) were added and
the cells were incubated on ice for 15 minutes. Subsequently, 500 pyl STC/PEG were
added and mixed with the cells. The suspension was incubated on ice for 15 min. The
suspension was streaked out onto two plates and incubated for 7-14 days at 28 °C or

RT. The plates used for the transformation consisted of two layers of agar: The top
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layer contained only Reg-light medium contrary to the bottom layer which also

contained antibiotics.

STC/PEG: 60% (v/v) STC buffer
40% (vIv) PEG

Sterile filtration

4.2.2.4 Shifting of U. maydis cultures in NM for induction of hyphal growth

To analyze hyphae of U. maydis, a lab strain (AB33, a2 Pna:bW2,bE1;(Brachmann,
2001)) was used. This strain contains the nar1 promoter upstream of a synthetic b
fusion coding sequence (Banks et al., 1993). This promoter drives the expression of
the bW/bE heterodimer and allows an induction of hyphal growth by switching the
nitrogen source. To shift the cells to a nitrate minimal medium (NM), a pre-culture of
3 ml CM medium was inoculated overnight at 28 °C and 200 rpm. On the next day, a
main culture of 30 ml CM and approximately 20-30 ul of pre-culture was inoculated for
an additional night at 28 °C and 200 rpm. In the next morning, the ODego of the cultures
was measured and the corresponding volume for an ODggp of 0.5 in 20 ml was
centrifuged for 3 min at 5000 rpm. The supernatant was removed completely and the
cell pellet was resuspended in 20 ml of NM to wash the cells. Another centrifugation
step of 3 min and 5000 rpm was performed. The supernatant was discarded and the
cells were resuspended again in 20 ml NM containing carbon source. The culture was
then agitated at 28 “C and 200 rpm for typically 6-8 h.

4.2.2.5 Determination of density of bacterial and fungal cell cultures

To determine the density of cell cultures, photometric measurements with a Novaspec
Il photometer (Pharmacia Biotech) at a wavelength of 600 nm were performed. For
measurements, cultures were diluted to a maximum ODsgge of 0.8 to ensure the linear
dependency of the measurement. An ODggo of 1 of an U. maydis culture corresponds

to 1-5 x 107 and of E. coli to 10° cells, respectively.

4.2.2.6 Analysis of growth NM plates containing charcoal

For the analysis of the hyphal growth, 2 pl of sporidial cells were dropped on NM plates
containing charcoal. The plates were incubated for 2 days at 28 °C. The colony
morphology was analyzed with the stereomicroscope Zeiss Stemi 2000C equipted with
the light source Zeiss KL1500 LCD (Zeiss). The morphology was documanted using a
Canan PowerShot A650 |IS-camera (Canon GmbH, Krefeld, Germany).
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4.2.2.7 Monitor the cell density of sporidial cells with Biolector | system

To monitor the cell density over time, the Biolector | system (m2lab GmbH; Baesweiler,
Germany) was used. For this, the desired strains were streaked out onto CM plates
and incubated for at least 2 days at 28 °C. The cells were inoculated in CM liquid
medium at 28 °C and 200 rpm, afterwards. The pre-cultures were then diluted (1:100)
in 20 ml fresh CM and incubated at 28 °C and 200 rpm until an ODego of 0.5 was
reached. The cells were diluted to an ODego of 0.1 and 1,500 pl of this dilution were
transferred to a 48 well plate. For the measurement three biological as well as three
technical replicates were included. Within the Biolector I, the cell density was measured
every 30 min for 24 h. The data analysis was conducted with the provided software
BioLection 2.4.5. The biomass was measured with excitation and emission of 620 nm
and a gain of 30. Here, the scattered light is measured in contrast to the transmitted

light which is measured with spectrophotometry (Ladner et al., 2016).

Parameters for measurement:

Temperature: 28 °C
Humidity: 85rH

O2: 20.95%
Shaker frequency: 1,000 rmp

4.2.2.8 Analysis of growth behavior of U. maydis under stress conditions

To analyze the influence of different temperatures on U. maydis, sporidia were dropped
on CM plates. For this, 2 pl of a main culture (ODegp00.5) were dropped in serial dilution
(10'-10°) and the plates were incubated for 2 days at 28 °C and 37 °C, and for 4 days
at 16 °C. The cell morphology was documented using the imaging system LAS4000
(Fujifilm). For the analysis of growths of deletion mutants in the presence of different
agents, an agar diffusion test (halo test) was performed. For this, 500 ul of a main
culture of sporidia as well as hyphal cells (ODgy00.5) were streaked out on square-
shaped agar plates (120 mm). For the test, filter paper was cut, soaked with different
stress inducing agents and placed on the plates. The plates were incubated for 2 days
at 28 °C. Afterwards, zones of growth inhibition (halo formation) were analyzed and

compared in between the different strains.
Tested agents and concentrations:

Calcofluore White: 2 mg/ml solved in H,O
H202: 30% solved in H2,0

121



Materials and Methods

SDS: 20% solved in H20
Tunicamycin: 5 mg/ml solved in DMSO
Olegomycin: 6 mM solved in DMSO
Cycloheximide: 100 mg/ml solved in DMSO
Benomyl: 2 mM solved in DMSO
Latrunculin A: 1 mM solved in DMSO
Hydroxyurea: 3 mg/ml solved in H,O

