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Il. Summary

The extremely polarized growth form of filamentous fungi imposes a huge challenge on the
cellular transport machinery, as proteins and lipids required for hyphal extension have to be
continuously transported to the growing tip. The transport depends on the actin and the
microtubule (MT) cytoskeleton along with their associated motor proteins, myosin, kinesin
and dynein. Aspergillus nidulans contains eleven different kinesins, two of which (named
UncA and UncB) belong to the kinesin-3 family (formerly Unc-104). Previously it was shown
that A. nidulans conventional kinesin (kinesin-1), KinA, is required for vesicle transportation
and normal hyphal growth, and the kinesin-7, KipA, for the maintenance of hyphal polarity.
Here it was found that the A. nidulans kinesin-3 motor protein UncA transports vesicles along
microtubules (MTs) and is required for hyphal extension. Most surprisingly,
UncA-dependent vesicle movement occurred along a subpopulation of MTs. The second
kinesin-3 member, UncB, localized to nuclei, MTs and septa in a cell-cycle dependent
manner, but the exact role of UncB remained still unclear.

The MT cytoskeleton is not as rigid and uniform as the name implies, but is
characterized by its dynamic instability. In addition, MTs can be made up of different tubulin
isoforms and can be post-translationally modified. MT modifications, such as acetylation or
polyglutamylation are evolutionarily old “inventions” and occur in primitive eukaryotes such
as Giardia lamblia, whereas detyrosination appeared later during evolution. Although many
modifications were discovered more than 20 years ago, their cellular functions are not well
understood yet. Here, it was discovered that in the filamentous fungus A. nidulans at least
two different MT populations exist. A UncA™* mutated protein with a point mutation at the
ATPase site of the motor has been created. The UncA™ still binds MTs but cannot move
along them. Hyphae of A. nidulans consist of multinucleated compartments, in which a few
MT bundles run along the longitudinal axis of the hyphae. GFP labelled UncA™" decorated a
single MT bundle, which remained intact during mitosis, while other cytoplasmic MTs were
depolymerised. Mitotic spindles were not labelled with GFP-UncA™® but reacted with a
specific antibody against tyrosinated alpha-tubulin. This antibody did not label the stable MTs
outside the mitotic nuclei suggesting that these MTs are detyrosinated. UncA appears to bind
preferentially to detyrosinated MTs. In contrast, conventional kinesin (kinA) and kinesin-7
(KipA) did not show a preference for certain MTs. This is the first example for different MT
subpopulations in filamentous fungi and the first example for the preference of a kinesin-3
motor for detyrosinated MTs.

The modified MT connects all nuclei and septa along the hyphal axis. In order to
understand better the organization of A. nidulans MTs, the origin of MTs, the MT organizing

centers (MTOC) have been studied. Eukaryotic cells assemble MTs from distinct points in
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the cell. In the fungus A. nidulans, localization studies revealed that not only spindle-pole
bodies (SPB) act as MTOCs, but also that MTOCs are located at septa. Septum-associated
MTOCs (sMTOCs) are also very active. Previously a novel MTOC-associated protein, ApsB
(Schizosaccharomyces pombe Mto1), has been identified, whose absence affected MT
formation from sMTOCs more than from SPBs, suggesting different organization of the two
protein complexes. Here, it was shown that sMTOCs share at least two further components,
gamma-tubulin and GepC (S. pombe Alp6) with SPBs and that ApsB physically interacts with
gamma-tubulin. In addition, it was discovered that ApsB interacts with the Woronin body
protein HexA and is targeted to a subclass of peroxisomes via a PTS2 peroxisomal targeting
sequence. The PTS2 motif was necessary for function, but could be replaced by a PTS1
motif at the C-terminus of ApsB. Those results suggest an interesting novel function of a

subclass of peroxisomes involved in MT organization.
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Il. Zusammenfassung

Das extreme polare Wachstum von filamentésen Pilzen ist eine grolte Herausforderung fir
das zellulare Transportsystem, da kontinuierlich Proteine und Lipide fur die
Hyphenverlangerung zur wachsenden Spitze transportiert werden missen. Der Transport ist
von Aktin und dem Mikrotubuli (MT) Zytoskelett mit den assoziierten Motorproteinen, Myosin,
Kinesin und Dynein abhangig. Aspergillus nidulans besitzt elf verschiedene Kinesine, von
denen zwei (UncA und UncB) zur Kinesin-3 Familie (zuvor Unc-104) gehéren. Zuvor wurde
gezeigt, dass das A. nidulans Kinesin-1 KinA flir den Vesikeltransport und damit fir
schnelles Hyphenwachstum benétigt wird. Das Kinesin-7 KipA ist fiir die Bestimmung der
Wachstumsrichtung wichtig. In dieser Arbeit wurde herausgefunden, dass das A. nidulans
Kinesin-3 Motorprotein, UncA, Vesikel entlang von MT transportiert und ebenfalls fir das
Hyphenwachstum benétigt wird. Erstaunlicherweise findet die UncA-abhéngige
Vesikelbewegung entlang einer Subpopulation von MT statt. Das zweite Kinesin-3
Motorprotein, UncB, lokalisiert Zellzyklus-abhangig in Zellkernen, entlang von MTs und an
Septen. Die exakte Rolle von UncB und die Funktion der interessanten, dynamischen
Lokalierung des Proteins sind noch nicht abschliessend geklart.

Das MT Zytoskelett ist nicht so starr und einheitlich wie der Name vermuten Iasst,
sondern ist durch seine dynamische Instabilitat charakterisiert. Zusatzlich kbnnen MT aus
unterschiedlichen Tubulinisoformen aufgebaut sein und post-translational modifiziert werden.
MT-Modifizierungen, wie Acetylierung oder Polyglutamierung sind alte ,Erfindungen® in der
Evolution und finden bereits in primitiven Eukaryoten wie Giardia lamblia statt. Dagegen
taucht die Detyrosinierung erst spater in der Evolution auf. Obwohl viele Modifizierungen vor
mehr als 20 Jahren entdeckt wurden, ist ihre zelluldre Funktion bis heute noch nicht
vollstédndig verstanden. In dieser Arbeit wurde gezeigt, dass in A. nidulans mindestens zwei
verschiedene MT Populationen existieren. Ein UncA™" mutiertes Protein wurde durch
Einfihrung einer Punktmutation an der ATPase Stelle des Motors hergestellt und in
A. nidulans eingebracht. UncA™" kann zwar an MT binden, sich aber nicht an ihnen entlang
bewegen. Die mehrkernigen Kompartimente der Hyphen von A. nidulans werden ihrer Lange
nach von einer kleinen Anzahl von MT-Biindeln durchquert. Nur an einem dieser MT-Strange
konnte GFP-markiertes UncA"" nachgewiesen werden. Dieses Biindel blieb auch wahrend
der Mitose intakt, wahrend andere cytoplasmatische MT depolymerisierten. Die
Mitosespindeln wurden nicht mit GFP-UncA™* dekoriert, sie reagierten jedoch mit einem
spezifischen Antikdrper gegen tyrosiniertes alpha-Tubulin. Dieser Antikérper wiederum
reagierte nicht mit den MT, die wahrend der Mitose im Cytoplasma intakt blieben. Diese

Ergebnisse deuten darauf hin, dass UncA bevorzugt an detyrosinierte MT bindet. Im
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Gegensatz dazu zeigen sowohl konventionelles Kinesin (KinA) als auch Kinesin-7 (KipA)
keine Praferenz fir bestimme MT. Dies ist das erste Beispiel fir das Vorhandensein von
verschiedenen Subpopulationen von MT in filamentdésen Pilzen und zugleich der erste
Hinweis auf die Spezifitat eines Kinesin-3 Motors gegenliber detyrosinierten MTs.

Die modifizierten MT verbinden alle Zellkerne und Septen einer Hyphe. Zum besseren
Verstédndis des Aufbaus und der Organisation der MT wurden die MT-organisierenden
Zentren (MTOCSs) untersucht. In A. nidulans gibt es MTOCs nicht nur am Spindelpolkdrper
(SPB), sondern auch an den Septen. Diese Septum-assoziierten MTOCs (sMTOCs) sind
auch sehr aktiv. In vorangegangenen Versuchen wurde das Protein ApsB
(Schizosaccharomyces pombe Mto1) als ein neues MTOC-assoziiertes Protein beschrieben.
ApsB hat einen gréReren Einfluss auf die Bildung von MTs an Septen als auf deren
Entstehung an den SPB. Dies lasst darauf schlielen, dass es sich um unterschiedliche
Proteinkomplexe handelt, die teilweise getrennt voneinander reguliert werden. In dieser
Arbeit wurden zwei weitere Komponenten gefunden, die sowohl in sMTOCs als auch in den
SPB vorkommen: gamma-Tubulin und GepC (S. pombe Alp6). Aullerdem wurde eine direkte
Interaktion von ApsB mit gamma-Tubulin nachgewiesen. Zusatzlich konnte gezeigt werden,
dass ApsB mit dem Woronin body Protein HexA interagiert und aufgrund seiner PTS2
(peroxisomal targeting sequence) in Peroxisomen importiert wird. Das PTS2 Motiv war fir
die Funktion des Proteins notwendig, konnte jedoch durch ein PTS1 Motiv am C-Terminus
von ApsB ersetzt werden. Diese Ergebnisse deuten auf eine bisher unbekannte Population

der Peroxisomen hin, die an der Mikrotubuli-Entstehung beteiligt ist.
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lll. Introduction

Polarized cell growth and division are essential processes of living organisms (Macara & Mili,
2008). In single cell yeasts, such as Saccharomyces cerevisiae and Schizosaccharomyces
pombe, polarized growth is restricted to certain times during the cell-cycle, whereas in
filamentous fungi, such as Aspergillus nidulans or Neurospora crassa, cell extension is a
continuous and indefinite process (Pringle et al., 1995; Riquelme et al., 2003; Snell & Nurse,
1994). Microtubules (MTs) play fundamental roles in cell growth and division, together with
filamentous actin (F-actin) and their associated motor proteins, kinesin, dynein and myosin.
Together they provide the cell with a dynamic network called cytoskeleton. A. nidulans and
other filamentous fungi have served as model organisms for many genetic, biochemical and
cell biological approaches, providing keys for the understanding of MT function and the
organization of different cytoskeletal-related processes. Since hyphal extension in
filamentous fungi depends on the continuous synthesis of cell wall and on a continuous
fusion of vesicles with the membrane, microtubules and actin, which serve as tracks for
vesicles, have to be oriented properly in the cell (Figure Ill. 01).

The control of fungal filamentous growth is important to prevent infections or to
protect food from fungal spoilage. Thus, a detailed understanding of polarized growth may
lead to the identification of targets for new antifungal drugs or fungicides. A second important
aspect is that filamentous fungi are widely used in biotechnology. It is assumed that
heterologously-produced hydrolytic enzymes are secreted through the same machinery as
the enzymes required for polarized growth (Pel et al., 2007; Seiler et al., 1997). The
understanding of the molecular components might help to increase the production of

secreted enzymes or open up new accesses for the production of heterologous proteins.

o +

L

| | =

— MT ®  Vesicle

_) Septal MTOC "'\. Motor protein

® sps O +Tips “\_- Actin cable

Figure lll. 01. Scheme of microtubule organization in the hyphal tip of A. nidulans
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To gain further insights into the filamentous growth network and dynamics, the role of the MT
cytoskeleton and several kinesins have been studied, and their interplay with other proteins
has been investigated in our laboratory. It becomes clear that many proteins and structures

act together to maintain polarized growth in filamentous fungi.

1. The microtubule cytoskeleton

Microtubules are hollow tubes composed of a lattice of af-tubulin heterodimers. They are
25 nm in outer diameter with a 17 nm interior space diameter (Hawkins et al., 2009).
Different models were developed to explain the way in which tubulin heterodimers
polymerize a MT. The most popular models are the “template model” and the “protofilament
model”. In the template model the basis is made by a ring structure of 13 y-tubulins where
ap-heterodimers bind and polymerize MTs (Oakley et al., 1990; Zheng et al., 1995), whereas
in the protofilament model y-tubulin build a short helix with short filament, and tubulin
heterodimers stack end-to-end to form protofilaments. 13 protofilaments bind laterally to form
sheets that are rolled into a tube (Erickson & Stoffler, 1996; Hirose & Amos, 2007; Meurer-
Grob et al., 2001). MTs grow and shrink in a tread-milling manner if they are polymerized in
vitro. In contrast, MTs are rather stable at the minus end in vivo and are dynamic mainly at
the plus end where the af-tubulins can be added or removed, this exhibits alternating rounds
of growth and shrinkage (Desai & Mitchison, 1997; Fischer et al., 2008; Mitchison &
Kirschner, 1984). The elongation rate depends on the concentration of ap-tubulin dimers in
the cell. Both tubulin subunits contain a GTP bound, the one of a subunits is stable whereas
the one of § subunits can undergo hydrolysis and causes MT catastrophe (Heald & Nogales,
2002; Nogales et al., 1998).

All tubulin genes were first discovered in A. nidulans (Morris et al., 1979; Oakley,
2004; Sheir-Neiss et al., 1978). A. nidulans harbors two a-tubulins (fubA, tubB), two
B-tubulins (benA, tubC) and one y-tubulin (mipA) (Table IlIl. 01). Mutations in tubA were
identified as suppressors of a temperature sensitive benA mutation (Oakley et al., 1987).
Molecular disruption of the tubA gene leads to a mitotic block in vegetative cells (Doshi et al.,
1991), while disruption of the other a-tubulin gene, fubB, leads to a block in meiosis (Kirk &
Morris, 1991). tubA encodes the major vegetative tubulin protein while tubB is highly
expressed during sexual development, so the most likely reason for the differences in
phenotype is differential expression, rather than any major functional difference (Kirk &
Morris, 1993). The benA gene encodes two f-tubulin polypeptides and is expressed
preferentially (Sheir-Neiss et al., 1976; Sheir-Neiss et al., 1978) and the other -tubulin gene

(tubC) plays a specialized but non-essential role in conidiation (May et al., 1985; Weatherbee
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et al., 1985). Suppressor analysis of the benA33 mutation uncovered a new member of the
tubulin superfamily, mipA or y-tubulin (Weil et al., 1986), which defines a completely new
class of tubulin (Oakley & Oakley, 1989). y-tubulin has crucial roles in MT organization
(determines both the location and polarity of MT initiation) and mitosis (Oakley et al., 1990,
Oakley, 1992), and is an important gene for MT organizing centers (MTOC), where it forms
the basis of a high molecular weight complex known as the y-tubulin ring complex (yTURC)
that provides a template for MT assembly (Horio et al., 1991; Joshi et al., 1992; Liang et al.,
1996; Martin et al., 1997; Stearns et al., 1991).

Table Ill. 01. Tubulin members of A. nidulans, S. cerevisiae, S. pombe and U. maydis.

Tubulin A. nidulans S. cerevisiae S. pombe U. maydis
a-tubulin TubA, TubB Tub1, Tub3 Nda2, Tub1 (Atb2) Tub1 (UM01221)
B-tubulin BenA, TubC Tub2 Nda3 (Ben1) UM05828, UM10558
y-tubulin MipA Tub4 Gtb1 (Tug1) Tub2 (UM03803)

The research on the cytoskeleton and cytoskeleton-dependent processes in general but also
in fungi was largely stimulated through the discovery of the green fluorescent protein, which
enabled direct observations of the dynamic processes. In order to analyze MTs, a-tubulin
was fused to GFP. The role of mitotic MTs is mostly conserved, whereas the role of
cytoplasmic MTs depended on cell type. In S. cerevisiae interphase cells, short MTs are
attached to nuclei and their growth and shrinkage dynamics causes short-distance
movement of the nuclei. During mitosis, cytoplasmic MTs mediate MT-cortex interactions and
lead to pulling of nuclei into the budding neck, allowing the divided nuclei to be properly
distributed in mother and bud cells (Hoepfner et al., 2000). In S. pombe, interphase cells
contain several cytoplasmic MTs, which span the entire cell. They serve as tracks to deliver
so called cell-end markers and determine growth directionality (Tran et al.,, 2001; Chang,
2001; Sawin & Nurse, 1998) (Figure Ill. 02). The dimorphic fungus Ustilago maydis grow as
a haploid yeast-like cell or as a filamentous dikaryotic hypha. This makes the organization of
the microtubule cytoskeleton in U. maydis more complex than that in S. cerevisiae, and
reminiscent of that observed in S. pombe. In U. maydis yeast-like cells, astral microtubules,
and cytoplasmic microtubule are nucleated toward the bud and mother cell and support
nuclei migration and positioning (Fink et al., 2006; Straube et al., 2003). In the hyphae, the
majority of MTs are orientated with their plus ends toward the growing tips, some MTs are
orientated with their plus ends toward the basal end of the apical cell (Schuchardt et al.,

2005). Secretion vesicles and other cargoes are transported along these polarized
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microtubules and are required for normal cell morphogenesis in U. maydis (Steinberg et al.,
2001).
In the filamentous fungus A. nidulans MTs are quite inflexible structures and their orientation
probably mainly depends on the shape of the cell. Hence, the bundles of MTs are mostly
aligned parallel to the growth axis and their number ranges from 3 to 8 (resembles U. maydis
MTs in the filamentous growth shape). A. nidulans MTs extend with a speed of about 14 ym
per min, reach the cortex, pause for some time and undergo catastrophe. Subsequently, MTs
shrink with a speed of about 30 um per min and they may either depolymerize all the way to
the MTOC or rescue occurs and they may recommence elongation again (Han et al., 2001)
(Figure lll. 02). Slightly different values were obtained in the group of B. Heath (Sampson &
Heath, 2005). They found that short MT fragments were able to slide towards the hyphal tip.
MTs in A. nidulans are required for nuclear migration and positioning as in
S. cerevisiae (Fischer and Timberlake, 1995; Suelmann et al., 1998; Veith et al., 2005). Also
interphase MTs play a role in signalling polarity information to the hyphal tips as described in
S. pombe (Konzack et al., 2005; Takeshita et al., 2008). Furthermore, MTs in filamentous
fungi play crucial role in vesicle transportation (Fischer et al., 2008). In summary, filamentous
fungi may thus combine strategies used by S. cerevisiae and S. pombe in novel ways to

establish and maintain polarized growth and to generate cell shape (Banuett et al., 2008).

MT
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Cell end marker

Septa MTOC

Formimn

SPB

coee 00/

+Tips

Figure lll. 02. Scheme of the MT and actin cytoskeleton in S. cerevisiae, S. pombe and A. nidulans.
(A) In S. cerevisiae, actin cables capture MT plus ends and thereby regulate MT localization and
shrinkage to orientate the mitotic spindle. (B) Interphase MTs in S. pombe. (C) In A. nidulans, tip of
hyphae in interphase cell. See text for details.
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1.1. Origin of microtubules

In most higher eukaryotic cells, MTs distribute radially, and are nucleated from a perinuclear
centrosome or microtubule organizing centre (MTOCSs) with their plus ends facing the cell
periphery (Keating & Borisy, 1999). y-tubulin is a characteristic and necessary component of
MTOCs. In higher eukaryotes y-tubulin forms a 2.2 MDa ring complex (y—-TuRC) that consists
of 5 to 7 y-TuSC (two y -tubulin units with GCP2 and GCP3 proteins, GCP=Gamma-tubulin
Complex Protein) associated with three other proteins (GCP4, GCP5 and GCP6)
(Table Ill. 02) (Xiong & Oakley, 2009). The y-TuRC measures 25 nm in diameter and
associates with different proteins to form the MTOC with three plaque structures (outer-,
inner- and intermediate-plaque) (Kilmartin, 1994). The intermediate plaque embeds into
membranes and nucleates MTs whereas both the inner and outer-plaques contain a y-TuRC
besides different other proteins (Aldaz et al., 2005).

In S. cerevisiae, the MTOC is localized in the nuclear envelope and called spindle
pole body (SPB) (Jaspersen & Winey, 2004). Only few MTs are found in interphase cells and
they disassemble as the mitotic spindle is formed. S. pombe has both the SPB and
perinuclear MTOCs (Sawin & Tran, 2006). In the filamentous fungus A. nidulans two
different MTOCs (SPBs and sMTOCs associated with septa, which will be discussed in this
study) are responsible for the formation and maintenance of cytoplasmic MTs (Veith et al.,
2005) (Figure lll. 02).

Table Ill. 02. Some MTOC proteins, which were studied in this work

MTOC protein  A. nidulans S. cerevisiae S. pombe U. maydis
GCP2 GCPB (AIpC) Spc97 Alp4 UMO01474
GCP3 GCPC (AlpB) Spc98 Alp6 UMO00950
y-tubulin-complex ApsB ? Mod20 ?

subunit

Many evidence have already proposed that microtubule polymerization in A. nidulans is
initiated at septa. Using the kinesin motor KipA as MT plus-end associated protein, Konzack
et al. found that the cytoplasmic area close to septa acts as active microtubule organizing
centre (MTOC) (Konzack et al., 2005). Furthermore, Veith et al. identified a novel MTOC
associated protein, ApsB and localized it to the spindle pole bodies and to septa (Veith et al.,
2005). The presence of septal MTOCs is similar to the equatorial MTOC in S. pombe, but
there is no evidence for such organelles in S. cerevisiae or the S. cerevisiae-related
filamentous fungus Ashbya gossypii (Lang et al., 2010a; Lang et al., 2010b). Given that

MTOCs are generally comprised of a large protein complex with gamma-tubulin as one
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characteristic member, this study anticipated that MT polymerisation at septa also requires a
protein complex (Xiong & Oakley, 2009). In this work, the presence of gamma-tubulin at
septal MTOCs (sMTOCs) and the physical interaction between gamma-tubulin and ApsB
was shown for the first time. Surprisingly, ApsB was associated with peroxisomes in the
cytoplasm, which proposed that ApsB defines a new class of peroxisomes involved in MTOC

function.

1.2. Proteins at the microtubule plus end and the microtubule lattice

Understanding the regulation of MT formation and their dynamics is one of the main foci of
recent research. Proteins called plus end tracking proteins (+TIPS) (Table Ill. 03), because
they associate and remain at growing MT plus ends, regulate MT dynamics and are very
important for MT-cortical interactions (Akhmanova & Hoogenraad, 2005; Xiang, 2006). In
yeast S. cerevisiae, the interaction of microtubule plus ends with the cell cortex play crucial
roles in positioning the mitotic spindle, whereas in S. pombe those interactions support
signaling of polarity information to the cell cortex (Figure Ill. 02) (Nelson, 2003). In
S. cerevisiae mitotic cells, the +Tip protein Kar9 directs one SPB towards the bud by linking
astral MTs to the actin cytoskeleton through the interaction with the class-V myosin Myo2
(Figure 1ll. 02) (Yin et al., 2000; Hwang et al., 2003).

One interesting question is why MTs stop growing when they reach the cell ends
instead of bending around the cortex. At least two +TIPs, Tip1 (CLIP-170) and Mal3 (EB1 in
higher eukaryotes) are involved in this regulation in S. pombe. Phenotypic analyses suggest
that these proteins are important for suppressing MT catastrophe (Brunner & Nurse, 2000;
Busch & Brunner, 2004). In Atip1 cells, MTs initiate catastrophe anywhere the MT plus ends
contact the cortex, and in Amal3 cells, MTs undergo catastrophe even before they reach the
cortex (Beinhauer et al.,, 1997). As a result, these mutants have shorter MT bundles. Also
Teal (TeaA in A. nidulans) plays a role in regulating MT dynamics: in Afea1 mutants, some
MTs fail to stop growing and curve around the cell end (Mata & Nurse, 1997). Dynein is a
prominent example of a MT plus-end associated protein that localizes to the MT tip and
hitchhikes with the growing filament to the cell periphery. Once at the cortex, dynein is
activated and pulls the attached MT towards the cortex. This leads to translocation of the
nucleus (Maekawa et al.,, 2003; Maekawa & Schiebel, 2004; Schuyler & Pellman, 2001;
Sheeman et al., 2003).

MT function and dynamics are not only determined by the plus and minus end, but
also by the filament lattice, which in higher eukaryotes can be decorated with a number of
different microtubule-associated proteins (MAPs), which in turn may control the activity of

associated motor proteins (Baas et al., 1994; Baas & Qiang, 2005; Cassimeris & Spittle,
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2001). One of the MAPs was discovered in Xenopus and named XMAP215 (Gard &
Kirschner, 1987). Similar proteins, which are meanwhile classified in the Dis1/XMAP215
family, exist in eukaryotes from yeast to plants and humans (Ohkura et al., 2001). Common
to all of them is their association with MTs and the presence of TOG domains and HEAT
repeats. XMAP215 proteins have a prominent MT-stabilizing function (Kinoshita et al., 2002).

In S. cerevisiae it was nicely shown that the Dis1/XMAP215 protein Stu2 binds to
tubulin heterodimers and associates to the MT plus end, where it appears to be responsible
for the loading of tubulin dimers to the growing end (Al-Bassam et al., 2006). This activity
may explain the Stu2 stabilization activity of MTs in living cells. Besides the MT stabilization
activity of Dis1/XMAP215 proteins, DdCP224, the Dictyostelium discoideum homologue, is
involved in MT-cortex interactions. There is evidence that this contact is mediated by cortical
dynein with which DdCP224 is able to physically interact (Hestermann & Graf, 2004). The
Dis1/ XMAP215-like protein AlpA in A. nidulans localizes at the spindle pole bodies and at
MT plus ends. A drastic reduction of the MT array and reduced MT dynamics was observed
in a corresponding deletion strain. Hyphae of this strain grew in curves, suggesting that AlpA
is also involved in the determination of growth directionality (Enke et al., 2007). Most +Tips

and MAPs movements are powered by protein machines called protein motors.

Table Ill. 03. Conserved +Tips of A. nidulans, S. cerevisiae, S. pombe and U. maydis.

+Tips A. nidulans S. cerevisiae S. pombe U. maydis
CLIP-170 ClipA Bik1 Tip1 Clip1

APC - Kar9 = -

EB1 AN2862 Bim1 Mal3 Peb1
XMAP215 AlpA Stu2 Alp14 UMO06328

2. Molecular motors

Three types of motor proteins are known, myosins, which use actin filaments as track, dynein
and kinesin, which move along microtubules. Protein motors transport various cargoes
including membranous organelles, protein complexes and mRNA, drive cell locomotion and
division and allow organisms to move and fuse. Important and unexpected roles for protein
motors are newly discovered as the involvement in higher brain function, tumor suppression
and developmental patterning (Hirokawa et al., 2009). Motor defects can also result in

developmental, cardiovascular and neuronal diseases or can be even lethal (Vale & Milligan,
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2000). In filamentous fungi protein motors are essential for polarized growth, morphogenesis,
cytoskeletal organization and dynamics (Schliwa & Woehlke, 2003).

In order to perform their work in the cell, motor proteins have special structures: one region
of the protein binds to a filament (F-actin or microtubules), hydrolyses ATP and exerts force
onto the filament, while other regions are responsible for achieving the different cellular
functions such as attachment to cargo for transport or anchoring for force generation. They
coordinate the hydrolysis of ATP with binding to, and movement along, a filament and thus
convert the chemical energy derived from ATP hydrolysis directly into mechanical work. The
ability of motor proteins to transport such a wide array of cargo is in part due to the fact that
the tail domains are quite divergent from one another. This allowed them to evolve into
adaptors, linking themselves to cargo through interactions with receptor proteins on the
cargo surface (Karcher et al., 2002). Here | give a short introduction for the three types of

motor proteins.

2.1. Myosin

Myosins are a large family of diverse mechanoenzyme which, upon interaction with actin
filaments, convert energy from ATP hydrolysis into mechanical force (Hasson & Mooseker,
1995). They are involved in muscular contraction, cytokinesis, short-range membrane-vesicle
transport and a host of other cellular processes. Myosins of three families (myosins-I, -Il and
-V) are conserved in yeast (Table lll. 04). Actin cables are nucleated from the bud tip to the
mother cell during bud growth and one myosin-V, Myo2, transports vesicles and other
organelles, such as the Golgi, mitochondria, vacuoles and peroxisomes (Pruyne et al., 2004).
Some mRNA molecules such as ASH1T are transported by another myosin-V, Myo4 (Bobola
et al., 1996; Shepard et al., 2003). In S. pombe, a new daughter cell grows at the previous
cell end in @ monopolar manner, and then initiates growth at the previous cell division site in
a bipolar manner. This phenomenon is named NETO (new end take-off) (Mitchison & Nurse,
1985). Actin cables grow towards the growing cell ends, only towards the old ends before
NETO and towards both ends after NETO, and Myo52, a myosin-V, is responsible for
polarized secretion of vesicles along actin cables and hence membrane enlargement and
secretion of cell wall-synthesizing enzymes (Montegi et al., 2001; Mulvihill et al., 2006; Win et
al., 2001). Although in filamentous fungi, the function of myosin-V is largely unclear, these
myosins are required for flamentous growth and pathogenicity in U. maydis and C. albicans
(Schuchardt et al., 2005; Weber et al., 2003; Woo et al., 2003).

Myosin-I functions in endocytosis associated by actin patche formation (Kim & Flavell,

2008), and Myosin-II functions in cytokinesis by shrinking actomyosin-ring (Pollard, 2009).
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Table Ill. 04. Myosins of A. nidulans, S. cerevisiae, S. pombe and U. maydis.

Myosin subfamily A. nidulans S. cerevisiae S. pombe U. maydis
Myosin-I MyoA (AN1558) Myo3, Myo5 Myo1 Myo1
Myosin-lI AN4706 Myo1 Myo2, Myo3 Myo2
Myosin-V AN8862 Myo2, Myo4 Myo51, Myo52 Myo5
Myosin-XVII CsmA, CsmB - - Mcs1

2.2. Microtubule dependent motor proteins

Microtubules and their dynamics are, in principle, able to create force and transport cargoes
(attached to the growing end) in a cell. However, at least two classes of motor proteins have
evolved that mediate fast MT-dependent movement within the cell. These are the minus-end
directed dynein and the plus-end directed kinesin, although some kinesins can also move in
a minus-end mode. Both motor classes are characterized by a motor domain in which ATP is
hydrolyzed (Hirokawa, 1998).

2.2.1. Dynein super-family

The first MT associated motor protein is dynein, which is a large protein complex
(Table Ill. 05). Cytoplasmic dynein consists of two ~500 kDa dynein heavy chains (DHCs),
several ~74 kDa intermediate chains (DICs), four 50-60 kDa light intermediate chains
(DLICs) and several 6-22 kDa light chains (DLCs) (Bowman et al., 1999; Holzbaur & Vallee,
1994; King et al., 1998; Yamamoto & Hiraoka, 2003). DHC, the motor unit of dynein, contains
an ATP binding catalytic site (Asai & Koonce, 2001; King, 2000; Yamamoto & Hiraoka,
2003). DLICs, DICs and DLCs are probably involved in binding to different structures and
regulate motor activity. Cytoplasmic dynein requires dynactin for its functions (Allan, 1996;
Gill et al., 1991; Schroer & Sheetz, 1991). Dynactin is a protein complex that comprises two
distinct structural components: a short, actin-like filament and a projecting sidearm (Eckley et
al., 1999; Schafer et al., 1994). The actin-like filament consists of a polymer of the
actin-related protein Arp1 and several attached proteins. The sidearm consists of a dimer of
p150aied, Which contains distinct binding sites for microtubules, DIC and Arp1 (Karki &
Holzbaur, 1995). Dynactin is proposed to mediate the interaction of cytoplasmic dynein with

cellular structures and/or to regulate dynein motility (King & Schroer, 2000; Yamamoto &
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Hiraoka, 2003). Dynactin also affects the ATPase activity of dynein by changing its
phosphorylation state (Kumar et al., 2000).

Table Ill. 05. Dynein and regulators of A. nidulans, S. cerevisiae, S. pombe and U. maydis.

Dynein A. nidulans S. cerevisiae S. pombe U. maydis
DHC NudA DYN1 (DHC1) Dhct Dyn1, Dyn2
DIC Nudl PAC11 Dic1 UM04598
DLIC NudN DYN3 Dil1 UM03459
DLC NudG, RobA, TctexA  DYN2 (SLC1) Dic2, Dict UMO04651
Dynactin

P150Giued NudM NIP100 Ssm4 Dyaf

Arp1 NudK ACT5 Arp1 UM11692

Dynein regulators

LIs1 NudF PAC1 ? Lis1
Num1 (cortical ApsA NUM1 Mcp5 ?
anchor)

NUDC NudC ? SPBC19F8 ?
NUDE NudE NDL1 ? ?

Cytoplasmic dynein has various roles in nuclear migration and organelle transport in fungi
(Xiang & Fischer, 2004; Yamamoto & Hiraoka, 2003). Fungi contain a single cytoplasmic
dynein (Yamamoto & Hiraoka, 2003), its role in nuclear migration has been best studied in
S. cerevisiae. Dynein mediates the contact of astral MTs to the cortex and slides the MTs on
the contact sites by moving along the MTs towards the minus end. Consequently, the
nucleus moves to the bud neck and the opposing pulling forces along the cell axis contribute
to spindle pole separation (Bloom, 2001; Yamamoto & Hiraoka, 2003). In filamentous fungi,
dynein mediates organelle and vesicle transport (Xiang & Plamann, 2003). In N. crassa,
dynein is involved in retrograde transport of vesicles and a dynein mutant showed defects in
the organization and stability of the Spitzenkdrper (Riquelme et al., 2002; Seiler et al., 1999).
In U. maydis, it functions in endoplasmic reticulum (ER) organization and endosome
transport (Wedlich-Séldner et al., 2002a; Wedlich-Séldner et al., 2002b). Moreover, dynein
and its regulator accumulated at MT plus ends within the hyphal tips possibly ensure that
endosomes reach the tips and contribute to tip growth by endocytic membrane recycling
(Lenz et al., 2006).
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2.2.2. Kinesin super-family

Kinesins are microtubule-stimulated ATPases that share a variably conserved ~350 amino
acid “motor domain” that contains binding sites for microtubules and adenine nucleotides
(Bloom & Endow, 1995; Bloom, 2001; Goldstein, 2001; Hirokawa, 1998). Kinesin moves
mostly toward the microtubule plus end and many of them have two catalytic subunits,
whereas others contain just one single motor domain (Hirokawa, 1998). Kinesins are very
diverse, they are found as monomers or heterodimers. The motor localizes to the
N- terminal, C- terminal or can be intermediary. The processivity, directionality and the forms
differ too.

According to the latest nomenclature, kinesins are grouped into 14 families (kinesins
1-14) and one orphan family (Lawrence et al., 2004). The number of kinesins in fungi ranges
from six in S. cerevisiae to nine in S. pombe and 10 and 11 in N. crassa and A. nidulans,
respectively (Rischitor et al., 2004; Schoch et al., 2003) (Table lll. 06). Mammals contain
about 45 kinesin genes, 38 of which are expressed in brain tissue, and many of these motors
are likely to be involved in transporting distinct cargoes in axons and dendrites (Miki et al.,
2001). Even the protozoal parasite Giardia contains 25 kinesins (Vale, 2003). Five kinesins
of A. nidulans, kinesin-1 (KinA), kinesin-7 (KipA), kinesin-8 (KipB) and in this work, kinesin-3
(UncA and UncB), have been studied in our group.

Some of those kinesins was shown to be involved in mitosis, whereas three kinesin
families (1, 3 and 7) are involved in polarized growth. Kinesin-1 or conventional kinesin is
currently probably the best-studied molecular motor (Schliwa & Woehlke, 2003). ATP
hydrolysis causes a small conformational change in a globular motor domain that is amplified
and translated into movement with the aid of accessory structural motifs. Additional domains
outside the motor unit are responsible for dimerization, regulation and interactions with other
molecules. The activity of conventional kinesin is required for vesicle transportation toward
the hyphal tips and thereby for normal fungal hyphal extension. N. crassa and A. nidulans
members of the kinesin-1 family play important roles in filamentous growth, probably in the
transportation of vesicles, roles in nuclear positioning were also observed (Requena et al.,
2001; Seiler et al., 1997). However, additional functions were reported, for example, defects
on mitochondrial distribution were observed in kinesin-1 mutants of N. crassa and Nectria
haematococca, and defective vacuolar distribution was found in the corresponding U. maydis
mutant (Lehmler et al., 1997). Members of the kinesin-1 family do not exist in S. cerevisiae,
whereas in S. pombe such a kinesin functions in Golgi membrane recycling (Brazer et al.,
2000). Hence, it appears that kinesin-1 can bind to different cargoes and, thus, be involved in

different cellular processes.
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Table Illl. 06. Kinesins of A. nidulans, S. cerevisiae, S. pombe, N. crassa, U. maydis, C. albicans and

A. gossypii.
Kinesin A. S. S. N. u. C. A.
Subfamilies nidulans cerevisiae pombe crassa maydis albicans gossypii
Number of 11 6 9 10 10 6 6
Kinesin
Kinesin-1 KinA - Klp3 KHC Kin1 - -
(KHC)
Kinesin-3 UncA, - - Nkin2, Kin3 Ca019.1115- -
(Unc104) UncB Nkin3 1
Kinesin-4 ANB875 - - Nc06832 Kin4 - -
Chromokinesin
Kinesin-5 BimC Cin8, Cut7 Nc00927 Kin5 Ca019.712 ACRO010Cp
(BimC) KIP1 ACR228Cp
Kinesin-6 An3124 - Klp9 Nc05180 Kin6 - -
(MKLP1)
Kinesin-7 KipA KIP2 Tea2 Nc02626 Kin7a, Krp ACR145W-
(CENP-E) Kin7b p
Kinesin-8 KipB KIP3 Klp5, Nc06144 Kin8 Ca019.735 AER441C-
(Kip3) Klip6 p
Kinesin-10 An3721 - - Nc05028 - - -
Kinesin-11 - - - - - Ca019.1273- ADR145Cp

0

Kinesin-14/ KIpA Kar3 Pkl1, Nc04581 Kin14 AY182242.1  AGR253-
Ncd Klp2 Wp
Orphan Kinesin  An3970 Smy1 Klp8 - Kin9 - -

Members of the kinesin-7 family (Kip2 in S. cerevisiae, Tea2 in S. pombe, KipA in
A. nidulans) are used to deliver proteins to the MT plus ends. Kip2 transports Bik1
(CLIP-170), Kar9 and dynein (Carvalho et al., 2004), while Tea2 transports Tip1 (CLIP-170)
and Tea1 (for cell polarity) (Browning et al., 2000; 2003; Busch et al., 2004). KipA is not
essential for ClipA (CLIP-170) and TeaA transport, likewise, dynein accumulation at the MT
plus end is independent of KipA but depends on KinA (Zhang et al., 2003). Surprisingly,
kinesin-7 family kinesins in U. maydis have no critical role in polarized growth (Schuchardt et
al., 2005). Other kinesins with a role in polarized growth are those of the kinesin-3 family (will
be discussed).

Kinesin-8 family members play different roles. In our group it was shown that
A. nidulans KipB has a role in MT depolymerization and spindle positioning during
synchronized mitosis (Rischitor et al., 2004). The kinesin-8 (Kip3) of S. cerevisiae is involved

in nuclear migration and spindle positioning especially in the absence of dynein (Cottingham
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& Hoyt, 1997; Cottingham et al., 1999; DeZwaan et al., 1997; Heil-Chapdelaine et al., 2000;
Miller et al., 1998). Two other kinesin-8, Kip5 and Kip6, were characterized in the yeast
S. pombe. Deletion of Klp5 or Klp6 causes MT stabilization and impairs meiosis and mitosis
(West et al., 2002). Both kinesins are also required for normal chromosome movement in
prometaphase (West et al., 2001). It was suggested that members of this family are likely to
conduct a conserved and important function in all fungal species (Schoch et al., 2003). An
overview of different kinesin families and subfamilies is shown in (Table lil. 06).

In this work, roles of the Unc104-related kinesins (kinesin-3), UncA and UncB, will be
discussed in detail. Our understanding of vesicle and organelle transport towards the tip is

still quite limited and it seems that different motors play different roles in different fungi.

2.2.21. The Unc-104 (kinesin-3) family

The Kif1/Unc-104 family has been renamed into the kinesin-3 family (Lawrence et al., 2004;
Wickstead & Gull, 2006). This plus-end directed motor harbors the motor domain in the
N-terminus (N-type), a pleckstrin homology domain (PH) for the binding of membranous
cargoes at the C-terminus and a forkhead-associated domain (FHA) for protein-protein
interactions (Klopfenstein et al., 2002). In contrast to the majority of dimeric kinesins, most
Kin-3 kinesins are monomeric motors (Okada & Hirokawa, 1999; Okada & Hirokawa, 2000),
but a lysine-rich loop in KIF1A binds to the negatively charged C-terminus of tubulin and
compensates for the lack of a second heavy chain, allowing KIF1A to move processively like
a dimeric motor (Okada & Hirokawa, 1999; Okada & Hirokawa, 2000). Al-Bassam suggests a
structural basis for Unc104 regulation of motility by reversible dimerization
(Al-Bassam et al., 2003; Vale, 2003) (Figure Ill. 03). However, very recent data suggest that
KIF1A is only able to undergo ATP-dependent processive motility in the dimeric form
(Hammond et al., 2009).

Unc-104 was first discovered in Caenorhabditis elegans shortly after the discovery of
conventional kinesin (Otsuka et al., 1991). Mutations in unc-104 caused uncoordinated and
slow movement of corresponding mutants. The motor is required for synaptic vesicle
transport (Hall & Hedgecock, 1991). Later, the motor was also discovered in mouse due to
sequence similarities of cDNAs from a library of murine brain (Okada et al., 1995). The motor
is associated with certain vesicles of the neuron, which transport synaptic vesicle proteins.
Other protein motors from the Unc104/KIF1 family were found to transport mitochondria
(Nangaku et al., 1994) or vesicle from Golgi apparatus to the endoplasmic reticulum (Dorner
et al.,, 1998). The motor activity was measured in gliding assays and movement was
measured at 1.2 ym per sec, the fastest kinesin with anterograde movement at the time. It
was observed that Kif1A apparently only binds to special vesicles and is only required for the

anterograde transportation of certain synaptic proteins.
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S. cerevisiae does not contain a member of the kinesin-3 family. However, this motor
family was characterized in Dictyostelium discoideum, U. maydis, N. crassa, and
Thermomyces lanuginosus (Pollock et al., 1999; Rivera et al.,, 2007). In N. crassa one
kinesin-3 motor, Kin2, is involved in mitochondrial distribution (Fuchs & Westermann, 2005).
The kinesin-3 family contains also a unique fungal subgroup of “truncated” proteins, which do
not have FHA and PH domains and may constitute a new subfamily (Schoch et al., 2003).
Although the structure of the protein is very different from other kinesin-3 family members, it
is very interesting that in N. crassa Kin3 can rescue the lack of Kin2 (Fuchs & Westermann,
2005). In U. maydis a kinesin-3 motor is required for endosome movement (Steinberg, 2007).
Deletion of kin-3 reduces endosome motility to 33%, and abolishes endosome clustering at
the distal cell pole and at septa. It was proposed that dynein and Unc104 counteract on
endosomes to arrange them at opposing cell poles (Wedlich-Séldner et al., 2002b). Recently,
Schuchardt et al. showed that Kin-3 may also be required for exocytosis, because acid
phosphatase secretion was lowered to 50 % in kin-3 deletion strains (Schuchardt et al.,
2005). In filamentous fungi it has been shown recently that not only exocytosis but also
endocytosis is important for polarized growth (Araujo-Bazan et al., 2008; Fischer et al., 2008;
Taheri-Talesh et al., 2008; Upadhyay & Shaw, 2008).

If we accept the model of long-distance MT-dependent vesicle transportation and
subsequent accumulation in the Spitzenkdrper and actin dependent short-distance
transportation from the VSC towards the surface, one interesting yet open question is
whether different motor proteins (kinesin, dynein and myosin) are always attached to the
vesicles or whether they associate with the vesicles as required. However, no information
was available how endosomes are transported in A. nidulans. In this study two members of
the kinesin-3 family were identified in A. nidulans and one of them, UncA, was studied in
detail and gives evidence that UncA is associated with endosomes and other vesicles and

transports them surprisingly along a subpopulation of microtubules.