4.3 Molecular biological methods

4.3.1 Isolation of nucleic acids

4.3.1.1 Isolation of plasmid DNA from E. coli

To elute transformed plasmid DNA from E. coli a modified protocol for the boiling
preparation (Sambrook, 1989) was used. Different transformants were inoculated in 1
ml dYT medium supplemented with ampicillin and cultivated overnight at 37 °C at
200 rpm. On the next day, the culture was centrifuged at 13,000 rpm for 2 min. The
supernatant was removed and 200 yl STET as well as 20 pl of lysozyme were added.
After resuspending the cell pellet, it was incubated at 90 °C for 1 min and centrifuged
for 10 min at 13,000 rpm. The remaining pellet was removed and 20 yl NaOAc (3 M)
and 500 pl isopropyl alcohol were added to the supernatant. The tube was inverted a
few times and then centrifuged again for 10 min at 13,000 rpm. The supernatant was
discarded and the pellet was washed with 200 pl 70% ethanol and then subsequently
centrifuged for 3 min at 13,000rpm. To remove the ethanol, the pellet was dried for 10-
15 min at 50 °C. To dissolve the DNA pellet, 100 pl TE-RNAse was added and the tube
was agitated for 10 min at 50 °C and 650 rpm.

STET buffer: 0.1 M NaCl
10 mM Tris/HCI pH 8.0
1 mM EDTA
5% Triton-X-100
Fill with ddH.O and autoclave

Lysozyme: 1.0% (w/v) Lysozyme (Muraminidase)
10 mM Tris- HCI (pH 8.0)

Sterile filtration

TE-RNAse: 8.69 mM Tris- HCI (pH 8.0)
10 mM Na2-EDTA*2H.0
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1.31 mM Tris Base

Fill with ddH.O and autoclave

After autoclaving: add RNAseA (10
mg/ml) in 50 ml TE buffer

4.3.1.2 Isolation of genomic DNA from U. maydis

To isolate genomic DNA from U. maydis, a modified protocol from (Bosch et al., 2016)
was used. For this, single colonies were inoculated in 3 ml CM for two days at RT and
200 rpm. 2 ml of these cultures were centrifuged for 3 min at 13,000 rpm. The
supernatant was discarded and approximately 200 ul of glass beads were added to the
cell pellet. Subsequently, 500 pl lysis buffer (50:50 diluted with TE buffer) was added
and the mixture was agitated for 15 min at 1,500 rpm followed by heating the samples
for 20 min at 65 °C in a thermoblock. After adding potassium acetate (8 M), the
suspension was inverted to grain the proteins. Then a centrifugation step of 15 min and
13,000 rpm was performed. Approximately 400 ul of the resulting supernatant were
transferred to a new tube and mixed with 500 pl isopropyl alcohol. After inverting the
tube, it was centrifuged for 15 min at 13,000 rpm. The supernatant was discarded and
the DNA pellet was washed by adding 200 ul 70% ethanol and another centrifugation
for 10 min at 13,000 rpm. After removing the ethanol completely, 50 ul TE-RNAse were
added and the pellet was dissolved by agitating for 30 min at 50 °C and 900 rpm.

U. maydis lysis buffer: 10 mM Tris/HCI pH 8.0
100 mM NacCl
1% (w/v) SDS
2% (w/v) Triton X-100
1 mM EDTA
Solve in ddH.0

4.3.2 In vitro nuclease modifications
4.3.2.1 Measurement of the concentration and purity of DNA

The concentration and purity of isolated nucleic acid was measured with the help of the
NanoDrop ND-2000c (Thermo Scientific) at OD2s. The purity was analyzed by the
quotient of ODzeo/ODzso.

4.3.2.2 Restriction analysis

For restriction of DNA, different restriction enzymes were used. All enzymes and used

buffers were ordered from the company New England Biolabs (NEB). The restriction
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digests were inoculated for 2-12 h at enzyme specific temperatures and buffers

containing BSA. The restrictions were analyzed on agarose gels.

Example for a typical restriction:

DNA (Plasmid): 1.0-5.0 pl
Enzyme specific buffer (5x): 4.0 ul
Restriction enzyme: 0.2-0.5 pl

Add ddH»O to a total volume of 20 ul.

4.3.2.3 Dephosphorylation

To prevent re-ligation events of cut backbone DNA, the Antarctic phosphatase with the
according buffer from the company NEB was used. For dephosphorylation, the
preparation was incubated for 1 h at 37 °C. To stop the reaction, the mixture was
incubated for 5 min at 80 °C.

Preparation of dephosphorylation:

Restriction digest: 30 ul
Phosphatase buffer (10x): 7 ul
Antarctic phosphatase: 3ul

Add ddH20 to a total volume of 70 pl

4.3.2.4 Polymerase chain reaction (PCR)

PCRs were used on one hand for the amplification of desired fragments and on the
other hand to verify the correctness of transformants from U. maydis in a so called
diagnostic PCR. To amplify DNA fragments, different linearized plasmids were used as
templates. In the case of a diagnostic PCR, a colony was resuspended in 20 mM
NaOH and incubated for 30 min at RT. 1 pl of this suspension was used for the PCR.
For the amplification of DNA fragments, the PTC-200 Peltier Thermal Cyclerfrom MJ
Research was used. In order to optimize the concentration and purity of the PCR
fragments, different elongation times and annealing temperatures were used. The
Phusion polymerase needs 15-30 s for the amplification of 1 kb. For the amplification of
DNA fragments, the Phusion polymerase provided by NEB was used. Diagnostic PCRs

were performed with a self-made Phusion.