8 . Unc104/KIF1 . e
FH% o (270} FHﬁg T kbl
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Figure Ill. 03. The Unc104/KIF1 motor can exist as a monomer and dimer, as indicated by the
equilibrium. The motor catalytic domains are displayed in blue, mechanical amplifiers in light blue, and tail
domains implicated in cargo attachment are shown in purple. From Vale, 2003.
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IV. Results

To gain insights into the organization and function of Aspergillus nidulans kinesins, the
genomic DNA database was analysed at Cereon Genomics LLC (Cambridge, USA), and
sequences of putative kinesin motors were retrieved. Two of them encoded polypeptides with
high homology to the Kinesin-3 family, called UncA and UncB respectively. Those two

kinesins were studied in this work.

1. UncA and UncB isolation

A. nidulans harbors eleven different kinesins, including UncA and UncB, which are members
of the Kinesin-3 family (formerly called Unc-104 family) (Galagan et al., 2005; Rischitor et al.,
2004). According to the Broad Institute gene database (http://www.broadinstitute.org/), the
uncA gene (AN7547) locates at chromosome IV and the uncB gene (AN6863) at
chromosome |. The predicted structures of the two genes were confirmed through
amplification of small cDNAs and subsequent sequencing. The uncA gene was disrupted by
an intron of 75 bp length located between amino acids 21 and 22 of the open reading frame,
and the uncB open reading frame by an intron of 52 bp after amino acid position 120 of the
open reading frame. The protein sequences of both proteins were analyzed with the SMART
program (http://smart.embl-heidelberg.de) and besides the kinesin motor domains in both
proteins, a forkhead association (FHA) and a pleckstrin homology (PH) domain were
identified in UncA (Figure IV. 01, A and Figure IV. 03, A).

1.1. UncA structure and relatedness analysis

The UncA protein is comprised of 1631 amino acids, with a calculated molecular mass of
182.7 kDa. The predicted motor domain starts two amino acids downstream of the start
codon, and consists of 361 amino acids. One of the ATP-binding motifs (P-loop) is located
between amino acids 111 and 118 (GQTGSGKS). The C-terminal half of the motor domain
displays the highly conserved regions termed switch | (NETSSR), between amino acids
positions 224 and 229 and switch Il (DLAGSE), between amino acids 261 and 266, which
are involved in nucleotide-binding (ATP). Two microtubule-binding motifs were found, MT1
(RDLL) starting at amino acids 170 and MT2 (VPYRDS) starting at amino acids 312 (Song et
al., 2001). The motor domain is connected to the tail via a conserved neck linker, which ends

with a conserved proline (KNHAVVNEDP). This domain is adjacent to the conserved



IV. Results 21

catalytic core. The neck linker may regulate a monomer to dimer motor transition (Al-Bassam
et al., 2003) (Figure IV. 01, B).

A characteristic feature of this class is the presence of a forkhead-association domain
(FHA) located downstream of the motor domain between amino acids 496 and 596. The FHA
domain is proposed to be involved in signaling and protein-protein interactions of kinesins
(Westerholm-Parvinen et al., 2000). It mediates protein—protein interactions in a variety of
proteins by binding to a phosphothreonine motif (Durocher et al., 2000; Durocher & Jackson,
2002). In addition, between the catalytic core and the FHA domain are two predicted helices
capable of weak intermolecular coiled-coil (CC) interactions (neck CC and CC1) (Al-Bassam
et al., 2003; Okada et al., 1995; Pierce et al., 1999). The two helices are separated by an
unstructured region (20-50 residues) that may serve as a flexible hinge (termed the neck
hinge). This sequential arrangement of the catalytic core, neck linker, helix—hinge—helix, and
the FHA domain is characteristic of Unc104/KIF1-type motors from unicellular organisms
(such as Giardia) to man (Vale, 2003). Another coiled coil domain (CC2) is located after the
FHA domain between amino acids 748 and 823. It has been suggested that intramolecular
FHA-CC2 interaction negatively regulates KIF1A activity by inhibiting MT binding and
dimerization of KIF1A. This points to a novel role of the FHA domain in the regulation of
kinesin motors (Lee et al., 2004). The FHA-CC2 interactions are mediated by a linker
connecting the FHA domain and the CC2 domain. The linker is apparently long enough to
allow intramolecular interaction. This predicted structure may limit the flexibility that is
required for its function as a hinge. Recent study has shown that mammalian kinesin-3
motors are dimeric in vivo and move by processive motility upon release of auto-inhibition via
two inhibitory mechanism, first, the FHA and CC2 domains inhibit the interaction of KIF1A
with microtubules, as mentioned before. Second, the CC1 domain blocks processive motility
by interference with the formation of dimeric motors (Hammond et al., 2009).

The C-terminus of UncA exhibited very low sequence similarity to the corresponding
regions of other Kin-3 family proteins, besides the FHA domain, a pleckstrin homology
domain (PH) exists from amino acids positions 1509 to 1615. The (PH) domain has
previously been reported in Unc104 related kinesins in C. elegans where it has been
proposed to bind lipids and lipid rafts. The potential of UncA to make clusters, in order to
dock onto membrane cargoes, has been discussed for providing a trigger for membrane
transport (Klopfenstein et al., 2002) (Figure IV. 01, B).
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AAG AAC CAC GCT GTT GTC AAC GAG GAC CCC AAC GCG CGG ATG ATC AGA GAA CTC AAG GAC GAG CTG GCA CAG
A K R I K N H A v v N E D P N A R M I R E L K D E L A Q
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o

CTG AAC CAA AGC GAG AAG TTA TAC AAG GAT CTT AAC CAA ACT TGG GAA GAG AAA TTG ATC AAG ACC GAA CAG ATC CAC AAA GAG CGT
N Q S E K L Y K D L N Q T U E E K L I K T E Q I H K E R
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CAC CCC CAG GAA GCA AGG GCT GAA CGA GTA GAA CAA AGC TTA CTC CGC CAT TCC GTT ACG ACT AGC
F H I F R F N H P Q E A R A E R \Y% E Q S L L R H S v T T S
CAG CTT GCC TCC CCT GCG CCG GGC AAA GCT CAC GAG AGA AAC GTT AGC AAG GCT TCA GAT TTG GAC TGG GAT TCA AGC AGA GCT GAT
Q L A S P A P G K A H E R N v S K A S D L D w D S S R A D

[oX]

CT CCA ATG GGT TTC CAA CGT GGG AGA GAG TCG GAC TGG TTT TAT GCG CGT CGT GAA GCT GTG AGC GCG GGG ATG GAT CCG GAT AGG
P M G F Q R G E S D w F Y A R R E A v S A G D P D R

CTT GCT CAT ATG CCT GAT GAT GAG CTC GAT GCT CTG TTC GAG AAT GTA CAG AAC GTT AGG GCA AAC CGC CGT GGG TTA TTG GAG AAT
A H M P D D E L D A L F E N v Q N v R A N R R G

=]

GAA GAA GAC TCG GAT TCC TTA AGT TCA TAT CCG ATT CGC GAT AAG TAT ATG TCC AAT GGT ACT ATT GAC AAC TTT TCC TTG GAC ACG
E D S D S L S S Y P I R D K Y M S N G T I D S

=]

>

GCC ATC ACA ATG CCA GGG ACA CCT CGC CAC GGC GAT GAG GAT GCC ACC CTG CAG TCG GTG CGT CAG GAT ATG CAA CGA CAG TTA GAG
I T M P G T P R H G D E D A T L Q S v R Q D Q R Q E

CGA CAG AAA GAG CAG TAT CTG GAT AAG CTA AGG GAA TCG GAA GCG TCC CCG AGT CAA GGC ATC GAC GAA TTG CGG TCT GAA AAG GCC
Q K E Q Y L D K L R E S E A S P S Q G I D R S A

CGC ATG GAG GAT GCT CTT CGA GTA GCA AAA GAA GAA TAC GAA GAG CAA CTT CGA AAG CAA AAA GAA GCG TTT GAG ACG CAT ATG AAG
M E D A L R v A K E E Y E E Q L R K Q K E A H M K

GCA CTT GGT CAC CCA GTG CCA AGA ATC TAC GAG AAT GGT TAC CCA AAG TTG TCC CCC AGG GAG CTA GAG GTT GCG CGC TCA GTT TTC
A L G H P \Y% P R I Y E N G Y P K L S P R E L E v A R S \Y%

o

o

Q

CGA CAC TGG TCT CAG CAA AAT TAT GTC CGC ATG GCC GAA AAG GTT TTG CAG CAT GCT TCG CTG CTA AAG GAG GCC CAG GTC ATG AG
H w S Q Q N Y \Y% R M A E K \Y% L Q H A S L L E A Q v M S

o

CAT ATA ATG GAT AAG AAC GTC GTC TTC CAG TTC GCG ATT GTT GAC CAT GGA CAT AAC ATG GCA TCG TCG TAC GAT CTT GTT CTG AAT
H I M D K N \Y% \Y% F Q F A I \Y% D H G H N M A S S D L \Y% L N

Q@

GC ATT TCT GGA GAC GAG GAT ATC ATA CTT GAT GAT GCC AAA AAG CCT TGT GTT GCT GTT CGT GTC ATG GAT TTC AAA CAA TGT GTC
I S G D E D I I L D D A K K P C \Y% A \Y% R v D Q v

ATC CAT CTT TGG TCT ATC GAA AAG CTC CAG CGC CGT GTT CAG GCC ATG AGG CAA CTG CAC CAG TAC ATT GAC AGG CCG GAC TAC ATT
H L w S I E K L Q R R \Y% Q A M R Q L H Q Y I D R P D Y I

H



IV. Results 23

CAG CAC TTT AAG CTT GAA AAC CCG TTC TCC GAG CCA TGC TCG CCT CAG TAC TCT CTT GTA GGT GAC GCT GAC ATT CCG CTC ACA GCT
GTA TTC GAG ACG CGA GTT CAG GAC TTT TCG GTT GAT GTC ATC TCA CCC TAT ACA CAG GGT GTG GTC GGT ATC ATA CGA CTG TCC TTG
GAA CCA TCG TCG GCG CAG GCG CCG TCG TCT ACG CTC AAA TTC AAC GTT GTC ATG CGT GAC ATG GCC GGC TTT GCT GAG TGG GAG GGA
ACG GAT GTG CAC GCC CAG TTG TTT GTA CCA GGC ATC TCT GAA GAA GGT GGT GCA ACC ACA ACA CAG ATG ATT AGC GGT TTT AAT GAG
ACA CCG GTC CGT TTC GAG AGT GTC CAC AGC ATG AGC TTG CCG CTT ACC AGT CCG CGC AAT GCA GCC CTT AAG ATT TGT GTC TAT GCG
CGT GTG ACC ACA ATG CAT CTT GAT AAG CTC CTT AGC TGG GAT GAC ATG CGC GAC TTA GCG GAG CAA GGG GCC CAG GAC CAA AAG ACG
CCA CGT ATC GCT GAA TCA GAG TAC TTT TCG GAA GAA AGA CAT GAC GTT TTC GCA AGG CTC CAG GTA CTG GAG ATG ACT GAA ACG GGA
GAC TAC CTG CCT GTG GAG GTG GTG CAA AAC AGC CCT ACT GAA GTA GGC ACA TAT CAG CTC CAT CAA GGT CTT CAG CGC CGA ATC TCG
GTG AAT CTC ACC TAT AGC TCA ACG GAA GCT CTT CCC TGG GAC GAT TTG ACG AAT ATT CGA GTT GGT TCT GTG CGG CTG CTG GAT CCA
TGG GGC AAG ATA CCC GAC CAG GAC CTT CAG ACT CCG GAT GTT CCT CTA AAG TTC ATT CAA GAG CCC ATG GTG AAG GAC AAT GCC GAT
GGA ACG TCC AAC ATC ACT CTT GTA GGC CAA TGG GAC TCC AGC TTA CAT AAC TCG CTA CTC CTG GAC CGG GTG ACT GCG GAA AAG TAC
CGC GTG CAA GTA ACG GTC AGA TGG GAT CTC CAG TCT TCA CGC TTG CAG GAC CCT GTG TCG TTC GAG ATC GAC CTG ACG CTC CAA GTG
CAG GGG CGG ACG TAT ATA CGC CCG CAA TCG ATG TTC AAG AAC TTC TTT AGT ACC ACA CGC GTT GTG CAC TCT ACG GTC CGT ATG TAT
TCT GTT GCG GTA CGT CCA GTG TCT GCA AAG CGC GCC GCA GAC CTC TGG CGT ATG AAT ACA CAG AAT GAC TAT GTG AAA GGC GAG GAG
TTC CTG ACC AAG TGG GCT CCG AGA AAG GTC TCG CTT GTT CGT GAC TAT ATC ACC TCT CGC CGA CGG CGC AGG CGT ATT GCA GAG CTT
AAC GCT GCG AAA GGC GCA CTT AGC GCA AAT AGC CTC ACT GTC GCC TCG CCC CCA CGG AGT GGA AGG TCA ACC CCC CTT CGC GCT CAG
GAG CCT GAT CGC AGA GTC AAA CTG CTT CAA AAA TAC GTT GAC CTG TGG ACC GCA AGA ACC GAT CCC ATC GAT GTG ATT CTG ATT CGA
GAC AAT ACG GAG CCC CCA GAA CGT GGC GCA GCG TTT GCG TCT CGA GGA AAG AGT CCG TCA AGC AAT AAT ACG AAC GAT AAT GAA GAG
CAG GGT TCA CTC ACG CCG CGG TTC TAC GCT ACC GTT CAA ACT CTC CCG AAG AAT CCT TCC gCG TCT AAA ACT gGG TAT CTG TTA ATG
CCT GAC GAT ACC TAC ACG CAC TGG GCA CGG CGG TTC GTT GAA CTT CGG CTG CCG TAC CTG CAT ATC TAT TCT GTC CCG GAA GGC GAC
P D R R v L R P L H \Y% P G D
GAA ATT AAC GCA ATC AAC CTC CGC AAT GCG CGA GTC GAC CAT GCG CCT GAT TTC GCC AGA CTT CTC GAC GGC CCC GGA GCT GAT GGG
A R A R D H A P L D G P G D G
TCA TCT CAG GGG CGG CCT AAT GTG TTT GCA GTG TAC GGT CCG CAG AAC ACG TTC CTC TTC GCG GCG CGG ACA GAG GCT CAG AAG GTT
G R P v A v G P A R E A v

GAA TGG ATC TTG AAG ATC GAT GAG ACT TAT TTC AGC AAT AAC GCA CCT CGA GCG GGA GCG ACG ACC AAC AGG TCC GGG AGA TGA
E w I L K I D E T Y F S N N A P R A G A T T N R S G R *

Figure IV. 01. Analysis of A. nidulans kinesin uncA. (A) Domain prediction for the UncA protein. The UncA
(1631 amino acids) protein sequence was analyzed with the SMART program (http://smart.embl-heidelberg.de)
and besides the kinesin motor domain, a forkhead association (FHA) and a pleckstrin homology (PH) domains
have been identified in UncA. (B) Open reading frame of the UncA protein. The uncA gene is 4968 bp long and a
75 bp long intron (lower-case letters) at amino acid position 65, has been determined. The kinesin motor domain
(labelled in gray) 6-361 aa, ATP-binding motifs (labelled in yellow): P-loop from amino acid (aa) 111 to 118, switch
| from aa 224 to 229 and switch Il from aa 261 to 266, respectively. Microtubule binding motifs (labelled in yellow):
MT1 starts at aa 170 and MT2 at aa 312, the neck linker after the motor domain (labelled with bright gray), two
coiled coil domains (labelled with yellow) at aa positions 371 to 481 (including the neck CC and CC1) and 748 to
823 (including CC2), FHA domain (labelled with red) between aa 496-596 and a PH domain (labelled with blue)
between aa 1508 and aa 1616.

Relatedness analysis of UncA with other Kinesin-3 proteins was done using Vector NTI, and
a phylogenetic tree was constructed (Figure IV. 02, A). Comparison between the kinesin-3
sequences revealed 60% homology with N. crassa Nckin2 (48% Identity), 48.1% with U.
maydis Kin3 (34% identity), and 46.5% with C. elegans Unc104 (28% identity), but 80.8%
homology with A. oryzae BAEG60207 (74% identity), and 88.1% with A. fumigatus XP-755805
(80% identity). Both, homology and identity between the proteins are even much higher when

only the motor domains are compared (Figure IV. 02, B).
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Figure IV. 02. UncA and UncB relatedness analysis with other kinesins of the kinesin-3 family.
(A) The relatedness analysis was done with Clustal W using standard parameters. UncB groups with
the fungal-specific subclass as indicated by yellow shading. (B) Alignment of A. nidulans UncA and
UncB (An7547.2 and An6863.2 respectively) motor domain and the FHA (red frame) domains with
homologous sequences from N. crassa (Nkin2 and Nkin3), C. elegans (Unc104), and U. maydis
(Kin3). The alignment was done with Clustal W and Boxshade with a window size of 5. The red
asterisks mark the borders of the motor domain.
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1.2. UncB structure and relatedness analysis

The derived UncB protein is comprised of 671 amino acids, with a calculated molecular mass
of 75 kDa. The motor domain starts 104 amino acids downstream of the initiation codon, and
consists of 356 amino acids. The ATP-binding motif (P-loop) starts at amino acid 212
(GQTGSGKS). The C-terminal half of the motor domain displays the highly conserved
regions termed switch | (NDTSSR), at amino acid 326 and switch I (DLAGSE) at amino acid
363, which are involved in nucleotide-binding (ATP). Two microtubule-binding motifs were
found, MT1 (RDLL) starts at amino acid position 268 and MT2 (VPYRDS) at amino acid 417.
The N-terminal region before the motor domain starts with a short sequence of 104 amino
acids and contains 2 low complexity regions, whose function is not yet known (Figure IV. 03,
A and B).

Comparison of full-length UncB with other Kin-3 proteins revealed 56.4% homology
with N. crassa Nckin3 (49% identity), 83% with A. oryzae BAEG63005 (76% identity) and 75%
with A. fumigatus XP-753349 (68% identity). The values are much higher when only the
motor domains are compared (Figure IV. 02, A and B).

The 195 amino acid long C-terminal part outside the motor domain exhibits very low
sequence similarity to the corresponding regions of related proteins (Figure IV. 02, A and
B). It contains coiled coil regions, which may regulate a monomer to dimer transition (Figure
IV. 03, A and B). Recently, Adio and Woehlke shows a direct comparison of the monomeric
Nkin3 with its dimeric full-length counterpart and suggest that the heads of the wild-type
NcKin3 motor are strictly coupled via the neck domain, and that the dimeric structure is
required for proper detachment after one ATPase cycle (Adio & Woehlke, 2009).

To get more insights into the function of both proteins, deletion strains of uncA, uncB,

and uncAl/uncB double deletion strains were constructed (see below).
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A UncB

Motor lcc

ATG TAC CAT CAC TTT ATC CGT CGC CAA CGA GAA ATC GTC GCT CAA CTT GAA CAG ACA TTG TCA GAT CAC GGT GAA GAG ATG GCG CTG
M Y H H F I R R Q R E I v A Q L E Q T L S D H G E E M A L

GAC CCT CGC TTC TAT CAC CAT CTC GGC CCC GGC ATC GGA TCT GGT TCG CAG TCT TCG GCT TCG CTG TCG GGG TTA TCT TCG GCG ACG
D P R F Y H H L G P G I G S G S Q S S A S L S G L S S A T
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GAT CCG GAT ACA CAG ACG ACG AGG CTA AAG GCA CCG AGC TCC CAC TAT GAC GAA GGG AAA CCG AAA TCG CAG GCG CGC GGG AAA GTG
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AGT TAT ACT ATG ATG GGA ACT CCT GAG CAG CCC GGC TTG ATC CCG CGG ACA TGC GAG GAT TTA TTC CAA CGA ATT GAA CAC GCC GAG
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S Y T M M T Q L I T C L F Q I E
TCT CCG GAT GTC AGC TAT AAC GTT CGC GTC TCC TAT TTT GAA GTC TAC AAC GAG CAT GTA CGC GAC TTG CTG GTT CCT CGA ACT GAC
S P D v S Y N v R v S Y F E v Y N E H v R D L L v P R T D

CCG CCT CAT TAT CTT CGA ATT CGA GAA TCA CCT ACT GAG GGG CCG TAT GTG AAA GAT CTT ACC GAA GTC ACA GTC CGG AAC TAT GCA
P P H Y L R I R E S P T E G P Y v D L v v R A

GAG ATC ATG AAG TAC ATG CGC AAA GGC GAT ATA TCA CGC ACC GTT GCT AGC ACT AAG ATG AAT GAT ACG TCC TCG CGG TCA CAT GCC
E I M K Y M R G D I S R T v A S T K M N D R H A

GTT TTC ACG ATC ACA CTG AAG CAG ATC CAC CAT GAT CTC TCT ACA GAC GAG ACA ACA GAA CGC ACA GCG CGC ATT CGC CTT GTC GAT
v F T I T L K Q I H H D L S T D E R A R R L v D

CTC GCT GGT TCT GAA AGA GCC AAA TCC ACC GAA GCT ACG GGT CAG CGA CTG CGC GAG GGA TCT AAT ATC AAC AAA TCT CTT ACC ACT
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TTG GGT AGA GTT ATT GCG GCT TTG GCC GAC CCC AAA GCA GGA CGG ACG GGT AAA CGG AAG GGA AAG GAA GTT GTT CCT TAC CGT GAC
L G R v I A A L A D P K A G R T G K R K G K E v \% P Y R D

TCA ATC CTC ACA TGG TTA TTG ARAA GAC AGT CTT GGG GGT AAC TCA AAA ACG GCT ATG ATT GCC TGT ATC TCG CCC ACA GAT TAT GAA
S L T w L L K D S L G G N S K T A A P D

GAA ACA CTC TCC ACG CTA CGC TAC GCT GAC CAG GCG AAG CAT ATC CGC ACG CGC GCG AGA GTT AAT CAA GAT CAT CTG TCC GCT GCT
L S T L R Y A D Q A K H I R T R A v

GAG CGT GAC CGA CAG ATC GAA GAA ATG GCG GAG ACT ATC CGC ACG CTC CAG CTC AGC GTC AGC CAA GCT GCG CAG AAT CGC CGA GAG
D R Q I E E M A E T I R T L L v A A R R E

ACC GAG GTC CAG AAT GAA CGG CTT GAA GAG TAT CAG CAG CAG GTG GAG AAG CTT CAG CGG CTC ATG GAG GAG AAC AAG ATG GTT AGT
E v Q N E R L E E Y Q Q Q \Y% E L R L E E \Y%

GAA TGC AAA ATC AGG CAG CTG CAG ACC GAG AAC GAA GCG CTA CGC AAC CAC CTA AAG CTG GCT TTG GAT AGC TTA AAG AAT CCT ATT
E C K I R Q L Q T E N E A L R N H L A D

CCT CCA GTG ACA ATC GAG AAG GCT CTC AGC GAC GTT GAT ATT CCA GAC GAG GAG CAG CCG ATC GAC GAG CAG CAG CCG GGC TCT CCT
P P v T I E K A L S D v D I P D E E Q P I D E Q Q P G S P

ACT TCG GAG GCA GAA ACA GAG CCG GAT CTA ATT TGG GAA GAC GAG AAC CTC CCA CCC GAC ACA AGC GAG TTA GAA GCC CAA GAA ATG
T S E A E T E P D L I w E D E N L P P D T S E A

CAG GCA ACA ATG GAG AAT CTT TTG GGC GAT CTC GAT GTC TTC AAG AGA AAG CTG GCT ACA GAC CAC GAA CGC TTT GGT GCA AGT CGA
Q A T M E N L L G D L D v F K R K L A T D H E R F G A S R

AAA CAC GAG GGC CGC AAA AGA CGG CGG GCT CTT GGG GAC ATC TTG GGG AAC TGA
K H E G R K R R R A L G D I L G N *

Figure IV. 03. Analysis of the A. nidulans kinesin uncB. (A) Domain prediction for the UncB protein. The UncB
(671 amino acids) protein sequence was analyzed with the SMART program (http://smart.embl-heidelberg.de)
and besides the kinesin motor domain, a short tail consisting of multiple coiled coil motifs was identified. (B) The
UncB open reading frame has 2065 bp and a predicted intron with 52 bp (lower-case letters) at amino acid
position 120. The motor domain (labelled in gray) spans between 104-473 aa, the ATP-binding motifs (labelled in
yellow): P-loop at aa 212-219, switch | at aa 326-331 and switch Il at aa 363-368 respectivly, microtubule binding
motif (labelled in yellow): MT1 at aa 268-271 and MT2 at aa 417-422, two low complexity regions (labelled with
blue) at aa positions 40 to 73 and 97 to 114, two coiled coil domains (labelled with yellow) at aa positions 482 to
564 and 615 to 643.



IV. Results 27

2. Deletion of uncA and uncB

2.1. Deletion of uncA

The uncA-open reading frame was deleted in the uncA wild-type strain TNO2A3 with pyroA
as selection marker, and the deletion event was confirmed by diagnostic PCR and Southern
blot (Figure IV. 04). The flanking regions of uncA were amplified by PCR using genomic
DNA and the primers UncA-LB-fwd and UncA-LB-Sfil-rev for the upstream region of uncA,
and UncA-RB-Sfil-fwd with UncA-RB-rev for the downstream region. In a three-fragment
ligation, the pyroA-gene obtained from plasmid pNZ12 was ligated between the two
uncA-flanking regions, resulting in vector pNZ13. The deletion cassette was amplified with
the primers UncA-LB-fwd and UncA-RB-rev, and the resulting PCR product was transformed

into the pyro-auxotrophic A. nidulans strain TNO2A3 (Figure IV. 04).

probe1 probe2
BgM ot LB uncA RBEcRl  Eeoit

Figure IV. 04. Deletion of uncA.
Scheme of the deletion procedure and

ol corresponding Southern blots. DNA was
r LEd ) digested with Bgilll (left) and with EcoRlI
4ZED, (right). The probes are indicated above.
43kb ’
— —
(RoARh
1A8kD
Probe 1 Probe 2

One of the strains (SNZ9) was used for further analysis and the construction of uncA-deletion
strains in other genetic backgrounds. Colonies of this strain grew slower than wild-type

colonies and appeared more compact (Figure IV. 05).

. Figure IV. 05. Phenotype of an uncA,
. ! . an uncB, and a double-deletion strain.

Growth of the strains SNZ27 (4uncA),
SNZ15 (AduncB), SNZ29 (AuncA, AuncB),
and RMS011 on minimal medium for 3
days. Scale bar 1 cm.
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The coupling of the observed phenotypes with the gene-deletion event was confirmed by
crosses and by down-regulation of uncA through the inducible alcA promoter (see below,
Figure IV. 15).

Comparison of organelle distribution as nuclei (visualized with Dsred-StuA in SNZ21),
mitochondria (visualized with GFP-tagged mitochondria in SNZ20) or the organization of the
microtubule cytoskeleton (visualized with GFP-alpha tubulin in SNZ-SI40) shows no

differences to wild-type strain (Figure IV. 06).

GFP-mitochondria

GFP-MT, DsRed-StuA

Figure IV. 06. Observation of mitochondria (A), microtubules (B), and
microtubules with nuclei (C) in an uncA-deletion strain. GFP or DsRed were
used for the visualization. Strains are SNZ20 in (A), SNZ-SI40 in (B) and SNZ21 in
(C). Scale bar 5 um.

However, an increased number of branches in 4uncA strain was noticed at 37°C. At higher
temperature a slight curved hyphal phenotype similar to the phenotype of cell end marker
mutants was observed (Takeshita et al., 2008) (Figure IV. 07).

AuncB X AuncA

Figure IV. 07. Phenotype of AuncA, AuncB, and a double-deletion strain at 37°C and 42°C. Strains
SNZ27 (4uncA), SNZ15 (4duncB), SNZ29 (4uncA, AuncB), and RMS011 (WT) were grown on minimal
medium with glycerol as carbon source for 2 days. Scale bar 25 um.
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To test if the uncA-deletion strain showed this curved phenotype because of mislocalization
of the cell end marker TeaA, a uncA-deletion strain with a mRFP1-TeaA and GFP-alpha
tubulin was constructed. Suprisingly, neither TeaA nor the microtubules displayed any defect

in the tip compartment in comparison to wild-type (Figure IV. 08).

00:00:00,000

Figure IV. 08. Observation of the cell end marker mRFP1-
TeaA with GFP-microtubules in an uncA-deletion strain
(SNZ43). Scale bar 5 um.

2.2. Deletion of uncB

The uncB-open reading frame was deleted using the same strain (TNO2A3) as for the uncA
deletion with pyr4 as selection marker. The uncB-flanking regions were amplified by PCR
using genomic DNA and the primers uncB_LB_fwd and uncB_LB_Sfil rev for the upstream
region of uncB, and uncB_RB_Sfil_fwd with uncB_RB_rev for the downstream region. The
two uncB-flanking regions were ligated upstream and downstream of the pyr4 marker in
pCS1, generating pNZ5. This plasmid was cut with EcoRI and Bglll, generating a fragment
containing pyr4 flanked by uncB sequences. This fragment was transformed into the
uracil-auxotrophic strain TNO2A3 (Figure IV. 09).

robe
EcoRt Jprane AuncB WT 4454
Ecoltl Ecoll
LB uncB RB s Figure IV. 09. Deletion
b of uncB. Scheme of the

deletion procedure and
corresponding  Southern
blot. DNA was digested
1kb 'lﬁh with EcoRI. The probe is

indicated

LB pyrd RB

Transformants were screened by PCR for the homologous integration event. Single
integration of the construct was confirmed by Southern blotting (Figure IV. 09). One of the
strains (SNZ3) was used for further analysis and the construction of uncB-deletion strains in
other genetic backgrounds. Colonies of this strain grew like wild-type colonies

(Figure IV. 05). Septum formation and branching was also similar to the wild-type at 37°C
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and at 42°C (Figure IV. 07). No difference to wild-type with respect to nuclear distribution

(sNZ25) or microtubule organization (sNZ62) was observed (Figure IV. 10).

-

Figure IV. 10.
Observation of nuclei
(left), and microtubules
(right) in an uncB-
deletion strain. DsRed-
StuA or GFP-alpha tubulin
was used for visualization.
Strain  sNZ25 (left) and
sNZ62 (right). Scale bars 5
um.

In order to investigate whether UncA and UncB are functionally related, an uncA/uncB

double-deletion strain was genetically created generating SNZ29 (Figure IV. 05). It displayed

the same compact growth phenotype as the uncA-deletion mutant at 37°C and at 42°C

(Figure IV. 07). The analysis of nuclear and mitochondrial distribution, the organization of the

MT cytoskeleton revealed no difference in comparison to the wild-type. This was unlike the

situation in N. crassa (Fuchs & Westermann, 2005).

2.3. Analysis of genetic interactions between UncA and other motor

proteins

To see if the deletion of uncA causes a more severe phenotype in the absence of other

motor proteins involved in polarized growth, an uncA/kinA (conventional kinesin) and an

uncA/nudA (heavy chain of dynein) double-deletion mutant were constructed (Figure IV. 11).

Figure IV. 11. Comparison of colony growth of different mutants as labeled. Left picture shows the
deletion strains of uncA (SNZ9) and conventional kinesin, kinA (AnKin26) in comparison to the double
deletion strain (SNZ36) and a wild-type (TNO2A3). Right picture compares the colony phenotypes of the
uncA-deletion strain (SNZ27) and the dynein-deletion strain (AnudA) (XX60) and the corresponding
double-deletion (SNZ63). Colonies were grown for 3 days on glucose minimal medium at 37°C. Scale

bars 1 cm.
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The growth defects of these strains were comparable to the growth defect of stains with

single mutations in either kinA or nudA, respectively. No additional phenotype was observed.

2.4. Analysis of the cell wall of uncA and uncB mutant strains

Because of the compact phenotype of uncA mutant strains and in order to test the integrity of
the cell wall, especially in the tip compartment, Calcofluor white (CFW) and Congo red (CR)
were used. CFW and CR contain two sulfonic-acid groups. Both exert antifungal activities
when they are solubilized and their sulfonic-acid groups are negatively charged. As CFW
preferentially stains chitin in the cell wall of fungi, it (and by analogy CR) is thought to
interfere with the cell wall assembly by binding to chitin and to nascent chitin chains, thereby
inhibiting the assembly enzymes that connect chitin to -1,3-glucan and p-1,6-glucan. As a
result, the cell wall becomes weakened. The addition of CFW or CR to growing fungal cells
results in cell wall-related morphological changes, such as swelling or lysis of hyphal tips.
The cell wall-weakening effect of CFW and CR activates the cell wall stress response (Levin,
2005). It also induces increased deposition of chitin in the cell wall. As CFW and CR are
believed to bind to chitin, these compounds also directly counteract the cell wall stress
response itself.

Testing for altered susceptibility to CFW and CR is commonly used in fungi to identify
mutants with cell wall defects. Some mutants with lowered chitin levels in their walls become
more resistant to CFW and CR. Most of the cell wall mutants, however, have more chitin in
their walls than wild-type cells, because of activation of the cell wall stress response, and
become more sensitive to CFW and CR. Not all mutants with a CFW-hypersensitive
phenotype display increased chitin levels, indicating that the chitin level in the cell wall is not
the only factor determining CFW sensitivity. Increased susceptibility to CFW or CR is
indicative of cell wall defects in mycelial fungi such as A. nidulans (Shaw & Momany, 2002).

The concentration of CFW or CR to be used in susceptibility assays depends on
several parameters. Both, the size of the inoculum and the fungal species to be tested. The
preferred way to determine CFW or CR susceptibility is to inoculate a concentration series of
asexually derived conidiospores (in the case of mycelial fungi) in the form of spots on plates
containing CFW and CR. The concentrations of CFW or CR used for Aspergillus vary
between 50 and 1,000 ug/ ml (Damveld et al., 2005; Ram & Klis, 2006).

Sensitivity to CFW and CR in this case is determined by comparing the extent of colony
formation between parental and mutant strains on the control plate (CM medium) and the
plates containing CFW or CR both with a concentration of 75 ug/ ml. A slightly increased

sensitivity was observed in the uncA/uncB double mutant strain (Figure 1V. 12).
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Figure IV. 12. Susceptibility of A. nidulans mutants to CFW (75 ng/ ml) or CR (75 ug/ ml). Ten-fold
dilutions, starting at 5 x 10* spores, were spotted on complete medium plates buffered with 100 mM
MES-NaOH (pH 6.0; left), or similar plates containing CR (75 ug/ ml; middle) or CFW (75 ug/ ml; right).
Pictures were taken after 3 d of growth at 30°C. The strains used are the wild-type (TNO2A3) parental
strain, the uncA knockout strain, the uncB knockout strain and the uncA / uncB double deletion strain as
indicated.

2.5. Amylase secretion in uncA deletion strain

Filamentous growth depends on the continuous delivery of secretion vesicles to the growing
surface, where protein secretion mostly occurs. A structure unique to filamentous fungi, the
Spizenkorper (SPK) is located in the growing hyphal tip. It is an aggregate of vesicles which
are further transported to the plasma membrane (Gierz & Bartnicki-Garcia, 2001). Secretion
of glucoamylase was studied in A. niger and was mainly observed at the hyphal tip (Gordon
et al., 2000a; Gordon et al., 2000b). The same machinery is used for the secretion of other
hydrolases and different enzymes involved in cell wall biosynthesis.

Because endocytosis and exocytosis are related machineries, and because
uncA-deletion had an effect on hyphal extension, the protein secretion potential was studied.
The amylase was used as a marker enzyme. The amylase activity was measured by
determining the concentration of released glucose in surface and submerged cultivation with
2% starch as carbon source (te Biesebeke et al., 2005) (Figure IV. 13 and IV. 14). In the
case of the solid media, Gram’s lodine was used for staining the remaining starch in the agar
plate. The diameter of the produced halo was used as a measure for the secretion potential.

Similar halos were surrounding both uncA-deletion and WT strains (Figure IV. 13).
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Figure IV. 13. Gram’s lodine staining of the remaining starch in surface cultivation of AuncA and
wild-type strains of A. nidulans. The same number of spores was inoculated on 2% starch solid
medium. Strains used in this assay are: uncA-deletion strain (left), and TNO2A3 (right). Scale bar 1 cm.

The same number of spores was added per ml medium in both surface and submerge

cultivations. During surface cultivation, glucose concentrations liberated from the substrate

were lower than 0.03 mmol/l. In submerged cultivations, the glucose concentrations were

maximal 0.35 mmol/l. Apparently, during submerged cultivation, an excess of glucose was

liberated from the substrate, whereas the glucose concentrations in surface cultivation

remained low at all time points. However, the situations in the uncA-deletion strain and the

WT strain were similar (Figure IV. 14). Confirming that the halos shown in (Figure IV. 13)

are similar and that the occurred secretion at the branches of uncA-deletion strain is

sufficient to recover the loss of vesicle secreted at the tip.
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Figure IV. 14. Glucose concentration measured in (left) submerged and (right) surface cultivation
of AuncA and wild-type strains of A. nidulans. Spores were inoculated in 2% starch liquid media
(left) and 2% starch solid media (right). Glucose concentration (mmol/l, Y axes) measured in the growth
medium of submerged cultivation and in the extracts of surface cultivation at the time points indicated
(hours, X axes). Blue is AuncA and red is WT.
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3. Localization of UncA

3.1. UncA localizes to fast moving spots

The UncA protein was visualized by fusion with a fluorescent protein (GFP or mRFP1 in the
vector pMCB17apx). To create an N-terminal GFP fusion construct of UncA, a 0.9-kb
N-terminal fragment of UncA (starting from ATG) was amplified from genomic DNA, with the
primers uncA_Ascl_fwd1 and uncA_Pacl _rev1. The Ascl-Pacl fragment was subcloned into
the corresponding sites of pCMB17apx, yielding pAS3, where GFP-UncA was under the
control of the alcA-promoter (de-repressed with glycerol, induced with threonine, repressed
with glucose). To create an N-terminal mRFP1 fusion construct of UncA, the GFP Kpnl-Ascl
fragment from pAS3 was substituted by mRFP1 from pDM8, yielding pNZ9.

After homologous integration of the construct at the uncA locus, the 0.9-kb fragment
becomes duplicated and the full-length uncA-open reading frame is fused to GFP and is
under the control of the alcA promoter. The uncA-GFP strain (SNZ2), in which plasmid pAS3
is homologously integrated, grew like the uncA-deletion strain when grown on glucose
medium and like wild-type when grown on glycerol or threonine medium, showing that the

GFP fusion protein was fully functional (Figure IV. 15).

Down-regulation Up-regulation

. I

alcA-GFP-UncB mp-um alcA-GFP-UncB

MM-glucose MM-glycerol

Figure IV. 15. Up- and downregulation of GFP-UncA and GFP-UncB fusion constructs. Colonies
were grown on minimal medium with glucose (downregulation) or minimal medium with glycerol
(de-repression). The GFP-UncB strain behaves always like the WT, whereas the GFP-UncA strain
shows a compact growth phenotype when grown on glucose medium. Scale bar 1 cm.

Under inducing conditions GFP-UncA was visible as fast moving spots and accumulated

sometimes at the tips of the hyphae (Figure IV. 16, A; movie IV. 01). They moved into two



IV. Results

35

directions with speeds of up to 6 um/sec. The GFP signal at the tip looked like an

accumulation of dynamic vesicles.

A alcA(p)-GFP-UncA
DsRed-StuA

e

C uncA(p)-GFP-UncA

mRFP1-UncA, GFP-MT

Figure IV. 16. Localization of UncA. (A) UncA was labeled with GFP and nuclei with DsRed, UncA
was under the control of the alcA promoter (SNZ4). (B) Movement of UncA along microtubules. Time-
lapse analysis of MRFP1-UncA in a strain with GFP tagged microtubules (SNZ26). One spot (indicated
with the arrow) was focused and followed over time. The time between the exposures of the pictures is
indicated. (C) GFP-UncA expressed under the natural promoter (SNZ74). A pearl-string like

arrangement of the signal is visible. Scale bars 5 um.

After addition of the microtubule-destabilizing drug benomyl, vesicle movement in the hyphae

and at the tip stopped (Figure IV. 17), suggesting microtubule-dependent movement. This

finding was supported by co-localization of GFP-labelled microtubules with mRFP1-labelled

UncA (Figure IV. 16, B; movie IV. 02).

mRFP1-UncA, GFP-MT, Benomyl

Figure IV. 17. Effect of
benomyl on UncA
movement. Hyphae of SNZ26
were incubated with 2.5 pyg/ml
benomyl for 10 min. mRFP1-
UncA spots did not move
during the 11 seconds
observation time. Microtubules
(GFP) were disassembled
under these conditions. Strain
sNZ26. Scale bars 5 um.

To exclude the possibility that the observed localization was due to the artificial expression of

the GFP-UncA fusion protein (glycerol as carbon source for the de-repression of the alcA

promoter), the alcA promoter was replaced with a 1.5-kb DNA fragment derived from the
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putative uncA promoter. The putative promoter was amplified from genomic DNA with the
primers UncA_nat(P)_EcoRI_fwd and UncA_nat(P)_Kpnl_rev, digested with EcoRI and Kpnl,
and the two fragments were ligated with EcoRI-Kpnl-digested pAS3, yielding pNZ-S149. This
construct was transformed into TNO2A3. One strain with a homologous integration event at

the uncA locus was selected for further analysis (SNZ74) (Figure IV. 18).

probe

uncA(p] Eoory Ecav uncA 5 kb T

uncA 0.9 kb 6.2kb —
J. Bouy 42kb —

[ [ Ecorv

/’ / uncA(p)-gip-uncA plasmid

3.4kb —
EcoRV D
K /’f 26kb —
\T"*—'\

I Homologous integration strain

WT SNZ74

““'“" ¢ e 1.88 kb —
L e e
uncA{p) uncA 0.9 kb uncA(p) gip uncA 5 kb 1.48 kb —

probe probe

Figure IV. 18. Expression of GFP-UncA under the control of the natural promoter. Scheme of the
construct and the integration event (left) and the corresponding Southern blot to show integration at the
locus (right). Probe is indicated.

The strain appeared like wild-type, suggesting functionality of the UncA-GFP fusion protein.
Although the GFP signal was weaker than in the previous strains, small moving spots were
clearly visible in the microscope (Figure IV. 16, C). These results suggested that in the
above-described experiments moderate overexpression with glycerol in the medium did not
cause artefacts and/or mislocalization of the protein. Interestingly, the GFP-UncA protein

appeared to prefer essentially one track in the cell (Figure IV. 16, C; movie IV. 01).

3.2. UncA is involved in vesicle transport

Because a role of UncA in mitochondrial movement - as it was observed in N. crassa - was
excluded, and because Kin-3 of U. maydis localizes to early endosomes, the association of
UncA with endosomes was analyzed. To this end, the plasma membrane in A. nidulans
strain (SNZ74, uncA(p)::GFP::uncA) was stained with the membrane-selective fluorescent
vital dye FM4-64 (Pefialva, 2005). FM4-64 was used at a concentration of 10 uM in the
medium. Coverslips were incubated for 1-2 min and washed. After internalization of the
membrane early endosomes were visible. The movement of the corresponding vesicles
resembled the movement of GFP-UncA (movie IV. 03). However, co-localization of the red
FM4-64 and the green UncA signal proved to be difficult because of the high speed of the

structures.
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This technical obstacle was overcome by generating a rigor variant of UncA by changing
glycine residue 450 to glutamate. This modification of the P-loop allows binding of the motor
to the microtubules but not their dissociation (Nakata & Hirokawa, 1995). The movement of
FM4-64 labelled vesicles was reduced and co-localization with GFP-UncA™ was observed

in some cases (Figure IV. 19, A).

GFP-UncA™>
FM4-64

mRFP1-TigB, FM4-64

Figure IV. 19. Co-localization of endosomes
- with UncA. (A) FM4-64 stained endosomes in
GFP-UncAm the GFP-UncA™ strain (SNZ14). (B) Co-
localization of mRFP1-TIgB and GFP-UncA"
(SNZ69). (C) Co-localization of mRFP1-TIgB and
FM4-64 with GFP-UncA™". Scale bars 5 um.

GFP-UncA"a>

mRFP1-TigB

GFP-UncA" GFP-UncA™
mRFP1-TigB mRFP1-TigB, FM4-64

Quantification was impossible, because of the alignment of the vesicles to a continuous
structure. The fact that not all GFP signals co-localized with FM4-64 suggested that UncA is
not only associated with early endosomes but also with other vesicles. It also shows that
early endosomes are not homogenous. As a further proof for the binding of UncA to
endosomes, a S. cerevisiae Tlg2 homologue was tagged with mRFP1 in A. nidulans and
named TIgB. TIgB was used as a marker as it was used before for endosome labelling in
A. oryzae (Kuratsu et al., 2007). S. cerevisiae TIg2 localizes to trans-Golgi and endosomes
(Gurunathan et al., 2002; Holthuis et al., 1998).

The tlgB gene (or AN2048) is localized to chromosome VIl and displays 39.9%
homology to the S. cerevisiae Tlg2 protein. Tlg2 belongs to the group of syntaxin-like
t-SNARE protein, and harbors a Syntaxin domain between amino acid positions 66 and 174
and a t-SNARE domain in the C-terminal part, between amino acid position 234 and 301
(Figure IV. 20, A and B). Syntaxins are a family of receptors for intracellular transport of
vesicles. Target membranes are identified by specific members of the syntaxin family. The
t-SNARE (target soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP)
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receptor proteins) belongs to SNAREs, which normally localize to distinct membrane
compartments of the secretory and endocytic trafficking pathway, and contribute to the

specificity of intracellular membrane fusion processes.

A TigB

t-SNARE mm

B
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Figure IV. 20. Analysis of A. nidulans tigB. (A) Domain prediction for the TIgB protein. The TIgB (318 amino
acids) protein sequence was analyzed with SMART program (http://smart.embl-heidelberg.de). (B) The open
reading frame has 1083 bp and two predicted introns (small letter case letters) after amino acid position 8 with 68
bp, and after amino acid position 186 with 61 bp.

The A. nidulans tigB full-length coding region was cloned downstream of mRFP1 using the
same approach as for UncA. Thus a N-terminal mRFP1 fusion construct of tilgB was created.
The primer set used for TIgB was Tlg2_nidulans_Ascl_fwd and Tlg2_nidulans_Pacl_rev. The
PCR fragment was cloned into pCR2.1-TOPO and subsequently into pDM8 (pyroA as
selection marker), yielding pNZ58. The plasmid was integrated into the genome of SNZ14
(GFP-UncA"™). Fluorescence microscopy revealed again partial co-localization between
UncA-GFP and mRFP1-TIgB (Figure IV. 19, B). This strain was again treated with FM4-64.
Because in S. cerevisiae Tlg1 and Tlg2 endocytic vesicles were only transiently labelled with
FM4-64 (Holthuis et al., 1998), it was anticipated that the combination of FM4-64 and
TIlgB-mRFP1 would stain all GFP-UncA™" labelled endosomes (Figure IV. 19, C). Indeed
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more co-localization was detected but still some GFP signals did not localize at the same
place as the red signals, again indicating that UncA is associated not only with early
endosomes.

Similar to TIgB, the same molecular techniques were used to detect the A nidulans
syntaxin-like t-SNARE protein tligA (An8171), S. cerevisiae tlg1 homologue, but many big
vacuoles and vesicles were stained with this marker, that's why tlgB was preferred for the

last experiment.

3.3. UncA cooperates with dynein in vesicle transportation

In order to study if the observed movement of FM4-64 labelled vesicles was due to UncA or
another motor activity, vesicle behaviour (stained with FM4-64) was studied in uncA-, kinA-,
and nudA-deletion strains (Figure IV. 21; movies IV. 04 - IV. 08). Although UncA and KinA
move towards the MT plus ends and dynein towards the MT minus ends, their movement
may occur into both directions in hyphae because MTs have a mixed orientation.

It was clearly visible that the movement changed dramatically when UncA or dynein
were absent or non-functional, respectively. Long distance movement as observed in
wild-type was largely reduced in 28 out of 37 hyphae. In nine hyphae one or two vesicles
were observed moving long distances (2 min observation time). In addition to the reduced
motility, an accumulation of vesicles was observed in the dynein mutant at the hyphal tip,

suggesting that dynein is required for retrograde transportation (Figure IV. 21).

AuncA, AkinA AuncA, AnudA

Figure IV. 21. FM4-64 staining in the strains indicated in the pictures. The strains were the same as
described in the legend for (Figure IV. 11). FM4-64 staining was done as described above. Scale bars
5 um.



IV. Results 40

In the double mutant AnudA/AuncA the defect in vesicle movement was the same as in the
dynein single mutant. In the kinA-deletion strain, long-distance vesicle movement occurred,
and vesicle accumulation was visible at the hyphal tip. The effect was not as strong as in the
dynein mutant. This observation can be explained with the fact that the accumulation of
dynein at the microtubule plus end, and thereby its transportation to the tip zone, depends on
conventional kinesin (Zhang et al., 2003). Hence, the observed defect of vesicle movement
in the kinA mutant is probably due to the lack of dynein at the tip. A double mutant between
AkinA and AuncA displayed a similar phenotype as the AuncA deletion with some more

accumulated vesicles at the tip (Figure IV. 21).

3.4. UncA localizes to a subpopulation of microtubules

In the above-described experiments a rigor mutation in the UncA motor was found to reduces
the movement of the vesicles and most surprisingly, the GFP-UncA™ signal was aligned
along a rod-like structure in the cell (Figure IV. 19). To generate this rigor variant of UncA,
the glycine residue 450 was changed to glutamate using QuikChange XL site-directed
mutagenesis kit (Stratagene, Heidelberg, Germany). The used oligonucleotides were
UncA_P-Loop_Gly fwd and UncA_P-Loop_Gly rev and plasmid pAS3 was the template for
this amplification to yield plasmid pNZ15. The strain TNO2A3 was transformed and searched
for transformants in which pNZ15 was homologously integrated at the uncA locus. Among 12
transformants, two (one named SNZ14) displayed the uncA-deletion phenotype under both

repressing and inducing conditions (Figure IV. 22).

rigor

UncArigor F Figure IV. 22. The colony of an uncA
NeA™" iy mutant shows the same phenotype as an
uncA-deletion strain. Scale bar 1 cm.

PCR and Southern blot analysis confirmed that the construct was integrated at the uncA
locus in both transformants. The PCR fragments were sequenced to confirm the
mutagenesis event. The GFP-UncA™ signal in SNZ14 was very nicely aligned along a rod-

like structure in the cell (Figure IV. 23).
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Figure IV. 23. Localization of UncA"®*" along

a single microtubule. GFP-UncA™ localizes
to a rod-like structure in a hyphal compartment.
Scale bar 5 um.

To determine the nature of this rod, the
morphology of this structure was
compared with the  structure of
mitochondria  and the microtubule
cytoskeleton (MT) by making double
stainings. SNZ14 was transformed with
mRFP1 targeted to mitochondria or with
the mRFP1-KipB fusion

decoration and visualization of MTs.

protein for

Co-localization occurred only in the case of
UncA with MT, suggesting that this rod
represents MTs (or a bundle of MTs),
(Figure V. 24). To further prove this, the
strains were treated with Cytochalasin A,
2 pg/ml for 10 min (in the case of
Mitochondria) and with benomyl, 2.5 pg/ml
for 10 min (in the case of MT). The rod of
UncA™ disassembled only in the

presence of benomyl, but its

disassembling rate was much slower than other cytoplasmic MT bundles, indicating that this

MT bundle is more stable than other MTs.

GFP-UncA"®", mRFP1-mitochondria
control + cytochalasin A

GFP-UncA"™", mRFP1-KipB

Figure IV. 24. Comparison of GFP-
UncA™ with the morphology of
mitochondria (stained with mRFP1) in the
absence and presence of cytochalasin A.
And with the morphology of microtubule
(stained with mRFP1-KipB) in the absence
and presence of Benomyl. Upper panel:
Cytochalasin A was used at a final
concentration of 2 pg/ml (Sigma) from a
stock solution of 100 mg/ml in dimethyl
sulfoxide (DMSO), and incubated for 10 min.
Lower panel: Localization of GFP-UncA"%
in the absence and presence of benomyl
(final concentration 2.5 pg/ml, from a stock
solution of 1 mg/ml in ethanol, 10 min
incubation time). Scale bars 5 um.
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In order to analyze this phenomenon further, the MTs were stained by secondary
immunofluorescence and compared with the observed rod structure stained with
mMRFP1-UncA™". Indeed, the red rod represented a subpopulation of MTs, because many
other MTs were clearly visible beside the one decorated by UncA™ (Figure IV. 25).

Using UncA as a nice marker for this population of MTs, the occurrence in
different developmental stages was analyzed. The GFP-UncA labelled rod-like structure was
found already in conidiospores as well as in young germ tubes and older hyphal
compartments. This suggests that the occurrence of this MT population is independent of the

growth phase of the hyphae.

Figure IV. 25. Immunostaining of
mRFP1-UncA™®" hyphae with anti-
alpha-tubulin antibodies and FITC
labeled secondary antibodies. Tip
compartment of a mRFP1- UncA™ strain
(SNZ54) stained with anti-alpha-tubulin
antibodies (DM1A) and FITC-labeled
secondary antibodies. Nuclei were stained
with DAPI. Upper panel: FITC
fluorescence; middle panel: mRFP1
fluorescence; lower panel: overlay with
the DAPI channel. Scale bar 5 um.

a-tubulin FITC

mRFP1-UncA™=

merge with DAPI

In addition, the behaviour of this rod was observed during mitosis. This is in agreement with
previous observations that not all microtubules are disassembled during nuclear division and
indicates different stabilities of different microtubules (Veith et al., 2005). UncA appears to
associate with the more stable MTs. Mitotic spindle MTs were not labelled with
mRFP1-UncA"™"".

To analyze the observed specificity of the UncA motor protein, the presence of
post-translational modifications of tubulin in A. nidulans was studied (see Figure V. 02, page
76). One modification is the addition of glutamate residues near the carboxy-terminus of
alpha and beta-tubulin. Using specific antibodies (Monoclonal antipolyglutamylated tubulin,
clone B3, Sigma) for immunostaing and western blot experiments, MTs weren’t visualized. It
is possible, that these antibodies do not recognize the A. nidulans modified tubulin. However,
it is more likely that this modification does not exist in A. nidulans. The same was true for the

analysis of acetylated MTs. Another modification is a reversible removal of a terminal
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tyrosine residue of alpha tubulin. In A. nidulans the C-terminus of alpha tubulin ends with
glutamate and tyrosine. Monoclonal anti-tyrosine tubulin (clone TUB-1A2, Sigma) antibodies
were used against the tyrosinated form of alpha tubulin. These antibodies stained

cytoplasmic and mitotic MTs (Figure IV. 26, A).

mRFP1-UncA"™, tyrosine MT FITC

Figure IV. 26. Inmunostaining
of mMRFP1-UncA™®" hyphae
with antityrosinated tubulin
antibodies and FITC labeled
secondary antibodies. (A)
Hyphal compartment during
mitosis. mRFP1-UncA"”
localizes to one MT in the
cytoplasm but not to the two
mitotic spindles, which are
decorated with the green
fluorescent FITC antibodies.
The lower row of three pictures
shows a second example and
demonstrates that the
) anti-tyrosine antibody does not
tyrosine stain any microtubule in the
MT Cy3 tyrosine MT Cy3 cytoplasm (middle panel). Right
panel: overlay of the mRFP1,
the FITC and the DAPI channel.
(B) Co-localization of
GFP-UncA™ and
tyrosinated microtubules labeled
with Cy3 secondary antibodies
in interphase. Upper panel: Cy3
channel, middle panel: GFP
channel; lower panel: overlay of
the two channels with the DAPI
channel. Scale bars 5 um.

mRFP1-UncA"9or tyrosine MT FITC merge & DAPI

GFP-UncAnaor - GFP-UncAngor

In interphase cells, all MTs were stained with the antibody, including the MT characterized by
GFP-UncA™ (Figure IV. 26, B). However, in mitotic cells, the mRFP1-UncA™" rod was
clearly visible and was not stained with the anti-tyrosin tubulin antibody (Figure IV. 26, A). In
comparison, the mitotic spindle was stained. From this, it was concluded that UncA binds

preferentially to detyrosinated MTs. In interphase cells tyrosinated and detyrosinated MTs
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appear to exist in parallel in one MT bundle. During mitosis the tyrosinated cytoplasmic MT
depolymerises and the detyrosinated one remains. If UncA™® cannot label the spindle
because of the existence of nuclear envelop and if mitosis can occurs with only detyrosinated

tubulin have to be further studied.

3.5. KinA and KipA localize to all microtubules

In order to test whether the observed behaviour of the UncA motor protein is specific for
UncA, the results to the binding of kinesin rigor variants of kinesin-1 (conventional kinesin,
KinA), kinesin-7 (KipA) and kinesin-8 (KipB) were compared (Konzack et al., 2005; Requena
et al., 2001; Rischitor et al., 2004; Seiler et al., 1997) (Figure IV. 27). To construct a KinA""
plasmid, a GFP-KinA plasmid was generated at first using the primer set
KinA_ATG_Asc1_fwd and KinA_1324bp_Pac_rev to amplify a 1.3-kb kinA fragment. The
PCR fragment was cloned into pCMB17apx (pyroA as selection marker), yielding plasmid
pCS2-NZ. This plasmid was used as a template to create the KinA™* plasmid using primer
KinA_Rigor P-Loop_ for and KinA_Rigor_P-Loop_rev and the QuikChange XL site-directed
mutagenesis kit (Stratagene, Heidelberg, Germany) to change glycine residue 97 to
glutamate. In the case of KipA and KinA no specificity to different microtubules was found
(Figure IV. 27, A B). Simultaneous visualization of KinA™" and UncA™ confirmed the
specificity of UncA (Figure IV. 27, C).

GFP-UncAme>

mRFP1-KinA"o>

mRFP1-KinA"> & DAPI

Figure IV. 27. Comparison of the localization of three kinesin motor proteins
in the rigor state. (A) GFP-KipA™. (B) mRFP1-KinA"™ overlaid with the DAPI
channel. (C) Co-localization of GFP-UncA™ (upper panel) with mRFP1-KinA"%"
(middle panel). The lower panel shows the overlay. Scale bars 5 um.

Kinesin-8 had been already studied in a previous paper and did not show a preference for
certain microtubules (Figure IV. 24) (Rischitor et al., 2004).
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Another interesting observation was made during the experiment procedure. It was noticed
that KinA™* did not decorate microtubules, stained with the anti-tyrosine tubulin antibody, at
the very tip of the hypha (Figure IV. 28). Currently, there is no explanation for this

phenomenon.

tyrosine MT FITC

mRFP1-KinAme>

merge

rigor

Figure IV. 28. Immunostaining of mRFP1-KinA hyphae with antityrosinated
tubulin antibodies and FITC labeled secondary antibodies. Co-localization of
mRFP1-KinA"" and tyrosinated microtubules in interphase. upper panel: FITC
channel, middle panel: mRFP1-KinA"™, lower panel: overlay. Scale bar 5 um.

Those results suggest for the first time that post-translational modifications of microtubules
exist in filamentous fungi, or at least in A. nidulans. Hence it postulates the existence of the

tubulin tyrosination and detyrosination cycle (Figure IV. 29).

mitosis

Tyrosinated microtubule —
Detyrosinated microtubule

Figure IV. 29. Proposed model for the arrangement of tyrosinated and
detyrosinated microtubules during mitosis and during interphase in
A. nidulans. For details refer to the Discussion section.

Some questions still have to be answered:
*  From which MTOC do the putative detyrosinated MTs generate? SPB or sMTOC?
* Do MT modification enzymes, such as tubulin tyrosine ligase and tubulin tyrosine
carboxypeptidase, exist in filamentous fungi?

* How does the plus end of detyrosinated MTs look like?
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4. The origin of detyrosinated microtubules

4.1. Putative detyrosinated microtubules connect SPBs and septal
MTOCs

MTs are polymerized from nuclear- and from septal-MTOCs. To analyze from where
detyrosinated MTs originate, the distribution of GFP-UncA™" was analyzed in combination
with labeled nuclei, MTs and MTOCs. An UncA"™-decorated bundle spanned the entire
hyphal compartment. It connected all nuclei with each other and linked them to the septa.
Some nuclei appeared pear-like with the elongated region attached to the MT, indicating that
those nuclei were actively pulled (Figure IV. 30, A). In order to visualize the co-localization
pattern between MTOCs, MTs and the UncA™ MT bundle in more detail, a GFP-TubA strain
containing mMRFP1-UncA™" was constructed. The UncA™ signal decorated one main MT
bundle in the compartment (as mentioned before). This bundle was very stable (as indicated
with benomyl-test in page 41) and connected all MTOCs with each other during interphase,
whereas all other dynamic cytoplasmic MTs were not decorated with UncA™". Those results

suggest that uncA™ chooses the stable MT bundles as tracks (Figure IV. 30, B).

A

Figure IV. 30. GFP-UncA™°" bundle connects
all nuclei via their SPBs. (A) A GFP-UncA"™
bundle connects nuclei (DAPI). Some nuclei are
actively pulled and have a pear-like shape. (B) A
mRFP1-UncA™ bundle connecting two SPBs.
(upper panel) GFP-TubA, (middle panel)
mRFP1-UncA™", (lower panel) merge. Notice
that UncA™ stains only the major stable
connecting bundle, other active cytoplasmic MTs
were not stained. SPBs are indicated with white
arrows. Strains used were sNZ14 in (A) and
sNZ109 in (B). Scale bars 5 um.

This study has shown that mitotic spindles were not decorated with UncA™, although it still
decorates one MT bundle in the cytoplasm during mitosis (Figure IV. 31, A). Those
observations suggest that during mitosis UncA could still transports vesicles along the stable

detyrosinated MT bundles as a track. Further observations in a GFP-a-tubulin strain revealed
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that the stable MT bundles depolymerize toward septal MTOCs and take longer time to do
this than the other tyrosinated microtubule bundles which depolymerize very fast
(Figure IV. 31, C; movie IV. 09).

In order to test the hypothesis of vesicle transport during mitosis, UncA movement
was followed in mitotic cells. GFP-UncA spots were fast moving and some of them formed
pearl-like structures similar to UncA behavior during interphase. Mitotic nuclei were observed
with DsRed-StuA. This fusion protein is released from nuclei during mitosis, thus the
disappearance of the nuclear staining indicates the mitotic state. UncA-spots were
permanently moving during mitosis (Figure IV. 31, B, left; movie IV. 10) just like after

mitosis when daughter nuclei appeared again (Figure IV. 31, B, right; movie IV. 10).

A ---
B

Figure IV. 31. Detyrosinated MTs exist outside the nucleus during
mitosis. (A) Immunostaining with anti Tyr-tubulin antibodies (Hyman et al.)
of the mRFP1-UncA"™" strain (left). Nuclei were stained with DAPI (right). (B)
GFP-UncA was still able to move toward the tip during mitosis, a pearl-string
phenomenon was observed (left), after 2 min daughter nuclei were observed
via staining with DsRed-StuA (right). (C) GFP-TubA confirms the hypothesis
that stable detyrosinated MT bundles connect sMTOC during mitosis (arrow).
Strains are sNZ54 in (A), sNZ4 in (B) and sNZ77 in (C). Scale bars 5 um.

One interesting result was that UncA™" was not totally immobile, after MT depolymerization
UncA™-spots were able to move partially and a GFP-UncA signal accumulation was
observed at MT minus ends (the MTOCs) (Figure IV. 32, A). The same phenomenon was
detected when the alcA promoter was replaced with the 1.5-kb putative uncA promoter. In
this strain only the uncA(p)-GFP-UncA"®" accumulations were visible, whereas the rods were
very hardly observed (Figure IV. 32, B). Those results confirm that UncA™ localizes to one

MT bundle composed of different MTs, and that those MTs originate from nuclear SPB and



IV. Results 48

from septal MTOC, and when they depolymerize UncA signals accumulate at the different
MTOCs (movie IV. 11).

Figure IV. 32. GFP-UncA™" localizes to SPBs and to sMTOCs after MT depolymerization. (A)
GFP-UncA"™ under the control of alcA(p) after MT depolymerization. The GFP signal was observed at
sMTOC (left) and at SPBs (right). Nuclei were stained with DAPI. (B) GFP-UncA™ under the control of
the native promoter. The GFP signal was found at septa (left, arrowhead) and the SPB (right). Strains
used were sNZ14 in (A) and sNZ110 in (B). Scale bars 5 um.

Because sMTOCs appeared to play an important role in the fomation of the stable MTs
during mitosis, | studied in the following the organization of sMTOC and tried to find out if any

differences in protein composition or structure makes it different than the nuclear SPB.

4.2. ldentification of gamma-tubulin and AlpB*"® at septal MTOCs

Previously was showen that A. nidulans ApsB localized at SPBs and at septa, suggesting the
presence of MTOCs at septa (Veith et al., 2005). Unfortunately, the most important protein of
MTOCs, gamma-tubulin has not been identified at septa before. Here, for the first time a very
weak signal at septa was detectable, when gamma-tubulin was expressed from its own
promoter and fused to GFP (Figure IV. 33). In S. pombe it has also been reported that
gamma-tubulin was present at non-nuclear MTOCs in very low amounts and is thus not easy
to detect (Sawin et al., 2004).

To obtain in vivo protein expression levels, the proteins were expressed under the
corresponding natural promoters. The apsB promoter (1.33-kb) was amplified from genomic
DNA using primers apsB_nat(p)_Avrll_fwd and apsB_nat(p)_Kpnl_rev, cloned instead of
alcA(p) in pDV21 giving pNZ-SI37 (apsB(p)::GFP::apsB), transformed in TNO2A3 giving
SNZ59. The gamma-tubulin promoter (1.16-kb) was amplified from genomic DNA using
primers Gamma_tub_nat(p)_EcoRI_fwd and Gamma_tub_nat(p) Bsiwl_rev, cloned instead
of alcA(p) in pNZ17 giving pNZ-SI36 (ytubulin(p)::GFP::ytubulin™®), transformed in TN02A3
resulting in SNZ61. pMCB17apx was used as the basic vector for tagging the proteins with
GFP and pDMS8 for tagging with mRFP1.
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B GFP-ApsB

GFP- y tubulin

GFP-AIpB

GFP-y tubulin
DsRed-StuA

GFP-AIpB &
DAPI

Figure IV. 33. Gamma-tubulin and
AlpB localize to septal MTOCs.
(A) GFP-ApsB, GFP-gamma-
tubulin and AlpB""*-GFP localize to
the SPBs. Nuclei are stained with
DsRed-StuA (NLS) or DAPI. (B)
Localization of the same GFP-
tagged proteins to the septal pore
(two spots in the center).
Fluorescence image (left), DIC and
merge (right). Strains used: GFP-
ApsB  (SNZ59), GFP-gamma-
tubulin (SNZ61) and AlpB™"°-GFP
(SNZ-SH80). All proteins were
expressed from their natural
promoters. Scale bars 5 um.

To further elucidate the composition of septal MTOCs, the A. nidulans genome was searched

for a homologue of S. pombe Alp6 and identified the open reading frame AN4867 (968 amino

acids in length) with 35 % identity to Alp6, located on chromosome Ill. This gene was named
alpB (Figure IV. 35).
The AlpB protein comprises the SPC97/SPC98 domain located between amino acid

position 270 and 752 (Figure IV. 34, A and B), and belongs to a family of spindle pole body

protein components such as Spc97, Spc98 and gamma-tubulin. In S. cerevisiae, it has been

shown that gamma-tubulin forms a stable complex with Spc97 and Spc98 (Vinh et al., 2002).
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Figure IV. 34. Analysis of the A. nidulans spindle pole body protein encoding gene alpB. (A) Domain
prediction for the AlpB protein. The AlpB (968 amino acids) protein sequence was analyzed with the SMART
program (http://smart.embl-heidelberg.de), (B) Open reading frame of the AlpB protein. alpB is 2901 bp long and
has one intron (lower-case letters) at amino acid position 403. The SPC97/SPC98 domain located between amino
acids position 270 and 752 (shaded in gray).

In order to localize AlpB, a C-terminal GFP fusion protein expressed from the native
promoter was constructed as follows. AlpB AN4867 was amplified via fusion PCR using
primers Alp6_mitte_fwd and Alp6_linker_rev to amplify the C-terminal fragment of AlpB
without the stop codon, and primer Alp6_RB_link_fwd and Alp6_RB_rev to amplify the right
border of AlpB. The two PCR products were fused to a GFP-pyrG PCR cassette (kindly
provided by S. Osmani, Ohio State University, US) to generate a 5.5-kb fusion PCR product
using the primer Alp6_ Nprimer_fwd and Alp6_Nprimer_rev. The fusion PCR product was
transformed into the A. nidulans strain SO451 giving SNZ-SH80 (alpB(p)::alpB::GFP). As
expected the strain showed that AlpB localized to SPBs at nuclei but also to sMTOC,

indicating that the two MTOCs share also this protein (Figure IV. 33).
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Figure IV. 35. AlpB relatedness analysis with other SPC97/SPC98 proteins. Alignment of A. nidulans
AlpB (AN4867) with homologous sequences from S. cerevisiae SPC98 (25% identity) and S. pombe Alp6
(37% identity). The alignment was done with Clustal W and Boxshade with a window size of 5.

The A. nidulans genome was also searched for a homologue of S. pombe Alp4 and identified
open reading frame AN5873 (876 amino acids in length) with 43 % identity to Alp4, located to
chromosome |. This gene was named alpC. The AlpC protein has the SPC97/SPC98 domain

too.
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To visualize AlpC, an N-terminal fusion construct with GFP was created. In this experiment,

AlpC shows nuclear localization but no specific co-localization with MTOCs.

4.3. Interaction of ApsB with gamma-tubulin

Next, ApsB was shown not only to co-localize but also to interact with gamma-tubulin. To this
end the bimolecular fluorescence complementation system (BiFC) was applied. ApsB
full-length was fused with the N terminal part of YFP and gamma tubulin full-length with the
C-terminal part of YFP. For the BiFC system the eYFP was split at position 460bp-462bp,
using the ATG as start codon for the YFP® half. Each YFP half was amplified and PCR
fragments were used to replace GFP2-5 of pMCB17apx-apsB (Veith et al., 2005) giving
pDV7 (YFPY) and pDV8 (YFPF). Full-length apsB>? (3.2-kb) was taken from pDV21a and
cloned into pDV7 giving pDV22b (alcA(p)::YFP"::apsB>?), and full-length ytubulin® was
amplified using primers Gamma_tub_Asc _fwd and Gamma_tub_Pac_rev, cloned into pDV8
giving pDV50 (alcA(p)::YFPC::ytubulin™®). For the BiFC analysis pDV22 and pDV50 were
combined and transformed into GR5 resulting in SNZ11. The cloned gene length is indicated
as exponents: e.g. apsB*? (3.2-kb). Corresponding A. nidulans strains showed a YFP signal

at nuclei and at septa (Figure IV. 36, A).

A

Split YFP
ApsB & v tubulin
with DAPI and DIC

Split YFP

\ Spit YFP
= [JApsB & y tubulin ApsB & y tubulin

Figure IV. 36. Interaction of ApsB with gamma-tubulin. (A) Bimolecular-fluorescence-complementation
assay (BiFC) of ApsB and gamma-tubulin (SNZ11). Fluorescent signals, indicating an interaction between
ApsB and gamma-tubulin, were found at the SPBs (left), and to the centre of septal pores as two spots
(right). Upper image is DIC and lower image is merge of a fluorescent picture with the upper DIC picture.
(B) Fluorescent signals of interacting ApsB with gamma-tubuin (BiFC) and of GFP-ApsB in the hyphal tip.
(C) ApsB-gamma-tubulin interaction (BiFC) in the cytoplasm. Some spots were highly mobile. Scale bars
5 um.
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Interestingly, a fluorescence signal at the tip of all actively growing hyphae was also found
(Figure IV. 36, B). Previously, ApsB has already been found at the tip and growing MTs
were also described to originate from the tip in some cases (Konzack et al., 2005). Gamma-
tubulin alone was not visible at the tip probably due to the high cytoplasmic background.
Some cytoplasmic spots were also observed, as shown before for ApsB alone (Veith et al.,
2005) (Figure IV. 36, C).

The ApsB-gamma-tubulin interaction result was confirmed with Co-IP using
hemagglutinin (HA)-ApsB and GFP-gamma tubulin tagged proteins. Gamma-tubulin was
detected in the precipitate obtained with anti-HA antibodies. The resulting band confirmed

the interaction between ApsB and Gamma-tubulin (Figure IV. 37).

SNZ-S142 SNZ16 SNZ37

+ - + HA-ApsB Figure IV. 37. Interaction of ApsB with gamma-tubulin.

- + + GFP-y tubuli Confirmation of the ApsB-gamma-tubulin interaction by co-
immunoprecipitation. SNZz37 (alcA(p)::apsB::3xHA;

_1I1 ApsB alcA(p)::GFP::ytubulin™®) was used for this assay, and SNZ-SI

CE : 42 (ach(p)::3x4-{3A::apsB3'2) and SNZ16
(alcA(p)::GFP::ytubulin ") were the control strains. Anti-HA

. “'" y-tubulin antibodies (Klon 16B12 derived from mouse, Hiss Diagnostics,
Freiburg, Germany) were used for the IP. Precipitation was

=i performed in 1 ml crude extract of approximately 10 mg/mi

’ Out ApsB total protein and 50 ul protein G-agarose (Roche, Mannheim,

HA o . Germany). Western blot detection was done with anti-GFP

antibodies (Anti-GFP N-terminal, derived from rabbit, Product
Out y-tubulin G 1544, Sigma-Aldrich, Munich, Germany).

4.4. The MTOC protein ApsB is associated with peroxisomes

It was shown, in a previous thesis of our laboratory (Suelmann, 1999), that ApsB interacts
surprisingly with the Woronin body protein HexA. This interaction was the reason for the
discovery of a peroxisomal targeting sequence type 2 (PTS2) in the N-terminal region of
ApsB open reading frame. It was also shown that ApsB co-localizes partially with HexA and
with another peroxisomal protein (AcuE). Those results led to the conclusion that ApsB
co-localizes to a subclass of peroxisomes (Veith, 2006).

ApsB and HexA localized in different ways at septa. To deterime if ApsB and HexA are
forming different structures at septa, deconvolution and laser-scanning spinning
disc-microscopy were used. ApsB appeared as two spots in the centre of the septal pore
(Figure IV. 38, A), whereas HexA localized on each side of the pore (Figure IV. 38, B).
Time-course experiments revealed that the ApsB spot co-localized with the constricting ring

during septation.
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A GFP-ApsB, CW B—GFP—ApsB,—mRFP-H-—iexAi-—

Figure IV. 38. Comparison between ApsB and HexA localization at septa. (A) GFP-ApsB appeared as
two spots in the centre of the septal pore. The cell wall was stained with Calcofluor white M2R (fluorescent
brightener 28 (F3543), Sigma Aldrich, Germany) 1:1000 dilution for 5 min. 3D view using Zeiss Axiolmager
Z1 with AxioVision software (V4.5). (B) Double staining of ApsB and HexA. GFP-ApsB appeared as two
spots in the centre of the septal pore whereas HexA localized on each side of the pore (3 spots in the
image). The cell wall is indicated with a line. 3D view using Zeiss Cell Observer® SD confocal microscope
with AxioVision software (V4.5). Strains are SEa3 (A) and SDV73 (B). Scale bars 1 um.

4.5. The PTS2 motif of ApsB is important for its function

A point mutation in the PTS2 motif of ApsB caused the same defects as an apsB deletion, a
non-sporulating phenotype and a reduced number of MTs. Therefore it was assumed that
PTS2 of ApsB is important for its function at septa (Veith, 2006).

To test if the function of the PTS2 mutated ApsB can be restored by adding a PTS1
targeting sequence (SRL) at the C-terminus of ApsB, the PTS2 mutated ApsB with the PTS1
signal fused to the C-terminal part of the protein (GFP-ApsB_PTS2™" SRL) expressed from
the alcA promoter was transformed into strain AJC1.7 (apsB710) and into an apsB-deletion
strain (SRS24). To create the latter plasmid, a PTS1 targeting sequence (SRL) was added to
the C-terminus of ApsB by amplifying the full-length mutated gene apsB*? PTS2™"in pDV43
using the primers apsB_Asc_fwd and SRL_PTS1_Pacl_rev, PTS1 sequence tagacggga was
added just before the stop codon in the reverse primer. The PCR product was cloned
between Ascl and Pacl restriction sites in the vector pMCB17apx and confirmed via
sequencing, giving the plasmid pNZ16, which was transformed into the apsB710 strain
AJC1.7 generating strain SNZ34 (apsB10, alcA(p)::GFP::apsB_PTS2™ SRL). Ectopic
integration of the construct and the presence of the mutated endogenous apsB locus were

confrmed by PCR, Southern blot and sequencing of the PCR products. Likewise,
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transformation of the apsB construct was done with pNZ16 into the apsB-deletion strain

(SRS24), generating SNZ94 with the same rescue phenotype as in the case of AJC1.7

Glucose Sorbitol

(SNZ34) apsB10
alcA(p)::GFP:
apsB_PTS2mt PTS1

Figure IV. 39. The peroxisomal target sequence of ApsB is important for complementation of the
oligosporogenic phenotype of apsB mutants. Transformation of an apsB70 mutant strain with a
mutated apsB version in which a PTS1 sequence was added at the C-terminus. WT (TNO2A3), apsB
mutant strain (AJC1.7, apsB10) and the transformed strain (SNZ34) were grown on glucose and under
de-repressing conditions on sorbitol. Scale bars 1 cm.

The apsB10 mutation converts codon 83 into a stop codon and thus the mutant is lacking
most of the 1052 amino acid long ApsB protein. The transformed plasmids were integrated
ectopically.

Transformants of both strains (SNZ34 and SNZ94) appeared with the brown
apsB-like phenotype under repressing conditions (glucose), and a wild-type like, spore
producing phenotype under de-repressing conditions (sorbitol). These results suggest that
the ApsB-PTS1 protein was able to complement the oligosporogenic phenotype (Figure IV.
39).

The number of MTs in the
rescued strains was also similar to

the wild-type, MTs were observed Figure IV. 40.

Immunostaining of
MTs with DM1A and
Tyrosine-tubulin
antibodies in SNZ94.
Scale bar 5 um.

after immunostaining using anti MT
antibodies (DM1A) and FITC labeled
secondary antibodies
(Figure IV. 40). Those results

suggest a novel function for

peroxisomes in septal microtubule

organization in A. nidulans.
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4.6. On the role of peroxisomes

To further test if peroxisomes are involved in septal MTOC formation, the effect of a pexC
mutation on ApsB and HexA localization and function was studied. PexC is the A. nidulans
homologue of S. cerevisiae Pex3, which is essential for peroxisome membrane formation
(Hynes et al., 2008). The pexC mutant strain was always cultured in the presence of
2-5 mg/ml glufosinat as selection marker for the disruption construct. In the absence of the
dominant marker, the disruption was very unstable. Whereas mRFP1-HexA localization was
lost in strain SNZ103, GFP-ApsB was still observed at SPBs and septal MTOCs
(Figure IV. 41).

-GFP-ApsB -GFP-ApsB

merge

Figure IV. 41. ApsB localization in a pexC mutant strain. Z-stack images with deconvolution for
GFP-ApsB in WT (SEa3) and in the pexC mutant strain (SNZ103). The arrow points to the ApsB signal
at a septum. Scale bars 5 um.

The number of cytoplasmic spots was drastically reduced. These results suggest that ApsB
localization is affected by the lost of normal peroxisomal network. However, pexC mutant
strains displayed a pleiotropic phenotype and are not easily comparable with wild-type with

regards to hyphal morphology and asexual development.
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5. Characterization of a putative tubulin tyrosine ligase (ttl)

gene

Tubulins and microtubules are subjected to several post-translational modifications of which
the reversible detyrosination/tyrosination of the carboxy-terminal end of most alpha-tubulins
has been extensively analyzed. This modification cycle involves a specific carboxypeptidase
and the activity of the tubulin-tyrosine ligase (Ttl) (Erck et al., 2000). Tubulin-tyrosine ligase
(Ttl) catalyses the ATP-dependent post-translational addition of a tyrosine to the carboxy
terminal end of detyrosinated alpha-tubulin. The true physiological function of Ttl has so far
not been established. In normal cells, the tyrosinated form of tubulin predominates. However,
in breast cancer cells, the detyrosinated form mostly predominates, with a correlation to
tumour aggressiveness (Mialhe et al., 2001). In summary Ttl functions in protein modification
processes and has a tubulin-tyrosine ligase activity. In order to study the function of Til
protein in A. nidulans, Broad Institute gene database (http://www.broadinstitute.org/) was
searched and one homolog (tt/A) was found. The {tt/A gene (AN4967) is located on
chromosome Ill. The TtIA protein sequence was analyzed with the SMART program
(http://smart.embl-heidelberg.de) and besides the tubulin tyrosine ligase domain between
amino acid position 375 and 738, a SurkE- like structural domain between amino acid position
1 and 213 was identified (Figure IV. 42, A and B).

The SurE domain with the 3-layer alpha/beta/alpha topology is found in the stationary
phase survival protein SurE, a metal ion-dependent phosphatase found in eubacteria,
archaea and eukaryotes. In E. coli, SurE also has activity as a nucleotidase and
exopolyphosphatase, and may be involved in stress response (lwasaki & Miki, 2007).
E. coli cells with mutations in the surE gene survive poorly in stationary phase. The structure
of SurE homologues have been determined from Thermotoga maritime and the archaea
Pyrobaculum aerophilum (Lee et al., 2001; Mura et al., 2003; Zhang et al., 2001). The
T. maritima SurE homologue has phosphatase activity that is inhibited by vanadate or
tungstate, both of which bind adjacent to the divalent metal ion. This domain is found in acid
phosphatases, 5'-nucleotidases, 3'-nucleotidases, and exopolyphosphatases and it has a
hydrolase activity. In A. nidulans the function of the SurE domain in TtlIA is not yet known
(Figure IV. 42, A and B).
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Figure IV. 42. Analysis of the A. nidulans ttlIA gene. (A) Domain prediction for the TtIA protein. The TtIA (757
amino acids) protein sequence was analyzed with the SMART program (http://smart.embl-heidelberg.de) and
besides the Ttl domain, a SurE domain was identified. (B) The {t/A open reading frame has 2274 bp and three
predicted introns (lower-case letters) were identified. The Ttl domain (labelled in gray) between amino acid
position 375 to 738, the SurE domain (labelled in yellow) between amino acid position 1 to 213.
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5.1. Deletion of ttIA

The {tIA open reading frame has been deleted in the wild-type strain TNO2A3 with pyroA as
selection marker. The flanking regions of tt/A were amplified by PCR using genomic DNA
and the primers TTL-LB-fwd and TTL-LB-Sfil-rev for the upstream region of tt/A and
TTL-RB-Sfil-fwd with TTL-RB-rev for the downstream region. In a three-fragment ligation, the
pyroA-gene obtained from plasmid pNZ12 was ligated between the two tt/A-flanking regions,
resulting in vector pNZ53. The deletion cassette was amplified with the primers TTL-LB-fwd
and TTL-RB-rev, and the resulting PCR product was transformed into the pyro-auxotrophic
A. nidulans strain TNO2A3, and the deletion event was confirmed with Southern blot
(Figure IV. 43).

probe2  probel

e =] =

E R |

=]

LB pyro RB

Figure IV. 43. Deletion of ttIA. Scheme of the deletion procedure and corresponding Southern blot. DNA
was digested with EcoRI and the Southern blot was done using a RB-probe (probe1) and a tt/A-probe
(probe?2) as indicated.

One of the strains (SNZ75) was used for further analysis and the construction of tt/A-deletion
strains in other genetic backgrounds. Colonies of this strain grew similar to the wild-type
(Figure 1V. 44).

Figure IV. 44. Phenotype of the ttIA
deletion strain. Growth of the strains
TNO2A3 (WT, left) and SNZ75 (AttlA,
right), for 3 days at 37°C, on minimal
medium glucose with supplements.
Scale bars 1 cm.

Distribution of nuclei, visualized with DAPI (Figure IV. 45, A), or the organization of the
microtubule cytoskeleton visualized by immunostaining with an alpha tubulin antibody
(DM1A) and an anti-tubulin tyrosine antibody (clone TUB-1A2)

(Figure IV. 45, B), were similar to a wild-type strain. Immunostaining using anti-tubulin
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tyrosine antibody (TUB-1A2) alone (Figure IV. 45, C), results in much less signal and more
punctuated MTs than in the case of using both antibodies together, suggesting some

differences in the alpha tubulin tyrosination cycle.

Figure IV. 45. Observation of nuclei and microtubules in a ttl/A-deletion
strain. DAPI staining (A) and immunostaining with anti alpha-tubulin antibodies (B,
C) were used for the visualization. Strain is SNZ75, anti alpha tubulin TUB-1A2
and DM1A were used in (B), only TUB-1A2 was used in (C). Scale bars 5 um.

Because the TtIA enzyme is supposed to change the equilibrium between tyrosinated and
detyrosinated MTs, it was interesting to detect the amount of the two alpha tubulin species in
A. nidulans wild-type and AftIA (strain SNZ75) using the two antibodies described above:
DMA1A for all alpha tubulin and TUB-1A2 for the tyrosinated form. The same concentration of
proteins was loaded onto SDS PAGE and western blot was done. Surprisingly, both strains
showed a similar band intensity with DM1A antibodies and no specific band was detected in

the case of TUB-1A2 antibodies (Figure IV. 46).

WT AttiA WT AttIA

Figure IV. 46. Comparison of
tyrosinated- and detyrosinated-alpha-
tubulin amounts in a tt/A-deletion
strain. Western blot of a {t/A-deletion
55 kDal strain and the WT strain (TN0O2A3) with
anti alpha tubulin antibodies DM1A (left)
and with anti tyrosinated alpha tubulin
antibodies TUB-1A2 (right)

alpha tubulin ab tyrosinated tubulin ab
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Next, GFP-UncA™ was used as a marker for detyrosinated MTs in the tt/A-deletion strain.
The UncA™ construct pNZ15 was transformed into the tt/A-mutant strain resulting in sSNZ91.
GFP-UncA™ still localized to one distinct MT bundle spanning the entire hyphal
compartment, and not to all MTs as it was expect if the deletion of {tIA caused a shift towards
detyrosinated MTs (Figure IV. 47).

Figure IV. 47. GFP-UncA"®" localization in a tt/A-deletion strain. UncA™”
decorates one MT bundle. Strain SNZ91. Scale bar 5 um.

5.2. TtlA localizes to MTs

The TtlA protein was visualized by fusion with a fluorescent protein (GFP or mRFP1 in the
vector pNZ56 and pNZ57, respectively). To create an N-terminal GFP fusion construct of
TtIA, a 2.5-kb full-length fragment of {t/A (starting from ATG) was amplified from genomic
DNA, with the primers TTL_Ascl ATG _fwd1 and TTL_Pacl_stop_rev1l. The Ascl-Pacl
fragment was subcloned into the corresponding sites of pNZ57, yielding pCS7-NZ, where
mRFP1-TtIA was under the control of the alcA-promoter. To create an N-terminal GFP fusion
construct of TtlA, the 1.3-kb TtIA Ascl-BamHI| fragment from pCS7-NZ was substituted by
TIgA from pNZ56, yielding pCS8-NZ, where GFP-TtIA was also under the control of alcA(p).
Both GFP and mRFP1 plasmids were transformed ectopically into the wild-type strain
TNO2A3, resulting in SCS7-NZ85 and SCS8-NZ86 respectively. Under de-repressing
conditions, using glycerol medium, TtIA was observed in the cytoplasm and hardly along MTs
(Figure IV. 48; movie IV. 12).

Figure IV. 48. Localization of
mRFP1-TtlIA. TtIA localizes to the
cytoplasm and to microtubules.
Some decorated microtubules are
hardly to see near the tip (see
movie V. 12). Strain SCS8-NZ86.
Scale bar 5 um.
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In order to test if TtIA over expression is accompanied with elevated level of tyrosinated
alpha-tubulin, Western blot measurement of the amount of tyrosinated- and
detyrosinated-alpha-tubulin was done, this time the mRFP1-TtIA over expressed strain was
compared with the tt/A mutant strain. Identical concentrations of total extract were loaded into
SDS PAGE and different antibodies were used: DM1A for all alpha tubulin forms, TUB-1A2
for detyrosinated alpha tubulin and OBT1660 for the detyrosinated form of alpha tubulin. No

differences between the two strains were detectable.