Exemplary preparation of a PCR:
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Template DNA: 0.5 ul (10-50 ng)
dNTPs: 0.5 ul (200 uM)
5x Phusion buffer: 10 ul
Oligonucleotide 1: 0.25 ul (0.5 uM)
Oligonucleotide 2: 0.25 pl (0.5 uM)
Phusion polymerase: 0.5ul(1U)
DMSO: 1.5 pl

Add ddH-0 to a total volume of 50 pl

Exemplary PCR program: 98 °C 1 min
98 °C 10s
55-70 °C 20s
72 °C 20-30 s Tx34 Cycles
72 °C 8 min
4°C 0

4.3.2.5 Detection und separation of nucleic acids

The analysis of DNA fragments was performed by agarose gel electrophoresis with
varying agarose concentrations (0.8-2%). Agarose ordered by Biozym was dissolved in
1x tris-EDTA-acetate-buffer (TAE buffer) by boiling in a microwave. For the detection of
DNA under UV light, 0.01% (w/v) ethidium bromide was added to the gel. A constant
voltage of about 10 V per cm gel was applied. To estimate the size of the separated
fragments a 1kb DNA ladder from the company Fermentas was loaded

simultaneously.

50x TAE buffer: 2 mM Tris-Base
2 mM Acetic acid (>99.7 % Roth)
10% (v/v) 0.5 M EDTA pH 8.0
Fill with ddH»20

4.3.2.6 Purification from an agarose gel

To purify DNA from an agarose gel, the fragments were visualized on a UV light table
(TCP-20.LM, Vilber Lourmat Deutschland GmbH) after gel electrophoresis. The desired
product was cut out from the gel and the JetQuick Gel Extraction Kit (Genomed) or the
Monarch Kit (NEB) was used to isolate DNA. The isolation was conducted according to

the manufacturer’s instructions.
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4.3.2.7 Ligation

To ligate different DNA fragments, the T4 DNA ligase (Roche) or the Quick ligase
(NEB) and the related buffers from the companies were used. Different insert to
backbone ratios were used (1:1, 1:3, 1:5). The ligation reactions were incubated for 4 h
at RT or 12 h at 16 °C in case of the T4 and 15 min at RT for the quick ligase,

respectively.

Exemplary preparation for a ligation:

Backbone-DNA: n mol
Insert-DNA: 5x n mol
T4 DNA ligase-buffer (10x): 2yl

T4 DNA ligase: 1 pl

Add ddH20 to a total volume of 20 pl

4.3.2.8 Golden Gate Cloning

In addition to standard restriction and ligation steps, Golden Gate cloning was used to
generate plasmids. Here, restriction and ligation takes place in one tube in so called
One-pot reaction (Terfriichte et al., 2014). For this, the restriction enzymes Bsal
(Engler et al., 2009) as well as Sapl and the T4 DNA ligase were used. In addition,
storage vectors containing resistance cassettes for U. maydis and different destination
vectors were mixed with the other components to make an integration of PCR

fragments into a new vector possible.

Exemplary preparation for the One-pot reaction:

Storage vector DNA: 75 ng
Destination vector DNA: 75 ng
Insert DNA: 40 ng
Ligase buffer (10x): 1.5 pl
T4 DNA ligase: 0.75 yl
Restriction enzyme Bsal-HF/Sapl: 0.5 pl

Add ddH>O to a total volume of 15 pl

PCR program GOGATE: 37 °C 2 min
16 °C 5min 4 x50 Cycles
37 °C 5 min
50 °C 5 min

126



Materials and Methods

80 °C 5 min
16 °C 00

4.3.2.9 Gibson Cloning

To generate plasmids in this study, also the Gibson cloning (Gibson et al., 2009) was
used. With this, PCR products were inserted into a vector backbone by overlapping
sequences. The vector backbone was either cut with restriction endonucleases or
amplified via PCR. The inserts were amplified via PCR with oligonucleotides containing
overlapping sequences of 25 nt to the vector backbone. The PCR products were gel
purified before their addition to the reaction. The PCR products and the vector
backbone were added to 15 ul of an assembly mix. A total of 0.02-0.5 pmols of PCR
products was used. The whole mixture was incubated for 60 min at 50 °C. 10 pl of the

assembly mix were transformed in chemically competent E. coli cells.

5x isothermal reaction buffer (6 ml): 3 ml of 1 M Tris-HCIl pH 7.5
150 pl of 2 M MgClI2
60 pl of 100 mM dGTP
60 pl of 100 mM dATP
60 pl of 100 mM dTTP
60 pl of 100 mM dCTP
300 pl of 1 MDTT
1.5 g PEG-8000
300 pl of 100 mM NAD

Assembly master mix: 320 ul 5x isothermal reaction buffer
6.4 ul of 1 U T5 Exonuclease
20 yl of 2 U Phusion DNA polymerase
160 ul of 40 U Tag DNA ligase
Add ddH20 to a total volume of 1.2 yl
Aliquots a 15 pl and store at -20 °C

4.3.3 Sequencing

4.3.3.1 Sequencing at Genomics Service Unit (Ludwig Maximilians University
Munich)

To verify the correctness of the generated plasmids, they were sent for sequencing.
For this purpose, 250 ng of purified plasmid DNA and 3.2 pmol oligonucleotide were

mixed with 10 mM Tris/HCI, pH 8.5, to a final volume of 7 ul. The sequencing was
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performed by the LMU service in Munich. The subsequent analysis of the raw data was

performed using Clone Manager 9 software.