6. Identification of factors that determine the stability of

microtubules in A. nidulans

One fascinating aspect of detyrosinated MTs is their increased stability. The modified
C-terminal end is apparently only the consequence and not the cause for the stability. Hence,
the open question is how the increased stability is achieved. It has been shown that
microtubule-associated proteins are able to stabilize MTs (Kondo et al., 1994). However,
they are not able to discriminate between different MTs in one cell. If a certain MAP is
expressed in a specific cell type, all MTs are rendered more stable. A differential increase of
the stability has been explained with a different MT plus end cap. However, the mechanism
remained elusive (Infante et al., 2000).

To investigate this question, the effect of several MT plus end associated proteins has been
studied, among them ClipA (Efimov et al., 2006), AlpA (Enke et al., 2007) and KipA (Konzack
et al., 2005).

6.1. AlpA

One possible candidate to influence the stability of MTs is AlpA. It is a homologue of the
Xenopus XMAP215 protein, which has been shown recently to act as MT polymerase
(Brouhard et al., 2008). A. nidulans deletion of alpA caused a reduction of the number of
cytoplasmic MTs and altered MT dynamics (Enke et al., 2007). Those defects give the
hyphae of alpA-deletion strains a curved phenotype, which resembles that of a (kinesin-7)
kipA-deletion strain. Therefore it was interesting to find out whether the lack of both genes
would result in a similar or a different phenotype compared to the single mutations. The
double mutant showed a more severe phenotype than the individual mutations. Hyphae

appeared even more curly and similar to the alpA mutant with more branches in older
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hyphae. Colonies were much smaller than the colonies of the parent strains, indicating an
additive effect of AkipA and AalpA (Figure IV. 49, A).

A

WT
AalpA 325

Figure IV. 49. Localization of the Spitzenkorper in hyphae of alpA-deletion strain and germination
pattern. The Spitzenkérper was observed in growing hyphae. (A) Colonies of wild-type (RMS011), the
AalpA (SDV83), the AkipA (SSK44), and the AalpA/AkipA (SAD1c) strain on an agar plate after three days
of growth at 37°C. (B) Representative hpyhae with a Spitzenkdrper in the centre of the cell or noncentral. To
indicate the position of the organelle, a cross is introduced into the hypha. (C) Quantification of the location
of the Spitzenkérper in the strains listed in (A). Dark blue columns represent hyphae with the Spitzenkdrper
in the centre and grey columns the ones where the Spitzenkdérper was noncentral. Between 50 and 64
hyphae were analyzed for each strain. (D) Quantification of the germination pattern of conidiospores as
displayed in the pictures. Wild-type (RMS011)(n= 200); alpA mutant (SDV83)(n= 268). Scale bar 5 um.

Because growth direction of hyphae depends on the localization of the Spitzenkérper in the
apex, the position of this organelle was analyzed in wild-type and compared to the one in the
alpA-, the kipA-, and the alpA, kipA double-deletion strains. Whereas in wild-type the
Spitzenkérper was found in the centre of the hyphae in 70 % and non-central in 30 % of the
cases (n = 50), in the alpA-deletion strain only 22 % showed the central position and 78 %
the non-central one (n = 50). In comparison, in the kipA-deletion strain the percentages were
28 % (central) and 72 % (non-central) (n= 50) and in the alpA, kipA-double deletion strain
52 % (central) and 48 % (non-central) (n = 64) (Figure IV. 49, B and C).
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It was surprising that the number of central and non-central positioning of the Spitzenkérper
was almost even in the double mutant strain. In addition, it was noticed that in 18% of the
cases two Spitzenkérper were observed in the hyphal tip. In comparison this number was
only 5 % in wild-type, 10 % in the alpA and 5 % in the kipA mutant. If there were two
Spitzenkérper in the apex, they were counted as one event of noncentral organelles in the
quantification in (Figure. IV. 49, C). In order to test whether AlpA might play a role in the
initiation of polarized growth, the germination pattern of conidiospores was analyzed (Figure
IV. 49, D). Wild-type conidiospores produce a second germ tube after the first germ tube has
reached a certain length and this second hypha emerges from a place opposite to the first
hypha. In contrast, the alpA-deletion strain produced the second germ tube normally in
angles smaller than 180° from the first hypha (Figure IV. 49, D). This germination pattern
resembled the one from the kipA-mutant strain.

To test the hypothesis that the AlIpA activity is involved in the stabilization and the
subsequent detyrosination process, the GFP-UncA™ protein was used as a labeling marker
for stabilized MTs. As mentioned before AalpA strain shows a reduced number of
cytoplasmic MTs and altered MT dynamics. This strain was crossed with the GFP-UncA™
strain (SNZ14), giving sNZ101, and the subcellular localization was studied. The
alpA-deletion strain showed one stable MT bundle stained with GFP-UncA™® (Figure IV.
50). Indicating that the stablilization of the detyrosinated bundle does not depend on AlpA

activity, or that another protein substitutes AlpA and its function.

Figure IV. 50. Localization of the GFP-UncA™® in the alpA-mutant strain. One
MT bundle decorated with the GFP. Strain SNZ101. Scale bars 5 um.

6.2. TeaA

If AlpA influences the stability, it is important to know how the AlpA activity is controlled. One
possibility is that this is achieved through the interaction with other proteins. One suggested

candidate is the A. nidulans cell end marker protein TeaA (Takeshita et al., 2008). TeaA
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localizes at the tip of hyphae and at MT plus ends. The tip localization depends on the MT
cytoskeleton and vice versa MT dynamics is regulated by TeaA. In the feaA-deletion mutant,
some MTs did not converge at tips and other MTs failed to stop growing after reaching the
tips and bent. This mutant strain was a good candidate for labeling MTs with GFP-UncA"".
After crossing the teaA-mutant strain with the GFP-UncA”g‘”, strain sNZ89 was created, in
which the rigor kinesin still localized to one MT bundle. In many hyphae the bundle splits
near the tip (Figure IV. 51), which indicates that the UncA bundle may loose the direction

toward the tip of hyphae in the absence of TeaA.

Figure IV. 51. Localization of the GFP-
UncA" in the teaA mutant strain. One MT
bundle decorated with the GFP-UncA" signal.
Strain is sNZ89. Scale bar 5 um.

6.3. ClipA

Several proteins have been identified to regulate the MT plus-end dynamics referred to
+TIPs in eukaryotic cells. In A. nidulans, one of the +TIPs, ClipA corresponding to CLIP-170,
localizes to MT plus ends and promotes microtubule growth and their catastrophe after they
reach the hyphal tip. The clipA-deletion strain shows in addition alterations in microtubule
dynamics (Efimov et al., 2006). Furthermore in mammalian fibroblasts cytoplasmic linker
protein CLIP-170 localizes to the ends of tyrosinated microtubules but not to the ends of
detyrosinated microtubules (Peris et al., 2006).

In order to test if ClipA localizes also to the plus-ends of tyrosinated MTs in
A. nidulans, UncA™" was used as a marker for detyrosinated MTs and transformed
GFP-ClipA strain with the full-length UncA™ fused to mRFP1 (plasmid pCoS19) resulting in
strain  sNZ97. Unfortunately this strain shows many UncA"®-decorated-MT-bundles
because of the ectopic integration of the full-length UncA plasmid, which results in high
protein expression level of UncA thus labeling of UncA™ to many MTs. ClipA was
co-localizing with all MT plus ends and surprisingly, some continuous decoration of MTs with
GFP-ClipA was observed (Figure IV. 52). Those observations suggest a role of UncA in
ClipA transportation (Figure IV. 54).
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Figure IV. 52. Co-localization pattern of GFP-ClipA and
the over expressed mRFP1-UncA"®®" in sNZ97. Scale bar
5 um.

6.4. NudA

Because UncA"" spots are not completely immobile and to further analyze if another motor
protein helps UncA™ to move, the co-localization pattern of UncA with the minus end
directed motor protein dynein was observed. Strain LZ12 in which A. nidulans Dynein heavy
chain was fused to GFP (GFP-NudA, kindly provided from X. Xiang, (Zhuang et al., 2007))
was transformed with mRFP1-UncA™" (pNZ9) resulting in sNZ87. Many UncA spots were
co-localizing with NudA GFP signals suggesting that the remaining motility in the UncA™"
strain depends on dynein and that UncA and dynein counteract on vesicles to transport them

to opposite directions (Figure IV. 53).

mRFP1-UncAwr GFP-NudA

Figure IV. 53. Co-localization of GFP-NudA and mRFP1-UncA"®" in sNZ87. Scale bar 1 um.

Another candidate which moves in plus-end direction and can help UncA™* to keep moving
is the kinesin-3 family member UncB. Next UncB will be characterized in detail, and the

interaction with UncA will be studied.
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7. Localization of UncB in A. nidulans

The truncated Kinesin-3 related motor protein UncB was visualized by fusion with a
fluorescent protein (GFP or mRFP1 in the vector pMCB17apx). To create an N-terminal GFP
fusion construct of UncB, a 1.6-kb N-terminal fragment of uncB (starting from ATG) was
amplified from genomic DNA, with the primers UncB ATG2 Ascl fwd and
UncB_ATG2_Pacl_rev. The Ascl-Pacl fragment was sub-cloned into the corresponding sites
of pCMB17apx, yielding pNZ2, where GFP-UncB was under the control of the alcA-promoter.
To create an N-terminal mRFP1 fusion construct of UncB, the GFP Kpnl-Ascl fragment from
pNZ2 was substituted by mRFP1 from pDM8, yielding pNZ10.

After homologous integration of the construct at the uncB locus, the 1.6-kb fragment
becomes duplicated and the full-length uncB-open reading frame is fused to GFP and is
under the control of the alcA promoter. The GFP-uncB strain (SNZ1), in which plasmid pNZ2
is homologously integrated, grew as the uncB-deletion strain similar to the wild-type strain
(Figure IV. 15).

GFP-UncB GFP-UncB

DsRed-Nuclei

Figure IV. 54. Sub-cellular localization of GFP-UncB. (Left) Localization in nuclei, up: GFP-UncB,
middle: DsRed-stuA, down: overlay. (Right) GFP-UncB at septa. Strain sNZ-S139 (left) and sNZ1 (right).
Scale bars 5 um.
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The GFP-UncB strain (SNZ1) showed the GFP signal in the nuclei and at septa, nuclei was
visualized with DsRed-StuA in strain sNZ-SI39 (Figure IV. 54). Few stained MTs were rarely
visible (Figure IV. 57, left).

Mitosis
35 min

Figure V. 55.
Localization of
UncB depends
on the cell cycle.
Mitosis and
septum formation
(arrows) times
are mentioned.
For more details,
see text above.
Strain sNZ-SI139. :
GFP-UncB and
DsRed-stuA.
Scale bar 5 um.

=

Septa

1 h 10 min

1 h 25 min

Time-resolved analysis revealed that those localization patterns depend on the cell cycle, the

nuclei co-localization happened during G1 phase, whereas during mitosis the UncB fusion
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protein dispersed into the cytoplasm. After mitosis UncB appeared again at septa during

forming septa, and then disappeared until the G1 phase occurred again (Figure IV. 55 and

IV. 56, movie IV. 13). Between mitosis and forming septa, UncB was temporarily localized

into the daughter nuclei (Figure IV. 56, left).

36 min
“

Figure IV. 56. Localization
of UncB depends on the
cell cycle. (Left)
Localization of UncB to the
nucleus and at septa after
mitosis. (Right) Time-lapse
of the formation of a septum.
GFP-UncB was associated
to the constricting ring.
Strain SNZ1. Scale bars 5
um.

In the case of strain SNZ5 in which pNZ2 was homologously and ectopically integrated and

thus the fusion protein over-expressed, a very intense signal was seen along the MTs

(Figure IV. 57, right), and some mitotic spindles were also seen.

Figure
localization of GFP-UncB.
GFP-UncB localized also to
MTs.
however, localized to the
cytoplasm. (Left) Homologous
integration, sNZ1. (Right)

IV. 57. Subcellular

Most of the protein

ectopic integration, sNZ5. Scale
bars
5 um.
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To further analyze the UncB microtubular localization, co-transformation was done with a
mRFP1-labelled kinesin-8 (KipB), which localizes on the astral, mitotic and cytoplasmic
microtubules (Rischitor et al., 2004). Indeed both GFP-UncB and mRFP1-KipB co-localized
to all MTs (Figure IV. 58).

Figure IV. 58. Fluorescence image of over expressed GFP-UncB in TN02A3 strain co-transformed
with a mRFP1-labelled kinesin (KipB). (left) mRFP1-KipB. (middle) GFP-UncB. (right) merged picture.
The strain SNZ10 was used. Scale bar 5 um.

To exclude the possibility that the observed localizations were due to moderate over-
expression (glycerol as carbon source) of the GFP-UncB fusion protein, the alcA promoter
was replaced with a 1.23-kb DNA fragment derived from the putative uncB promoter. The
putative promoter was amplified from genomic DNA with the primers UncB_nat(P)_Avrll_fwd
and UncB_nat(P)_BsiWIl_rev, digested with Avrll and BsiWIl, and the two fragments were
ligated with Avrll-BsiWl—-digested pNZ2, yielding pNZ-SI38. This construct was transformed
into TNO2A3. One strain with a homologous integration event at the uncB locus was selected
for further analysis (SNZ58). The GFP signal was very week in this strain, the septal
localization was easy to detect, but nuclei localization was hardly detectable but still existing

there, which confirm the latter localization results (Figure IV. 59).

Figure V. 59. GFP-UncB
expressed under the natural
promoter. UncB still localized to
septa (right) and to nuclei (left).
Strain sNZ58. Scale bars 5 um.

In order to know if UncB uses its own motor to reach the different localization places, a rigor
variant of UncB was generated with changed glycine residue 217 to glutamate and changed
threonine residue 214 to proline using QuikChange XL site-directed mutagenesis Kit

(Stratagene, Heidelberg, Germany). The used oligonucleotides were
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UncB_Rigor_P-Loop_fwd and UncB_Rigor_P-Loop_rev and the plasmid pNZ-SI48 was the
template for this amplification to yield the plasmid pNZ75. The wild-type TNO2A3 and the
uncB-deletion strain sNZ15 were transformed and searched for transformants in which
pNZ75 was homologously (SNZ78) or ectopically (sNZ-SI38) integrated. In the case of
homologous integration, the UncB motor accumulated in the nucleus also in daughter nuclei,
localization at septa was rarely observed. The cell cycle localization dependency was also
observed with time-lapse analysis, suggesting that another motor protein helps UncB to keep
moving. The ectopic integration was much more surprising because bundles of MTs were
observed (Figure IV. 60).

Figure IV. 60. Localization of UncB"", (Left) the homologous integration strain shows high
accumulation in nuclei. (Right) in the ectopically integration strain UncB decorates MT bundles. Strains
sNZ78 (left) and sNZ-SI38 (right). Scale bars 5 um.

One open question was if those MT bundles share the same MTs of UncA"-decorated
bundle. To further analyze this question, and because UncB in the over-expressed case
labeled all MTs. The GFP-UncA™ strain was transformed with mRFP1-UncB and an UncB
over expressing strain was found (sNZ18). In this strain UncB was decorating almost all MTs
and indeed one of those bundles was the UncA™* MT bundle (Figure IV. 61).

Figure IV. 61. Co-localization pattern of
UncB and UncA™. mRFP1-UncB,
GFP-UncArigor and merge images show
co-localization between both protein.
Notice that mRFP1-UncB decorates many
microtubules whereas UncA decorates just
one bundle. Strain sNZ18. Scale bar 5 um.

This result led us to further study the interaction between UncA™* and UncB using the BiFC
system where both proteins were fused to the YFP N- or C-terminal halves, respectively.
Indeed the interaction signals were decorating few MT bundles in sNZ64 and sNZ65
(Figure IV. 62).
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Figure IV. 62. BiFC interaction of UncB
and UncA"". BiFC assay analysis for
UncB and UncA™” shows interaction
along MT bundles in strain sNZ64. Scale
bar 5 um.

Those interactions are very important to decipher the role of UncB in A. nidulans. Further
experiments are required to proof those interactions and to characterize the role of UncB and
UncA and their interplay more precisely. One approach will be the identification of
UncA-interacting proteins and the associated vesicles. Other open questions concern the
functions of the modified microtubules and the responsible enzymes (TTL and TTCP) still

have to be solved.
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V. Discussion

1. UncA and Dynein transport vesicles into opposite

directions

In this work it was shown that UncA is required for vesicle movement in A. nidulans and
found that their transportation preferably occurs along a subpopulation of microtubules.
Vesicle movement was dependent on the motor activity of UncA and occurred in both
directions in the cell. This bidirectional movement and the accumulation of vesicles in the tip
compartment of a dynein and a conventional kinesin mutant, is comparable to the situation in
U. maydis, and can be explained if UncA and dynein transport vesicles in opposite directions,
UncA towards the plus and dynein towards the minus end of microtubules (Wedlich-Séldner
et al., 2002b). The lack of one motor causes an imbalance of the forces and an asymmetric
accumulation of the vesicles. However, first it was surprising that the vesicles only
accumulated in the dynein mutant and not in the uncA-deletion strain. According to the above
model one would have expected that the vesicles accumulate in the rear of the hyphae in
uncA-mutation strain. To explain this, it has to be considered that in the tip compartment
almost all microtubules are oriented with their plus ends towards the growing tip. In regions
behind the first nucleus, however, the orientation is mixed and thus a single motor can
transport cargoes antero- and retrograde (Konzack et al., 2005). This mixed orientation of
microtubule polarities is due to overlapping microtubules emanating from neighbouring nuclei
and in addition, from septa (Veith et al., 2005) (Figure V. 01). The effect of the deletion of
conventional kinesin may be secondary, because KinA is required for dynein localization at
the microtubule plus end (Zhang et al., 2003). Thus the observed accumulation of vesicles in
the tip is likely due to the lack of dynein in the tip region.

The question concerning the nature of the transported vesicles was also addressed. It
has already been shown that kin3 in U. maydis supports early endosomes motility, the kin3
deletion strain displayed about 33% reduced endosomal motility when the t-SNARE marker
Yup1 was used as an endosomal marker (Wedlich-Séldner et al., 2002b). In an earlier study,
Wedlich-Séldner et al. showed that Yup1 links exo- and endocytosis in the phytopathogenic
fungus U. maydis because in yup1 cells, endocytosis was impaired and accumulation of
Yup1-carrying endosomes at cell poles was abolished. These results suggested that a
membrane recycling process via early endosomes supports polar growth in U. maydis
(Wedlich-Séldner et al., 2000). The membrane-selective fluorescent vital dye FM4-64 was

used to visualize membrane internalization (Pefalva, 2005), and the syntaxin-like t-SNARE
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protein TIgB (S. cerevisiae Tlg2) as an endosomal marker, which was used before in the
filamentous fungus A. oryzae for endosome labelling (Kuratsu et al., 2007). Both markers
were not able to stain all UncA cargo vesicles, indicating that UncA is not only associated
with endosomes. Identifying the different cargos of UncA is a crucial step in understanding
the function of this motor.

Some answers could be revealed from the relation between endo- and exocytosis
and polar growth. It was already shown that an early endosomal compartment involving
bidirectionally moving membranes riding on MTs is intimately associated with hyphal
polarized growth (Abenza et al., 2009), confirming the apical recycling model suggested by
Upadghyay & Shaw, 2008, which suggests a critical role for actin patch-mediated
endocytosis to maintain polarized growth at the apex (Upadhyay & Shaw, 2008). The
endocytic internalization machinery localizes preferentially to the hyphal subapical ring,
which suggests that tight spatial coupling of apical secretion and subapical compensatory
endocytosis underlies hyphal growth (Araujo-Bazan et al., 2008; Taheri-Talesh et al., 2008).
Indeed, the same model has been proposed in eukaryotic cells as protein transport through
the exocytic and endocytic pathways occurs via vesicle trafficking between successive
membrane-bounded compartments, to demonstrate a spatially regulated SNARE interaction
within the same membrane (Valkonen et al., 2007). Furthermore, Jaiswal et al., 2009,
propose a model in which exocytosis of post-golgi vesicles is regulated by components of the
endocytic machinery (Higuchi et al., 2009; Jaiswal et al., 2009). In summary, in filamentous
fungi, endocytic recycling at the subapical region is closely associated with apical growth and
exocytosis at the tip apical region. Those researches may help to understand the role of

UncA movement and allow further analyzation for outstanding discoveries.

) Septal MTOC
® sPB

Figure V. 01. The mixed polarity of MTs indicated with + and - in the tip compartement of
A. nidulans hyphae.
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2. UncA moves along a subpopulation of microtubules

One most surprising results of this work was the finding that UncA moved preferentially along
one microtubule. This was in contrast to other kinesins (Kinesin-1 and Kinesin-7), which do
not prefer any specific microtubule. These findings suggest the existence of modified

microtubules in A. nidulans, which may also be the case in other filamentous fungi.

2.1. Microtubule modification

Biochemical analyses of tubulins of higher eukaryotes revealed that MTs are not only
composed of alpha and beta tubulin but that multiple tubulin modifications exist. In most
eukaryotes the C-terminus of alpha tubulin is characterized by two glutamate residues
followed by an aromatic amino acid such as tyrosine in mammals (Table V. 01) and
phenylalanine in S. cerevisiae. The tyrosine residue is cyclically removed by a
carboxypeptidase (TTCP), and re-added to the chain by tubulin-tyrosine ligase (TTL). An
equilibrium between the two modifying enzymes determines the status of the microtubule
(Westermann & Weber, 2003) (Figure V. 02).

a-tubulin Protein C-terminal Sequence
Porc (commercial antibody against tyrosinated MTs) SYEDEDEGEEY
Human Type 1A EGE|JGEEEGEE
A. nidulans TubA SLEEEGEEVEY
TubB SLDMEGEEAEY
N. crassa TubA DYNDVDVDAEY
TubB SMEGEDVEAEY
S. macrospora SMEGEEVEAEY
M. grisea 1. LGDEEGIEAEY
2. SFEPEEGDAEY
T. harzianum SLDNEEMEAEY
U. maydis SVDVGEEDLEY

Table V. 01. Comparison of the C-terminal amino acid sequences of alpha tubulins from six different fungi
with Porc and Human alpha tubulin C-terminal sequences. Identical amino acids in porc and A. nidulans are
highlighted. The region used from the human protein for the production of the antibody specific for tyrosinated or
detyrosinated MTs is boxed.

Already in 1975 Arce et al. reported the post-translational incorporation of L-tyrosine into
alpha-tubulin, suggesting the presence of tyrosinated and detyrosinated forms, which could
not be explained at a molecular level at the time (Arce et al., 1975). Other modifications are
acetylation, polyglutamylation, polyglycylation or phosphorylation (Westermann & Weber,

2003). In general, not much is known about the modifying enzymes nor about the biological
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functions of these modifications, although polyglutamylation has been implicated in cilium
functioning and polycystic kidney disease (Liu et al., 2002; Pathak et al., 2007). Recently, it
was also shown that tubulin glutamylation regulates ciliary motility by altering inner dynein
arm activity (Suryavanshi et al., 2010), and the suppression of tubulin-tyrosine ligase,
resulting in an accumulation of detyrosinated tubulin, which favors tumor growth in animal
models and human cancers, suggesting that TTL activity may play a role in tumor cell
regulation and making microtubule modification a possible marker for cancer detection
(Mialhe et al., 2001). Recently, it was shown in TTL knock-out mice, that tubulin tyrosination
is important for MT and actin organization, and the regulation of small GTPases activity in the
growth cone of growing neuronal cells (Marcos et al., 2009). In addition Creppe et al.
(Creppe et al., 2009) provide surprising evidence suggesting that the acetylation of a-tubulin
by the histone acetyltransferase elongator controls the migration and differentiation of cortical
neurons.

Some modifications were already detected in primitive eukaryotes such as G. lamblia,
suggesting that they arose early during eukaryotic evolution (Weber et al., 1997). In fungi,
only detyrosinated MTs have been described so far in S. cerevisiae (the terminal amino acid

is phenylalanine and not tyrosine) (Badin-Larcon et al., 2004).

a-tubulin Modification
Ac

H2ZMN "'0 GEEY Acetilation/deacetylation
H2ZN GEE  Tyrosination/ detyrosination
H2N T GE Generation of A2-tubulin
E
EEE
445
H2N GEEY -

Tyrosinated c-tubulin (Tyr-tub)

Polyglutamylation

G
Gg Detyrosinated a-tubulin
HZN GEEY Polyglycylation (Glu-tulb)
< )
H2ZN % GEEY Palmitoylation
HZN I GEEY Phosphorylation
P AZ-tubulin

Figure V. 02. Overview of the various tubulin modifications and the tyrosination cycle of a-tubulin.
The carboxy-terminal tyrosine of a-tubulin can be removed by the tubulin tyrosine carboxypeptidase (TTCP)
to generate Glu-tubulin (Glu-tub). In an ATP-dependent reaction, the carboxy-terminal tyrosine (Tyr-tub) can
be restored through the enzymatic activity of tubulin tyrosine ligase (TTL). Glu-tubulin can lose the
penultimate glutamate residue through the activity of an unknown peptidase to generate A2-tubulin, which
cannot function as a substrate for TTL and is therefore removed from the cycle. . Ac, acetate; E, glutamic
acid; G, glycine; P, phosphate; TTCP, tubulin tyrosine carboxypeptidase; TTL, tubulin tyrosine ligase; Y,
tyrosine.

This work provides results that support the existence of detyrosinated microtubules in

A. nidulans, but no evidence was found for acetylated or polyglutamylated microtubules. To
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our knowledge this is the first report of the existence of microtubule subpopulations in

filamentous fungi.

2.2. Specificity of kinesins for modified MTs

The question of microtubule modifications and their roles in vivo raises the question about
the specificity of the different motors. Motors thus are not only specific for their cargoes but
apparently also for their tracks.

Kinesin motors contain both the ATPase and MT binding activity (Kuznetsov et al.,
1989; Scholey et al., 1989). The first studied example for kinesin-MT interaction was
conventional kinesin (Kinesin-1), which uses two identical motor domains to move along the
microtubule, taking about 100 steps per run each of about 8 nm in size, and hydrolyzing one
ATP molecule per step (Hackney, 1994; Hackney, 1995; Hua et al., 1997; Schnitzer & Block,
1997). Initially, various types of models had been proposed to describe the Kin-1 processive
and nonprocessive types of motion, the most popular being the “Hand over Hand” model
(Asbury et al., 2003; Kaseda et al., 2003; Yildiz et al., 2004). This model requires a tight
coordination of ATP hydrolysis, microtubule binding, and force generation within the two
kinesin heavy chains. The nucleotide state regulates the affinity of the motor for the filament,
allowing kinesins to switch between a strong MT-binding state (ATP-free and nucleotide-free
state) and a weak binding state (ADP state). The neck linker and the neck coiled-coil play
important roles for the communication between the nucleotide and microtubule binding sites
of both molecules (Thorn et al., 2000).

The KIF1A (kinesin-3) microtubule complex has been studied in various nucleotide
states, providing insights into the structural dynamics of KIF1A and kinesins in general
(Kikkawa et al., 2000; Kikkawa et al., 2001; Kikkawa & Hirokawa, 2006; Kikkawa, 2008; Nitta
et al., 2004; Nitta et al., 2008). Unc104 (kinesin-3) was found to bind microtubules with
five-fold weaker affinity and two-fold higher stoichiometry compared to conventional kinesin.
Unc104 and conventional kinesin binding affinities are primarily dependent on positively
charged residues in the Unc104 K-loop and conventional kinesin neck coiled-coil. The
kinesin-3 K-loop is an ATP-independent MT-binding site which contains multiple lysine
residues, that are positively charged and can electrostatically interact with the negatively
charged tails of the tubulin subunits (E-hook) (Okada & Hirokawa, 2000). Removal of these
residues affects Unc104 and conventional kinesin binding affinity, but much less in the case
of conventional kinesin (Al-Bassam et al., 2007). The K-loop increases the affinity to the
native MT so drastically that monomeric Kif1A motors could be observed to diffuse in one
dimension along the MT in a pseudo-processive manner (Okada & Hirokawa, 1999; Okada &

Hirokawa, 2000). This diffusion is abolished by either removing the highly positively charged
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K-loop-insertion in the motor, or by removal of the E-hook (Nitta et al., 2004; Okada &
Hirokawa, 2000). In the meantime, increasing evidence emerged that biased diffusion is not
the only type of motion, and probably not the most important one for KIF1A function (Al-
Bassam et al., 2003; Rashid et al., 2005; Shimizu et al., 2005; Tomishige et al., 2002). Under
different conditions KIF1A can dimerize by coiled-coil formation of the neck linker or stalk
domains. Hence, the controlled induction of dimerization between KIF1A chains seems to be
another way of regulating motor activity besides the K-loop and the tubulin E-hook
interactions.

The E-hook, is the major site of differences between tubulin iso-forms (Sullivan &
Cleveland, 1986), and subject of the post-translational modifications (Westermann & Weber,
2003), resulting in a change of the C-terminal charge of tubulin, thus affecting
kinesin-microtubule interactions. There is increasing evidence that different modified
microtubules play distinct roles in eukaryotic cells (Westermann & Weber, 2003). lkegami et
al. showed indirect evidence that Kif1A in mice binds preferentially to polyglutamylated
microtubules. A model was proposed to argue the mechanism as to why the distribution of
KIF1 (kinesin-3) is affected by loss of tubulin polyglutamylation, whereas distributions of
Kinesin-2 and Kinesin-1 appear unaffected (lkegami et al., 2007). The model is based on the
long and positively charged K-loop in kinesin-3 which can interact strongly with the highly
negatively charged polyglutamate side chain of tubulin (Okada & Hirokawa, 2000). This ionic
force may be required to maintain the interaction between monomeric forms of kinesin-3 and
microtubules in vivo. Thus, loss of tubulin polyglutamylation would impair
kinesin-3-microtubule interaction, when kinesin-3 is in the weak-binding state. In contrast,
kinesin-1 can maintain attachment to microtubules by one motor-head, while the other head
glides over the tubulin surface. Consequently, movement of kinesins other than kinesin-3
may be relatively insensitive to the loss of tubulin polyglutamylation (Ikegami et al., 2007).

The finding that UncA is associated with modified microtubules is the second example
for the specificity of kinesin-3 for certain microtubules, and surprisingly the specificity
appears not to be evolutionarily conserved. Given that the mice motor binds to
polyglutamylated and the fungal one to presumably detyrosinated microtubules. Another
example for microtubule specificity was shown recently for conventional kinesin in neurites,
where it binds preferentially to acetylated microtubules. Purified acetylated microtubules
stimulated the kinesin activity (Reed et al., 2006). Furthermore, Dunn et al. found that
kinesin-1 Kif5¢ binds preferentially to detyrosinated microtubules (Dunn et al., 2007), they
show slower sliding of Kinesin-1 along detyrosinated MTs, indicating that detyrosination
causes a slower stepping/ATP-turnover rate. This observation is consistent with a model in
which detyrosination of MTs shifts the steady-state binding equilibrium of kinesin-1 heads

towards strong binding by reducing the detachment rate of the weak binding kinesin. ADP
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intermediate. This will decrease the probability of detachment following a step, giving rise,
therefore, to longer processive runs. Detyrosination would then result in a slower motor that
made longer processive runs, and increase the steady-state occupancy on MTs. An analogy
might be that detyrosination gives the motor ‘magnetic boots’, attaching it more to the track,
but making stepping more difficult. This might also result in a slower but more consistent and
sustained delivery of kinesin-1 cargo to specific intracellular sites. In support of this idea, it
has been shown previously that complete cleavage of the ‘E-hook’ reduced the velocity of a
fungal kinesin-1 (Lakamper & Meyhofer, 2006; Skiniotis et al., 2004), and shifted the
normally weak binding kinesin (ADP state) towards strong binding (Thorn et al., 2000). Both
detyrosination and E-hook cleavage could produce their effects. In both cases they show that
these are stable microtubules. Similar results presented by Cai et al. (Cai et al., 2009)
showed how the individual Kinesin-1 motor moves preferentially on a subset of acetylated
and detyrosinated microtubules in COS cells, those microtubules were identified as the
stable microtubules. In contrast, individual Kinesin-2 and Kinesin-3 motors do not select
subsets of microtubules.

Microtubule modifications appear to act as traffic signs for certain
microtubule-dependent motor proteins. However, the exact cellular function is largely
enigmatic, and whether detyrosination has any effect on the UncA motor activity or the other
way around remains to be shown. Further experiments in A. nidulans and other eukaryotes
are required to better understand the biological importance of microtubule modifications and

their interactions with molecular motors.

2.3. Microtubules, cellular shape and organelle distribution

Since a long time, biologists have been tried to answer the question about how cells
establish and maintain an asymmetrical distribution of organelles. Microtubules play a
fundamental role in these processes, because the disruption of MTs by MT antagonists
results in the disruption of the normal distribution of mitochondria (Ball & Singer, 1982),
endoplasmic reticulum (ER) (Ball & Singer, 1982), lysosomes and endosomes (Matteoni &
Kreis, 1987), Golgi (Thyberg & Moskalewski, 1985), and vimentin intermediate filaments
(Blose & Chacko, 1976). MTs have been shown to be dynamic structures in proliferating cells
in culture (Saxton et al., 1984; Schulze & Kirschner, 1986). This raises the question of how
such dynamic structures as MTs can contribute to cellular organization, which would appear
to require at least some structural stability. Kirschner and Mitchison hypothesized that MT
dynamics may allow MTs to efficiently search the 3-dimensional space of the cell and, in
response to environmental cues, dynamic MTs may become locally stabilized (Kirschner &

Mitchison, 1986). Indeed, in polarized and differentiating cells, a subset of MTs is much more



V. Discussion 80

stable than other dynamic MTs, and, consistent with a role for MTs in organizing cellular
organelles, the stable MTs are usually oriented in the axis of polarization or differentiation
(Bulinski & Gundersen, 1991).

One interesting question is how cells distinguish stabilized MTs from dynamic MTs. One clue
to this question was that when MTs are stabilized in vivo, the tubulin comprising the MTs is
modified by one or more post-translational modifications (Bulinski & Gundersen, 1991). The
formation of this specialized array of microtubules in specific locations in cells undergoing
morphogenesis suggests that it plays an important role in generating cellular asymmetries. A
general mechanism for how cells establish internal organization can be summarized in three
points (Gundersen et al., 2004) (Figure V. 03):

1) Dynamic microtubules are locally stabilized

2) Stable microtubules are post-translationally modified

3) Modified microtubules interact with other cellular organelles.

Isotropic growth & Palarity maintenance
Puolarity establishment
(&) — - . - “
MT exploration MT stabilization MT modification MT interaction

Figure V. 03. Diagram illustrating the function of tubulin modification in cell polarization. This
model shows that on extracellular or intracellular stimulation, MTs become selectively stabilized and
subsequently modified. Modified MTs are preferentially utilized in different interaction such as the kinesin-
MT interaction.

Indeed modified microtubules were found to be more stable, nevertheless the modification
was not the cause, but the consequence for the increased stability (Gundersen et al., 1984;
Gundersen et al., 1987; Schulze et al., 1987). Likewise, Veith et al. observed that some
microtubules are not depolymerised as most microtubules are during mitosis of fast growing
hyphae of A. nidulans (Veith et al., 2005). Indeed, here the GFP-UncA™" labelled
microtubule was found intact in the cytoplasm during nuclear division (Figure V. 04). This
could be the reason for the evolution of the preference of the kin-3 motor in A. nidulans. If we
assume that transportation of endosomes is important during all stages of the cell cycle, it
would explain, why the organism would have an advantage if the motor transporting them
would preferentially bind to the one remaining stable during mitosis. Because vesicle
movement is important for fast polarized growth, the stability of microtubules may be
important for the maintenance of hyphal extension during mitosis (Riquelme et al., 2003).
The stability of modified MTs makes them good candidates to support organelle

distribution also in interphase. Thus the UncA™*-MT spans through all hyphal compartments
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and connects nuclei with septa. Some nuclei were pulled along this bundle and displayed a
pear-like shape, suggesting that the UncA™* MT might be responsible for nuclear positioning
and organelle transportation. Likewise in S. cerevisiae, the change to Glu-MTs (alpha-tubulin
lacks the terminal phenylalanine) caused a suppression of nuclear oscillations. This
phenotype was observed along with a decreased association of the +Tip, CLIP-170 ortholog,
Bik1 (Badin-Larcon et al., 2004). Those two examples from fungi support the model for the

important role of modified MTs in cell organization and shape maintenance.

Figure V. 04. Proposed model for the arrangement of tyrosinated and detyrosinated
microtubules and its interaction with kinesin-3 during mitosis and during interphase in
A. nidulans.

It was clear that the stable modified MTs are formed from the nuclear spindle-pole bodies
and from septal MTOCs, which we have described in A. nidulans (Veith et al., 2005). The

further characterization of sMTOC in A. nidulans was a second important part of my thesis.

3. Septal MTOCs in A. nidulans

In order to have a clearer picture of MTOC distribution in A. nidulans, the interaction of the
MTOC protein ApsB with gamma-tubulin was examined. Interactions were detected at
spindle pole bodies, at septa, at the tip of growing hyphae and in spot-like structures in the
cytoplasm. This is the first evidence for the presence of gamma-tubulin at septa and in the tip
region. We had evidence before that MTOCs exist at septa, but the nature of these MTOCs
remained elusive (Veith et al., 2005). Our new results show that at least two other proteins
associated with nuclear MTOCs exist in septal MTOCs, GepC (GCP3 or SPC98) and the
crucial gamma-tubulin. These findings are in agreement with the recent localization of GepC
(Xiong & Oakley, 2009). However, it is still unclear if sSMTOCs share more or all proteins with

nuclear MTOCs or whether specific proteins exist only at one or the other place. The biggest
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unsolved question is still the anchorage of sMTOCs. Structurally the nuclear MTOC of
S. cerevisiae has been studied the best and recently similar results were obtained in Ashbya
gossypii (Jaspersen & Winey, 2004). It is likely that the situation is similar in
A. nidulans and that nuclear MTOCs are embedded into the nuclear envelope. However,
structural information about sMTOCs is still missing. Fluorescent microscopy indicated that
the MTOC appears as two dots inside the septal rim. The structure is clearly different from
Woronin bodies at septa. Sometimes the two ApsB dots appeared to be connected through a
third small dot. This has been described before in S. pombe for the equatorial MTOCs
(EMTOCs), which are also characterized by the ApsB homologous protein, mto1 (formerly
named mod20 or mbo1) (Heitz et al., 2001; Sawin et al., 2004). In this yeast species MTs are
generated from nuclear MTOCs, from EMTOC and interphase (iMTOC) microtubule
organizing centres (Heitz et al., 2001; Samejima et al., 2005). The importance of non-nuclear
associated MTOCs was nicely demonstrated in enucleate cells (Carazo-Salas & Nurse,
2006).

The data in this work suggest that the sMTOC is embedded into the septal membrane
and contains the same essential y-tubulin ring complex proteins as the SPB do. However,
further analyses with higher resolution microscopy, such as transmission electron
microscopy, are required to reveal the exact structure and function.

The ApsB-gamma-tubulin interaction was also identified in the tip of growing hyphae.
This is the first account of gamma-tubulin in the tip. In comparison, in the chytridiomycete
Allomyces macrogynus gamma-tubulin has been identified as a component of the
Spitzenkérper (McDaniel & Roberson, 1998). Further evidence that gamma-tubulin may be
functional in the tip comes from our observation that some MTs emenate from the tip and
grow into the cytoplasm (Konzack et al., 2005). We speculated at the time that either MTs,
which did not stop growth after reaching the tip or MT fragments close to the tip could be the
origin for the polymerization. However, the new results in this study point to the possibility
that MTOCs exist in the apical region of the hyphae.

Several lines of evidence show that the spot-like appearance of ApsB and the
ApsB-gamma-tubulin interaction is due to peroxisomal localization: Co-localization with AcuE
and HexA, and the drastic reduction of the number of cytoplasmic spots in a pexC mutant.
One very strong argument is the importance of the PTS2 sequence and the rescue of the
PTS2 mutation by adding a PTS1 sequence to the C-terminus. The non-functionality of ApsB
with a mutated PTS2 sequence could still be explained by the fact that this region appears to
be evolutionarily conserved from yeast to human (Sawin et al., 2004), but the rescue of the
mutation by the addition of the PTS1 sequence speaks clearly against this possibility. We
envisage three possible explanations for the role of the peroxisomal localization:

¢ Peroxisomes as hosts for sMTOCs.
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* Peroxisomes catalyze a reaction, which is required for MTOC function at the
septum and is ApsB-dependent.

* Peroxisomes as transport vehicles for sMTOC associated proteins.

3.1. On the role of peroxisomes

Peroxisomes are ubiquitous organelles of eukaryotes, which are surrounded by a single
membrane (Heiland & Erdmann, 2005; Schrader & Fahimi, 2008). They serve a variety of
functions, depending on the species, cell type and environmental or developmental
conditions. In mammals, peroxisomes are involved in a number of catabolic and anabolic
pathways, most importantly, the peroxide metabolism, the p-oxidation of long-chain fatty
acids, and the biosynthesis of ether phospholipids (Kovacs et al., 2003; Wanders &
Waterham, 2006). The vital importance of the organelle in human is evident by the existence
of a number of severely and often lethal disorders when the biogenesis of the organelle is
impaired (Wanders, 2004). In plants peroxisomes are involved in photorespiration and
typically contain the glyoxylate cycle as in protozoa and yeast (Hayashi & Nishimura, 2003).
Given the complexity of peroxisomal functions, it is obvious that a large number of proteins
are targeted to these organelles. Peroxisomal membrane and matrix proteins are
synthesized on free ribosomes in the cytosol and are imported post-translationally into
pre-existing organelles (Heiland & Erdmann, 2005). The apparatus of protein import is clearly
distinct from the import machinery of other organelles, because it translocates folded and
even oligomeric proteins and there is evidence that they are descending from the ER
(Gabaldon et al.,, 2006). A large number of peroxisomal proteins employ a tripeptide
sequence at their C-terminus, PTS1 (S/A/C-K/R/H-L/M) (Gould et al., 1989). A second class
of proteins uses a sequence close to their N-terminus, which is less conserved, consists of
R/K-L/I/IV-X5-H/Q-L/A and is called PTS2 (Swinkels et al., 1991). In both cases complex
protein machineries are employed and some of the components appear to be used in
PTS1- and PTS2-dependent protein translocation (Heiland & Erdmann, 2005).

A very distinct class of peroxisomes is represented by the fungal Woronin body. This
structure is named after a Russian mycologist, who reported the characteristics of a distinct
type of organelle in the fungus Ascobolus pulcherrimus (Buller, 1931; Woronin, 1864).
Woronin bodies have been described in more than 50 species of ascomycota and
deuteromycota, but are absent in single cell yeasts such as S. cerevisiae and S. pombe.
Thus their function appears to be important for the filamentous life style. In Neurospora
crassa they appear as hexagonal bodies in the cell and upon cell damage plug the septal
pores after a few seconds (Jedd & Chua, 2000). This sealing mechanism is very important in

syncytial organisms to prevent loss of the entire cytoplasm and hence death of the entire
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mycelium after damage of one hypha (Maruyama et al., 2005). Their exact composition,
however, remained obscure for many decades until G. Jedd and N. H. Chua purified the
organelle from N. crassa and identified the main constituent as a single protein, named Hex1
(Jedd & Chua, 2000; Yuan et al., 2003). The protein forms hexagonal crystals and the
existence of a PTS1 peroxisomal targeting sequence at the
C-terminus of the protein indicated that the Woronin bodies represent specialized
peroxisomes. Hex1 displays some sequence similarity to e/F5, and it is thought that Hex1
derived in evolution from elF5 by gene duplication and subsequent modification of the
function (Yuan et al., 2003). Another example for a peroxisome-associated function is the
Pro40 protein in Sordaria macrospora (Engh et al., 2007). This protein is implicated in the
regulation of sexual development.

The results in this work suggested a transportation function of peroxisomes of the
MTOC protein ApsB toward sMTOC. This is further reinforced by the observation of fast
moving mto1 (ApsB) spots in S. pombe (Sawin et al., 2004). These structures may represent
peroxisomes. However, many open questions remain to be solved, e.g. how the proteins are
recruited from the peroxisomes to the sMTOCs. Against an important role of peroxisomes in
sMTOC assembly speaks the observation that septal localization of ApsB and sMTOC
function in mutants with defects in PTS1 or PTS2 peroxisomal protein import or in pexC
mutants with lacking peroxisomes appeared similar to the situation in wild-type (results not
shown). However, the pexC mutant strain displays pleiotropic phenotypes and the possibility
of a piggy bag import mechanism might mask the possible effects of PTS1 or PTS2 defects
(Hynes et al., 2008).

The results in this study suggest that ApsB defines a new class of peroxisomes,
which is - besides the Woronin bodies - the second example for peroxisomes as organelles

with a function beyond metabolic pathways (Schrader & Fahimi, 2008).
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VI. Materials and Methods

1. Chemicals, equipments and kits

Chemicals were purchased from Roche (Mannheim), Merck (Darmstadt), Sigma
(Taufkirchen), Roth (Karlsruhe), BIOMOL (Hamburg), AppliChem (Darmstadt), Difco
(Augsburg), Gibco (Karlsruhe) und Stratagene (Amsterdam, Netherlands), otherwise the
origin will be written in the text.

Restriction enzymes and other DNA-modifying enzymes were obtained from
Amersham (Freiburg), New England Biolabs (NEB, Frankfurt) and MBI-Fermentas (St. Leon-
Rot) or Invitrogen (NV Leek, The Netherlands). Enzymes for PCR were supplied from Takara
(Clontech, Madison USA), Roche Diagnostics (Mannheim), New England Biolabs and
MBI-Fermentas.

Nitrocellulose membranes (Hybond-N) for Southern blots were from Amersham and
Pall Gelman Laboratories (Dreieich), filter paper (Miracloth) from Calbiochem (Heidelberg)
and the Blocking-Reagent from Roche. As protein standard the Roti-Mark® Prestained from
Roth was used. The Protran Nitrocellulose transfer membrane from Schleicher & Schuell
(Whatman, Dassel) was applied for protein transfer. Developer and fixer were from Kodak-
GmbH (Stuttgart). Autoradiographic films were obtained from Fuji (New RX, Fuji, Japan).
Skim-milk was obtained from Roth and Bovine Serum Albumin (BSA) from Roth. For
DNA-isolation from agarose gels Agarose Low Melt 3 from AppliChem was used in some
cases. Agar for the media was purchased from Roth. DNA- and RNA-marker was provided
by MBI-Fermentas (St. Leon-Rot).

DAPI mix and propidium iodide mix were from Molecular Probes (Vectashield Mounting
Medium, H-1200 and H-1300 respectively, Burlingame, USA). Hoechst 33342 (H-3570) and
FM4-64 (N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)-hexatrienyl)) pyridinium
dibromide) (T3166) were also obtained from Molecular Probes (Oregon, USA), Calcofluor
white M2R or fluorescent brightener 28 (F3543) and Congo Red (860956), Cytochalasin A
(C-6637), Benomyl (Paclitaxel T7191), Avidin (A9275), Brefeldin A (B7651), Sodium
butyrate (303410), 2-(N-morpholine)-ethane sulfonic acid-sodium hydroxide (MES-NaOH)
and Glufosinate-ammonium PESTANAL (BASTA) (45520) were purchased from Sigma-
Aldrich.
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Table VI. 01. Equipment used in this study

Equipment

Type

Manufacturer

Autoclave

Centrifuge with rotors

digital camera
Electroporation apparatus

Electrotransfer apparatus

Gelscanner
Heat block

Hybridization oven

Microscope

Mini Gel migration Trough

PCR machine

Power supply apparatus

Shaker/ incubation

UV-cross Linker

UV/Visible
spectrophotometer

Systec 3850 ELV
Systec VE-75

Beckman J2-21 centrifuge
Eppendorf centrifuge 5403
Eppendorf centrifuge 5415 R
Eppendorf centrifuge 5424
Heraeus Biofuge 13

Kontron ultracentrifuge TGA-65
Sorvall RC 6+ centrifuge
Universal 320 R

PowerShot A630
Gene Pulser Il, Pulse Controller

Mini-Trans-blot
Mini-PROTEAN Tetra Cell

SnapScan1236v
Thermomixer 5436

Personal HybTM
H-B-1000 Hybridizer

- Axio Imager. Z1.

- Cell Observer-SD, confocal
spinning disk microscope

- Eclips E200

- SPD5 confocal microscope

- Zeiss Axiophot.

Mupid-2
Mupid-EXU

Personal Cycler
Primus 25

Primus 96

Rapid Cycler
TRIOThermoblock

Power Pac 3000

Heraeus-Brutschrank Baureihe 6000

HT Infors
Kleinschittler KM-2

UV Stratalinker 2400
Ultrospec 3100 pro

Nano drop ND-1000

Systec GmbH, Wettenberg
Systec GmbH, Wettenberg

Beckman Coulter, Krefeld
Eppendorf, Hamburg
Eppendorf, Hamburg
Eppendorf, Hamburg
Kendro, Langenselbold
Kontron, Zirich, Switzerland
Thermo Scientific, Germany
Hettich Zentrifuge, Germany

Canon, China
Bio-Rad, Munick

Bio-Rad, Munick
Bio-Rad, Munick

Agfa, Cologne
Eppendorf

Stratagene, Heidelberg
UVP Laboratory products

Zeiss, Germany
Zeiss, Germany

Nikon Japan
Leica, Germany
Zeiss, Germany

Cosmobio Co.
Eurogentec, Germany

Biometra, Géttingen
PeQLab, Erlangen
PeQLab, Erlangen
Idaho Technology, USA
Biometra, Géttingen

Bio-Rad, Munick

Kendro, Langenselbold
Infors AG, Switzerland
Edmund Bihler GmbH
TlObingen

Stratagene, Heidelberg
Amersham Pharmacia Biotech,

Freiburg
PeQLab, Erlangen
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Table VI. 02. Kits used in this study

Kit Manufacturer

DIG DNA PCR labelling Kit Roche, Mannheim
DNeasy Plant Kit Qiagen, Hilden
Gateway”, LR clonase'" Enzyme Mix Invitrogen, Karlsruhe

Matchmacker'"" Two-Hybrid Library Construction & Screening Clontech, Madison
Kit

Nucleobond® AX Macherey-Nagel, Diren
Peqgold® Agarose PeQLab, Erlangen
QIAquick“Gel extraction Kit Qiagen, Hilden

RNeasy Mini Kit Qiagen, Hilden

Wizard DNA PCR-Preps-DNA-Purification-System Promega, Mannheim

2. Organisms and plasmids

The following Aspergillus nidulans (Table VI. 03) and Escherichia coli strains (Table VI. 04)

were used in this study. All A. nidulans strains are carrying the veA1 mutation.

Table VI. 03. A. nidulans strains used in this study

Strain Genotype Source

AJC1.5 biA1; apsB6 (Clutterbuck, 1969)
AJC1.7 biA1; apsB10 (Clutterbuck, 1969)
AnKin26 pyrG89; AargB::trpCAB; pyroA4; AKinA::pyrG (Requena et al., 2001)
BUY14 Nonsense mutation in pex7 ortholog (PTS2), acuJ-lacZ fusion (Hynes et al., 2008)

at argB locus
pabaA1; biA1; pexG14

FGSC4 Glasgow Wild-type (VeA+) FGSC, Kansas, USA
FGSC26 biA1; veA1 FGSC, Kansas, USA
GFP-ClipA pyrG89; wA3; pyroA4; alcA(p)::GFP::clipA::pyrd (Efimov et al., 2006)
GR5 pyrG89; wA3; pyroA4 (Waring et al., 1989)
LZ12 pyrG89; pyroA4; AnkuA::argB; nudA(p)::GFP::nudA (Zhuang et al., 2007)
PEX3KOB2 No peroxisomes, amdS-lacZ fusion at amdS locus (Hynes et al., 2008)

pabaA1; biA1; AnkuA::argB; pexC::bar
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PEX A9

PEX F23

PEX M15

RMS011

SAS6

SCEO05

SCs13

SCS1-NZ79

SCS2-NZ80

SCS3-NzZ81

SCS4-NZ82

SCS5-NZ83

SCS6-NZ84

SCS7-NZ85

SCS8-NZ86

SDV83

SEa3

SJWo02

SJW100

SNR1

SNT30

SNT65

SNZ1

SNz2

SNZ3

PTS1+PTS2 peroxisomes, acuJ-lacZ fusion at argB locus
pexA9, pabaA1, yA2, biA1

PTS1+PTS2 peroxisomes, acuJ-lacZ fusion at argB locus
pabaA1, biA1, yA2; pexF23::.pyrd

PTS1+PTS2 peroxisomes, acuJ-lacZ fusion at argB locus
pabaA1, biA1, yA2; pexM15

pabaA1, yA2; AargB::trpCAB; trpC801
pyrG89, pabaA1; wA3
pyroA4; AargB::trpCAB; alcA(p)::GFP::alpA

TNO2A3 transformed with pAT3
pyrG89; pyroA4; argB2; AnkuA::argB; AalpA::pyr4

SNZ14 transformed with pCS3-NZ
alcA(p)::GFP::uncA™ ; alcA(p)::mRFP1::kinA™>

TNO2A3 transformed with pCS3-NZ
pyrG89; alcA(p)::mRFP1::kinA™>

TNO2A3 transformed with pCS2-NZ
pyrG89; alcA(p)::GFP::kinA">

SNZ14 transformed with pCS5-NZ )
alcA(p)::GFP::uncA™° ; alcA(p)::mRFP1::kinA""

TNO2A3 transformed with pCS5-NZ
pyrG89; alcA(p)::mRFP1::kinA™"

TNO2A3 transformed with pCS4-NZ
pyrG89; alcA(p)::GFP::kinA"°"

TNO2A3 transformed with pCS8-NZ
pyrG89; alcA(p)::GFP::ttA™>

TNO2A3 transformed with pCS7-NZ
pyrG89; alcA(p)::mRFP1::ttA%°

pyrG89, pabaA1, yA2; alpA::.pyrd

WAS3; pyroA4; alcA(p)::GFP::apsB

WA3; pyroA4; AargB::trpCAB; alcA(p)::GFP::tubA
gpd(p)::DsRed::stuA(NLS);pyroA4; wA3; alcA(p)::GFP::tubA
yA2; argB::troCAB; pyroA4; AKinA::pyréd

pyrG89; AargB::trpCAB, AteaA::argB
teaA(p)::mRFP1::TeaA; alcA(p)::GFP::tubA

TNO2A3 transformed with pNZ2, homologous integration
alcA(p)::GFP::uncB; pyroA4, AnkuA::argB

TNO2A3 transformed with pAS3, homologous integration
alcA(p)::GFP::uncA; pyroA4, AnkuA::argB

TNO2A3 transformed with pNZ5
AuncB::pyrd; pyroA4, AnkuA::argB

(Hynes et al., 2008)

(Hynes et al., 2008)

(Hynes et al., 2008)

(Stringer et al., 1991)
A. Singh, Marburg
(Enke et al., 2007)

(Enke et al., 2007)

This study

This study

This study

This study

This study

This study

This study

This study

(Enke et al., 2007)

V. P. Efimov, USA

J. Warmboldt, Marburg
J. Warmboldt, Marburg
(Requena et al., 2001)
(Takeshita et al., 2008)
(Takeshita et al., 2008)

This study

This study

This study
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SNZ4

SNZ5

SNZ6

SNZ7

SNZ8

SNZ9

SNZ10

SNZ11

SNZ12

SNZ13

SNZ14

SNZ15

SNZ16

SNZ17

SNZ18

SNZ19

SNZ20

SNZ21

SNZ22

SNZ25

SNZ26

SNZ2 transformed with pJH19 and pTN1
alcA(p)::DsRed.::stuA; alcA(p)::GFP::uncA, AnkuA::argB

TNO2A3 transformed with pNZ2 (over expression)
alcA(p)::GFP:: uncB™*"%; pyroA4, AnkuA::argB

TNO2A3 transformed with gNZ10, over expression
alcA(p)::mRFP1::uncB™"°%; pyroA4, AnkuA::argB

TNO2A3 transformed with PNZ10, homologous integration
alcA(p)::mRFP1:: uncB’®"%; pyroA4, AnkuA::argB

TNO2A3 transformed with pNZ9, homologous integration
alcA(p)::mRFP1::uncA®; pyroA4, AnkuA::argB

TNO2A3 transformed with pNZ13
pyG89; AuncA::pyroA, AnkuA::argB

SNZ5 transformed with pPND1 and pTN1
alcA(p)::GFP::uncB; alcA(p)::mRFP1::kipB; AnkuA::argB

GRS transformed with pDV22 and ?DVSO
WA3; pyroA4; alcA(p)::YFP"::apsB>?; alcA(p)::YFP®::mipA™®

SNZ9 transformed with pNZ2
alcA(p)::GFP::uncB; AuncA::pyroA

TNO2A3 transformed with pNZ16
pyroA4; aIcA(p).':GFP.':apstPTS2m”LSRL

TNO2AS3 transformed with pNZ15
alcA(p)::GFP::uncA™°" ; pyroA4

SNZ3 crossed with RMS011, Nr1-2 with nkuA deletion
pabaA1; yA2; AuncB::pyrd

TNO2A3 transformed with pNZ17
pyroA4; alcA(p)::GFP:: mipA™?

SNZ8 crossed with GFP Actin binding protein strain
alcA(p)::mRFP1::uncA; abpA::GFP

SNZ14 transformed with pNZ10 and pTN1, over expression
alcA(p)::mRFP1::uncB; alcA(p)::GFP::uncA™

SNZ14 transformed with pSK700 and pTN1

alcA(p)::GFP::uncA™; alcA(p)::mRFP1::citrat syntase (just N-

terminal sequence with the mitochondrial import sequence)

SNZ9 transformed with pRS54 and pNRSTE1

AuncA::pyroA; alcA(p)::GFP::citrat syntase (just N-terminal

sequence with the mitochondrial import sequence)

SNZ9 transformed with pJH19 and pNZ2, over expression

gpd(p)::DsRed::stuA(NLS); alcA(p)::GFP::uncB; AuncA::pyroA

SNZ16 transformed with pJH19 and pTN1
gpd(p)::DsRed::stuA(NLS); alcA(p)::GFP:: mipA™®

SNZ15 transformed with pJH19 and pCK17
gpd(p)::DsRed::stuA(NLS); AuncB::pyr4

SNZ8 crossed with SJIW100
alcA(p)::mRFP1::uncA; pyroA4; alcA(p)::GFP::tubA

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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SNZz27

SNZ29

SNZ31

SNZ32

SNZ33

SNZ34

SNZ35

SNZ36

SNZ37

SNZ43

SNZ44

SNZ45

SNZ46

SNZz47

SNZ48

SNZ50

SNZ51

SNZ52

SNZ53

SNZ54

SNZ55

SNZ56

SNZ9 crossed with RMS011
pabaA1, yA2; AuncA::pyroA

SNZ9 crossed with SNZ15
AuncB::pyrd; AuncA::pyroA

AJC1.5 transformed with pNZ15
alcA(p)::GFP::uncA™° ; apsB6

GRS transformed with pNZ16, homologous integration
pyroA4; alcA(p)::GFP::apsB_PTS2™" SRL

AJC1.7 transformed with pNZ17
apsB10; alcA(p)::GFP::mipA"®

AJC1.7 transformed with pNZ16
apsB10; alcA(p)::GFP::apsB_PTS2™" SRL

GRS transformed with pNZ17, homologous integration
pyroA4; alcA(p)::GFP:: mipA "2

SNZ9 crossed with AnKin26
AuncA::pyroA; AkinA::pyrG

SNZ16 transformed with pNZS23 and pTN1
apsB::3xHA; alcA(p)::GFP:: mipA "2

SNZ-SI 40 crossed with SNT65
AuncA::pyroA; teaA(p)::mRFP1::TeaA; alcA(p)::GFP::tubA

SJW100 crossed with PEX3KOB2
biA1; pexC::bar; alcA(p)::GFP::tubA

SJW100 crossed with BUY14
biA1; alcA(p)::GFP::tubA; pexG14

SJW100 crossed with PEXM15
biA1; pexM15; alcA(p)::GFP::tubA

SJW100 crossed with PEXA9
pexA9, biA1; alcA(p)::GFP::tubA

SJW100 crossed with PEXF23
biA1; pexF23::pyr4; alcA(p)::GFP::tubA

SJW100 crossed with SNZ15
yA2; alcA(p)::GFP::tubA

SNZ29 crossed with RMSO11
pabaA1, AuncB::pyr4; AargB::trpCAB; AuncA::pyroA

SNZ29 crossed with RMSO11
AuncB::pyr4; AargB::trpCAB; AuncA::pyroA

SNZ29 crossed with RMSO11
pabaA1, AuncB::pyr4; AuncA::pyroA

TNO2A3 transformed with pNZS20
alcA(p)::mRFP1::uncA™, pyroA4

SNZ14 crossed with SJW100
alcA(p)::GFP::uncA™, pyroA4; alcA(p)::GFP::tubA

SNZ1 crossed with SUW100
alcA(p)::GFP::uncB; pyroA4; alcA(p)::GFP::tubA

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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SNZ58

SNZ59

SNZ60

SNZ61

SNZ62

SNZ63

SNZ64

SNZ65

SNZ66

SNZ67

SNZ68

SNZ69

SNZ70

SNZ71

SNZ72

SNZ73

SNZ74

SNZ75

SNZ76

SNZ77

SNZ78

TNO2A3 transformed with pSINZ 38
uncB(p)::GFP::uncB; pyroA4

TNO2A3 transformed with pNZ-SI37
pyroA4; apsB(p)::GFP::apsB

TNO2A3 transformed with pNZ-SI37 and pNZ-S136
pyroA4; apsB(p)::GFP::apsB; mipA(p)::GFP:: mipA

TNO2A3 transformed with pNZ-SI36
pyroA4; mipA(p)::GFP:: mipA

SJW100 crossed with SNZ15
AuncB::pyrd; alcA(p)::GFP::tubA

SNZ9 crossed with XX60
AuncA::pyroA; AnudA::pyrG

TNO2AS3 transformed with pNZ-Sl41 and pNZ-Sl44
alcA(p)::YFPC::uncB; alcA(p)::YFP"::uncA™

TNO2A3 transformed with pNZ-Sl41 and pDV23
alcA(p)::YFPC::apsB; alcA(p)::YFP"::uncA™"

SNZ9 crossed with RMS011
yA2; AargB::troCAB; AuncA::pyroA

TNO2A3 transformed with pNZ-Sl 45
apsB(p)::SxHA.':apsB3‘2; pyroA4

TNO2A3 transformed with pNZ58
pyrG89; alcA(p)::GFP::tigB

SNZ14 transformed with pNZ59
alcA(p)::GFP::uncA™°; alcA(p)::mRFP1::tigB

SNZ27 transformed with pNZ58
yA2; AuncA::pyroA; alcA(p)::mRFP1::tigB

SNR1 crossed with SNZ68
AKinA::pyrd; alcA(p)::GFP::tlgB

SNZ51 crossed with SRS29

AuncB::pyr4; AuncA::pyroA; gpd(p)::GFP::citrat syntase (just
N-terminal sequence with the mitochondrial import sequence)

SNZ51 crossed with SNT65
AuncB::pyr4; teaA(p)::mRFP1::TeaA; AuncA::.pyroA

TNO2A3 transformed with PNZ-S149
uncA(p):.'GFP:.'uncAO'Q; pyroA4

TNO2A3 transformed with pNZ53
pyG89; AttIA::pyroA; AnkuA::argB

SNZ14 transformed with pPND1 and pTN1_
alcA(p)::mRFP1::kipB; alcA(p)::GFP::uncA™

TNO2A3 transformed with pNZ64, homologous integration
pyrG89; alcA(p)::GFP:: tubA>"

SNZ15 transformed with pNZ75 _
yA2; AuncB::pyr4; alcA(p)::GFP::uncB™

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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SNZ87

SNZ88

SNZ89

SNZ90

SNZ91

SNZ92

SNZ93

SNZ94

SNZ95

SNZ96

SNZ97

SNZ98

SNZ99

SNZ100

SNZ101

SNZ102

SNZ103

SNZ104

SNZ105

SNZ106

SNzZ107

LZ12 transformed with pNZ9
alcA(p)::mRFP1::uncA®’; nudA(p)::GFP::nudA

SNZ2 transformed with pNZ59
alcA(p)::GFP::uncA; alcA(p)::mRFP1::tlgB

SNZ14 crossed with SNT30 )
AteaA::argB; alcA(p)::GFP::uncA™

SNZ14 crossed with SNT30
AteaA::argB; alcA(p)::GFP::uncA

SNZ75 transformed with pNZ15 ,
AttIA::pyroA; AnkuA::argB; alcA(p)::GFP:: uncA™®

SNZ75 transformed with pNZ15
AttlA::pyroA; AnkuA::argB; alcA(p)::GFP:: uncA

TNO2A3 transformed with pNZ72
alcA(p)::GFP:: tubB"®, pyroA4; AnkuA::argB

SRS24 transformed with pNZ16
gpd(p)::GFP::stuA(NLS), pabaA1; biA1; AapsB::argB; trpC801;
ach(p)::GFP::apsB_PTSZ’"”'_SRL

AJC1.7 crossed with SNZ-SH80
alpB(p)::alpB::GFP; apsB10

TNO2A3 transformed with pNZ74
alcA(p)::GFP::alpC¥*: pyrG89

GFP-ClipA strain transformed with pCoS19
pyrG89; uncA(p)::mRFP1::uncA™°": alcA(p)::GFP::clipA

GFP-ClipA strain transformed with pNZ67
pyroA4; alcA(p)::GFP::clipA; alcA(p)::mRFP1:: tubA>"

TNO2A3 transformed with pNZ67
pyroA4; alcA(p)::mRFP1:: tubA>’

SNZ14 crossed with XX60
alcA(p)::GFP::uncA™"; AnudA::pyrG

SNZ14 crossed with SDV83
alcA(p)::GFP::uncA™; AalpA::pyrd

TNO2A3 transformed with pNZ73
alcA(p)::GFP:: tubB*?; pyroA4; AnkuA::argB

MH11296 cotransformed with pDV21, pDV39 and pTN1
alcA(p)::mRFP1::hexA; alcA(p)::GFP::apsB; Apex3::bar

SNZ75 transformed with pNZ68
AttIA::pyroA; AnkuA::argB; alcA(p)::mRFP1:: tubA Y

TNO2A3 transformed with pNZ82
pyrG89; alcA(p)::3xHA::uncA

TNO2A3 transformed with pNZ81
pyrG89; alcA(p)::3xHA::uncB

TNO2A3 transformed with pNZ-Si45
pyroA4; apsB(p)::3xHA::apsB

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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SNZ108

SNZ109

SNZ110

SNZ-SH80

SNZ-SI38

SNZ-SI39

SNZ-S140

SNZ-S141

SNZ-S142

S0451

SRF200

SRS24

SRS27

SRS29

SSK13

SSK44

SSK92

SSK114

TALX207-10

TNO2A3

XX60

TNO2A3 transformed with pNZ84 and pNZ85
uncB(p)::YFPC::uncB; uncB(p)::YFP"::uncB

sNZ54 transformed with pNZ64
alcA(p)::mRFP1::uncA™; alcA(p)::GFP:: tubA>'

TNO2A3 transformed with pNZ78, homology strain
uncA(p)::GFP::uncA™: pyroA4

S0451 transformed with AlpB::GFP fusion PCR
alpB(p)::alpB::GFP; pyroA4; AnkuA::argB

TNO2A3 transformed with pSI-NZ32
alcA(p)::GFP::uncB"; pyroA4

SNZ1 transformed with pJH19
gpd(p)::DsRed::stuA(NLS); alcA(p)::GFP::uncB

SNZ9 crossed with RMS011
pabaA1, yA2; AuncA::pyroA

SNZ-SI 40 crossed with SJW100
AuncA::pyroA; alcA(p)::GFP::tubA

TNO2A3 transformed with pSI-N4
pyroA4; alcA(p)::3xHA::apsB

pyrG89; wA3; argB2; pyroA4; AnkuA::argB

pyrG89; AargB::trpCAB; pyroA4
gpd(p)::GFP::stuA(NLS), pabaA1; AapsB::argB; trpC801
gpd(p)::GFP::stuA(NLS), pyrG89; AargB::trpCAB; pyroA4

SRF200 transformed with pRS54 and pDC1

pyrG89; pyroA4; gpd(p)::GFP::citrat syntase (just N-terminal
sequence with the mitochondrial import sequence)

pabaA1; wA3, AKkipA::pyrd

pabaA1; wA3, AkipA::pyrd; AargB::troCAB
alcA(p)::GFP::kipA; pyroA4

pyrG89; wA3, alcA(p)::GFP::kipA™" pyroA4
yA1; pyroA4; areA102; gpd(p)::GFP::acukE
pyrG89; argB2; pyroA4, AnkuA::argB

pyrG89; AnudA::pyrG

This study

This study

This study

This study

This study

This study

This study

This study

This study

FGSC, USA

(Karos & Fischer, 1999)
(Suelmann, 1999)
(Suelmann, 1999)
(Suelmann & Fischer,
2000)

(Konzack et al., 2005)
(Konzack et al., 2005)
(Konzack et al., 2005)
(Konzack et al., 2005)
(Hynes et al., 2008)
(Nayak et al., 2006)

(Xiang et al., 1995)
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Table VI. 04. E. coli strains used in this study

E. coli Genotype Source

strain

BL21 F* ompT, hsdSB, (rB-mB-) gal, decm, rmne 131 Invitrogen

DH5a F* ¢80, lacZ(M15 A(lacZYA-argF), U169, recA1, endA1, hsdR17, (rk-, mk+) Invitrogen
phoA, supE44, \—, thi-1, gyrA96, relA1

Top10 F* mcrA A(mrr-hsdRMS-mcrBC), ¢80, lacZ AM15 AlacX74, nupG, recA1, Invitrogen
araA139 A(ara-leu) 7679, galE15 galK16 rpsL(StrR) endA1 A’

Top10F’ FllacQ, Tn10 TetR)] mcrA, A(mrr-hsdRMS-merBC), ¢80, lacZ AM15 Invitrogen
AlacX74, deoR, nupG, recA1, araD139 A(ara-leu) 7679, galU, galK, rps/
(Str) endA1, A —

XL1 blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac [F’'proAB lacl Q Stratagene

ZAM15: Tn10 (TetR)]

Table VI. 05. Plasmids used in this study

Plasmid Construction Source

pAS3 0.9-kb uncA as Ascl-Pacl fragment in pMCB17apx This study
alcA (p).':GFP.':uncAo‘Q, pyrd

pCK17 pabaA ORF with promotor & terminator in pCR2.1-TOPO Kastner C.

pCK28 nsdD in pDV7, pyr4 replaced with pyroA Kastner C.
alcA (p)::YFPN:: nsdD; pyroA

pCoS19 alcA(p)::mRFP1::uncA"™°" pyroA (Seidel, 2009)

pCR2.1-TOPO Cloning vector Invitrogen

pCS1 N. crassa pyr4 selectable marker as Notl fragment in pUMA208 (Enke et al., 2007)

pCS1-NZ 1.3-kb kinA as Ascl-Pacl fragment in pCR2.1-TOPO This study

pCS2-NZ TIgA in pNZ56 replaced with kinA from pCS1-NZ This study
alcA(p)::GFP::kinA™*, pyroA

pCS3-NZ TIgA in pNZ57 replaced with kinA from pCS1-NZ This study
alcA(p)::mRFP1::kinA™*, pyroA

pCS4-NZ pCS2-NZ mutagenesis to introduce the G97E mutation in the p- This study
loop of KinA _
alcA(p)::GFP::kinA™°", pyroA

pCS5-NZ GFP in pCS4-NZ replacedvc<< with mRFP1 This study
alcA(p)::mRFP1::kinA™” pyroA

pCS7-NZ TIgA in pNZ57 replaced with 2.5-kb TtIA ORF with stop codon This study
alcA(p)::mRFP1::ttIA*°, pyroA

pCS8-NZ 1.3-kb TtIA as Ascl- BamHI fragment in pNZ56 This study

pDC1

alcA(p)::GFP::ttA™, pyroA

argB from A. nidulans

(Aramayo et al., 1989)
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pDMS8

pDV23

pDV49

pDV50

pENTR""/D-Topo
pJH19

pMCB17apx

pMT-3xHA
pNRSTE1

pNZ2

pNZ5

pNZ8

pNZ9

pNZ10

pNZ11
pNZ12

pNZ13

pNZ14

pNZ15

pNZ16

pNZ17

pNZ21

GFP replaced mRFP1 in pMCB17apx
alcA(p)::mRFP1::apsB"®, pyr4

apsB of pDV8 replaced with full-length apsB>*
alcA(p)::YFP®::apsB*2, pyr4

apsB of pDV7 replaced with full-length gtubulin™®
alcA(p)::YFP"::mipA™® pyr4

apsB of pDV8 replaced with full-length gtubulin™®
alcA(p)::YFP®::mipA™® pyr4

Cloning vector
gpd(p)::stuA(NLS)::DsRed , argB

alcA(p)::GFP, for N-terminal fusion of GFP to proteins of interest;
contains N. crassa pyr4

Gateway cloning vector
1.9-kb pyr4 in pCR2.1-TOPO

1.6-kb uncB fragment (second ATG) in pMCB17apx, Ascl-Pacl
alcA(p)::GFP::uncB"®, pyr4

uncB-deletion construct: 1-kb UncB flanking regions ligated with
pyr4 from pCS1 in pCR2.1-TOPO
uncB-LB::pyr4::uncB-RB

uncA-deletion construct: 1-kb UncA flanking regions ligated with
pyr4 from pCS1 in pCR2.1-TOPO
uncA-LB::pyr4::uncA-RB

GFP in pAS3 replaced with mRFP1
alcA (p)::mRFP1.':uncA0‘9, pyr4

GFP in pNZ2 replaced with mRFP1
alcA(p)::mRFP1 .':uncB1‘6, pyr4

1.7-kb pyroA fragment from pTN1, Notl sites in pCR2.1-TOPO
pyr4 in pCS1 replaced with pyroA fragment from pNZ11
uncA-deletion construct: pyr4 in pNZ8 replaced with pyroA from
pNZ12

uncA-LB::pyroA::uncA-RB

uncB-deletion construct: pyr4 in pNZ5 replaced with pyroA from
pNZ12

uncB-LB::pyroA::uncB-RB

pAS3 mutagenesis to introduce the G116E mutation in the p-loop
of UncA, (UncA™)

alcA(p) =GFP::uncA™”, pyrd

PTS1 (SRL) before the stop codon of apsBPTS2™" in pDV43
alcA(p)::GFP::apsB_PTS2™ SRL; pyr4

pMCB17-apx containing 1.8-kb mipA ORF, Ascl-Pacl sites
alcA(p)::GFP::mipA"®, pyr4

apsB*? without stop codon in pENTR'/D-Topo

(Veith et al., 2005)

(Veith, 2006)

(Veith, 2006)

(Veith, 2006)

Invitrogen
(Toews et al., 2004)

(Efimov et al., 2006)

(Toews et al., 2004)
(Requena et al., 2001)

This study

This study

This study

This study

This study

This study
This study

This study

This study

This study

This study

This study

This study
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pNZ53

pNZ56

pNZ57

pNZ58

pNZ59

pNZ61

pNZ62
pNZ63

pNZ64

pNZ65

pNZ66

pNZ67

pNZ68

pPNZ69

pNZ72

pNZ73

pNZ74

pNZ75

pNZ76

pNZ77

pNZ78

ttIA-deletion construct: 1-kb TtIA flanking regions ligated with
pyroA from pNZ12 in pCR2.1-TOPO
ttIA-LB::pyroA::ttIA-RB

TIgA ORF Ascl-Pacl fragment in pCMB17apx, pyr4 replaced with
pyroA
alcA(p)::GFP::tigA, pyroA

GFP in pNZ56 replaced with mRFP1
alcA(p)::mRFP1::tlgA, pyroA

TIlgB ORF fragment in pNZ56
alcA(p)::GFP::tlgB, pyroA

GFP in pNZ58 replaced with mRFP1
alcA(p)::mRFP1::tlgB, pyroA

0.45-kb TIgB fragment between Ascl-Pacl from pNZ57
alcA(p)::mRFP1::tigB®*°, pyroA

1-kb tubA(p), Pfol restriction sites in pCR2.1-TOPO
3.1-kb tubA (ORF with terminator) fragment in pCR2.1-TOPO

TigA from pNZ56 replaced with tubA*>" from pNZ63
alcA(p)::GFP::tubA>', pyroA

pNZ64 point mutation to introduce a stop codon in place of the
C-terminal tyrosine of tubA, (Glu-tubulin)
alcA(p)::GFP::tubA", pyroA

pNZ64 two point mutation to introduce 2 stop codons in place of
the C-terminal glutamic acid (E) and tyrosine (Y) of tubA, (A2-
tubulin)

alcA(p)::GFP::tubA%Y, pyroA

tubA*" from pNZ63 in place of apsB’?° from pDM8
alcA(p)::mRFP1::tubA>", pyrd

tubA” from pNZ65 in place of uncA™ from pNZS20
alcA(p)::mRFP1::tubA”, pyrd

1-kb tubA(p) from pNZ62 in pfol restriction sites of pNZ15

1.9-kb tubB ORF as Ascl-Pacl fragment in pMCB17apx
alcA(p)::GFP::tubB"®, pyrd

3.2-kb tubB (ORF with terminator) fragment between Ascl-Pacl in
pMCB17Apx
alcA(p)::GFP::tubB*?, pyrd

2.5-kb AlpC®™* Ascl-Pacl in place of TIgA in pNZ56
alcA(p)::GFP::alpC, pyroA

pNZ-S148 mutagenesis to introduce the T214P and G217E
mutations in the p-loop of UncB, (uncB? PN
alcA(p)::GFP::uncB?PNAr  hyra

Dendra UncB 1558
ach(p).':dendra::uncB7'6, pyr4

Dendra UncB Rigor 1816
alcA(p)::dendra::uncB"® ™, pyr4

uncA replaced with 0.9-kb uncA™ in pNZ-S149
uncA(p)::GFP::uncA™, pyr4

This study

This study

This study

This study

This study

This study

This study
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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pNZ79
pNZ80

pNZ81

pNZ82

pNZ83

pNZ84

pNZ85

pNZD19

pNZS20

pNZS23

pNZ-SI36

pNZ-SI37

pNZ-S138

pNZ-S139

pNZ-S140

pNZ-Si41

pNZ-S142

pNZ-S143

pNZ-Si44

pNZ-SI45

pNZ-SI47

pNZ-S148

alcA(p)::mRFP1::uncA™, pyroA
UncA full-length cDNA in pQE32

pyroA in place of pyr4, uncB in place of apsB in pSI-N4
alcA(p)::3xHA::uncB, pyroA

uncA in place of uncB in pNZ81
alcA(p)::3xHA::uncA, pyroA

uncA(p) in place of alcA(p) in pNZ-SI40
uncA(p)::YFPC::uncA, pyré

uncB(p) in place of alcA(p) in pNZ-Sl43
uncB(p)::YFPN::uncB, pyroA

uncB(p) in place of alcA(p) in pNZ-Sl44
uncB(p)::YFPC::uncB, pyré

0.31-kb UncB fragment between Ascl-Pacl from pMCB17apx
alcA(p)::GFP::uncB”?’, pyr4

GFP in pNZ15 replaced with mRFP1
alcA(p)::mRFP1::uncA™, pyr4

apsB**from pNZ21 cloned into pMT-3xHA
ach(p)::apsBS‘Z::3xHA, argB

alcA(p) of pNZ17 replaced with 1.16-kb mipA(p), EcoRI-Bsiwl
ytubulin(p)::GFP::mipA™®, pyr4

alcA(p) of pDV21 replaced with 1.33-kb apsB(p), Avrl-Kpnl
apsB(p)::GFP:.'apsB3'2, pyr4

alcA(p) of pNZ2 replaced with 1.23-kb uncB(p), Avrll-Bsiwl
uncB(p)::GFP:.'uncB7'6, pyr4

nsdD of pCK28 replaced with uncA from pAS3, Ascl-Pacl
ach(p)::YFPN::uncA, pyroA

mipA’® of pDV50 replaced with 0.9-kb uncA from pAS3
ach(p)::YFPC::uncA, pyr4

nsdD of pCK28 replaced with 0.9-kb uncA™ from pNZS20
alcA(p)::YFP"::uncA™, pyroA

mipA™® of pDV50 replaced with 0.9-kb uncA™" from pNZS20
alcA(p)::YFPC::uncA™", pyra

nsdD of pCK28 replaced with 1.6-kb uncB from pNZ2, Ascl/Pacl
ach(p)::YFPN::uncB, pyroA

mipA’® of pDV50 replaced with 1.6-kb uncB from pNZ2
alcA (p).':YFPC::uncB, pyr4

alcA(p) from pSI-N4 replaced with apsB(p) from pNZ-SI37, Kpnl-
Avrll
apsB(p)::3xHA.':apsBS‘z, pyr4

2-kb uncB cDNA from pSI-NZ31 as Ascl-Pacl fragment in pCR2.1-

TOPO

2-kb uncB cDNA from pNZ-SI47 in pMCB17apx
ach(p).':GFP.':unch"’DNA, pyrd

This study
This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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pNZ-S149

pNZ-S150

pNZ-SI70

pNZ-SI71

pPND1

pRS54

pSI-N4

pSI-N5
pSI-NZ30

pSI-NZ31

pSI-NZ32

pSI-NZ51

pSI-NZ52

pSK700

pSM14

PTN1

alcA(p) of pAS3 replaced with 1.5-kb uncA(p), Kpnl-EcoRI
uncA(p)::GFP::uncA®; pyr4

1.3-kb UncA C-terminal without PH domain in pDV2
(Gateway Vector) uncA™ ™::GFP

UncA full-length cDNA, Ascl-Pacl, in pCR2.1-TOPO

UncA full-length cDNA from pNZ-S170 in pNZ57
alcA(p)::mRFP1::uncA®"A, pyroA

GFP replaced with mRFP1 in pPR38
alcA(p)::mRFP1::kipB'2, pyr4

gpd(p)::citrate synthase (N)::sGFP in pBluescript KS-
(just N-terminal sequence with the mitochondrial import sequence)

pSM14 containing full-length apsB of 3.2-kb between Ascl and
Pacl restriction sites.

alcA(p)::3xHA::apsB>?, pyr4

UncA full-length cDNA, Xmal-Bglll, in pCR2.1-TOPO

As pSI-N5 but the clone is in opposite direction

2-kb cDNA UncB, starts at the second ATG and includes a 160V
mutation, as Xmal fragment in pCR2.1-TOPO

pNZ2 mutagenesis to introduce the the T214P and G217E
mutations in the p-loop of UncB, (uncB’%™)
alcA(p)::GFP::uncB" %™ pyra

1.7-kb UncA C-terminal without stop codon in pDV2
(Gateway GFP) uncA™ *"::GFP

1.7-Kb UncA C-terminal in pMT-sGFP
(Gateway Vector) uncA™ S°P::sGFP

sGFP in pRS54 replaces with DsRed
gpd(p):.citrate synthase (N)::DsRed in pBluescript KS-

GFP of pMCB17apx replaced with 3xHA between Kpnl and Ascl
restriction sites

pyroA from A. fumigatus

This study

This study

This study

This study

(Rischitor et al. 2004)

(Suelmann & Fischer,
2000)

This study

This study
This study

This study

This study

This study

This study

(Toews et al., 2004)

(Purschwitz et al.,

2009)

(Nayak et al., 2006)

3. Microbiological and genetic methods

3.1. Cultivation, growth and storage of E. coli and A. nidulans strains

Media for E. coli were prepared as described (Sambrook & Russel, 1999),

(Table VI. 06) and appropriately supplemented with antibiotics and necessary reagents in

each experiment, (Table VI. 07). Ingredients were added to ddH,O, poured into bottles with

loosen caps and autoclaved 20 min at 121°C. For solid media, 15 g agar per liter was added.
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Glasware and porcelain was sterilized in the heat sterilizer for 3 h at 180°C. Heat-sensitive
solutions such as antibiotics, amino acids and vitamins were filter-sterilized with 0.22 ym
pore filter membrane (Schleicher und Schill, Dassel), and added to the media after
autoclaving. Minimal and complete media for A. nidulans growth were prepared according to
the protocols (Pontecorvo et al., 1953) (Table VI. 08). The supplemented vitamins, amino

acids and nucleotides for auxotrophic A. nidulans strains were listed in (Table VI. 09).

Table VI. 06. Media for E. coli

Medium Ingredients (1liter)
Luria-Bertani (LB) 10 g Trypton; 10 g Yeast extract; 5 g NaCl, pH 7.5
SOC 20 g Trypton; 5 g Yeast extract; 0.58 g NaCl; 0.185 g KClI; 2.03 g MgCl2

x 7 H20; 2.46 g MgSOa4 x 7 H20; 3.6 g Glukose

Table VI. 07. Antibiotics and supplements for E. coli media

Substance Stock solutions/Storage End concentration
Ampicillin (Amp) 50 mg/ml in ethanol /-20°C 100 pg/mi

Kanamycin (Kan) 10 mg/ml in water  /-20°C 50 upg/mi
Streptomycin 10 mg/ml in water  /-20°C 50 upg/mi

Tetracycline 5 mg/ml in ethanol /-20°C 25 ug/mi

X-Gal 25 mg/ml in DMF /-20°C 40 pg/ml- 25 pl/plate
IPTG 24 mg/ml in water  /-20°C 8 ug/ml- 40 pl/plate

Table VI. 08. Media and stock solutions for A. nidulans

Media or Stock Preparation (per liter)

Minimal medium (MM) 50 ml Salt stock solution; 1 ml Trace elements stock solution; 20 g
Glucose; adjust to pH 6.5 using 10 N NaOH. For protoplast transformation
add 0.6 M KCI as osmoprotective substance

Complete medium (CM) MM with 2 g Peptone; 1 g Yeast extract; 1 g Casamino acids; 1 ml
Vitamin stock solution; 1 ml Trace elements stock solution; adjust to pH
6.5 using 10 N NaOH

20 x Salt stock solution 120 g NaNOs3; 10.4 g KCI; 10.4 g MgSOg4 x 7 H20; 30.4 g KH2PO4
1000 x Trace elements stock 22 g ZnS0O4 x 7 H20; 11 g H3BO3; 5 g MnCl2x 4 H20; 5 g FeSO4 x 7 H20;
solution 1.6 g CoCl2 x 5 H20; 1.6 g CuSO4 x 5 H20; 1.1 g (NH4)sM07024 x 4 H20;

50 g Nas EDTA; adjust to pH 6.5-6.8 using KOH

1000 x Vitamin stock solution 0.1 g D-Biotin; 0.1 g Pyrodoxin-HCI; 0.1 g Thiamin-HCI; 0.1 g Riboflavin;
0.1 g p-Aminobenzoic acid; 0.1 g Nicotinic acid
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Table VI. 09. Vitamins, amino acids and medium components

Component Stock Concentration Volume or weight per liter
Biotin 0.05 % 1 ml

Nicotinamid 0.5 % 1ml

Pyridoxin-HCI 0.1 % 1 ml

p-Aminobenzoic acid (PABA) 0.1 % 1ml

Riboflavin 0.25 % 1 ml

Arginin - 1.29

Uracil - 19

Uridin - 1.29

Methionin 1% 3ml

For storage of E. coli strains, freshly grown bacterial suspension was adjusted to 15% end
concentration of sterile glycerol and frozen at -80°C. The A. nidulans strains were grown on
minimal or complete medium plates. Spores were suspended in 15-20% sterile glycerol and

stored at -80°C. Bacterial cell culture density was determined via absorption measurement

with 600 nm (AODsoo) in a spectrophotometer (Pharmacia LKB-Ultraspeclll).