4.3.3.2 Overnight sequencing at Eurofins Genomics (Ebersberg)

For urgent sequencing purposes, 15 ul of 50-100 ng/ul of purified plasmid DNA were
mixed with 2 uyl of 1 uM respective sequencing oligonucleotide. The subsequent

analysis of the raw data was performed using Clone Manager 9 software.

4.3.4 Southern Blot verification

To confirm positive transformants which were identified via a diagnostic PCR, a
Southern blot with a modified protocol of (Southern, 1975) was performed. This allows
direct visualization of the integrated constructs and makes it possible to verify the

correct integration by homologous recombination.

4.3.4.1 Capillary blotting

First, the genomic DNA was digested with restriction enzymes and separated on an
agarose gel. The gel was washed firstly with 0.25 M HCI, secondly with DENAT, and
finally with RENAT solution. With the help of capillary blotting, the DNA was then
transferred to a nylon membrane (Hybond-N+ nylon membrane, GE-Healthcare). For
this, a Whatman paper was dampened with 20xSSC solution and placed across a
glass with both ends in contact with the buffer. The gel was placed upside-down on the
Whatman paper and the membrane was placed on top of the gel. Two additional
Whatman papers, which were the size of the gel, were placed on top of the membrane.
Finally a small stack of paper towels as well as a weight were placed on top to increase

the undertow. After 4 h the whole DNA was transferred to the membrane.

0.25M HCI: 3.26% (v/v) HCI (25%)
Add ddH,0

DENAT solution: 1.5 M NaCl
0.4 M NaOH
Add ddH,0

RENAT solution: 1.5 M NacCl

282 mM Tris-HCI
218 mM Tris Base
Add ddH.0
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SSC buffer (20x): 3 M NaCl
3 M Na3zCeHs07* 2 H,0
Add ddH20
Adjust pH with NaOH to 7.4

4.3.4.2 Detection of immobilized DNA via DIG-labeling

To secure the DNA onto the membrane a UV-crosslinking at 120 mJ was used. The
membrane was prehybridized with hybridization buffer for 30 min at 65 °C, and then
hybridized with boiled probes (5 min at 95 °C) over night at 65 °C. Hybridization was
performed using probes which were generated with digoxigenin (DIG)-labeled dNTPs
via PCR on plasmid DNA. The probes could bind to the complementary DNA strand
and could be detected due to the DIG-labeling using DIG antibodies. After
hybridization, three washing steps were conducted using Southern wash buffer I, Il and
Il at 65 °C. Further incubation and washing steps took place at RT. First the
membrane was washed with DIG wash buffer for 5 min, followed by 30 min incubation
in DIG-2 blocking solution. Subsequently, the membrane was incubated in o-DIG
antibody (Roche; 1:10000 dilution in DIG-2) for at least 1 h. To get rid of unbound
antibody, the membrane was washed with DIG wash buffer twice. Before adding CDP-
Star (Roche; 1:100 dilution in DIG-3), the membrane was equilibrated in DIG-3 for 5
min. According to a 5 min incubation step with CDP-Star, chemiluminescence was
detected with the imaging system LAS4000 (Fuijifilm).

Southern hybridization buffer: 26% (v/v) SSPE (20x)
5% (v/v) Denhardt solution
5% (v/v) SDS (10%)
Add ddH,0

Southern wash buffer I: 10% (v/v) SSPE (20x)
1% (v/v) SDS (10%)
Add ddH20

Southern wash buffer I 5% (v/v) SSPE (20x)
1% (v/V) SDS (10%)
Add ddH,0O

Southern wash buffer IlI: 0.5% (v/v) SSPE (20x)
1% (v/v) SDS (10%)
Add ddH20
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DIG-1: 0.1 M Maleic acid
0.15 M NaCl
DIG-2: 90% (v/v) DIG-1

10% (w/v) milk powder

DIG-3: 0.1 M Tris-HCI
0.1 M NaCl
Adjust pH with NaOH to 9.5

DIG wash buffer: 0.3% (v/v) Tween-20
99.7% (v/v) DIG-1

SSPE buffer (20x): 3 M NaCl
200 mM Naz-HPO4
20 mM Na,-EDTA
AdjustpHto 7.4

Denhardt solution: 2% (w/v) BSA fraction V
2% (w/v) Ficoll
2% (w/v) PVP (Polyvinyl Pyrrolidone)

4.4 Protein biochemistry
4.41 Disruption of U. maydis cells

To isolate total protein extracts from U. maydis cells, first a culture of 50 ml CM was
grown up to an ODgg of 0.8. If protein extracts of flaments were needed, this culture
was then shifted to nitrate minimal medium (NM) containing a carbon source to an
ODsgo of 0.5 and incubated for at least 6 h at 28 °C. The cultures were centrifuged for 5
min at 3000 rpm and subsequently resuspended in 1-2 ml lysis buffer (either lysis
buffer, urea buffer or native lysis buffer), to which protease inhibitors were freshly
added. Then glass beads were added to the resuspended cells. The cells were
disrupted in 1.5 ml Eppendorf tubes with the help of the Mixer Mill MM400 (Retsch) and
were agitated for 10 min at 30 Hz. For filaments, the cells were agitated three times
with cooling steps in between. After disrupting the cells, the tubes were centrifuged for
3 min at 13,000 rpm and 4 °C. The supernatant was decanted into a fresh tube and
another centrifugation step for 30 min at 13,000 rpm and 4 °C were performed. The
resulting supernatant was decanted in a fresh tube and the protein extract was stored
at -80 °C.
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Lysis buffer: 50 mM Tris-HCI pH 7.4 (stored at 4 °C)
150 mM NacCl
0.5 MEDTA pH 8
0.5% Nonidet P-40
Fill with dH,0