3.2. Genetic methods in A. nidulans

The strains used for crossing were inoculated side by side onto CM plates plus appropriate
marker for 2 days, until the mycelium of both strains fused at the borders. Small agar square
blocks were cut from these fused edges and transferred to MM plates, where just the growth
of a heterokaryon is possible. Plates were sealed with adhesive tape and incubated 10-14
days at 37°C or 30°C in a humid chamber, to elevate the partial pressure of CO, and activate
sexual development. The fruiting bodies (cleistothecia) developed after this time were
isolated with help of a sterile inoculating needle, rolled until completely cleaned from Huille-
cells on the surface of an agar plate, and smashed in an Eppendorf tube with 0.5 ml sterile
ddH0. An aliquot of the ascospore suspension was inoculated onto CM agar plates. After 2-
3 days incubation, the grown colonies were transferred onto MM plates with different
appropriate markers, to test for the missing auxotrophic marker. If more strains were
analyzed, they were inoculated onto raster plates, which contained 20 colonies (Sievers et
al., 1997).
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Table VI. 10. Markers for A. nidulans

Marker Function Chromosome Reference

argB2 Arginine auxotrophy ] (Upshall et al., 1986)
(ornithine carbamoyltransferase)

bar Glufosinate resistance - (Nayak et al., 2006)

biA1 Biotin auxotrophy | FGSC

pabaA1 Para aminobenzoic acid auxotrophy | FGSC

ptrA Pyrithiamine resistance - (Goda et al., 2005)

pyroA4 Pyridoxine auxotrophy \Y FGSC

pyrG89 Uracil auxotrophy | (Balance et al., 1983)
(orotidine-5"-phosphate decarboxylase)

trpC801 Tryptophan auxotrophy VI (Yelton et al., 1984)
(phosphoribosylanthranilat isomerase)

veA1 Conidia production in the dark VIiI FGSC

wA3 White spores (polyketide synthase) Il (Mayorga & Timberlake, 1990)

yA2 Yellow spores (laccase) | (Aramayo et al., 1989)

4. Molecular biological methods

4.1. DNA manipulations

4.1.1. Plasmid DNA preparation from E. coli cells

Isolation of plasmid DNA was done with an alkali-lysis method as described (Sambrook &
Russel, 1999). For small volumes of DNA (miniprep), 2.5 ml of overnight liquid culture were
centrifuged 1 min at 13000 rpm, the pellet resuspended in 200 ul Tris-EDTA Buffer, then 200
pl of Alkali-lysis buffer added and gently mixed, followed by addition of 200 ul neutralization
buffer (Table VI. 11). After 10 min centrifugation, plasmid DNA-containing supernatant was
precipitated with 0.7 vol. isopropanol, followed by 70% ethanol washing. The dried pellet was
resuspended in TE buffer. For large DNA volumes (midiprep), plasmid DNA from 50 ml
E. coli overnight liquid culture were extracted using a Macherey-Nagel Nucleobond® Plasmid
DNA Purification Kit, according to the manufacturer’s protocols. Plasmid DNA concentration

was determined via comparison between the intensity of ethidium bromide DNA bands on
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agarose gels and the intensity of defined standards or the concentrations were calculated

using NanoDrop (ND-1000, PeQLab, Erlangen).

Table VI. 11. Solutions used for plasmid extraction (miniprep)

Tris-EDTA buffer 5 ml 1M Tris-HCI (pH 7.5); 2 ml 0.5M EDTA (pH 8.0); 10 mg RNAse in 100 ml
Alkali-lysis buffer 0.2 M NaOH; 1% SDS

Neutralization buffer 1.5 M Potassium Acetate, pH 4.8

TE buffer 10 mM Tris-HCI; 1 mM EDTA; pH 8.0

4.1.2. Genomic DNA preparation from A. nidulans

Preparation of A. nidulans genomic DNA was done like in (Timberlake & Marshall, 1989), by
inoculation in a 9 cm @ plastic Petri dish of around 20 ml fresh liquid complete media with
spore suspension from a colony grown on an agar plate, followed by incubation for 12 -15 h
at 32°C. Then, the mycelium was harvested with a spatula, pressed briefly until dry between
paper towels, and frozen in liquid nitrogen. The frozen mycelium was grounded in liquid
nitrogen or kept at -80°C until isolation. A. nidulans genomic DNA was extracted by mixing
with extraction buffer (50 mM EDTA / 0.2% SDS), incubated for 1 h 30 min at 68°C and
centrifuged at 13000 rpm for 5 min, after that 8 M Potassium Acetat pH 4.2 was added to the
supernatant and centrifuged again at 13000 rpm for 5 min. Finally the DNA was precipitated
with the same volume isopropanol, washed twice with 70% ethanol and air dried. The dried
pellet was resuspended in TE buffer. 5 pl extracted DNA was checked in a 1% agarose gel.

For genomic DNA isolation and purification the DNeasy Plant Mini Kit was used.

4.1.3. Digestion of DNA with restriction endonucleases

DNA samples (200 ng-1 ug) were digested with restriction endonucleases using
corresponding reaction buffers. Generally, digestions were prepared in 20-50 pl total volume,
with 0.5-1 pl restriction enzyme (5-100 U/pl) and incubated at 37°C from 1 h to overnight. In
other cases, enzyme, DNA, buffer volumes and reaction times varied depending on the
specific requirements. For enzyme inactivation, the sample was incubated at 68°C for 10
min. A. nidulans genomic DNA was generally digested overnight. In the case of multiple
digestion, the restriction digest was carried out first in the buffer with low salt concentration or

the buffer compatible to both enzymes.
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4.1.4. Dephosphorylation of digested DNA

After the digestion with restriction enzymes, the vector was dephosphorylated by Shrimp
alkaline phosphatase (SAP) to remove the phosphate group at 5’-end, which prevented self-
ligation of the vector. 0.1 unit / yM 5’-end with buffer was added to the sample. The mix was
incubated 45 min at 37°C. If two enzymes with incompatible termini were used, the

dephosphorylation process was omitted.

4.1.5. DNA precipitation

Contamination by small nucleic acid fragments, proteins and salt can be reduced to
acceptable level by precipitating the DNA. In order to do this, 2.5 volume of ethanol and 1/10
volume 3.0 M NaAc (pH 5.2) were added to the DNA solution. The sample was mixed, kept
at -80°C for 15 min and centrifuged for 10 min at 13.000 rpm. The supernatant was discarded
and the pellet was washed with 70% ethanol, followed by centrifugation at 13.000 rpm for 5-
10 min. The pellet of purified DNA was dried completely in a speed vacuum or at 37°C for
10-20 min, and then dissolved in sterile ddH,O or TE buffer.

4.2. Gel electrophoresis, DNA isolation and ligation

4.2.1. DNA agarose gel electrophoresis

The separation and identification of DNA fragments was done by running them by 50-100 V
through 1% agarose gels (Sambrook & Russel, 1999), which were prepared by melting
agarose into 0.5x TAE buffer and pouring it into gel chambers. DNA samples were mixed
with 1/10 10x DNA Loading buffer. As standard DNA marker an Eco130l-cut A DNA (MBI
Fermentas, St. Leon-Rot) and other markers were used, and gels were run for 30 min -4 hin
gel chambers with 0.5x TAE buffer (Table VI. 12). Then, the gel was stained for 15-30 min in
0.5 x TAE buffer with ethidium bromide (1 ug/pl). The DNA bands were visualized in the gel
at 302 nm UV light. Photos were taken using a camera (INTAS, Goettingen) connected to a

video printer.

Table VI. 12. Solutions used for DNA agarose gel electrophoresis

Solution Composition

50 x TAE buffer (pH 8.0) 40 mM Tris-Acetate; 1 mM EDTA; pH 8.0

10 x Loading buffer 15% Ficoll 400; 5 mM EDTA (pH 8.0); 1% SDS; 1.5 M Bromphenol blue
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For isolation of DNA fragments, 0.8%-1% low melting agarose gel was often used. The low
melting gel separated by gel electrophoresis at 50 V was stained in 0.5-1 x TAE buffer with
ethidium bromide. The appropriate DNA bands were cut out under UV light. The DNA
purification was carried out according to the protocol of WizardTM PCR Preps DNA
Purification System (Promega, Madison, WI, USA). Alternatively, the DNA from normal
agarose gels was isolated with the QIAEX Il Gel Extraction System (Qiagen, Hilden) or with
Freeze and squeeze method, in which the agarose band was frozen for 10 min at -20°C, and

than melted gently with the fingers, DNA drops were collected inside new sterile Eppis.

4.2.2. DNA ligation

DNA ligation was performed using T4 ligase (M0202S, NEB, Frankfurt) overnight at 16°C or
Fast LinkTM System (Biozym, Hessisch Oldendorf) in a volume of 10-20 ul. Around 50 ng
vector was used in one ligation. The ratio of vector to insert was 1. 3 respectively for

cohesive end ligation.

4.3. Polymerase chain reaction (PCR) and cloning of PCR products

4.3.1. Polymerase chain reaction

Polymerase chain reaction (PCR) was performed with Taq (Qbiogene, Heidelberg), Expand
(Roche, Mannheim) or Pfu (Promega, Madison, WI, USA) polymerases according to
manufacturer protocols. Oligonucleotides synthesis was made by MWG Biotech (Ebersberg)
or from Biomers (Ulm), and the concentration used for a PCR reaction was 0.4 pM/ul. As
DNA template plasmid or cosmid DNA (0.2-10 ng) and genomic DNA (10-20 ng) were used.
The PCR reactions were carried out in a capillary Rapid Cycler (Idaho Technology, Idaho
Falls, ID, USA) or in a Personal Cycler (Biometra, Géttingen). The polymerization duration
and annealing temperatures varied dependent on each application. PCR programs were
generally used with 35-30 cycles, at a denaturation temperature of 95°C, and a
polymerization temperature of 72°C. In the case of oligonucleotides containing restriction
sites, the PCR reaction was first carried out for 4-5 cycles at a lower annealing temperature

then the melting temperature of the primers. For used primers see (Table VI. 13).
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Standard PCR reaction

2.5 pl 10x PCR buffer + 50 mM MgCl;
2.5 pl 10x BSA

2.5l 2.5 mM dNTP

2 ul each 5 picomole Primer fwd and rev
1 yl DNA template (10- 30 ng)

0.5 pl Tag DNA polymerase

filled up to 25 ul with autoclaved dd H,O

Table VI. 13. Primers used for PCR in this study

Restriction sites are italic, start and stop codons are underlined.

uncA amplification

UncA_Ascl_fwd1

UncA_Pacl_rev1

UncA_full_Pacl_rev
UncA_4480_no_PH_Pacl_rev
UncA_3172_pENTR_fwd

5-GGGCGCGCCCGGCATGGCGCCAGGAGGTGGTGGAAAC-3

5-CTTAATTAAACCTAGCACCGGTGGCTCCAGTCGAGTTC-3
Amplifying a 0.929-kb fragment

5 -CTTAATTAATCATCTCCCGGACCTGTTGGTCG-3
5 -CTTAATTAATCTCCCGGACCTGTTGGTCG-3
5-CACCCAGTTGTTTGTACCAGGCATCTCTG-3'

uncB amplification

UncB_ATG2_Ascl_fwd
UncB_ATG2_Pacl_rev

UncB_full_Pacl_rev
UncB_full_Xmal_fwd

UncB_full_Xmal_rev

5-GGGCGCGCCCGGCATGGCGCTGGACCCTCGC-3’

5-CTTAATTAACCATCTTGTTCTCCTCCATGAGC-3’
Amplifying a 1.6-kb fragment, starting at the second ATG of uncB

5-CTTAATTAATCAGTTCCCCAAGATGTCCCC-3
5-GCCCGGGATGGCGCTGGACCCTCGC-3’
5’-GCCCGGGTICAGTTCCCCAAGATGTCCC-3

ttIA amplification

TTL_Ascl_ATG_fwd
TTL_Pacl_Stop_rev

5-GGGCGCGCCCGGCATGCATATTCTTGTGG-3
5-CTTAATTAATCAATTCTTCCTCCCAAGATCCAGC-3'

tigA™" amplification

Tlg1_nidulans_Ascl_fwd

Tlg1_nidulans_Pacl_rev

5-GGGCGCGCCCGGCATGTTCGGGGAAGTTTC-3’
5-CTTAATTAACCCGCCCACGCAAGAAGGCC-3’

tigB"¥? amplification

Tig2_nidulans_Ascl_fwd

Tlg2_nidulans_Pacl_rev

5-GGGCGCGCCCGGCATGTGGCGGGACCG-3
5-CTTAATTAACTACGGGGCAACGATGCGGCC-3
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TlgB_mitte_Pacl_rev 5-CTTAATTAATTCATCTCCGCTACTCACCCCCCC-3

alpB?® amplification (fusion PCR)

Alp6_mitte_fwd 5'-GGGAGGACAAATACAAACTCG-3’

Alp6_linker_rev 5’-ctccagcegectgcaccagetccTTGCTCAGTCGAATCCTTCTTTTC-3
Alp6_RB_link_fwd 5’-atcagtgcctcctctcagacagTAGCATACATGCAGTACATTTCTCG-3’
Alp6_RB_rev 5'-ACCGTCATGGCAGAAACGAAG-3’

Alp6_Nprimer_rev 5-TTATCACCTGCTGGTTCTGAG-3’

Alp6_Nprimer_fwd 5-CCAGTCTCGAGACCTCAATTG-3

alpC*¥** amplification
Alp4_ATG_Ascl_fwd 5-GGGCGCGCCCGGCCACATGAACCCGCCACG-3
Alp4_full_Pacl_rev 5-CTTAATTAACCCAATCCGCGCAGGGTCG-3

tubA amplification
New_A tub_Ascl_fwd 5-GGGCGCGCCCGGCATGAGAGAAGTCATTAG-3
A tub_1.4 Xmal_Pacl_rev 5-TTAATTAAGGGCCCCGGGGCTGGCTGC-3’

tubB amplification

AN7570_TUBA2_Ascl_fwd 5-GGCGCGCCCGGCATGCGAGGCGAG-3’
AN7570_TUBA2_Pacl_rev 5-CTTAATTAATTAGTACTCGGCTTCTTCGCC-3’
AN7570_TUBA2_1.4_Pacl_rev 5-CTTAATTAATACAAATCTCCTGTCCCTTCGATTC-3

mipA (y-tubulin) amplification

Gamma_tub_Ascl_fwd 5-CGGCGCGCCCGGGATGCCTAGGTATACCCTC-3’
Gamma_tub_Pacl_rev 5-CTTAATTAATTATACTCCAACTTCATCCTTTCC-3’

apsB amplification

apsB_Ascl_fwd 5-TTTGGGCGCGCCCGGCATGACTCTAAAAGAGCAAAGTAGTACG-3’
SRL_PTSI_rev 5'-CCTTAATTAATCAtagacgggaAACTTCGATATC-3’

For adding the PTS1 motif to apsB, SRL sequence is in lower case letter

ApsB_fwd_Entry_Vector 5-CACCATGACTCTAAAAGAGCAAAGTAG-3’
ApsB_full_rev_no_Stop 5-AACTTCGATATCAACTGTGATGCC-3’

pyroA amplification

A.F.pyro_Notl_fwd 5-GCGGCCGCGTAAGGTCAGTTCG-3’
A.F.pyro_Notl_rev 5-GCGGCCGCAATGCACAGAACACC-3’
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GFP amplification

GFP_F1_effi
GFP_R1_effi
GFP_Innen_Primer

GFP_rev_primer

5-CTCGAGGTCGACGGTATCG-3'
5-CAGGTCGACTCTAGAGGATCC-3'
5-CCATTACCTGTCCACACAATCTGCC-3’
5'-CATGCCATGTGTAATCCCAGCAGC-3’

mRFP1 amplification

mRFPI_Efi_fwd
mRFPI_Efi_rev

5'-GTCATCAAGGAGTTCATGCGCTTC-3
5-TCGTACTGTTCCACGATGGTGTAG-3

Detection of mutants and homologous integrations

Pyr4-3’_raus
Pyr4-5’_raus
Raus_pyro_3’
Raus_pyro_5’
Raus_LB_UncA _fwd
Raus_RB_UncA_rev
Raus_LB_UncB_fwd
Raus_RB_UncB_rev
TTL_Raus_LB_fwd
TTL_Raus_RB_rev
UncA_lnnen_rev

UncB_Innen_rev

5-CTCGAGGACGAGCCGC-3’
5’AGGAAGCAGTCGAGAGC-3’
5-GGCCAAGAGAGGATGGTAATTGC-3’
5-CGTCAGGAACAGCTGGAAACGCC-3
5-CGTCTGCTTAGACATTCCTTCCCC-3’
5'-CAGAGAATGCAAGGTCGCTTTGCC-3
5-GTTTCTCAACGCTGGGATCAAGCG-3’
5-GTCTTTGCTTGTGCTTCTGGGACC-3’
5-GATATTTGTGTCCGCCCTCGC-3’
5’-TCAAACGGACATAGCAGACATCGTCACC-3
5-GTTAATGTCGGCAGGTGATATCGCG-3'
5'-AGATCCGGCTCTGTTTCTGCCTCC-3

Gene borders amplification, deletion cassettes

UncA_LB_fwd
UncA_LB_Sfil_rev
UncA_RB_Sfil_fwd
UncA_RB_rev
UncB_LB_fwd
UncB_LB_Sfil_rev
UncB_RB_Sfil_fwd
UncB_RB_rev
TTL_LB_fwd
TTL_LB_Sfil_rev
TTL_RB_Sfil_fwd
TTL_RB_rev

5'-CGTCGATGGAAGGCATATACTACTCGC-3’
5-CGGCCATCTAGGCCGACAACAAATTGC-3’
5-CGGCCTGAGTGGCCTCTATGTCTTCG-3
5'-CATCCACGTCCCCATAACTAATACCACC-3
5-GGAAGTACACCTGCATGCTAATATCATCAG-3’
5-CGGCCATCTAGGCCGCGGTGAAGTATAG-3’
5-CGGCCTGAGTGGCCTGTTATGCGACGATG-3’
5’-GACGAGCAAGGGACGTGCCCTTCGGTG-3’
5-AATCGGGTCTGATCTCGTCCCAAGCGTACG-3'

5-CGGCCATCTAGGCCTAGAAACACCATTCACG-3’

5-CGGCCTGAGTGGCCTAATCTCGAATATAGT-3
5-CGAGCCGATATTCGCTATGTACCTTGATAT-3'
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Native promotor amplification

UncA_nat (p)_EcoRI_fwd 5-GGAATTCTCATCACCTACTGGAGGCGCGC-3’
UncA_nat (p)_Kpnl_rev 5-CGGTACCTTTGGCCTATAGCCCATACACC-3’

y tub_nat (p)_EcoRI_fwd 5-GGAATTCCATACCCAGCATAAATTCGG-3’

y tub_nat (p)_BsiWI_rev 5-CCGTACGCTTTCTTGCTTGCCTTAAG-3’
UncB_nat (p)_Avrl_fwd 5-GCCTAGGTTATATCGGGAACTGTCACC-3'
UncB_nat (p)_BsiWI_rev 5-CCGTACGACAGAAGGTCGGTGTACC-3’
apsB_nat (p)_Avrll_fwd 5-GCCTAGGCAAGCCGCAACTCCC-3’

apsB_nat (p)_Kpnl_rev 5-CGGTACCGGATCTGCCACTGCG-3’

Pfol_TubA (p)_fwd 5-CCGCTGTCCCGGACAGAGGTTTTCAAGAG-3’
Pfol_TubA (p)_rev 5-TCCGGGACTTGTCTAGGTGGGTGGTGAGGG-3’

4.3.2. Cloning of PCR fragments

For the cloning of PCR products, restriction enzyme sites were added to both primers, or TA
cloning was used. For TA cloning, the PCR products amplified with Expand (Roche,
Mannheim) or other proof reading polymerases (e.g. Pfu, Promega, Madison, WI, USA) were
incubated with Taq polymerase and then cloned into pCR2.1 TOPO (Invitrogen, NV Leek,
The Netherlands).

4.3.3. Site directed mutagenesis

The P-loop sequences of uncA (pAS3), uncB (pNZ2 and pNZSI48) and kinA (pCS2-NZ) were
mutated using the maintained plasmids as a template (Table VI. 05) and the QuikChange XL
site directed mutagenesis kit of Stratagene giving pNZ15, pSI-NZ32, pNZ75 and pCS4-NZ
respectively. The same method was used to generate stop codons in place of tyrosine or two
stop codons in place of tyrosine and glutamic acid at the C-terminal part of tubA using the
plasmid pNZ64 (Tyr-tubulin) as a template to give pNZ65 (Glu-tubulin) and pNZ66 (A2-
tubulin) respectively. Successful mutagenesis was confirmed by commercial sequencing
(MWG Biotech, Ebersberg).

Table VI. 14. Primers used for this method:

UncA_P-Loop_Gly_fwd 5-GGTCAGACCGGTTCGGAGAAGTCTTACTCG-3'
KinA_Rigor_P-loop_fwd 5-CGGTCAAACCGGTGCAGAGAAGTCGTATAC-3'
UncB_Rigor_P-loop_fwd 5-CGGTCAACCAGGTTCTGAGAAGAGTTATAC-3’
Tyrosine_mut_TubA_fwd 5-GGAGGGTGAGGAAGTTGAGTAGTAAGTGTAATGC-3'

E-Y_mut_3 Stop_TubA_fwd 5-GGAGGGTGAGGAAGTTTAGTAGTAAGTGTAATGC-3’

And the corresponding reverse primers, nucleotides corresponding to the mutated amino acids are underlined
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4.3.4. PCR from A. nidulans spores

Extraction of DNA of filamentous fungi for PCR analysis is usually time consuming and
generally expensive, especially when it is done in order to check a great number of
transformants for different mutations. To avoid this, conidia of A. nidulans were used directly
for PCR analysis, without isolation of DNA. The PCR assay was performed with conidia
obtained from freshly grown colonies on agar plates, at 37°C or 30°C for 2 days. The spores
were harvested by gently scraping the colony surface with a sterile wire and transferred to
the lid of an Eppendorf cup filled with 100 pl sterile ddH,O. Collection of medium by this
harvest was avoided, since agar may inhibit the PCR reaction. The samples were vigorously
vortexed and the appropriate spore concentration was adjusted in a reaction tube (10*-10°
spores per reaction), followed by freezing them for 10-15 min at -80°C. The mix was added
proportionally to the samples and they were generally subjected to the following PCR
conditions: denaturation at 95°C for 5 min, 30 cycles of 95°C for 18 sec, appropriate

annealing temperature and time, 72°C for 1-2 min, followed by 72°C for 5-10 min.

4.3.5. DNA sequencing

DNA sequencing was done by commercial sequencing (MWG Biotech, Ebersberg).

4.4. Transformation

4.4.1. Transformation of E. coli

The transformation of electrocompentent E. coli cells was done as described (Ausubel et al.,
2001). After dialysis of the ligation reaction product, 5 ul ligation solution and 50 ul E. coli
electrocompetent cells were mixed and filled into a transformation glas cuvette (PEQLAB,
Erlangen). The plasmids were transformed by electroporation with an electro shock of 2.5 kV
for 5 ms (Gene-Pulser, Bio-Rad) into cells of the electrocompetent E. coli strain XL1-Blue
(Stratagene, La Jolla, USA). Alternatively, chemically competent cells of the E. coli strain

TOP10 F’ (Invitrogen, Leek, Netherlands) were used according to the distributor’s protocols.

4.4.2. Transformation of A. nidulans

Standard procedures of Aspergillus protoplast transformation were used (Yelton et al., 1984).
Spores were harvested from freshly grown plates (~109 conidia), inoculated in 500 ml

volume minimal medium with appropriate suppplements, and shaken at 30°C in a water bath
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for 12-16 h until the spores had germinated. The culture was filtered through sterile Miracloth
followed by washing with Wash solution. The washed mycelium was collected on ice in a
sterile 100 ml Erlenmeyer flask with 5 ml of Osmotic medium. After addition of GlucanX
(Novozyme, 180 mg/ml sterile water) and 5 min incubation on ice, BSA (10 mg/0.5 ml sterile
ddH;0) was added into the flask. Subsequently, the digestion mixture was incubated at 30°C
70 rpm for 1-2 h until enough protoplasts were released. Then, after transfer in a 30 ml Corex
tube, 10 ml of Trapping buffer was slowly added, followed by a centrifugation at 5000 rpm for
15 min using a HB-6 rotor. The obtained protoplast band was transferred into a new sterile
tube, followed by washing with STC and centrifugation at 7000 rpm for 10 min. The
protoplast pellet was gently resuspended in 100-300 pl STC for following transformation (for
the solutions used, see Table VI. 15). 100 pl of protoplasts in STC and 100 ul DNA (10 ug
DNA filled up to 100 ul STC) were mixed and incubated for 25 min at room temperature in a
sterile falcon tube. Then, 2 ml PEG was added and the tube was rolled until the mixture was
homogeneous, followed by 20 min incubation at room temperature. Finally, 8 ml STC was
added and the entire mixture was spread onto osmotically stabilized medium (MM + 0.6 M
KCI) with appropriate selection markers. The plates were incubated at 37°C until colonies

were visible after 3- 4 days.

Table VI. 15. Solutions used for A. nidulans transformation

Solution Composition

Mycelium wash solution 0.6 M MgSO4

Osmotic medium 1.2 M MgSO4, 10 mM Na3zPO4 buffer, pH 5.8

Trapping buffer 0.6 M sorbitol, 0.1 M Tris-HCI, pH 7.0

STC 1.2 M sorbitol, 10 mM CaCly, 10 mM Tris-HCI, pH 7.5
PEG 60% PEG 4000, 10 mM CaClz, 10 mM Tris-HCI, pH 7.5

4.5. DNA-DNA hybridization (Southern blot analysis)

DNA-DNA hybridization was performed using DIG labelled DNA-PCR probes, amplified using
the PCR DIG Probe Synthesis Kit from Roche (Mannheim), according to the distributor’s
protocols. The genomic DNA sample was digested overnight with the appropriate restriction
enzyme. Next day DNA sample and positive control were separated at 50 V for 3-4 h through
1.2% long agarose gel electrophoresis, until the Bromphenole blue band was weakly visible
in the lower third of the gel. Afterwards, the gel was stained with ethidium bromide and the

marker bands were marked by making little holes with a 1ul pipet tip, than the gel was
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washed for 10 min in depurination solution and denaturated through 2 times 15 min
incubation in denaturation solution. After rinsing briefly in water, the gel was equilibrated by 2
times 15 min washing with neutralization solution and afterwards 10 min equilibration with
20x SSC.

After equilibration, the DNA bands were transferred overnight at RT by capillary
forces to a neutral nitrocellulose membrane (Pall Gelman Laboratories, Dreieich). The
transfer was setted up (bottom to top) as followed: A bridge of whatman paper (presoaked in
20x SSC and making contact to 20x SSC reservoirs at both ends), Gel (upside down),
membrane (presoaked in 20x SSC), 3 layers of whatman paper (presoaked in 20X SSC),
several layers of tissue and a glas plate. After blotting the membrane was cross-linked with
UV radiation (254 nm, 1.200 x 102 uJ for each side). The membrane was then prehybridized
in hybridization solution for 1h at 68°C and then further hybridized for 12 h with the probe at
68°C (Yoshida et al.), followed by stringent washing. The first washing step consisted of 2
washing times with 2x washing solution for 5 min at RT, respectively. In the second step the
membrane was washed 2 times for 15 min at 68°C in 0.5x washing solution, respectively.
After 5 min at RT in washing buffer, the membrane was incubated for 1h at RT in blocking
buffer followed by 30 min incubation with 2 ul anti-DIG-Antibody-AP (Roche; 11 093 274 910)
in 20 ml new blocking buffer. Free antibodies were washed away 2 times for 15 min in
Washing buffer at RT. Finally the membrane was equilibrated in AP-buffer for 5 min at RT
and transferred to a plastic film with AP-Substrate distributed evenly above (5 ul CDPStar,
Roche in 500 pl AP-buffer). Detection was accomplished by means of autoradiography using
films from Kodak (Rochester, NY, USA) or Fuji (New RX, Fuji, Japan). If the membrane was
reused, stripping was carried out in stripping buffer, two times for 15 min at 37°C, followed by
equilibration for 5 min in 2x SSC. The stripping result was checked by autoradiography (for

the solutions used, see Table VI. 16).

Table VI. 16. Solutions used for Southern blot

Solution Composition

Hybridization solution 5x SSC; 0.02% SDS; 1% Blocking Reagent (Roche); 0.1% N-Laurylsarcosin
Depurination solution 0.25 M HCI

Denaturation solution 0.5 M NaOH; 1.5 M NaCl

Neutralization solution 1.5 M NaCl; 0.25 M Tris-HCI, pH 7.5

20 x SSC 3 M NaCl; 0.3 M NaCitrat, pH 7.0

2 x Washing solution 2x SSC; 0.1% SDS

0.5 x Washing solution 0.5 x SSC; 0.1% SDS
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Washing buffer 100 mM Maleic acid; 150 mM NaCl; 0.3 % Tween20
Blocking buffer 100 mM Maleic acid, 150 mM NaCl; 1 % Blocking Reagent
AP-buffer 0.1 M Tris-HCI, pH 9.5; 0.1 M NaCl; 50 mM MgCI2
Stripping buffer 0.2 M NaOH; 0.1% SDS

4.5.1. Construction of a cDNA library

A cDNA library was constructed using isolated total RNA as template (see 4.6.1), and the
Matchmacker™ Two-Hybrid Library Construction & Screening Kit from Clontech according to

the distributor’s protocols.

4.6. RNA manipulations

4.6.1. Isolation of total RNA from A. nidulans

For the isolation of total RNA, 500 ml CM liquid culture inoculated with spore suspension
from one plate was shaken at 200 rpm for 14 h at 37°C. The overnight grown mycelium was
harvested, dried between paper towels, frozen in liquid nitrogen and grounded in a mortar.
RNA extraction from grounded mycelium powder was carried out with TRIZOL (Gibco or
Invitrogen) according to manufacturer protocol. The RNA was finally dissolved in 40-50 ul
sterilie DEPC H,O with 0.5 U/ul RNase inhibitor (Promega, Mannheim). The RNA
concentration was measured in a photometer (Pharmacia LKB, Ultraspeclll). The RNA
samples were diluted to 1 ug/ul with DEPC H,O containing RNase inhibitor. The samples
were kept at -80°C.

5. Biochemical methods

5.1. Isolation of protein from A. nidulans

For protein extraction, spores were incubated overnight in liquid media (with 2% threonin for
alcA(p) induction) shaking at 200 rpom at 37°C. The grown mycelium was filtered, dried and
grounded in liquid nitrogen as for genomic DNA extraction. Then, the obtained powder was
resuspended in the same amount of protein extraction buffer (20 mM TrisCl pH 8.0; 0-0.2 %
Triton X-100; 150 mM NaCl, 10 ul Protease Inhibitor Cocktail, Sigma, Taufkirchen). The
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slurry was centrifuged at 13.000 rpm at 4°C for 10 min and the total protein concentration of
the supernatant was measured according to Bradford (Bradford, 1976). After centrifugation,
the supernatant was stored at -80°C or aliquots selected for analysis were heated at 95°C for
5 min together with 4x SDS-gel loading buffer (240 mM Tris/HCI, pH 6.8; 8 % SDS; 40 %
Glycerol; 12 % DTT; 0.004 % Bromophenol blue) prior to loading.

5.2. Determination of protein concentration (Bradford Assay)

Protein concentration was determined according to Bradford (Bradford, 1976) using the
Roti®-Quant Reagent from Roth (Karlsruhe). This measurement is based upon Coomassie®
Brilliant Blue G-250 dye-binding assay. Acryl-cuvettes (Sarstedt, Nimbrecht) were used for
the determination of the protein concentration. 200 ul Roti®~-Quant Reagent were added to
samples (1 ul protein extraction buffer/ 0.8 ml ddH,O), same was done with the standard
protein (bovine serum albumin, BSA), afterwards they were gently mixed. After 5 min, the
absorbance was measured in the photometer (Pharmacia LKB, Ultrospeclll) at 595 nm. The

standard curve was established with BSA (bovine serum albumin).

5.3. SDS Polyacrylamide Gel electrophoresis (SDS-PAGE)

For immunodetection of proteins Western blotting was performed. The SDS-PAGE gel
consisted of a resolving gel overlaid by a stacking gel. The resolving gel was casted between
the glass plates using Bio-Rad Mini Protean Il equipment and overlaid with a thin layer of
ddH;O. After gel polymerization, the water was removed and the gel chamber was filled up
with stacking gel. Protein samples were diluted to appropriate concentrations using 4x SDS
gel-loading buffer, heated at 95°C for 5 min and loaded onto the gel. Electrophoresis took
place at room temperature, first at 50 V until the sample moved out from the wells and then
100-120 V until tracking dye reached the bottom of separating gel (for the solutions used,
see Table VI. 17).

Table VI. 17. Solutions used for SDS-PAGE

Solution Composition

1x SDS gel electrophoresis buffer 3 g Tris-base; 18.8 g Glycine; 10 ml 10% SDS-solution in 1 liter of
ddH20

5% Stacking Gel 0.83 ml 30% Acrylamid-Mix; 0.63 ml 1 M Tris pH 6.8; 0.05 ml 10% SDS;
0.1ml 10% APS; 0.006 ml TEMED; 4.6 ml ddH2O.
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8% Resolving Gel 2.7 ml 30% Acrylamid-Mix; 2.5 ml 1.5 M Tris pH 8.8; 0.1 ml 10% SDS ;
0.1 ml 10% APS; 0.006 ml TEMED; 4.6 ml ddH20.

4x SDS gel-loading buffer 200 mM Tris-HCI pH 6.8; 400 mM DTT; 8% SDS; 0.4%
Bromophenolblue; 40% Glycerol

5.4. Western blotting and immunodetection

After electrophoresis, proteins were transferred from the gel to a Protran nitrocellulose
transfer membrane (Whatman; Dassel). Electroblotting was performed in a “sandwich”
assembly in Transfer buffer from 3 h to overnight at 30 mA at 4°C using Mini Trans-Blot®
transfer gel apparatus (Bio-Rad, Munick). After transference, the membrane was stained for 5
min in Ponceau S solution, and then washed with water until the protein bands were distinctly
visible. The membrane was incubated in blocking solution for 1 h at RT, then the
hybridization with the first antibody diluted in blocking solution was done for 1-2 h at RT or
overnight at 4°C. Afterwards, the membrane was washed 4 x 5 min in TBS-T, incubated for 1
h at RT with the peroxidase conjugated secondary antibody diluted with TBS-T and followed
by 4 x 5 min washing in TBS-T (for the solutions and antibodies used, see Table VI.18). The
detection was done with Luminol Solution as substrate for the horse raddish peroxidase
(HRP). If the membrane was reused, stripping was carried out in stripping buffer, two times

for 15 min at 50°C, followed by 2x washing for 5 min in washing buffer.

Table VI. 18. Solutions used for Western blot

Solution Composition

10 x Transfer buffer 30.3 g Tris; 144 g Glycine in 1 liter of ddH,O

Protein Transfer buffer 100 ml 10x Transfer buffer, 200 ml Methanol, 700 ml ddH20

Ponceau-S 0.1% Ponceau-S in 1% Acetic acid

10 x TBS 24.2 g Tris, 80 g NaCl in 1 liter of ddH20O, pH 7.6

1x TBS-T 1 x TBS, 0.1% Tween 20 (100%)

Blocking solution TBS-T with 5% Skim milk

Primary antibody Monoclonal antibody HA-11, clone 16B12, produced in mouse (MMS-

101R, Hiss Diagnostics), dilution 1:1.000 in Blocking solution

Anti-GFP, N-terminal, antibody produced in rabbit (G1544, Sigma,
Steinheim), dilution 1:4.000 in Blocking solution

Monoclonal anti—y-tubulin clone GTU-88 produced in mouse (T-6557,
Sigma, Steinheim), dilution 1:500 in Blocking solution

Anti-y-tubulin  antibodies developed in Rabbit (T-3559, Sigma,
Steinheim), dilution 1:500 in Blocking solution
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Secondary antibody Anti mouse IgG (Fab specific)-peroxidase conjugate antibody developed
in goat (A2304, Sigma, Steinheim), dilution 1:10.000 in TBS-T

Anti rabbit IgG (whole molecule) peroxidase conjugate Antibody (A0545,
Sigma, Steinheim), dilution 1:4.000 in 1 x TBS-T

Luminol solution 1 ml solution A (50 mg Luminol in 200 ml 0.1 M Tris-HCI pH 8.6)
0.1 ml solution B (11 mg p-Hydroxycoumarin acid in 10 ml DMSO)
0.3 pl 35 % H202

Stripping buffer 1 X TBS; 2 % SDS; 0.1 M beta-Mercaptoethanol

5.5. Co-Immunoprecipitation

For immunoprecipitation a volume of 1 ml protein extract (about 1 mg/ml) was adjusted to
300 mM NacCl with 5 M NaCl and incubated with the appropriate monoclonal first antibodies,
Monoclonal antibody HA-11 clone 16B12 produced in mouse (MMS-101R, Hiss Diagnostics)
dilution 1:200, or Anti-GFP N-terminal antibody produced in rabbit (G1544, Sigma,
Steinheim), dilution 1:800. After 1h incubation at 4°C, 50 ul Protein-G-Agarose (Roche,
Mannheim, Germany) were added and incubated for additional 3h. Agarose beads were
pelleted by centrifugation in an Eppendorf Centrifuge at 15.000 rpm at 4°C for 30s and
washed three times with 1ml protein extraction buffer (paragraph 5.1, page 112). ColP pellet
was resuspended with 4 x SDS gel-loading buffer and denaturated for 5 min at 95°C. Protein
extracts and ColP pellets were loaded on a SDS-PAGE gel. For Western blotting antibodies
raised against GFP, HA or y-tubulin were used (Table VI. 18).

6. Microscopic methods

6.1. Light and fluorescence microscopy

Light and fluorescence images were taken with the Zeiss Microscope “Axiolmager Z1” (Carl
Zeiss, Jena, Germany) Software: AxioVision V4.5, using a Planapochromatic 63x or 100x oil
immersion objective lens, and the Zeiss AxioCam MRM camera. As UV lamp was used the
HBO103 mercury arc lamp (Osram). Dynamic processes in the hyphae were quantified using
the same software analyzing series of single pictures.

Alternatively the “Axiophot* Zeiss microscope was used, with a Planapochromatic 63x
or 100x oil immersion objective lens and a CCD camera from Hamamatsu (Orca ER I
(Software: Wasabi 1.4)) with optional RGB Modus. As UV lamp was used the Osram HBO50

mercury arc lamp (Osram). Time-lapse series were obtained with an automated Wasabi
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program that acquires series of images with pause time, exposure time, and different
exposures in each sequence. Image and video processing was done with Photoshop 6.0
(Adobe) and freeware programs such as Imaged and VirtualDub (for filter setting see Table
VI. 19).

Table VI. 19. Fluorescence microscopy filters

Fluorescent dye Excitation filter Beam splitter Barrier filter
Band-pass filter Long pass filter

(BP) nm (BS) nm (LP) nm

sGFP 450 - 490 510 520

FITC

YFP D 510/20 530 DCLP D 560/40

DsRed 546 580 590

DAPI 365 395 397

Hoechst 33342

6.2. Preparation of microscopy samples

For live-cell imaging of germlings and young hyphae, cells were grown on coverslips in 0.5
ml of MM 2% glycerol (de-repression of the alcA promoter, moderate induction) or MM 2%
glucose (repression of the alcA promoter). Cells were incubated at room temperature for 1-2
days. For pictures of young hyphae of each strain, the spores were inoculated on microscope
slides coated with MM 2% glucose 0.8% agarose and grown at 30°C for 1 d. Images were
captured at room temperature (200 msec. exposure time).

For timelapse studies, cells were incubated in glass bottom dishes (World Precision
Instruments, Berlin) in 2 ml of MM glycerol or MM glucose medium. Incubation was at 30°C
for 15 h or at RT for 24 h and images were captured at RT. In the case of DAPI staining for
visualization of nuclei, strains were grown for 8 h at 37°C on coverslips with 500 ul
appropriate medium, incubated with methanol and aceton (1/1) for 30 sec followed by 5 min
incubation with 25ul mounting media with Vectashield DAPI (Vector Laboratories Inc.,

Burlingame CA).

6.3. Confocal Laser-Scanning Microscopy (CLSM)

Confocal images were taken with the TCS SP5 from Leica, and with the Cell Observer-SD
confocal spinning disk microscope from Zeiss, using a planapochromatic 63x or 100x oil

immersion objective lens. The Argon laser 65 mW (457 nm, 476 nm, 488 nm, 514 nm) was
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used for GFP excitation, and the HeNe 1.2 mW (543 nm) laser for for DsRed excitation.

Samples were prepared as described in 6.2.

6.4. Software used in this study

Microscopy:

Wasabi Software V 1.2 from Hamamatsu for Orca ERII camera
Zeiss AxioVison V4.5

Leica TCS SP5 Software packet

Image and Video manipulation

VectorNTI (Invitrogen): Tree analysis (AlignX)

NCBI: Blast analysis BlastP, BlastN

Adobe Photoshop CS: brightness and contrast

Imageld : Video converting (avi)

virtual dub V 1.6: Video manipulation

TMPGENc (pegasys): Video converting and manipulation (mpg, avi, mov)
RAD VideoTools: mov to avi

6.5. Legends to the movies

Movie IV. 01.

GFP-UncA movement in a hyphal compartment of A. nidulans.

Movie IV. 02.

mRFP1-UncA movement along a GFP stained microtubule.

Movie IV. 03.

A. nidulans (TNO2A3) treated with FM4-64.

Movie IV. 04-IV. 08.

FM4-64 vesicle movement in different mutant strains as indicated.

Movie IV. 09.

Depolymerization of a stable MT bundle toward septal MTOC in a mitotic cell of the GFP-a-
tubulin strain sNZ77.

Movie IV. 10.

GFP-UncA movement in mitotic cells. Mitotic nuclei were observed with DsRed-StuA. Strain
sNZ4.

Movie IV. 11.
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depolymerization pattern of GFP-UncA™”-MT-bundle. Strain sNZ14.

Movie IV. 12.

Localization of mMRFP1-TtlA to the cytoplasm and to microtubules. Strain SCS8-NZ86.

Movie IV. 13.

Localization of GFP-UncB to the nucleus and at septa depends on the cell cycle. Strain
SNZ1.

7. Bimolecular Fluorescence Complementation Assay (BiFC)

The bimolecular-fluorescence-complementation assay (BiFC) is another technique to
analyze protein-protein interactions (Meng et al., 2005). In the BiFC assay, a fluorescent
protein like YFP is split into two halves, and those halves are fused to one of the two proteins
of interest. If the two respective proteins interact, the two YFP halves are brought into close
contact upon which the fluorescent ability is restored. This assay can be used in the
organism one is working with, and the fluorescent signals are comfortable since no fixation is
needed. Furthermore, the signals are observable in vivo and most importantly one can
directly determine the location of interaction. The system in A. nidulans was recently
established (Blumenstein et al., 2005).

8. Immunostaining

10° Spores/ml were inoculated with 0.5 ml MM on sterile coverslips for 12-24 h at RT. Cells
were fixed for 30 min with formaldehyde, washed 2 times with PBS and digested for 1 h
using digestion solution. Then the cells were washed again with PBS for 3 times and
incubated for 10 min at -20°C with methanol. Afterwards samples were washed again for 2
times with PBS, and blocked for 15 min at RT with blocking solution, before overnight
incubation at 4°C with first antibodies diluted in blocking solution. Next, cells were washed 4
times with TBS-T and incubated for 1 h at RT with second antibodies diluted in TBS-T (for
antibodies see Table VI. 21). After washing for 4 times with TBS-T, coverslips were mounted
on microscope slides with 25 ul mounting media with DAPI (Vector Laboratories Inc.,
Burlingame CA), sealed with nail polisher and stored at 4°C overnight in the dark before

doing the microscopy (for solutions see Table VI. 20).
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Table VI. 20. Solutions used for immunostaining

Solution Composition

100ml Fixative solution 50 ml 200 mM PIPES pH6.7; 10 ml 500 mM EGTA pH8.5; 1 ml 1 M MgSO4;
10 ml DMSO; 21.6 ml 37% Formaldehyde

1x Phosphate buffered 8 g NaCl; 0.2 g KCI; 1.44 g Na;HPO4; 0.24 g KH2PO4 in 1 liter of ddH->O, pH

saline (PBS) 7.4

Digestion solution 50 mM sodium citrate pH 5.8 with 50% albumin with the next 4 enzymes

(albumin could be aliquoted and frozen at -20°C):

-Driselase 10.88-21.8 mg/ml, (D9515) Sigma Aldrich

-Zymolyase (5U/ul) 1-2 ul/ml, (E1004) Zymo Research California

-GlucaneX 80-160 mg/ml, (Glucanex 200G) Lamothe-Abiet France

-B-D Glucanase 4-8 mg/ml, (0439-1) Interspex Products Inc., San Mateo,
USA. (Stock solution 100 mg/ml in 100 mM sodium citrate pH 4.5, heated at
55°C for 5 min, than incubated on ice 30 min to reduce protease activity)

10 x TBS 24.2 g Tris; 80 g NaCl in 1 liter of ddH-0, pH 7.6

1x TBS-T TBS, 0.1% Tween 20 (100%)

Blocking solution TBS-T with 5% Skim milk

Mounting media 0.1 M Tris-HCI pH 8; 50% Glycerol; 1 mg/ml phenylendiamine; optional DAPI

(depend on the amount of material, range 0.1-1 ug/ml). Or use the
commercial mounting media with DAPI from VECTASHIELD (H-1200,
Burlingame, CA)

Methanol

Table VI. 21. Antibodies used for immunostaining

Primary Antibodies

Anti-y-tubulin antibodies developed in rabbit (T-3559, Sigma-Aldrich).

Monoclonal anti-y-tubulin clone GTU-88 produced in mouse (T-6557, Sigma-Aldrich)
Immunogen is a synthetic y-tubulin peptide (AA 38-53), conjugate to KLH. The antibody recognize an epitope
located within the N-terminal region of y-tubulin.

Anti-GFP, N-terminal, antibody produced in rabbit (G1544, Sigma-Aldrich)
Peptide corresponding to amino acids 3-17 of the Green Fluorescent protein (GFP) from jellyfish Aequorea
Victoria, conjugated to maleimide-activated KLH through an N-terminal added cysteine residue as immunogen.

Monoclonal antibody HA-11, clone 16B12, produced in mouse (MMS-101R, Hiss iagnostics)
It is raised against the twelve AA peptide CYPYDVPDYASL. It recognizes the influenza hemagglutinin epitope
(YPYDVPDYA).

Monoclonal anti-a-tubulin clone DM1A, produced in mouse (T-9026, Sigma-Aldrich)
Purified chick brain tubulin was used as the immunogen.

Monoclonal anti-tubulin, acetylated, antibody, clone 6-11B-1, produced in mouse (T6793, Sigma-Aldrich)

The immunogen was acetylated tubulin from the outer arm of Strongylocentrotus purpuratus (sea urchin). The
antibody recognizes an epitope located on the a3 isoform of Chlamydomonas axonemal a-tubulin, within four
residues of Lys-40 when this amino acid is acetylated.
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Monoclonal anti-tubulin tyrosine, antibody, clone TUB-1A2, produced in mouse (T9028, Sigma-Aldrich)

The epitope was the C-terminal 10 amino acids with an added Tryosine SYEDEDEGEE(Y).This antibody was
prepared according to the protocol in EMBO J. 1987 Sep;6(9):2597-606. The peptide sequence was derived
from porcine brain.

Monoclonal anti-tubulin, polyglutamylated, antibody, clone B3, produced in mouse (T9822, Sigma-Aldrich)
Immunogen is a purified Lytechinus pictus (sea urchin) sperm axonemal proteins. The epitope recognized by
the antibody is localized in the C-terminal region of a- and p-tubulins (the glutamylated motif at amino acid 445-
457 of o-tubulin.

Polyclonal anti human tubulin (detyrosinated, Glu-Tubulin), produced in rabbit (OBT1660, AbD serotec)
(detyrosinated, Glu-Tubulin)

The Immunogen is a synthetic peptide corresponding to the C-terminal portion of de-tyrosinated tubulin. It
recognizes specifically the de-tyrosinated form of the tubulin alpha chain (Glu tubulin).

Secondary Antibodies

Anti mouse 1gG (Fab specific)-FITC, antibody produced in goat using purified mouse IgG Fab fragment as the
immunogen (F4018, Sigma-Aldrich)

Anti mouse TgG (whole molecule)-FITC, produced in goat using purified mouse 1gG as immunogen, affinity
Isolated antibody (F0257, Sigma-Aldrich)

Polyclonal Cy'"3-conjugated affinipure goat anti mouse IgG (H+L), (115-165-062, Dianova)

CyTMS-conjugated affinipure goat anti-rabbit IgG (H+L), (111-165-045, Dianova)

9. Calcofluor white (CFW) and Congo red (CR) assay

The assay was done as described (Ram &
Klis, 2006). Calcofluor white (CFW) NS
fluorescent brightener (F-3543, Sigma) and
Congo red (CR) (860956, Sigma) was added

o OH\/\N/\/OH
ENY
%370

N N
QHJ“JHC}“;;:QV*JH@

to the fungal growth medium. The free di-acid b N, N:NO—Q”=” H,
form of CFW (fluorescent brightener F-3543) O@/ ]:Ij
Oo—s (S

does not directly dissolve in water. A 1% A { o

(wt/vol) stock solution was prepared by

dissolving CFW in 0.5% (wt/vol) KOH and
83% (vol/vol) glycerol. CR was in the di-

Figure 30. The chemical structures of
CFW (a) and CR (b)

sodium form, which is readily dissolved in water. Solutions were prepared fresh at the day of

the experiment with protection from light by wrapping the containers in aluminium foil. The

CM medium was buffered to pH 5.5-7.0 to prevent acidification, and therefore protonation

and precipitation of CFW and CR. Buffering the medium was done with 50 mM phthalate-
NaOH (pH 6.0). Solutions were added to the cooled agar CM medium (60°C- 70°C). The
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plates were stored overnight in the dark at room temperature (15°C- 25°C), to be used the
next day. Storing the plates for longer time period is not preferable.

A. nidulans spores from a wild-type and different deletion strains (AuncA, AkinB, AuncA and
AkinB double deletion strain) were prepared as a 10-fold dilution series (5x10°-5x10*) and
spotted in 10 ul volumes on plates containing CFW or CR and on a control plate. The plates
were incubated in the dark at 30°C for 3 days. Sensitivity to CFW and CR is determined by
comparing the extent of colony formation between parental and mutant strains on the control

plate and the plates containing CFW or CR.

10. Glucoamylase secretion in A. nidulans in solid state- and

submerged-fermentation

The protocol was done as described (te Biesebeke et al., 2005). A. nidulans spores from a
wild-type and different uncA-deletion strain were cultivated in liquid and solid minimal media
(Table VI. 08) with 2% starch as a sole carbon source. Starch liquid medium was prepared
by shaking 4 g soluble starch in 100 ml H,O in shake flasks in a rotary shaker at room
temperature for 5 min at 250 rpm. The suspension was poured through Miracloth, where 2 g
of starch (dry weight) remained in the filter resulting in 2% starch liquid medium (SLM), which
was sterilised for 15 min at 120°C. Surface growth on starch solid medium (SSM) was
performed on 1% agar plates of 2% starch liquid medium. Submerged cultivations were
performed with 25 ml SLM inoculated with 10° spores/ml and incubated in shake flasks at
30°C in a rotary shaker at 250 rpm. Solid state cultivation was performed after inoculation of
nitrocellulose (NC) membranes (3 mm pore size) placed on the agar plates of 2% SSM (25
ml), with 2.5x10" spores (10° spores/ml 2% SSM) followed by an incubation at 30°C. Liquid
and membrane biomass transfer cultivations were performed as described by (te Biesebeke
et al., 2005). After production of biomass in starch medium (17 h in 2% SLM and 48 h in 2%
SSM) samples were transfered to fresh starch medium (2% SLM and 2% SSM, respectively).
Samples taken at time points 0, 2, 6, 8, 10 and 12 h in the case of membrane biomass
transfer cultivation, and 0, 0.5, 1, 6, 8 and 24 h in the case of liquid transfer cultivation, were
used for glucose determination. The wet weight biomass of A. nidulans grown in 2% SLM
was determined after filtering the biomass through Miracloth. The wet weight biomass of A.
nidulans grown on 2% SSM was determined after weighting the biomass grown on the filter.
The extracellular growth medium (1 ml) of A. nidulans grown in 2% SLM was boiled for 5 min
and used for determination of glucose concentrations. Extracts of the growth medium of A.
nidulans grown on 2% SSM were obtained after removing the membrane with biomass and
freezing the 2% SSM at -20°C. Subsequently, the 2% SSM was thawed and, after addition of
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10 ml ddH.0, vortexed for 2 min, centrifuged for 5 min at 3.500 rpm, boiled for 5 min and
used for determination of glucose concentrations. Glucose concentration was analysed
enzymatically using the glucose oxidase method (GOD), in which 0.1 ml sample with 2 ml
GOD-reaction-solution (6 mmol Kl; 1.5 mmol Na,WO, and about 10 U GOD in 100 ml
phosphate buffer, pH 7) were mixed, after 30 min the extinction was measured in a spectro-
photometer (Pharmacia LKB, Ultrospeclll) at 366 nm. To obtain the glucose concentration,
the extinction was compared to a standard curve made by measuring extinctions of a
glucose standard solution (1.11 mmol/l) with different dilutions (0.2; 0.4; 0.6 and 0.8 mmol/l).
In the case of solid state fermentation, SSM was covered with Gram’s lodine (0.33 g
iodine; 0.66 g potassium iodine; 100 ml H,O), which stains the remaining starch in the media.
Halos surrounding the different strains were compared to estimate the amount of

glucoamylase secretion.
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The dynamics of cytoplasmic microtubules (MTs) is largely controlled by a protein complex at the MT plus
end. In Schizosaccharomyces pombe and in filamentous fungi, MT plus end-associated proteins also determine
growth directionality. We have characterized the Dis1/XMAP215 family protein AlpA from Aspergillus nidulans
and show that it determines MT dynamics as well as hyphal morphology. Green fluorescent protein-tagged
AlpA localized to MT-organizing centers (centrosomes) and to MT plus ends. The latter accumulation occurred
independently of conventional kinesin or the Kip2-familiy kinesin KipA. alpA deletion strains were viable and
only slightly temperature sensitive. Mitosis, nuclear migration, and nuclear positioning were not affected, but
hyphae grew in curves rather than straight, which appeared to be an effect of reduced MT growth and

dynamics.

Microtubules (MTs) are hollow tubes which are generated
from microtubule-organizing centers, and they perform multi-
ple structural and dynamic functions in a cell. Although com-
prising an important part of the cell skeleton, MTs are very
dynamic structures, which assemble at one end o,B-tubulin
dimers, stop growth after some time, undergo a catastrophe
event, and subsequently shrink. This dynamic instability is
regulated by a number of different MT-associated proteins
(MAPs), one of which was discovered in Xenopus and named
XMAP215 (5). Similar proteins, which are meanwhile classi-
fied in the Dis1/XMAP215 family, exist in eukaryotes from
yeast to plants and humans (17). Common to all of them is
their association with MTs and the presence of TOG domains
and HEAT repeats, which are responsible for interactions with
many different associated proteins. One MAP can interact
through its TOG domains and HEAT repeats with several
other MAPs. The proteins were classified into three different
groups (17). Members of the first group have four TOG do-
mains, including one to five HEAT repeats within each of
them, and a conserved C terminus. Human ch-TOG belongs to
the first group together with Xenopus XMAP215, Drosophila
(Msps), Dictyostelium (DACP224), and Arabidopsis (MOR1)
(Fig. 1). The second group has only one known member from
Caenorhabditis elegans (ZYG-9). Members of the third group
have only two TOG domains with several HEAT repeats and,
in comparison to group one members, do not have a conserved
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C terminus. However, all of them harbor a coiled-coil region
instead. XMAP215 proteins have a prominent MT-stabilizing
function (12). Recently, it was shown nicely in Saccharomyces
cerevisiae that the Dis1/ XMAP215 protein Stu2 binds to tubu-
lin heterodimers and associates to the MT plus end, where it
appears to be responsible for the loading of «,B-tubulin dimers
to the growing end (1). This activity may explain the Stu2
stabilization activity of MTs in living cells.

Besides the MT stabilization activity of Dis1/ XMAP215 pro-
teins, DACP224, the Dictyostelium discoideum homologue, is
involved in MT-cortex interactions. There is evidence that this
contact is mediated by cortical dynein with which DdACP224 is
able to physically interact (9).

In this paper, we have analyzed the function of the Disl/
XMAP215-like protein AlpA in Aspergillus nidulans. The pro-
tein localized at the spindle pole bodies (the fungal homo-
logues of centromeres) and at MT plus ends. Interestingly,
deletion of the gene was not lethal, although a drastic reduc-
tion of the MT array and MT dynamics was observed. Hyphae
of an alpA deletion strain grew in curves, suggesting that AlpA
is involved in the determination of growth directionality.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. Supplemented minimal and com-
plete media for A. nidulans were prepared as described previously, and standard
strain construction procedures were as described by Hill and Kéfer (10). A list of
A. nidulans strains used in this study is given in Table 1. Standard laboratory
Escherichia coli strains (XL1-Blue) were used. Plasmids are listed in Table 2.

Light and fluorescence microscopy. For live-cell imaging, cells were grown in
glass-bottom dishes (World Precision Instruments, Berlin, Germany) in 4 ml of
minimal medium containing either 2% glycerol (or ethanol) or 2% glucose as a
carbon source. Medium was supplemented with pyridoxine, p-aminobenzoic
acid, biotin, arginine, uracil, or uridine depending on the auxotrophy of the
strains. Cells were incubated at room temperature for 1 to 2 days, and images
were captured using an Axiophot microscope (Zeiss, Jena, Germany), a Plan-
apochromatic 63X or 100X oil immersion objective lens, and an HBO50 Hg
lamp. Alternatively, a Zeiss Axiolmager Z1 with the latest AxioVision software
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FIG. 1. AlpA belongs to the third group of the Disl/XMAP215
family. (A) Two TOG domains, eight HEAT repeats, and a coiled-coil
region were identified, which are common to all class three members,
including S. pombe Alpl4 and Disl, which is the Disl/XMAP215
family-founding protein, and S. cerevisiae Stu2. Members of the first
group include human ch-TOG, Xenopus XMAP215, Drosophila mela-
nogaster Msps, D. discoideum DdCP224, and Arabidopsis thaliana
MORI. So far, there is only one known group two member, namely
ZYG-9 of Caenorhabditis elegans. (B) Phylogenetic analysis of S.
pombe Alpl4 (Sp) homologues with S. cerevisiae (Sc), A. nidulans (An),
A. fumigatus (Af), and A. oryzae (Ao). Accession numbers are indi-
cated.

(v 4.5) was used. Fluorescence was observed using standard Zeiss filter combi-
nations no. 09 (fluorescein isothiocyanate, green fluorescent protein [GFP]) and
no. 15 (DsRed). Images were collected and analyzed with a Hamamatsu Orca
ER II camera system and the Wasabi software (version 1.2) or Zeiss Axiocam
and AxioVision software. Time-lapse series were obtained with an automated
Wasabi program that acquires series of images with 2- or 5-s intervals, 0.1- or
0.75-s exposure time, and about 100 exposures in a sequence. Image and
video processing were done with the Wasabi software from Hamamatsu,
Adobe Photoshop, ImageJ (NIH, Bethesda, MD), and virtual dub (http:
/[www.virtualdub.org).

To determine SPK position, strains were grown on a microscope slide for 24 h
at room temperature in MM containing 17% gelatin, and images were captured
using differential interference contrast microscopy.

Molecular Techniques. Standard DNA transformation procedures were used
for A. nidulans (30) and E. coli (22). For PCR experiments, standard protocols
were applied using a Biometra Personal Cycler (Biometra, Gottingen, Germany)
for the reaction cycles. DNA sequencing was done commercially (MWG Biotech,
Ebersberg, Germany). Total DNA was extracted from A. nidulans in the follow-
ing way. Spores were inoculated in liquid minimal medium plus supplements and
grown for 16 to 24 h at 37°C without shaking. Hyphal mats were harvested, dried
with tissue paper, and ground in liquid nitrogen. The resulting powder was mixed
with extraction buffer (50 mM EDTA, 0.2% sodium dodecyl sulfate) and incu-
bated for 30 min to 2 h at 68°C in a water bath. Sodium dodecyl sulfate was
removed from the suspension by addition of sodium acetate solution (8 M, pH
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4.2) and centrifugation. From the supernatant, total DNA was precipitated with
isopropanol, and the pellet was washed twice with 70% ethanol, air dried,
resuspended in TE buffer, and stored at 4°C. Southern hybridizations were
performed according to the DIG Application Manual for Filter Hybridization
(Roche Applied Science, Technical Resources; Roche Diagnostics GmbH,
Mannheim, Germany).

Deletion of alp4 and construction of a AalpA/AkipA double mutant. The alpA
flanking regions were amplified by PCR using genomic DNA and the primers
alpA_LB_fwd (5'-TCAAGGGCAGAGAGGGATGCAATC-3") and alpA_
LB rev_Sfi (5'-CGGCCATCTAGGCCTGCGGAAGGTGGCGATG-3") for the
upstream region of alpA and alpA_RB_fwd_Sfi (5'-CGGCCTGAGTGGCCTG
TACGGTCAACTTTAGG-3') and alpA_RB_rev (5'-GAGTTCGCTAAGCTC
CTCAGTGCCATC-3") for the downstream region and cloned into pCR2.1-
TOPO to generate pAT1 and pAT?2, respectively (the Sfi restriction sites are
underlined in the primer sequences). In a three-fragment ligation, the pyr4 gene
from plasmid pCS1 was ligated between the two alpA-flanking regions, resulting
in vector pAT3. The vector pAT3 was digested with restriction enzyme Kpnl, and
the linearized plasmid was transformed into the uracil/uridin-auxotrophic strain
TNO2A3. Among six transformants, analyzed by PCR, five displayed homolo-
gous integration of the deletion cassette at the alpA locus. As primers for the
indicative PCR, we used oligonucleotides derived from the pyr4 gene: pyr4-5'
(5'-GGTTGAGGAAGCAGTCGAGAGC-3') and pyr4-3' (5'-CTCGAGGACG
AGCCGC-3") and the alpA external primers alpA_5'-outside (5'-TACCCTAA
GGTCACTACG-3") and alpA_3'-outside (5'-AGATGGGTGTTCCTTACG-
3"). Two of the AalpA strains (SCS13a and SCS13b) were also analyzed by
Southern blotting (data not shown). In both strains, uracil/uridine prototrophy
was linked to the alpA deletion, as shown by crossing them with uracil/uridin-
auxotrophic alpA wild-type strains (data not shown).

To generate a AalpA/AkipA double mutant, we crossed the kip4 deletion strain
SSK44 with the deletion strain of alp4 (SCS13). Heterokaryon formation was
forced on MM, where none of the parent strains can grow alone. Progeny strains
were screened by PCR and Southern blotting for the double deletion (data not
shown).

Bioinformatics. Protein sequences were aligned using vector NTI software
(Invitrogen), MegAlign, and ClustalW software (http:/www.embl-heidelberg
.de). TOG domains and heat repeats of AlpA were identified using “REP” from
the ExPASy database.

RESULTS

Identification of a Dis1/XMAP215 family protein in 4. nidu-
lans. To characterize the role of the MT plus end complex for
polarized growth, we searched the A. nidulans database with
the Schizosaccharomyces pombe Alpl4 protein sequence (4)
(http://www.broad.mit.edu). The putative homologue AlpA
(An5521.2) is a 96.4-kDa protein comprised of 891 amino acid
residues. The open reading frame is disrupted by three short
introns, 70 bp, 72 bp, and 72 bp in size. The intron-exon
borders were confirmed by reverse transcription-PCR of small
cDNAs, subsequent sequencing, and comparison with the se-
quence of genomic DNA. Protein analysis revealed eight
HEAT repeats embedded in two TOG domains at the N ter-
minus and a coiled-coil region at the C terminus (Fig. 1A).
According to Ohkura et al. (17), MAPs of the Dis1/XMAP215
family are grouped into three classes (Fig. 1A). Sequence com-
parison of A. nidulans AlpA, which belongs to group three of
the Dis1/TOG family, with related proteins from S. pombe
showed a similarity of 30% to Alpl4 and 23% to Disl (Fig.
1B). In contrast to S. pombe, where two proteins of this family
exist, a protein with higher similarity to Disl was not found in
A. nidulans. Sequence similarities of putative Alpl4 homo-
logues in Aspergillus oryzae (Ao_AlpA) and Aspergillus fumiga-
tus (Af_AlpA) displayed similarities of 44.8% and 43.6% to
Alp14 but of 84.2% and 84.5% to A. nidulans AlpA and 89.1%
to each other. A Dis1 homologue was also not identified in the
latter two Aspergillus species.
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TABLE 1. A. nidulans strains used in this study

Strain Genotype” Source or reference
GRS pyrG89 wA3 pyroA4 28
GFP-NudA pyrG89 wA2 pyroA4 AnudA::pyrd4 alcA(p)::GFP::nudA::pyrd 6
GFP-NudF pyrG89 wA2 pyroA4 AnudF::pyr4 alcA(p)::GFP::nudF::pyr4 6
RMS011 pabaAl yA2 AargB::trpCAB trpC801 25
SCEO01 SJWO02 transformed with pCE05; wA3 AargB::trpCAB pyroA4 alcA(p)::alpA::mRFPI This work
alcA(p)::GFP::tubA

SCEO05 SRF200 transformed with pCEO0S8; AargB::trpCAB pyroA4 alcA(p)::GFP::alpA (single This work
homologous integration)

SCE10 SRF200 transformed with pCE06; pyrG89 AargB::trpCAB pyroA4 alcA(p)::alpA::GFP This work

SCE12 SRF200 transformed with pCE06, pJW18, and pPND1; alcA(p):mRFPI::stuA This work
alcA(p)::alpA::GFP alcA(p)::mRFP::kipB"¢"

SCE35 SSK44 transformed with pCE06; pabaAl wA3 AargB::trpCAB AkipA::pyrd This work
alcA(p)::alpA::GFP (single integration)

SCS13a/b TNO2A3 transformed with pAT3; pyrG89 pyroA4 argB2 AnkuA::argB AalpA::pyrd This work

SDV69f SNR1 transformed with pCE06; AkinA::pyr4 pyroA4 alcA(p)::GFP::alpA (single This work
integration)

SDV83b SCS13 crossed with RMSO011; pabaAl yA2 pyrG89 AalpA::pyrd This work

SDV86 SDV83b crossed with STW02; pabaAl yA2 pyrG89 alcA(p)::GFP::tubA AalpA::pyrd This work

SDV87 SDV83b crossed with SSK92; pabaAl, yA2, pyrG89; alcA(p)::GFP::kipA AalpA::pyrd This work

SDV96 TNO02A3 transformed with pPND1 and pCE06; alcA(p)::mRFPI::kipB™" This work
alcA(p)::alpA::GFP

SDV100 SDV83 transformed with pGFP-NudA; AalpA alcA(p)::GFP::nudA (single integration) This work

SDV101 SDV83 transformed with pGFP-NudF; AalpA alcA(p)::GFP::nudF (single integration) This work

SDV102 SDV83 crossed to GFP-ClipA; AalpA alcA(p)::GFP::clipA This work

SIW02 wA3 pyroA4 alcA(p)::GFP::tubA AargB::trpCAB J. Warmbold, Marburg,

Germany

AnKin26 pyrG89 yA2 AargB::trpCAB AkinA::pyr4 18

SRF200 pyrG89 AargB::trpCAB pyroA4 11

SSK44 pabaAl wA3 AargB::trpCAB AkipA::pyr4 13

SSK92 WA3 pyroA4 alcA(p)::GFP::kipA 13

TNO2A3 pyrG89 pyroA4 argB2 AnkuA::argB 16

SNRI1 AargB::trpCAB pyroA4 AkinA::pyrd 18

AclipA pyrG89 wA3 AclipA::pyroA 2

SADIc SSK44 crossed with SCS13; wA3 pyroA4 AkipA::pyr4 AalpA::pyrd This work

“ Only relevant genotypes are indicated. All strains carry the veA4! mutation.

AlpA localizes to MT plus ends during mitosis and in inter-
phase. To analyze the function of alpA in A. nidulans, we
studied the subcellular localization of the protein. We fused
the alpA gene at the 3’ or 5" end with GFP (pCE06, pCE08) or
mRFP1 (pCEO05) and transformed it into strain TN02A3
(SDV96) or SJWO02 (SCEO1). MTs were labeled in green
(GFP) or red (mRFP1). The alpA construct was expressed
under the control of the alcA promoter, with glycerol as a

carbon source. Glycerol leads to derepression of the promoter
but not induction, unlike ethanol (3). The expression levels
under these conditions are quite low, and the problem of
mislocalization of fusion proteins is minimized. Several trans-
formant strains were analyzed in vivo, and identical results
were obtained. AlpA localization and behavior were identical
in C- and N-terminally fused GFP constructs (SCE10, SCE05).
In general, the AlpA-GFP and AlpA-mRFP1 signal intensities

TABLE 2. Plasmids used in this study

Plasmids Construction® Source or reference
pAT1 1,000 bp upstream of alpA ORF (= LB) cloned into pCR2.1 This work
pAT2 1,001 bp downstream of alpA ORF (= RB) cloned into pCR2.1 This work
pAT3 alpA-LB::N. crassa pyr-4::alpA-RB in pCS2.1 This work
pCEO05 alcA::alpA::mRFPI1 argB; gateway construct of pMTO01 26; this work
pCE06 alcA::alpA::GFP argB; gateway construct of pMT-sGFP 26; this work
pCEO08 alcA(p)::GFP::alpA pyr4; 1 kb of alpA with Ascl und Pacl inserted into pMCB17apx 27; this work
pCR2.1-TOPO Cloning vector Invitrogen
pCSl1 N. crassa pyr-4 selectable marker as Notl fragment in pUMA208 This work
pGFP-NudA alcA(p)::GFP::nudA::pyrd 6
pGFP-NudF alcA(p)::GFP::nudF::pyrd4 6
pPND1 Rigor mutant of KipB for staining MTs, alcA(p)::mRFPI::kipB"¢" 21
pMCB17apx pMCBI17 version for fusion of GFP to N termini of proteins of interest 27
pIWI18 Red nuclei, alcA(p)::mRFPI::stuA J. Warmbold, Marburg,

Germany

“ ORF, open reading frame.
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FIG. 2. AlpA localization during mitosis and in interphase. (A) Dur-
ing mitosis, GFP-AlpA was distributed along short spindles (arrowhead in
the first frame). As the spindle elongated GFP-AlpA was redistributed to
the spindle poles (arrowheads in the last frame). Frames are shown in
2-min intervals. The strain was SCE05. (B) GFP-AlpA movement can be
seen as comet-like structures, indicating the association with the MT plus
ends (see Movie SO01 in the supplemental material) (C, D) MTs were
visualized by decoration with a red-labeled kinesin rigor mutant protein
(mRFP1-KipB"¢°") during interphase (C) and mitosis (D) (strain
SDV96). The arrows point to a GFP-AIpA signal at MT plus ends (C) and
to the spindle pole bodies (D). The arrow head in panel D points to the
center of the spindle, where the protein could be associated with the
kinetochores. Bars, 3 um (A) and 2 pm (B to D).

were very low, which sometimes made a high-resolution anal-
ysis difficult. Figure 2A shows a mitotic spindle decorated with
associated GFP-AlpA. During early mitosis, the complete spin-
dle was covered with GFP-AlpA. As the spindle elongated,
GFP-AlpA was distributed exclusively to the spindle poles
(Fig. 2A). At some stage of mitosis, presumably the early
metaphase, GFP-AlpA was detected in the middle of the spin-
dle, suggesting association with the plus ends of the spindle
MTs contacting the kinetochors (Fig. 2D). In interphase cells,
GFP-AlpA localized to MTs as well, notably to the MT plus
ends (Fig. 2B, C), and followed MT growth as comet-like
structures (see Movie SO1 in the supplemental material). This
was similar to kinesin KipA, dynein heavy chain NudA, and
NudF localization (29).
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alpA deletion strains show defects in polarized growth. The
alpA gene was deleted by homologous recombination where
the alpA ORF was replaced by the Neurospora crassa pyr4 gene.
We used A. nidulans strain TNO2A3, which has a very high
frequency of homologous integration (16). Homologous single
integration was verified by Southern blot and PCR analysis in
3 of 7 tested strains (data not shown). Compared to the wild
type, alpA deletion strains showed reduced colony size and
compact growth, especially at higher temperatures (Fig. 3A).
Although the conidiospore number was slightly reduced in
alpA deletion strains, the morphology of conidiophores was
indistinguishable from that of the wild type. Interestingly, and
in contrast to the situation in S. cerevisiae, deletion strains were
viable. This was surprising because we found only one Alp14
similar protein in the A. nidulans genome in comparison to two
in S. pombe, where Disl can substitute for Alp14 (Fig. 1).
Hyphae of the alpA deletion strain did not show any difference
with regard to nuclear distribution or septation, but hyphal
morphology was changed. While wild-type hyphae grow rela-
tively straight, the alpA deletion strain produced curly or
curved hyphae (Fig. 3B, C), which were similar to hyphae of a
kipA deletion strain (13). In addition to the curved growth
phenotype, we noticed an increased number of branches in
older hyphae. To show that the observed phenotypes were due
to the deletion event, we constructed a plasmid where about 1
kb of the 5’ end of the alpA gene was fused to GFP and under
the control of the inducible alcA promoter. The construct was
integrated at the alpA locus (confirmed by Southern blotting),
resulting in a full-length, GFP-fused version under the control
of the alcA promoter (strain SCE05). The strain was used in
the localization experiments described above. Under repress-
ing conditions (glucose), SCEOS5 showed the knockout-like
curved growth (Fig. 3D), whereas under inducing conditions
(ethanol), wild-type-like growth was restored (Fig. 3E). This
result proved that the GFP-tagged protein version was fully
functional.

The curved growth phenotype in the alpA mutant resembled
that of a kipA deletion strain (13). Therefore, we asked
whether the lack of both genes would result in a similar or a
different phenotype than that of the single mutations. The
double mutant showed a more severe phenotype than the in-
dividual mutations. Hyphae appeared even more curly and
similar to the alpA mutant, with more branches in older hy-
phae. Colonies were much smaller than the colonies of the
parent strains, indicating an additive effect of AkipA and AalpA
(Fig. 4A).

Because the growth direction of hyphae depends on the
localization of the Spitzenkorper in the apex, we analyzed the
position of this organelle in the wild type and compared it to
the one in the alpA, kipA, and alpA kipA double deletion
strains. Whereas in the wild type, the Spitzenkorper was found
in the center of the hyphae in 70% and noncentral in 30% of
the cases (n = 50), in the alpA deletion strain, only 22%
showed the central position and 78% the noncentral one (n =
50). In comparison, in the kipA deletion strain, the percentages
were 28% (central) and 72% (noncentral) (n = 50), and in the
alpA kipA double deletion strain, the percentages were 52%
(central) and 48% (noncentral) (n = 64) (Fig. 4B, C). It was
surprising that the number of central and noncentral position-
ing of the Spitzenkorper was almost even in the double mutant
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FIG. 3. Phenotype of an alpA deletion strain. (A) In comparison to a control strain (top, RMS011), the AalpA strain (bottom, SDV83b) grew
slower and colonies were more compact. While wild-type hyphae grew straight (B), hyphae of the alp4 deletion strain showed a curved growth
phenotype (C). (D) In a strain having the only functional copy of alp4 under the control of the inducible alcA promoter (SCE0S), curved growth
was observed under repressing conditions (glucose), but wild-type hyphal morphology was restored when grown under inducing conditions

(ethanol) (E).

strain. In addition, we noticed that in 18% of the cases two
Spitzenkorper were observed in the hyphal tip. In comparison,
this number was only 5% in the wild type, 10% in the alpA
mutant, and 5% in the kipA mutant. If there were two Spit-
zenkOrper in the apex, we counted them as one event of non-
central organelles in the quantification shown in Fig. 4A.

To test whether AlpA might play a role in the initiation
of polarized growth, we analyzed the germination pattern of
conidiospores (Fig. 4D). Wild-type conidiospores produce a
second germ tube after the first germ tube has reached a
certain length, and this second hypha emerges from a place
opposite the first hypha. In contrast, the alp4 deletion strain
produced the second germ tube normally in angles smaller
than 180° from the first hypha (Fig. 4D). This germination
pattern resembled the one from the kip4 mutant strain (13).

AlpA determines cytoplasmic MT dynamics. To further un-
ravel the function of alpA in A. nidulans, we studied the effect
of the alpA deletion on the MT cytoskeleton. MTs were visu-
alized in the alpA deletion strain by GFP staining (6) (strain
SDV86). Compared to he wild type (SJW02), the number of
MTs was reduced in the AalpA strain. Basically, only one thick
MT bundle (according to Veith et al. [27]), connecting adja-
cent nuclei, was visible, in addition to some shorter MTs
emerging from the nuclear spindle pole bodies, while in the
wild-type strain several single and bundled MTs were present
(Fig. 5A, B). In addition, the normally highly dynamic MTs
appeared more stable and less dynamic. Whereas wild-type
MTs polymerize at a rate of 14 pm per min (6), the extension
rate in the alpA mutant was only 6 wm per minute. It has to be
noted that growth of MTs only occurred occasionally. Most
MTs did not elongate nor shrink. After MTs have reached the

hyphal tip, they normally disassemble (MT catastrophe) within
20 s (see Movie S02 in the supplemental material) (13). In the
AalpA background, fewer MTs reached the tip (4 in 5 min,
compared to 20 in the wild type [36 hyphae analyzed]), and
disassembly did not occur within minutes (see Movie S03 in the
supplemental material). In addition, the number of emerging
MTs in the mutant was reduced by 85% (25 hyphae analyzed).
The mitotic spindle and mitosis itself were indistinguishable
from that of the wild type (see Movie S04 in the supplemental
material).

To analyze whether AlpA influences the stability of MTs, we
tested the sensitivity of an alpA deletion strain (SDV83b) to-
ward the microtubule-destabilizing agent benomyl. Whereas
the wild type was able to produce colonies up to a concentra-
tion of 0.8 pg/ml, the alpA mutant was unable to grow at
concentrations higher than 0.6 pwg/ml (Fig. 6). This result sug-
gests that AlpA stabilizes MTs in A. nidulans.

Interdependence of AlpA with other MT plus end-associated
proteins. The fact that AlpA localized to the MT plus end in
interphase cells raised the question of how it reaches the des-
tination and whether this localization depends on the presence
or activity of other MT plus end-associated proteins. To this
end, we studied interactions between AlpA and the kinesins
KinA and KipA, the dynein pathway components NudA and
NudF, and the Clip170 homologue ClipA.

We analyzed AlpA MT plus end localization in Akip4 and
AkinA mutant backgrounds (strains SCE35 and SDV69f). The
situation for GFP-AlpA in the AkipA and AkinA backgrounds
was wild-type-like (not shown). Both KipA and KinA have
been shown to be involved in MT plus end accumulation of
ClipA and NudA, respectively (2, 31), but neither of those
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FIG. 4. Localization of the Spitzenkdrper in hyphae and germination pattern. The Spitzenkorper was observed in growing hyphae as described
previously (19). (A) Colonies of the wild-type (RMS011) (WT), AalpA (SDV83), AkipA (SSK44), and AalpA AkipA (SADIc) strains on an agar
plate after 3 days of growth at 37°C. (B) Representative hyphae with a Spitzenkdrper in the center of the cell or noncentral. To indicate the position
of the organelle, we introduced a cross into the hypha. (C) Quantification of the location of the Spitzenkorper in the strains listed for panel A.
Dark blue columns represent hyphae with the Spitzenkorper in the center and gray columns the ones where the Spitzenkorper was noncentral.
Between 50 and 64 hyphae were analyzed for each strain. (D) Quantification of the germination pattern of conidiospores as displayed in the

pictures. Wild type (RMS011), n = 200; alpA mutant (SDV83), n = 268.

two kinesins was responsible for AlpA plus end localization.
These results are in agreement with recent findings in S.
cerevisiae, where Al-Bassam et al. (1) showed for the AlpA
homologue Stu2 that it localizes to MT plus ends indepen-
dently of any motor protein. Localization was dependent on
the second TOG domain of Stu2, whereas the first TOG
domain promotes the addition of a,B-tubulin dimers to the
growing MT end.

To analyze the role of AlpA at the MT plus end and in
polarized growth, we sought to determine whether AlpA is
required for the recruitment of other proteins, such as the
kinesin-like protein KipA, ClipA, the dynein motor NudA,
or one of its regulators (NudF) to this place. Therefore, we
constructed alpA deletion strains in which KipA or ClipA
were labeled with GFP. Normally, both proteins accumulate
at the MT plus end and hitchhike with the growing MT end.
The visible movement of the KipA- or ClipA-GFP spots
were described as comets (see Movie S05 in the supplemen-
tal material) (2, 13). KipA movement in an alpA deletion
strain was reduced, and GFP-KipA partly decorated cyto-

plasmic MTs behind the plus end instead of moving with the
MT plus end (Fig. 5C, D; see also Movie 06 in the supple-
mental material). An accumulation of the GFP fusion pro-
tein was still visible at the MT plus end. Because MTs did
not extend as fast as in the wild type (see above), KipA-GFP
comets were not observed. Similar results were obtained
for ClipA (our own results and L. Zhuang and X. Xiang
[Bethesda, MD], personal communication), dynein (NudA),
and its regulator NudF. In strains with fusion proteins of
GFP-NudA and GFP-NudF in a AalpA background (strains
SDV100 and SDV101), MTs were similarly GFP decorated
(Fig. SE, F). However, in comparison to KipA, longer
stretches of MTs were decorated with either NudA or NudF.
Further experiments should address the question of whether
the slight differences in localization are of functional impor-
tance or due to, e.g., different protein amounts of NudA,
NudF, and KipA. The fact that the localization of compo-
nents of the dynein pathway appears to be affected in alpA
mutants does not cause nuclear distribution defects (see
above) suggests that even in the absence of AlpA sufficient
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FIG. 5. alpA affects MTs and MT plus end-localized proteins.
(A) Several MTs and bundles thereof stained with GFP are obvious in
the wild type (SJW02). (B) The number and dynamics (see Movies S02
and S03 in the supplemental material) of MTs in an alpA4 deletion strain
(SDV86) were reduced compared to the wild type. Arrowheads point to
nuclei and arrows to spindle pole bodies. (C) While GFP-KipA localized
to MT plus ends and moved as comets in the wild type (SSK92) (see
Movie S05 in the supplemental material), (D) GFP-KipA decorated short
fragments of MTs in the AalpA background (SDV87) (see Movie S06 in
the supplemental material). Fragments of MTs were also GFP decorated
in AalpA strains with GFP-NudA (E) and GFP-NudF (F) fusion proteins
(strains SDV100 and SDV101). Arrows in panels D to F point to MT plus
ends as determined by the growth at this end. Bars in panel B, 5 um (A,
C, and D), 6 um (B), and 4 pm (E and F).

amounts of, e.g., dynein reach their normal place in the cell
and serve the wild-type function.

DISCUSSION

In this paper, we characterized the Dis1/XMAP215 family
protein AlpA from A. nidulans and found that it is associated
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FIG. 6. Benomyl sensitivity of the wild-type (upper row of colonies)
and alpA deletion (lower row) strains. Benomyl was added in concen-
trations from 0 to 0.8 pg/ml, and colonies were grown for 2 days at
37°C.

with the MT plus end during mitosis and in interphase. AlpA
plays a role in controlling MT dynamics and is important for
the determination of growth polarity. Whereas the mechanism
of MT stabilization was recently shown in S. cerevisiae (1), a
role in polarized growth has not been described before. Polar-
ized growth of filamentous fungi depends on the continuous
delivery of secretory vesicles (7, 20). These vesicles provide
new membranes and deliver, e.g., enzymes for cell wall biosyn-
thesis. Because the vesicles are generated some distance away
from the growing tip, they need to be transported long dis-
tances. It is assumed that MTs and conventional kinesin pro-
vide the basis for this long-distance transportation (18, 23).
The first destination of the vesicles is an organelle close to the
apex named the vesicle supply center or Spitzenkorper (8). The
location of this organelle determines growth direction. For
the last few micrometers between the Spitzenkorper and the
cell membrane, fungi probably employ the actin cytoskeleton
and its associated motors. According to this model, MTs con-
tribute to polarized growth as tracks for the transportation of
vesicles. Surprisingly, deletion of alpA seems not to affect long-
distance vesicle transportation and accumulation of the vesi-
cles in the Spitzenkorper significantly, despite the dramatic
effects on MT organization. This result suggests that only few
MTs are sufficient for efficient vesicle transportation. This is in
agreement with observations that the growth rate of hyphae
does not change during mitosis, although most of the cytoplas-
mic MTs are degraded during nuclear division (19). Another
explanation for the observed growth in the alpA deletion strain
could be the vesicle transport activity of the actin cytoskeleton.
However, the fact that mutations in tubulin-encoding genes or
in MT-dependent motor protein encoding-genes affect hyphal
extension highly suggests an important role of MTs in polar-
ized growth (18, 23). Although the Spitzenkorper was not ob-
viously reduced in size in the alpA mutant, the position appears
to be dependent on AlpA, as it was shown before for KipA
(Fig. 5). An open question remains, however, why the number
of centrally localized Spitzenkorpers increased again in the
alpA kipA double mutant. Perhaps this is linked to the obser-
vation that the number of hyphae with two Spitzenkorpers in
the apex was increased.

Results with S. pombe and A. nidulans suggest a second role
for MTs in the determination of growth direction, and this
feature is obviously affected in alpA deletion strains (13-15).
According to the model of S. pombe, so called cell-end factors
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are transported towards the MT plus end and hitchhike with
the growing MTs towards the cell cortex. A cell end factor is,
for instance, the membrane-associated protein Mod5, which
was suggested to act as an anchor for Teal and Tea4. The
latter protein in turn binds the formin For3, which catalyzes
actin polymerization (15, 24). Although we were not able to
identify a Mod5 homologue in A. nidulans or other aspergilli
yet, the presence of the kinesin KipA (Tea2) and TeaA (Teal)
as well as a curved growth phenotype upon deletion of either
of them (13) (results for TeaA are unpublished) suggests at
least partial conservation of the mechanism. If this is the case
and if deletion of alpA caused a phenotype similar to that of
deletion of kipA, the question is how AlpA is involved in
polarity determination. It was shown in D. discoideum that
DdCpd224 interacts with cortical dynein and thereby could
mediate the contact between MT plus ends and the cortex (9).
In A. nidulans, the situation could be similar, and a missing
cortical contact could lead to the curved hyphal growth. How-
ever, it has to be noted that dynein mutants of A. nidulans do
not display the same hyphal growth phenotype. In addition,
dynein-mediated MT-cortical interactions are required for nu-
clear migration and nuclear positioning (27). Both phenomena
were not affected in alpA mutants. Therefore, it seems likely
that the lack of AlpA drastically reduces MT dynamics and that
this leads to a reduction of specific cell end marker delivery.
One of the key challenges is therefore to identify such cell end
marker proteins in filamentous fungi. The fact that the alpA
kipA double mutant displayed a more severe phenotype with
regard to hyphal extension in comparison to the strains with
only one mutation suggests that the two genes also act in
different pathways.
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Summary

One kind of the most extremely polarized cells in
nature are the indefinitely growing hyphae of filamen-
tous fungi. A continuous flow of secretion vesicles
from the hyphal cell body to the growing hyphal tip
is essential for cell wall and membrane extension.
Because microtubules (MT) and actin, together with
their corresponding motor proteins, are involved in
the process, the arrangement of the cytoskeleton is a
crucial step to establish and maintain polarity. In Sac-
charomyces cerevisiae and Schizosaccharomyces
pombe, actin-mediated vesicle transportation is suf-
ficient for polar cell extension, but in S. pombe, MTs
are in addition required for the establishment of
polarity. The MT cytoskeleton delivers the so-called
cell-end marker proteins to the cell pole, which in
turn polarize the actin cytoskeleton. Latest results
suggest that this scenario may principally be con-
served from S. pombe to filamentous fungi. In addi-
tion, in filamentous fungi, MTs could provide the
tracks for long-distance vesicle movement. In this
review, we will compare the interaction of the MT and
the actin cytoskeleton and their relation to the cortex
between yeasts and filamentous fungi. In addition, we
will discuss the role of sterol-rich membrane domains
in combination with cell-end marker proteins for
polarity establishment.

Introduction

The establishment of polarity is a fundamental process
in biology. Polarized growth is realized in fungi and is the
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dominant growth form of filamentous fungi. In single-
cell yeasts, such as in budding yeast Saccharomyces
cerevisiae and in fission yeast Schizosaccharomyces
pombe, polarized growth is restricted to certain times
during the cell cycle, whereas in filamentous fungi, such
as Aspergillus nidulans or Neurospora crassa, cell
extension is a continuous and indefinite process (Snell
and Nurse, 1994; Pringle etal., 1995; Riquelme et al.,
2003). Filamentous fungi are widely distributed in nature
and can cause severe problems as contaminants of food
and feed as well as pathogens of plants and animals.
Many laboratories are trying to obtain a detailed under-
standing of the process, because the molecular analysis
of polarized growth may lead to the identification of
targets for new antifungal drugs. A second important
aspect is that filamentous fungi are widely used in bio-
technology. It is assumed that heterologously produced
hydrolytic enzymes are secreted through the same
machinery as the enzymes required for polarized growth
(Seiler etal., 1997; Pel etal., 2007). Here, the under-
standing of the molecular components might help to
increase the production of secreted enzymes or open
up new avenues for the production of heterologous
proteins.