Urea buffer: 9.61 g Urea
1 ml Tris-HCI, pH 8.0
Add 20 ml ddH-.0O

Protease inhibitors added freshly:
1mMDTT

1 mM PMSF

2.5 mM Benzamidine

1x cOmplete™ Protease Inhibitor Cocktail
(Roche)

Lysis buffer (native): 50 ml 1xPBS
1 mM PMSF
2.5 mM Benzamidine
1x cOmplete™ Protease Inhibitor Cocktail
(Roche)

4.4.2 Determination of protein concentration

The Bradford assay (Bradford, 1976) was used to determine the total protein
concentration. First the sample was diluted 1:10 in H2O. Different concentrations of
BSA as a standard were used to create a calibration curve for calculation of the protein
concentration of the protein extracts. 10 yl of each standard and protein sample were
mixed with 200 pl diluted (1:5 in H20O) Bradford reagent (Bio-Rad). The mixture was
incubated for 5 min at RT. During incubation a color reaction occurs. The staining
increases with higher protein concentrations. It was measured with the Safire
Microplate Reader (Tecan) at 595 nm. For the calculation of the sample
concentrations, their absorbance was plugged into the equation of the calibration

curve.
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4.4.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli,
1970) is a method to determine the molecular weight of proteins by separating them in
an electric field. In contrast to an agarose gel electrophoresis where the negative
charge of the DNA’s phosphate backbone leads to the migration to the anode, proteins
are treated with sodium dodecyl sulfate (SDS), an anionic and amphipathic detergent
masking their intrinsic charge. In addition, SDS denatures the protein structure. 10 pg
of the protein sample were supplied with 15 pl 1x loading buffer. The mixture was
incubated for 7 min at 95 °C and afterwards centrifuged with 13,000 rpm for 2 min. The
gel was loaded with 15-25 ul of the prepared protein sample (5-10 ug). 8 pl of the
PageRuler™ Prestained Protein Ladder (Thermo Fisher) was loaded on each gel to
estimate the molecular weight of the proteins. Separation was carried out in 1x Tris
glycine running buffer with constant amperage of 40 mA per gel. After the
electrophoresis run, the SDS-PAGE gel was incubated in Coomassie brilliant blue
(CBB) staining solution to visualize protein bands (4.4.4). For the specific detection of

proteins, the SDS gel was subjected to Western blot analysis (4.4.5-4.4.6).

Loading buffer: 6% (v/v) SDS
15% (w/v) B-Mercaptoethanol
50 mM Tris-HCI pH 6.8
30% (v/v) Glycerol
0.003% (w/v) Bromophenol blue

10x Tris-glycine running buffer: 25mM Tris pH 8.4
192 mM Glycine
0.1% (v/v) SDS

Table 4.12: Compounds of the separating and stacking gel

Compounds Separating gel Stacking gel
Acrylamide (30:0.8) 7.5-15% 5%
Tris-HCI pH 8.8 0.375M -

Tris-HCI pH 6.8 - 0.125 M
SDS 0.1% 0.1%
APS 0.05% 0.05%
TEMED 0.1% 0.1%
Glycerol 1.25% -
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4.4.4 Protein staining using Coomassie brilliant blue

To visualize the proteins separated by SDS-PAGE, the SDS gel or a western blot
membrane were stained with Coomassie brilliant blue by incubating them for 15 min in
the staining solution. Gels and membranes were de-stained using a de-stainer solution

and an additional incubation step for 30 min. De-staining was repeated 2-3 times.

Coomassie staining solution: 0.05% (w/v) Coomassie brilliant blue
R250
45% (v/v) Methanol

9% (v/v) Glacial acetic acid

Coomassie de-staining solution: 10% (v/v) Glacial acetic acid
10% (v/v) Methanol
80% dH.0

4.4.5 Western blotting

To specifically detect different proteins, the separated proteins were transferred and
immobilized on a PVDF membrane by semi-dry blotting. Two Whatman papers were
soaked in anode |, one in anode Il and three in cathode buffer, respectively. The PVDF
membrane was incubated in absolute methanol for 1 min before equilibration in anode
buffer I. To setup the blot, two Whatman papers, soaked with anode buffer I, followed
by one Whatman paper soaked with anode buffer Il are prepared. The membrane was
placed on the last Whatman paper soaked with anode buffer Il, followed by the SDS-
gel and the three Whatman papers, soaked with cathode buffer. The transfer was

carried out at constant amperage of 80 mA per gel for 1 h.

Cathode buffer: 25 mM Tris-HCI pH 9.4
40 mM e-Aminocaprone acid
15% (v/v) Methanol

Fill with ddH.O

Anode buffer I: 300 mM Tris-HCI pH 10.4
15% (v/v) Methanol
Fill with dH20

Anode buffer Il 30 mM Tris-HCI pH 10.4
15% (v/v) Methanol
Fill with ddH-O
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4.4.6 Western blot detection

To detect the expressed proteins, specific antibodies were used. For the preparation of
the Western blot detection a blocking solution was added to the membrane to block
unspecific binding sites. It was incubated for 1 h. The primary antibody solution was
added for an additional incubation of 1 h at room temperature or at 4 °C overnight
(Table 4.13). After incubation, the antibody solution was removed. The membrane was
washed three times for 10 min with 1x Tris-buffered saline with Tween20 (TBS-T).
Afterwards the membrane was incubated in the secondary antibody solution for 1 h at
room temperature (Table 4.14) and subsequently washed three times with TBS-T for
10 min. For the detection reaction, 500 ul HRP Substrate Peroxide Solution and 500 ul
HRP Substrate Luminol Reagent (Millipore, Darmstadt, Germany) were mixed and
spread over the membrane. The measurement was taken according to the manual’s

instructions at a luminescence image analyzer, LAS4000 (GE Healthcare, Solingen,

Germany).

10x TBS buffer: 0.1% (w/v) Tris Base
0.6% (w/v) Tris-HCI
0.9% (w/v) NaCl
Fill with dH,0O

1x TBS-T buffer: 10% (v/v) 10x TBS buffer
0.05% (v/v) Tween20
Fill with dH.O

Blocking buffer: 3% (w/v) milk powder
Dissolve in TBS buffer

Antibody solution: 3% (w/v) milk powder

Dissolve in TBS buffer
Primary antibody: see Tab.11.4.
Secondary antibody: see Tab.12.4

Table 4.13: Used primary antibodies and dilutions

Antibody Origin Company Dilution
a-Gfp (monoclonal) Mouse Roche 1:1000
a-HA (monoclonal) Mouse Roche 1:4000
a-Gfp (polyclonal) Rabbit Chromotek 1:1000
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Table 4.14: Used secondary antibodies and dilutions

Antibody Origin Company Dilution
a-Mouse 1gG, HRP conjugate Horse Promega 1:10.000
a-rabbit I9G, HRP conjugate Goose NEB 1:10.000

4.4.1 Far-Western blot analysis for analyzing interaction of GCN4-scFV-sfGFP
to proteins

To analyze the binding of GCN4-scFv fused to sfGfp, the scFv was natively isolated
from U. maydis cells. 10 pg of total cell extract of different test strains were run on an
SDS-PAGE followed by blotting on a PVDF membrane. The membrane was blocked as
described before. To detect possible interactions of GCN4-scFv-sfGfp to proteins from
U. maydis, the native purified cell extract from the strain expressing the scFv was used
as primary antibody. As a control, cell extracts from a strain only expressing sfGfp was
used. For this, the membranes were incubated overnight at 4 °C with the cell extracts
mixed with blocking solution. On the next day, the membranes were washed three
times with TBS-T buffer and a-Gfp antibody originally deriving from mouse (Table 4.13)
was used as secondary antibody. This was again incubated overnight at 4 °C.

Afterwards, the standard Western blot detection protocol was followed.

4.5 Microscopy and image processing
4.5.1 Microscopy setup

Microscopy was performed as described in (Baumann et al., 2012). The wide-field
microscopes 1) Zeiss (Oberkochen Germany) Axio Observer.Z1 provided with
CoolSNAP HQ2 CCD (Photometrics, Tuscon, AZ, USA), Orca Flash4.0 camera
(Hamamatsu, Japan) and objective lenses Plan Neofluar (40x, NA 1.3), Plan
Apochromat (63x, NA 1.4), Plan-Neofluar (100x, NA 1.3) and a-Plan Apochromat
(100x, NA 1.46) and 2) Zeiss Axio Imager.M1 provided with a Spot Pursuit CCD
camera (Diagnostic Instruments, Sterling Heights, MI, USA) and objective lenses Plan
Neofluar (40x and 100x, NA 1.3; 63x, NA 1.25) were used. Excitation of fluorescently-
labeled proteins was carried out using an HXP metal halide lamp (LEj, Jena, Germany)
in combination with filter sets for Gfp (ET470/40BP, ET495LP, ET525/50BP), for
Rfp/mCherry (ET560/40BP, ET585LP, ET630/75BP) and for DAPI (AT350/50BP,
ET400LP, ET460/50BP; Chroma, Bellow Falls, VT, USA). For detection of weak
signals, a laser-based epifluorescence-microscopy was used. A VS-LMS4 Laser
Merge-System (Visitron Systems) combines solid state lasers for the excitation of Gfp
(488 nm/100 mW) and Rfp/mCherry (561 nm/150 mW). All parts of the microscope

systems were controlled by the software package MetaMorph (Molecular Devices,
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version 7) or VisiView (Visitron). This was also used for image processing including the
modification of brightness and contrast as well as measurements, quantifications,

kymographs and maximum projections of z-stacks.

4.5.2 RNA live imaging

RNA live imaging was performed as described in (Zander et al., 2018). Cells
expressing different systems for RNA live imaging were analyzed with regards to
MmRNA movement through hyphae of U. maydis. For excitation of Gfp, the laser line
was set to 20% and for mCherry to 30%, respectively. Hyphae were observed with the
63x Plan-Apochromat in combination with a Spot Pursuit CCD or an Orca Flash4.0
camera. Each movie was recorded with 150 ms/frame and contained 150 frames. For
quantification of moving mRNAs, kymographs were generated to study the number,
velocity and distance of particles (only distances > 5 um were scored). To determine
the average number of particles per 100 um of hypha, the total length of hyphae was

measured, divided by the number of particles and calculated to 100 pm.

4.5.3 Co-localization studies

To analyze co-localization events, a VS-LMS4 Laser Merge-System (Visitron Systems)
was used in combination with the CoolSNAP HQ2 CCD camera. A dichroic beam
splitter (dcxr565) is combined with an excitation filter for Gfp and Rfp and a special
emission filter (Gfp ET520/40; Rfp ET632/60). For the simultaneous detection of two
fluorescent proteins, a two-channel imager was used. The imager splits green and red

emission lights and detects them on separate regions of the CCD camera chip.

4.5.4 Analysis of phenotypes, subcellular localizations and moving particles

To analyze subcellular localizations, phenotypes and moving particles, a minimum of
30 cells from three independent experiments were analyzed per strain. Hyphae were
observed with the 63x Plan-Apochromat in combination with a Spot Pursuit CCD or an
Orca Flash4.0 camera. Each movie was recorded with 150 ms/frame and contained
150 frames. For quantification of moving mRNAs, kymographs were generated to study
the number, velocity and distance of particles (only distances > 5 ym were scored). To
determine the average number of particles per 100 um of hypha, the total length of

hyphae was measured, divided by the number of particles and calculated to 100 um.

455 FRET-APB measurements

To measure the efficiency of the cleavage within the 2A peptides, fluorescence

resonance energy transfer after acceptor photobleaching (FRET-APB) was performed.
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This is a tool to detect molecular interactions between proteins, which was measured in
the present work in between Gfp and mKate2. The FRET-APB was quantified by
measuring the intensity increase of the donor fluorophore after bleaching of the

acceptor according to the following formula:

.. Intensityp ter—Intensityp b
FRET ef ficiency E = onor after onor before 4 100
Intensityponor after

The formula does not include any corrections for background fluorescence or effects
like fluorescence recovery of the donor fluorophore during bleaching time of the
acceptor. Therefore a control strain harboring only Gfp was included in each set of
experiment. In total three independent experiments with 10 cells each were conducted.
FRET-APB was measured using a Zeiss LSM780 laser-scanning microscope and a C-
Apochromat 40x/1,20 korr M27 water objective (Carl Zeiss, Jena). GFP was excited
with a 488 nm argon laser with a power of 0.3% and emission detection using a filter at
490 to 552 nm. mKate2 was excited using a 561 nm diode laser with a power of 5%
and emission detection using filter at 588 to 686 nm. In total, 20 frames (256 x 256
pixels) at a pixel time of 3.15 ys/pixel were measured with no line averaging. After the
5th frame, the nucleus and the surrounding area was bleached at 100% laser power of
the 561 nm laser, for 50-100 iterations. After the bleaching, 15 more frames were

recorded.

4.5.6 Cell Tracker™ Blue (CMAC) staining

For the visualization of vacuoles in hyphae, cells were incubated with Cell Tracker™
Blue (CMAC, Invitrogen). CMAC is a fluorescent chloromethyl derivative (7-amino-4-
chloromethylcoumarin) that freely diffuses through the membranes of living cells. Once
inside the cell, it is converted into a membrane-impermeant dye which accumulates in
vacuoles due to the fact that 7-amino-4-methylcoumarin derivatives are known to be
substrates for vacuolar enzymes (Molecular probes handbook (www.probes.com),
chapter 12, page 521). For staining, 500 ul of hyphae suspension were labeled with
13 uM CMAC. After 30-60 s of incubation at RT, samples were microscopically

analyzed.

4.5.7 FM4-64 staining

For the visualization of endocytic components in hyphae, cells were incubated with the
lipophilic dye FM4-64 (Invitrogen). The styryl dye FM4-64 visualizes vacuolar organelle
morphology and dynamics as well as endocytic pathway components like early and late

endosomes and multivesicular bodies. For staining, 1 ml of hyphae suspension was
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incubated with 0.8 yM FM4-64. After 30—60 s of incubation at room temperature,

samples were microscopically analyzed (Baumann et al., 2012).

4.5.8 Benomyl treatment

To inhibit the tubulin polymerization and analyze the impact of defective microtubules
on moving particles in hyphae, they were incubated with benomyl (Sigma Aldrich).
Benomyl is a benzimidazole fungicide which binds to microtubules. To inhibit
polymerization, cells were incubated with 50 uM of benomyl for 1 h at 28 °C and 200
rpm (Becht et al., 2006).

4.6 Mass spectrometry analysis
4.6.1 Immunoprecipitation

To enrich proteins which potentially interact with expressed antibodies in U. maydis an
immunoprecipitation (IP) was performed (Bonifacino et al., 2016). The antibodies of
interest were fused to sfGfp. The usage of magnetic agarose beads coated with a-Gfp
antibodies (Chromotek) enables the specific purification of proteins which interact with
the expressed antibodies. For the IP, cell extracts from 50 ml of hyphal culture were
generated as described in section 4.4.1. 30 ul of the magnetic agarose beads were
pre-washed with wash buffer and subsequently added to the cell extracts. The mixture
was incubated for 1 h at 4 °C and the beads were collected using a magnetic rack
beads separator afterwards. The supernatant was discarded and the beads on which
the proteins bound were washed three times with the wash buffer. Each time the beads
were collected using the separator. To remove the proteins from the beads 50 pl
loading buffer, which is described in section 4.4.3, were added and the mixture was
incubated for 6 min at 95 °C. Last, the beads were separated from the mixture using

the separator and the supernatant was handed over for mass spectrometry analysis.

4.6.2 Mass spectrometry sample preparation

Liquid chromatography and mass spectrometric analysis were performed in
collaboration with the Molecular Proteomics Laboratory (BMFZ, Heinrich-Heine-
University Dusseldorf, Dr. Gereon Poschmann and Prof. Dr. Kai Stihler). Eluted
protein samples were processed for mass spectrometric analysis by in-gel digestion
essentially as described (Grube et al., 2018). Briefly, samples were separated (~5 mm
running distance) in Bis-Tris buffered 4-12% acrylamide gels (Thermo Fisher). After
silver staining and de-staining of the gel, protein containing lanes were washed 3 times
alternating with 10 mM ammonium hydrogen carbonate and a 1:1 (v/v) solution of

10 mM ammonium hydrogen carbonate and acetonitrile. Proteins were reduced by
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adding 50 pl of an aqueous solution of 10 mM DTT and 50 mM ammonium hydrogen
carbonate on dried gel pieces and incubation at 56 °C for 45 min. Afterwards, proteins
were alkylated by adding 50 pl of an aqueous solution of 55 mM iodoacetamide and
50 mM ammonium hydrogen carbonate and 30 min incubation at RT. The gel pieces
were washed as indicated above, dried and digested with 0.1 ug trypsin in 50 mM
ammonium hydrogen carbonate overnight at 37 °C. Peptides were extracted from the
gel by adding two times 40 pl of 1:1 (v/v) acetonitrile and 0.1% trifluoroacetic acid (in
water) followed by 15 min incubation in an ultrasonic bath. Peptides were dried and

finally resuspended in 17 ul of 0.1% trifluoroacetic acid.

4.6.3 Mass spectrometry run

Next, peptide samples were separated on an Ultimate 3000 rapid separation liquid
chromatography system (RSLS, Thermo Fisher). First, peptides were trapped on a
trapping column (Acclaim PepMap100, 3 ym C18 particle size, pore size 100 A, inner
diameter 75 ym, 2 cm length, Thermo Fisher) using 0.1% (v/v) trifluoroacetic acid (in
water) as mobile phase. After 10 min, peptides were separated at 60 °C on an
analytical column (Acclaim PepMapRSLC, 2 ym C18 particle size, 100 A pore size, 75
Mm inner diameter, 25 cm length, Thermo Fisher) for 1 h (gradient from 4 to 40%
solvent (0.1% (v/v) formic acid, 84% (v/v) acetonitrile in water). Separated peptides
were directly analyzed by an online coupled QExactive plus quadrupole/orbitrap mass
spectrometer (Thermo Fisher). Peptides were sprayed into the mass spectrometer via
an online coupled nano source equipped with distally coated emitters (New Objective)
at a spray voltage of 1.4 kV. The mass spectrometer was operated in data dependent
positive mode: First survey scans were carried out in the obitrap and subsequently,
precursors were isolated by the build in quadrupole and fragmented via higher-energy

collisional dissociation. Fragment spectra were recorded at a resolution of 17500.

4.6.4 Mass spectrometry data anaylsis

Raw data was further processed using the MaxQuant (version 1.6.0.16) software
environment with standard parameters. Searches were carried out with tryptic cleavage
specificity considering two potential missed cleavage sites, carbamidomethyl at
cysteines and methionine oxidation as well as protein N-terminal acetylation as variable
modification. Sequences used as search-basis were
p3_t237631_Ust maydi_v2GB_MKT_v1.fasta UMa2278 protein.fasta UMa2684
protein.fasta. The ‘match between runs’ option was enabled as well as the label-free

quantification. Only proteins identified with at least two peptides were reported and
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proteins showing valid LFQ-intensity values in three replicates of at least one group

used for further calculations.

4.7 Computer programs and bioinformatics
4.7.1 Nucleic and amino acid analysis

Clone manager 9 (Sci Ed Central Software)

PEDANT (http://pedant.helmholtz-muenchen.de/)

Ensemble Fungi (https://fungi.ensembl.org/index.html)

Blastn /Blastp (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
ClustalX/ClustalW (http://www.clustal.org/)

GeneDoc 2.6 (https://genedoc.software.informer.com/2.6/)
SMART Database (http://smart.embl-heidelberg.de/)

NCBI CDD (https://www.ncbi.nim.nih.gov/Structure/cdd/wrpsb.cgi)
PDB (https://www.rcsb.org/search/advanced/sequence)

Coot (https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/)
Pymol (https://pymol.org/2/)

Uniprot (https://www.uniprot.org/)

4.7.2 Operation of special devices

i-control™ Microplate Reader Software (Tecan Trading AG)
ImageQuant LAS4000 Control Software (GE Healthcare)
Metamorph 7 (Molecular Devices)

VisiView (Visitron)

4.7.3 Data analysis, writing and graphics

Microsoft Office 2010 (Microsoft Corporation)
Canvas 12 (ACDSee Systems)
GraphPad Prism 5 (GraphPad Software Inc.)
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Figure 6.1: Halo test of AB33 and rrm4A strains as control to test the influence of UMAG_00933 in
stress response. Sporidial cells were plated on CM-plates containing glucose. For agar diffusion test,

filter paper was cut and soaked with different stress inducing reagents. Halo formation was analyzed after
48 h of incubation.
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Figure 6.2: Separation efficiencies of F2AAP, F2A, E2A, T2A, P2A and Po2A peptides analyzed in
hyphae of U. maydis. Morphology and fluorescence microscopy of hyphal cells expressing reporter
constructs for analysis of 2A peptide separation efficiency (inverted picture; N, nucleus; scale bar 10 ym;

for hyphal cells: 6 h.p.i.; growth direction is indicated by arrow).
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