Polarized growth is studied by genetic, molecular bio-
logical, biochemical and cell biological methods. This
research field has benefited more than others from the
combination of the still ongoing improvement of the micro-
scopic techniques and the development of fluorescent
reporter proteins in recent years. Fantastic work has been
performed in several laboratories leading to many break-
throughs in S. pombe and S. cerevisiae, and significant
progress in understanding polarized growth in filamentous
fungi.

Several overviews have recently summarized different
aspects of polarized growth (Chang and Peter, 2003;
Nelson, 2003; Xiang and Plamann, 2003; Harris and
Momany, 2004; Harris et al., 2005; Virag and Harris,
2006a; Fischer, 2007; Steinberg, 2007). In this review, we
will focus mainly on the latest findings on the role of the
cytoskeleton, and its dependence on and interaction with
protein complexes at the growing cell cortex.
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On the role of microtubules and the actin cytoskeleton
in S. cerevisiae, S. pombe and A. nidulans

Microtubules (MTs) grow and shrink in a tread-milling
manner if they are polymerized in vitro. In contrast, MTs
are rather stable at the minus end in vivo and are dynamic
mainly at the plus end, which exhibits alternating rounds
of growth and shrinkage. In most higher eukaryotic cells,
MTs distribute radially, and are nucleated from a peri-
nuclear centrosome or MT-organizing centre (MTOC) with
their plus ends facing the cell periphery (Keating and
Borisy, 1999). In S. cerevisiae, the MTOC is localized in
the nuclear envelope and named spindle pole body (SPB)
(Jaspersen and Winey, 2004). Only few MTs are found in
interphase cells and they are disassembled as the mitotic
spindle is formed. S. pombe has both the SPB and peri-
nuclear MTOCs (Sawin and Tran, 2006) and, in the fila-
mentous fungus A. nidulans SPBs, cytoplasmic MTOCs
and MTOCs associated with septa are responsible for the
formation and maintenance of the MT array (Veith et al.,
2005). MTs are oriented along the long axis in the cigar-
shaped cells of S. pombe as well as in the extremely
elongated compartments of A. nidulans (H66g et al.,
2007). Understanding the regulation of MT formation and
their dynamics is one of the main foci of recent research.
Proteins called plus-end tracking proteins (+TIPs),
because they associate and remain at growing MT plus
ends, regulate MT dynamics and are very important for
MT—cortex interactions (Akhmanova and Hoogenraad,
2005; Xiang, 2006). In S. cerevisiae, these interactions
with the cell cortex play crucial roles in positioning of the
mitotic spindle; in S. pombe, they signal polarity informa-
tion to the cell cortex; and in A. nidulans, they are involved
in both nuclear migration and polarity determination
(Fig. 1 and Table 1) (Nelson, 2003).

Saccharomyces cerevisiae

In S. cerevisiae, cortical capture of astral MTs (MTs
formed from the two SPBs during mitosis) establishes
spindle polarity. During mitosis, Kar9 directs one SPB
towards the bud by linking astral MTs to the actin cytosk-
eleton (Fig. 1). Kar9 initially localizes to the old SPB, and
is transported by the kinesin Kip2 (kinesin-7) along astral
MTs to the plus ends (Liakopoulos et al., 2003; Maekawa
et al., 2003; Moore et al., 2006). The asymmetric localiza-
tion of Kar9 depends on its interaction with +TIPs, such as
Bim1 and Bik1 (EB1 and CLIP-170 in higher eukaryotes
respectively), and the cyclin-dependent kinase Cdc28
(Pearson and Bloom, 2004; Moore and Miller, 2007).
Once the growing MTs reach the cortex, Kar9 interacts
with class-V myosin Myo2, which in turn pulls Kar9
together with the attached MT along an actin cable
towards the growing tip. This leads to proper spindle ori-

® Kar9
® Myo2
== Num1

= Teal

® Tea2
¢ For3

—_— MT
™ actin

l SPB
[ Septal MTOC

Fig. 1. Scheme of the MT and actin cytoskeleton in S. cerevisiae,
S. pombe and A. nidulans.

A. In S. cerevisiae, actin cables capture MT plus ends and thereby
regulate MT localization and shrinkage to orient the mitotic spindle.
B. On the other hand, interphase MTs in S. pombe determine actin
cable localization through the deposition of the cell-end marker
protein Teal, which recruits formin.

C. In A. nidulans, early results suggest conservation of the S.
cerevisiae machinery during mitosis (upper panel) and conservation
of the S. pombe machinery for polarized growth (lower panel). See
text for details.

entation from the mother cell to the bud (Yin et al., 2000;
Hwang et al., 2003). For spindle elongation and move-
ment into the bud, pulling forces mediated by astral MT
sliding along the bud cortex are required. In this process,
the cortical anchor protein Num1 captures the astral MT
plus ends (Farkasovsky and Kiintzel, 1995; 2001; Heil-
Chapdelaine et al., 2000) and cytoplasmic dynein, also
accumulated at the MT plus ends, becomes activated
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S. cerevisiae S. pombe A. nidulans
+TIPs
CLIP-170 Bik1 Tip1 ClipA
EB1 Bim1 Mal3 AN2862.3
APC Kar9 None None
XMAP215 Stu2 Alp14 AlpA
Dynein (heavy chain) Dyn1 Dhct NudA
Lis1 Pac1 ? NudF
Cortical anchor Num1 (nuclear migration)? Mcp5 (nuclear oxillation in meiosis)? ApsA (nuclear distribution)?
Kinesin-7 Kip2 (nuclear migration defect)® Tea2 (T-shape or bent cell)® KipA (Curved hyphae)®
Cell-end marker Kel1, Kel2 (cell fusion defects during mating)® Teal, Tea3 (T-shape or bent cell)® TeaA (Zig-zag hyphae)®
Cortical receptor ? Mod5 (T-shape or bent cell)® TeaR (Curved hyphae)®
Formin Bnit, Bnri For3, Fus1, Cdc12 SepA
Polarisome Spa2 SPAC3G9.05 SpaA
Bud6 Bud6 BudA
Cdc42 Cdc42 Cdc42 ModA
Rac1 None None RacA

a. Protein functions or b. mutant phenotypes are shown in branckets.

once it contacts the cortex. Kip2 kinesin transports Kar9,
dynein and Bik1 to the MT plus end (Carvalho etal.,
2004). Bik1 and Pac1 (dynein activator LIS1 homologue)
play roles in targeting and activation of dynein at MT plus
ends (Lee and Oberle, 2003; Sheeman et al., 2003). In
summary, actin cables capture MT plus ends through the
interaction of class-V myosin with Kar9, and thereby regu-
late MT localization and shrinkage to orient the mitotic
spindle. MTs are not necessary for polarized growth of the
emerging bud.

Schizosaccharomyces pombe

In S. pombe, the molecular function of astral MTs in
spindle alignment and elongation remains unclear, and a
functional counterpart of Kar9 has not yet been identified.
Nevertheless, a Num1 homologue, Mcp5, exists and
appears to perform similar functions as in S. cerevisiae,
the contact between astral MTs and the cortex (Yamashita
and Yamamoto, 2006). However, in contrast to S. cerevi-
siae, Mcp5 shows meiosis-specific expression and local-
izes at the cell cortex during meiosis. Deletion of the gene
caused a lack of nuclear oscillations during the meiotic
prophase. In contrast to S. cerevisiae, in S. pombe, inter-
phase MTs have a function in signalling polarity informa-
tion to the cell ends. MT plus ends normally keep
elongating until they reach the cell ends, and then shrink.
This intrinsic characteristic of MTs is used to transport and
deliver the cell-end marker protein, Teal (tip elongation
aberrant), to the cell ends (Mata and Nurse, 1997). Tea2
(kinesin-7) transports Teal to MT plus ends (Browning
etal., 2000; 2003). The proteins were indentified by
screening for strains with bent and T-shaped cells (Snell
and Nurse, 1994). Teal is crucial for the formation of a
protein complex that organizes the actin cytoskeleton

© 2008 The Authors

(see blow). Secretion vesicles are then transported along
the actin filaments to support cell growth.

The regulation of MT dynamics is essential for the sig-
nalling of polarity information. Two +TIPs, Tip1 (CLIP-170)
and Mal3 (EB1), are important for suppressing MT catas-
trophe (the growth to shrinkage transitions) (Brunner and
Nurse, 2000; Busch and Brunner, 2004). In Atip1 cells,
MTs initiate catastrophe anywhere the MT plus ends
contact the cortex and, in Amal3 cells, MTs undergo
catastrophe even before they reach the cortex. As a
result, these mutants have shorter MT bundles. The
mutants with abnormal MTs show defects in polarized
growth and exhibit bent or T-shaped cells. Tea2, which
transports Tea1 to MT plus ends, also transports Tip1, and
thus Atea2 cells also exhibit same defects in MTs and
polarized growth (Browning et al., 2000; 2003; Busch
et al., 2004).

Aspergillus nidulans and other filamentous fungi

In A. nidulans, MTs are required for nuclear migration and
positioning as in S. cerevisiae. An apsA mutant, lacking
the S. cerevisiae Num1 homologue, exhibits a defect in
nuclear distribution (Fischer and Timberlake, 1995; Suel-
mann et al., 1998; Veith et al., 2005). Although alignment
of mitotic spindles is not required in syncytial fungal com-
partments, deletion of apsA leads to a lack of spindle
oscillations. This indicates that mitotic spindles are held in
place through contacts with astral MTs on each side of the
spindle and the cortex. How and whether interphase
nuclear distribution is regulated by MT—cortex interactions
are still unclear. Because a Kar9 homologue cannot be
detected in the genomes of Aspergilli, it is also not clear
whether the actin cytoskeleton is involved in MT—cortical
interactions.
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Fig. 2. The Spitzenkorper, the actin and the MT cytoskeleton in A. nidulans. left: transmission electron micrograph of a hyphal tip. The small
vesicles accumulating in the Spitzenkdrper (SPK) are visible. Actin (right, upper picture) and MTs (right, lower picture) visualized in a hyphal
tip as GFP fusion proteins. The actin-GFP distribution shows only the presence of actin patches. Actin cables are only rarely visible in

A. nidulans (Araujo-Bazan et al., 2008; Taheri-Talesh et al., 2008). The left picture was provided by B. Richardson (Athens, GA).

It was reported recently that interphase MTs also play a
role in signalling polarity information to the hyphal tips in
A. nidulans, as described in S. pombe. MTs in A. nidulans
have mixed polarities in hyphal compartments, but the tip
compartment contains two to eight MTs, most of which are
oriented with their plus ends towards the tip and merge at
one point (Fig. 2) (Konzack et al., 2005; Sampson and
Heath, 2005). Proteins such as Teal and Tea2 appear to
be conserved in A. nidulans as TeaA (Teal) and KipA
(Tea2) respectively (Konzack et al., 2005; Takeshita et al.,

S. pombe

A. nidulans

.
Teal

S
- TeaA
w | il ES )

Actin cable

Splenkorper KipATea2 TeaATea!

TeaRMods

2008). Although overall sequence similarity between Tea1
and TeaA is only 27%, the architecture of the two proteins
is similar. KipA localizes to MT plus ends and regulates
the position of TeaA at hyphal tips (Fig. 3) (see below).
Knockout mutants in the respective genes show defects in
maintenance of polarized growth and exhibit curved or
zigzag-shaped hyphae.

The regulation of MT dynamics by +TIPs, ClipA (CLIP-
170) and KipA is different in A. nidulans from that in S.
pombe. In AclipA mutants, more MTs fail to undergo long-

Fig. 3. Scheme of the transport of cell-end
markers in S. pombe and A. nidulans,
localization of the corresponding proteins as
GFP or mRFP fusion proteins and phenotypes
of the corresponding mutants, as indicated.
Taken from Konzack et al. (2005) and
Takeshita et al. (2008). For details see the
text. TeaC is the homologue of Tea4.
GFP-KipA spots moved towards the tip (time,
left at 0 and right after 12 s). mRFP1-TeaA or
GFP-TeaR produced under native promoter
control localized to one point at the tip and
along the tip membrane (upper panels).
Differential interference contrast images of
wild type, AkipA, AteaA, AteaR strains. AkipA
and AteaR strains exhibited curved hyphae
and AteaA strains exhibited zigzag hyphae
(lower panels).
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range growth towards the tip but MTs that reach the tips
are less likely to undergo catastrophe (Efimov etal.,
2006). Moreover, in AkipA mutants, MTs elongate to the
tips but do not merge in one point (Konzack et al., 2005),
whereas the S. pombe tip1 (CLIP-170) or tea2 mutants
have shorter MTs. Whereas Tea2 is required for Teal and
Tip1 transport in S. pombe, in A. nidulans, kipA deletion
only partially affects MT plus-end localization of ClipA at
an elevated temperature and KipA is not required for TeaA
accumulation at the hyphal tip but is needed for correct
TeaA positioning (Efimov et al., 2006; Takeshita et al.,
2008). These differences remain unexplained so far.

A third role for MTs in A. nidulans and other filamentous
fungi is probably an involvement in vesicle transport.
Hyphal tip growth in filamentous fungi is a complex and
regulated process, which involves the synthesis and plas-
ticity of the cell wall, transport and extension of the mem-
brane, diverse cytoplasmic movements, turgor pressure
and certain ion gradients (Torralba et al., 2001; Virag and
Harris, 2006a). A structure named the Spitzenkdrper local-
ized in the apical dome of the hyphae is involved in
polarized growth (Fig. 2) (Girbardt, 1957). It represents an
accumulation of vesicles and determines growth direction
of fungal hyphae (Grove and Bracker, 1970; Riquelme
et al., 1998). The exact structure and organization are still
not completely understood. It is thought to act as vesicle
supply centre (VSC) for growing tips. According to a model,
vesicles are delivered to the Spitzenkdrper via MT-
dependent transportation and from the Spitzenkdrper
to the cortex via actin-dependent vesicle movement.
Already, early ultrastructural studies with Fusarium acumi-
natum supported this model. Vesicles were observed
closely associated with MTs and, after MT disassembly
with the anti-MT agent benomyl, intracellular vesicle trans-
port appeared to be inhibited (Howard and Aist, 1980;
Howard, 1981). However, these experiments did not
unambiguously show that MTs are required as tracks for
vesicles, because the observations were done in fixed
cells. In addition, anti-MT drugs not only disassemble
cytoplasmic MTs but also inhibit mitosis. Thus, secondary
effects could also occur and account for the observed
changes in the appearance of the Spitzenkdrper and
growth inhibition. More direct evidence for the involvement
of MTs in long-distance vesicle movement comes from the
study of the role of MT-dependent kinesins. For instance,
the deletion of conventional kinesin (kinesin-1) in A. nidu-
lans or N. crassa reduced the growth rate significantly
(Seiler et al., 1997; Requena et al., 2001). Especially in N.
crassa, the kinesin-1 mutant showed defects in Spitzen-
koérper stability and protein secretion (Seiler et al., 1997;
1999), suggesting a possible role in vesicle transportation
similar to the role in neurons. Similarly, Unc104-like kine-
sins (kinesin-3) in A. nidulans and the dimorphic fungus
Ustilago maydis also have roles in hyphal growth (Schu-
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chardt et al., 2005) (N. Zekert, pers. comm.). These kine-
sins are not essential for growth but are necessary for fast
extension of hyphae. However, it should be noted that also
the kinesin motors could cause secondary effects, which
are responsible for the observed growth rate reduction. For
instance, it was shown in A. nidulans that conventional
kinesin is required for dynein targeting to growing MT plus
ends (Zhang et al., 2003). Another aspect is that MT
dynamics could affect the position of other proteins and
organelles by pushing the cytoplasmic matrix. Near the tip,
most MTs are growing towards the cortex and could
thereby generate a forward-directed cytoplasmic matrix
flow (Sampson and Heath, 2005; Mourino-Pérez et al.,
2006). Stronger evidence for the importance of secretion
for polarized growth came recently from a study on exocy-
tosis (Taheri-Talesh et al., 2008). In this paper, the authors
used GFP-tagged markers for exocytotic vesicles and
studied the secretion in live cells. They showed that exo-
cytotic vesicles accumulate in the Spitzenkérper, and are
transported from there to the membrane. Recycling of the
proteins occurs by endocytosis, which is localized in a zone
a few micrometres behind the growing tip. Thus exocytosis
and endocytosis are linked processes and are both
required for tip extension. The importance of endocytosis
for polarized growth was also shown by Araujo-Bazan
et al. (2008).

Whereas actin-dependent vesicle secretion is neces-
sary for growth in all fungi, the importance of MTs appears
to be different. In Candida albicans, a fungus that can
switch between budding and filamentous growth, as well
as in the constitutively filamentously growing Ashbya gos-
sypii, MTs are not necessary for filamentous growth
(Alberti-Segui et al., 2001; Rida et al., 2006). The impor-
tance of the actin cytoskeleton in S. cerevisiae, C. albi-
cans and A. gossypii may be also reflected in the fact that
they have two to three formins, that actin cables are well
established in the cell and that Cdc42, small GTPase and
master regulator of actin organization are essential for
polarity establishment (Wendland and Philippsen, 2001;
Bassilana and Arkowitz, 2006). In contrast, the filamen-
tous fungi A. nidulans and N. crassa have only one formin,
actin cables are rarely observed (Torralba et al., 1998;
Virag and Giriffith, 2004; Araujo-Bazan et al., 2008; Taheri-
Talesh et al., 2008) and Cdc42 deletion does not show
severe morphological phenotypes in A. nidulans (Virag
et al., 2007). The poorer actin cytoskeleton in filamentous
fungi may suggest that the actin cytoskeleton is neces-
sary but not sufficient for hyphal growth and that MTs are
required in addition.

The role of molecular motors for polarized growth

Three classes of cytoskeleton-dependent motor proteins,
kinesins, dynein and myosin, are involved in the transport
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of proteins, vesicles and organelles. According to the
latest nomenclature, kinesins are grouped into 14 families
(kinesins 1-14) and one orphan family (Lawrence et al.,
2004). The number of kinesins in fungi ranges from six in
S. cerevisiae, to nine in S. pombe, 10 or 11 in N. crassa
and A. nidulans respectively (Schoch et al., 2003; Rischi-
tor etal., 2004). In comparison, fungi contain a single
cytoplasmic dynein (Yamamoto and Hiraoka, 2003). In
yeasts, myosins of three families (myosins I, Il and V) are
conserved, and myosin V transports secretion vesicles to
polarization sites.

Three kinesin families (1, 3 and 7) are involved in polar-
ized growth in fungi. As outlined above, members of the
kinesin-7 family (Kip2 in S. cerevisiae, Tea2 in S. pombe,
KipAin A. nidulans) are used to deliver proteins to the MT
plus ends. Kip2 transports Bik1 (CLIP-170), Kar9 (for
spindle polarity) and dynein, while Tea2 transports Tip1
(CLIP-170) and Tea1 (for cell polarity). KipA is not essen-
tial for ClipA (CLIP-170) and TeaA transport, likewise,
dynein accumulation at the MT plus end is independent of
KipA but depends on the kinesin-1 family protein conven-
tional kinesin (KinA) (Zhang et al., 2003). Surprisingly,
kinesin-7 family kinesins in U. maydis have no critical role
in polarized growth (Schuchardt et al., 2005).

Members of the kinesin-1 family (conventional kinesin)
play important roles in filamentous growth, probably in the
transportation of vesicles (Seiler et al., 1997; Requena
et al., 2001). However, additional roles were reported, for
example, defects on mitochondrial distribution were
observed in kinesin-1 mutants of N. crassa and Nectria
haematococca, and defective vacuolar distribution was
found in the corresponding U. maydis mutant (Lehmler
et al., 1997; Steinberg et al., 1998; Wu et al., 1998; Stein-
berg, 2000). Members of the kinesin-1 family do not exist
in S. cerevisiae, whereas in S. pombe such a kinesin
functions in Golgi membrane recycling (Brazer et al.,
2000). Hence, it appears that kinesin-1 can bind to differ-
ent cargoes and, thus, be involved in different cellular
processes.

Other kinesins with a role in polarized growth are those
of the kinesin-3 family. This motor does not exist in S.
pombe or S. cerevisiae but in U. maydis, N. crassa and
other filamentous fungi. In U. maydis, it is involved in
endosome transport and necessary for hyphal growth
(Wedlich-Séldner et al., 2002a). In A. nidulans, one motor
of this family is clearly involved in polarized growth but, as
in U. maydis, double deletion of kinesin-1 and kinesin-3
is not lethal (Schuchardt et al,, 2005; N. Zekert, pers.
comm.). In comparison, two related kinesin-3 motors in .
crassa act together on mitochondrial distribution (Fuchs
and Westermann, 2005). Our understanding of vesicle
and organelle transport towards the tip is still quite limited
and it seems that different motors play different roles in
different fungi.

Cytoplasmic dynein has various roles in nuclear migra-
tion and organelle transport in fungi (Yamamoto and
Hiraoka, 2003; Xiang and Fischer, 2004). The role in
nuclear migration has been best studied in S. cerevisiae.
Dynein mediates the contact of astral MTs to the cortex
and slides the MTs on the contact sites by moving along
the MTs towards the minus end. Consequently, the
nucleus moves to the bud neck and the opposing pulling
forces along the cell axis contribute to spindle pole sepa-
ration (Bloom, 2001; Yamamoto and Hiraoka, 2003). In
filamentous fungi, dynein mediates organelle and vesicle
transport (Xiang and Plamann, 2003). In N. crassa,
dynein is involved in retrograde transport of vesicles and
a dynein mutant showed defects in the organization
and stability of the Spitzenkdrper (Seiler etal., 1999;
Riquelme et al., 2002). In U. maydis, it functions in endo-
plasic reticulum (ER) organization and endosome trans-
port (Wedlich-Séldner et al., 2002a, b). Moreover, dynein
and its regulator accumulated at MT plus ends within the
hyphal tips possibly ensure that endosomes reach the tips
and contribute to tip growth by endocytic membrane recy-
cling (Lenz et al., 2006).

Myosin function is also studied well in S. cerevisiae.
Actin cables are nucleated from the bud tip to the
mother cell during bud growth and one myosin V, Myo2,
transports vesicles and other organelles, such as the
Golgi, mitochondria, vacuoles and peroxisomes (Pruyne
et al., 2004). Some mRNA molecules such as ASH1 are
transported by another myosin V, Myo4 (Bobola et al.,
1996; Shepard et al., 2003). In S. pombe, a new daugh-
ter cell grows at the previous cell end in a monopolar
manner, and then initiates growth at the previous cell
division site in a bipolar manner. This phenomenon is
named NETO (new end take-off) (Mitchison and Nurse,
1985). Actin cables grow towards the growing cell ends,
only towards the old ends before NETO and towards
both ends after NETO, and Myo52, a myosin V, is
responsible for polarized secretion of vesicles along
actin cables and hence membrane enlargement and
secretion of cell wall-synthesizing enzymes (Montegi
etal., 2001; Win etal, 2001; Mulvihill etal., 2006).
Although in filamentous fungi, the function of myosin V is
largely unclear, these myosins are required for filamen-
tous growth and pathogenicity in U. maydis and C. albi-
cans (Weber et al., 2003; Woo et al., 2003; Schuchardt
et al., 2005).

If we accept the model of long-distance MT-dependent
vesicle transportation and subsequent accumulation in
an organelle called VSC or Spitzenkérper and actin-
dependent short-distance transportation from the VSC
towards the surface, one interesting yet open question is
whether different motor proteins (kinesin, dynein and
myosin) are always attached to the vesicles or whether
they associate with the vesicles as required (Fig. 2).

© 2008 The Authors
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Cell-end markers and polarity determination

In S. cerevisiae, the decision to initiate a new polarized
growth site depends on intrinsic factors and is determined
by the last budding site. In S. pombe, cell growth occurs
first at the previous cell division site, and interphase MTs
are used to establish the polarity site. In both yeasts,
mutation analysis revealed some proteins that act as cor-
tical landmarks. Once the polarity site is marked at the cell
cortex, the landmarks regulate localization and activation
of cascades of small GTPases (Cdc42 and other Rho-
type GTPase) (Chang and Peter, 2003). In S. cerevisiae,
activated Cdc42 regulates multiple downstream effectors
and establishes cell polarity, organizes the actin cytoskel-
eton and the septin ring, and directs membrane traffic and
the formation of membrane compartments (Pruyne and
Bretscher, 2000; Park and Bi, 2007). In general, polarity
site selection is not essential for polarized growth, but
the polarity-establishing machinery is essential for cell
polarity.

Interestingly, the initiation of polarized growth in S. cer-
evisiae depends on the genotype at the mating-type
(MAT) locus. MAT a or a cells exhibit axial budding, which
means that a new daughter bud emerges next to the
previous one. On the other hand, diploid MAT a/o cells
exhibit a bipolar budding pattern, where a new bud
emerges from the opposite pole of the previous daughter
(Kron and Gow, 1995). Bud3, Bud4 and AxI2/Bud10 are
landmark proteins for the axial budding pattern, and Bud8,
Bud9 and Rax2 for the bipolar budding pattern (Madden
and Snyder, 1998). In the case of axial budding, the
landmark proteins localize to a septin ring. Septins are
GTPases, which assemble into a ring structure (septin
ring) at the previous bud neck at the end of the cell cycle,
and guide new bud formation next to the septin ring. In
contrast, the mechanism of landmark protein localization
for bipolar budding is not fully understood. Genetic analy-
ses revealed that several other processes besides the
septin ring and the timing of BUD8 and BUD9 gene
expression are involved in the mechanism (Ni and
Snyder, 2001; Schenkman et al., 2002). In both cases, the
landmarks recruit and activate the polarity-establishing
machinery, the Cdc42 cascade, at the cell surface. The
mediator Rsr1-Bud1 (Ras small GTPase) regulates the
link between the landmarks and Cdc42. The landmarks
activate Rsr1-Bud1 through the recruitment of its guanine
nucleotide exchange factor (GEF) Bud5 (Bender, 1993).
Activated Rsr1-Bud1 regulates Cdc42 activity through the
recruitment of its GEF Cdc24. Once Cdc42 is activated
at the proper site, multiple effectors, such as formins
(Bni1, Bnr1), p21-activated kinases (Ste20 and Cla4)
and GTPase activating protein (GAP) for the Rab-type
GTPase Sec4 (Msb3 and Msb4), lead to the local assem-
bly and orientation of the actin cytoskeleton and vesicle
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delivery for bud growth. The local Cdc42 activity is
amplified in a self-sustaining positive feedback loop
(Butty et al., 2002; Wedlich-Séldner and Li, 2003).

In S. pombe, some of the bud site landmark proteins
from S. cerevisiae are not conserved. However, other
genes were identified by polarity mutant screening
(T-shaped or bent cells). Among these were the above-
mentioned feat and tea2 genes, and the novel landmark-
encoding mod5 gene (morphology defective). Mutants of
these genes exhibit T-shaped or bent cells as a result of
the mislocalization of the polarity site away from the
centre of the cell end. Mod5 plays a very important role,
because it anchors Teal at the cell pole (Fig. 3). Mod5
harbours a CAAX (cysteine, two aliphatic amino acids
followed by any amino acid) prenylation motif at the C
terminus. The cysteine is covalently prenylated, which
anchors the protein in the membrane (Snaith and Sawin,
2003). Teal and Mod5, also named cell-end markers,
accumulate interdependently at the growing cell ends and
contribute to the spatial distribution of actin cables. At the
cell ends, Tea1 interacts with a number of additional com-
ponents, and a large protein complex is formed that
includes the formin For3, which nucleates the actin cable
assembly, and Bud6, an actin-binding protein (Feierbach
et al., 2004; Martin et al., 2005). Bud6 in S. cerevisiae
stimulates formin activity and Bud6é in S. pombe is
required for proper For3 localization (Feierbach et al.,
2004; Moseley and Goode, 2005). After cell division, Tea1
is delivered to the new end by MTs, and For3 and Bud6
localize there after Teal is anchored. Therefore, Teal
contributes to cell polarity and actin cable organization
through the interaction with For3 and Bud6. Their interac-
tions link the MT with the actin cytoskeleton in fission
yeast. Transition from monopolar to bipolar growth
(NETO) depends on the localization of For3 to the new
end and, thus, tea? and bud6 mutants display defects in
NETO. Besides these components, Tea4, which links
Teal and For3, and Tea3, a Teal-related, Kelch repeat-
containing protein, are also necessary for NETO (Arellano
et al., 2002; Martin et al., 2005). Tea3 binds independently
to Teal and Mod5, and is required for Teal anchorage
specifically at non-growing cell ends (Snaith et al., 2005).
Although the contribution of Cdc42 on For3 localization in
S. pombe is not well understood, relief of autoinhibition of
For3 by Cdc42 and/or Bud6 is necessary for For3 local-
ization (Martin et al., 2007). Budé6 is also directly or indi-
rectly recruited to the new end by Teal and Tea4
(Feierbach et al., 2004). Whereas MTs and Teal play
central roles in the decision of the growth site, they are not
required for polarity establishment. This led to models that
local self-activation and lateral inhibition are responsible
for polarized growth (Castagnetti et al., 2007).

S. cerevisiae-type landmarks are poorly or not con-
served in A. nidulans and other filamentous fungi, leading
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to speculations that novel mechanisms could be at work
(Harris and Momany, 2004). However, the S. pombe cell-
end marker Tea1 appears to be conserved in filamentous
fungi (Takeshita et al., 2008)(see above). Two Teal homo-
logues exist in S. cerevisiae (Kell and Kel2), where they
are involved in cell fusion during mating (Philips and Her-
skowitz, 1998). Despite the central role of Mod5 for polar-
ized growth in S. pombe, a sequence homologue was not
identified in S. cerevisiae or any filamentous fungus. In
recent work, a protein that could act as a membrane anchor
for TeaA was discovered in A. nidulans and named TeaR
(Fig. 3) (Takeshita et al., 2008). TeaR was identified by
screening for proteins that harbour a C-terminal prenyla-
tion motif. TeaR shows low identity to Mod5 (15.4%) and is
conserved in all filamentous fungi whose genomes have
been analysed. Deletion of teaR produces meandering
instead of straight hyphae. This curved hyphal phenotype
resembles that of kipA mutants. In comparison, feaA
mutant hyphae display a rather zigzag growth phenotype.
Both TeaA and TeaR localize to one point at the tip and
along the tip membrane. TeaA was shown to interact with
TeaR by split YFP and yeast two-hybrid technology. The
localization of both proteins is interdependent, as itis in S.
pombe. TeaA colocalizes with the formin SepA at hyphal
tips. These results suggest conservation of the S. pombe
polarity site selection mechanism in A. nidulans, although
the interaction of cell-end marker and formin is still
unknown. Homologous protein of Tea4, which links Tea

Fig. 4. Interdependence of the localization of
cell-end markers and on the KipA motor
protein in hyphae of A. nidulans. Taken from
Takeshita et al. (2008). In the AkipA mutant,
GFP1-TeaA still localized to one point at the
hyphal tip but often moved away from the
centre of the apex (left upper panel) and
some GFP-TeaR signal localized at the
membrane of the apex and others dispersed
along the membrane away from the tip

(right upper panel). In the AteaR mutant,
mRFP1-TeaA was not observed at the tip

(left middle panel). In the AteaA mutant,
GFP-TeaR lost the preference for the hyphal
tip and diffused all along the membrane

(right middle panel). wild type (WT) (left lower
panel) and the AteaA mutants (right lower
panel) were stained with filipin. Filipin
accumulated at the tip and at septa.

and For3 in S. pombe, exists in A. nidulans, known as
TeaC, and its functional analysis is in progress (Higashit-
suji et al., unpubl. results). However, the role of KipA
appears to be different from that of S. pombe Tea2.
Whereas Tea2 transports Teal to the MT plus end, in A.
nidulans TeaA still localized to tips in the kipA-deletion
mutant. Interestingly, KipA is required for correct TeaA and
TeaR positioning (Fig. 4). KipA might transport additional
landmark and cell-end marker proteins. Although MTs had
been demonstrated to be necessary for hyphal tip localiza-
tion of TeaA (Takeshita et al., 2008), meanwhile the local-
ization of TeaA at MT plus ends was also revealed
(Takeshita et al., unpubl. results).

Besides their role in organizing the actin cytoskeleton,
the cell-end marker proteins might play a role in organiz-
ing the MT cytoskeleton itself. In A. nidulans, MT plus
ends are centred in the hyphal apex and merge in the
TeaA protein spot at the tip (Takeshita et al., 2008). This
raises the question about the interaction of MT plus ends
with the cell-end markers or landmark proteins. That the
integrity of the MT plus-end protein complex is indeed
required for cell polarity establishment, besides the trans-
portation of potential cell-end marker proteins, comes
from the observation that the lack of the Dis1/XMAP215
protein AlpA causes meandering hyphae in A. nidulans,
just like the absence of the cell-end marker proteins (Enke
etal., 2007). XMAP215 is a processive MT polymerase
(Brouhard et al., 2008), and the conserved protein family
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promotes MT growth. Indeed, alpA deletion in A. nidulans
led to a reduced number of MTs and reduced dynamics
(Enke et al., 2007).

Cdc42, its regulators, and its downstream machinery,
such as the polarisome, Arp2/3, and exocyst complex, are
conserved from S. cerevisiae to A. nidulans (Harris and
Momany, 2004; Virag and Harris, 2006a). The role of
polarisome components in A. nidulans, BudA and SpaA,
corresponding to S. cerevisiae Budé and Spa2, was
analysed and SpaA was shown to be dispensable for
Spitzenkdrper organization (Virag and Harris, 2006b). It
was also shown that a scaffold protein for the polarity-
establishing machinery, BemA, corresponding to S. cer-
evisiae Bem1, is required for proper hyphal growth and
formin SepA localization (Leeder and Turner, 2008). Sur-
prisingly, whereas Cdc42 is essential in budding and
fission yeast, it is not essential in A. nidulans and U.
maydis (Mahlert et al. 2006; Virag et al., 2007). In addition
to Cdc42, another Rho GTPase, a Rac1 homologue,
appears to function in hyphal growth of both fungi. The
functional relationship of the Cdc42 and Rac1 homo-
logues and the cell-end markers employed for actin
cytoskeleton organization and hyphal polarity establish-
ment is an important next question.

The role of the membrane — sterol-rich lipid
microdomains

In both S. pombe and A. nidulans, Mod5 (TeaR) is nec-
essary for Teal (TeaA) positioning, and vice versa
(Fig. 4). Which other molecules or factors, besides MTs,
guide the proteins to their destination? Mod5 and TeaR
are assumed to localize to the membrane through
their prenyl residue, because their prenylation motifs
are essential for their localization and function (Snaith
and Sawin, 2003; Takeshita et al., 2008). Hence, the
membrane environment could be important for their
localization. Membranes are no longer considered as
homogeneous, and sterols and sphingolipids can cluster
into domains within mixtures with glycerophospholipids.
These domains, termed lipid rafts, contribute to specific
protein localization of, for example, GPl-anchored and
lipid-associated proteins, at a specific site, and play
important roles in cell signalling and cell polarity (Rajendra
and Simons, 2005). In fungi, lipid rafts can be observed
as clusters by staining with filipin, a sterol-binding dye
(Alvarez et al., 2007). These domains, termed sterol-rich
membrane domains, are detected at polarized growth
sites in several fungi, for example, in the tip of the mating
projection in S. cerevisiae and Cryptococcus neoformans,
the growing cell ends and the site of cytokinesis in S.
pombe, and the hyphal tips and septa in C. albicans and
A. nidulans (Bagnat and Simons, 2002; Nichols et al.,
2004; Wachtler and Balasubramanian, 2006). The sterol-
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rich domains contribute to polarized growth in C. albicans
(Martin and Konopka, 2004). In A. nidulans, another cor-
relation of the sterol-rich domains and fomin SepA local-
ization was revealed by analysing mutants such as mesA.
The corresponding gene encodes a tip-localized mem-
brane protein and its mutation enhances sepA defects
(Pearson et al., 2004). In addition, barA and basA, which
encode a ceramide synthase and a sphingolipid
C4-hydroxylase, respectively, were identified by screen-
ing for mutants resistant or sensitive to heat-stable anti-
fungal factor. These three mutants exhibited depolarized
filipin staining, mislocalized SepA and actin cables, and
severe polarity growth defects (Pearson et al., 2004; Li
et al., 2006; 2007).

Cell-end markers or sterol-rich microdomains —
which is first

Intact sterol-rich domains are required for cell-end marker
localization at the tips in A. nidulans (Takeshita et al.,
2008). Treatment with filipin causes mislocalization of
TeaA and TeaR. However, the cell-end markers cannot be
the only targets whose localization is regulated by the
sterol-rich domains, because the disruption of the sterol-
rich domains led to defects in polarity establishment that
are not identical to the polarity mispositioning in the cell-
end marker deletion mutants (Takeshita et al., 2008). The
A. nidulans mutants with depolarized sterol-rich domains
have defects in the localization and activation of SepA, as
they do not have actin cables (Pearson et al., 2004; Li
et al., 2006). Sterol-rich domains could also be required
for the localization of the Cdc42 cascade, or Cdc42 itself,
which localizes to the plasma membrane through post-
translational geranyl-geranyl modification. Whereas the
sterol-rich domains are necessary for cell-end marker
localization, the sterol-rich domains still localized to the
hyphal tips in teaA- or teaR-deletion mutants (Fig. 4)
(Takeshita et al., 2008). These results suggest that the
sterol-rich domains determine cell-end marker localization
and not the other way around. If the known cell-end
markers do not themselves organize the sterol-rich
domains, the question that arises is how the sterol-rich
domains are organized and positioned at polarized growth
sites. In S. pombe, class | myosin is required for proper
organization of the sterol-rich domains (Takeda and
Chang, 2005), whereas Cdc15 is also required for its
organization at cell division sites during cytokinesis
(Takeda et al., 2004). Septins, which colocalize with the
sterol-rich domains at growth sites, are also speculated to
have a role in the organization of the membrane domains
(Douglas et al., 2005). Interestingly, these proteins, class
I myosin and septins, are members of the Cdc42 cascade.
Indeed, a relationship between the Cdc42 pathway and
sterol synthesis has recently been revealed. Ste20, p21-
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activated kinase and effector of Cdc42, interacts with
proteins involved in sterol synthesis and regulates cell
polarity (Tiedje et al., 2007). Homologues of oxysterol-
binding proteins, which regulate the synthesis and
transport of sterols, function in Cdc42-dependent polar-
ity establishment (Kozminski et al.,, 2006). The Cdc42
cascade is thought to amplify the intensity by positive
feedback loops (Wedlich-Séldner and Li, 2003). Sterol-
rich domains might increase the local concentration of
Cdc42 cascade proteins, and function in such a positive
feedback loop. If this were true, cell-end markers, the
Cdc42 cascade and sterol-rich domains were in a three-
art interaction (Fig. 5). This means that cell-end markers
regulate the positioning of the Cdc42 cascade by interac-
tion with formin, that the Cdc42 cascade and sterol-rich
domains function cooperatively and amplify the intensity,
and that the sterol-rich domains support cell-end marker
positioning. Evidence indicates that the sterol-rich
domains act upstream of the cell-end markers. In addition,
the sterol-rich domains are likely required for the localiza-
tion of additional factors other than the cell-end markers.
However, the following model is also possible. The sterol-
rich domains recruit both the Cdc42 cascade and cell-end
markers. In addition, MTs independently recruit cell-end
markers, which also recruit the Cdc42/formin cascade.
Cdc42/formin sets up a feedback loop with sterol-rich
domains. These ideas could explain why in A. nidulans
the defect in growth directionality in the cell-end marker
mutants is most prominent in young hyphae. Whereas the
position information of cell-end markers might be impor-
tant for Cdc42 cascade localization in young hyphae, the
Cdc42 cascade and the sterol-rich domains in mature
hyphae could stabilize their localization interdependently,
and polarized growth could be maintained without the
position information of cell-end markers.

Conclusion

In the past decade, our knowledge about the molecular
components involved in polarized growth in S. cerevisiae,
S. pombe or A. nidulans and other fungi has improved

Mature hyphae

Fig. 5. Scheme of the interdependence of
cell-end markers and lipid rafts. See text for
details.

tremendously. Nevertheless, the comparison of the
mechanism in different organisms shows that our picture
of the process is still far from complete. Especially the
advance of the understanding of the process in filamen-
tous fungi should allow to identify new proteins determin-
ing polarized growth. The example of kipA deletion in A.
nidulans shows that this motor protein apparently does
not transport TeaA as in S. pombe, but other components,
which are required for correct localization of TeaA and
TeaR. It will be the challenge for future research to identify
such targets and further unravel the mechanism of polar-
ized growth in filamentous fungi.
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The extremely polarized growth form of filamentous fungi imposes a huge challenge on the cellular transport machinery,
because proteins and lipids required for hyphal extension need to be continuously transported to the growing tip.
Recently, it was shown that endocytosis is also important for hyphal growth. Here, we found that the Aspergillus nidulans
kinesin-3 motor protein UncA transports vesicles and is required for fast hyphal extension. Most surprisingly, UncA-
dependent vesicle movement occurred along a subpopulation of microtubules. Green fluorescent protein (GFP)-labeled
UncAriser decorated a single microtubule, which remained intact during mitosis, whereas other cytoplasmic microtubules
were depolymerized. Mitotic spindles were not labeled with GFP-UncAri8°r but reacted with a specific antibody against
tyrosinated a-tubulin. Hence, UncA binds preferentially to detyrosinated microtubules. In contrast, kinesin-1 (conven-
tional kinesin) and kinesin-7 (KipA) did not show a preference for certain microtubules. This is the first example for
different microtubule subpopulations in filamentous fungi and the first example for the preference of a kinesin-3 motor

for detyrosinated microtubules.

INTRODUCTION

The microtubule cytoskeleton in eukaryotic cells is essential
for many dynamic processes. Among them are chromosome
segregation, organelle movement, or the transportation of
proteins, such as signaling complexes (Basu and Chang,
2007). These diverse functions are attributed not only to the
inherent dynamic instability but also to the association with
different molecular motor proteins, such as dynein and ki-
nesin. Conventional kinesin is currently probably the best-
studied molecular motor (Schliwa and Woehlke, 2003). ATP
hydrolysis causes a small conformational change in a glob-
ular motor domain that is amplified and translated into
movement with the aid of accessory structural motifs. Ad-
ditional domains outside the motor unit are responsible for
dimerization, regulation, and interactions with other mole-
cules. The activity of conventional kinesin is required for
exocytosis and thereby for fast fungal hyphal extension
(Seiler et al., 1997; Requena et al., 2001).

Within the superfamily of kinesins, 17 families have been
defined according to sequence similarities in the motor do-
main. One of these families is the Kifl/Unc-104 family,
which has been renamed into the kinesin-3 family (Law-
rence et al., 2004; Wickstead and Gull, 2006). This plus-end-
directed motor harbors the motor domain in the N terminus
(N-type), a pleckstrin homology (PH) domain for the bind-
ing of membranous cargoes at the C terminus and a fork-
head-associated (FHA) domain (Klopfenstein et al., 2002). In
contrast to the majority of dimeric kinesins, most Kin-3
kinesins are monomeric motors (Okada and Hirokawa, 1999,
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2000), but a lysine-rich loop in KIF1A binds to the negatively
charged C terminus of tubulin and compensates for the lack
of a second heavy chain, allowing KIF1A to move proces-
sively like a dimeric motor (Okada and Hirokawa, 1999,
2000).

Unc-104 was first discovered in Caenorhabditis elegans
shortly after the discovery of conventional kinesin (Otsuka ef
al., 1991). Mutations in unc-104 caused uncoordinated and
slow movement of corresponding mutants. The motor is
required for synaptic vesicle transport (Hall and Hedgecock,
1991). Later, the motor was also discovered in mouse due to
sequence similarities of cDNAs from a library of murine
brain (Okada et al., 1995). The motor is associated with
certain vesicles of the neuron, which transport synaptic ves-
icle proteins. The motor activity was measured in gliding
assays and movement was measured at 1.2 um/s, the fastest
kinesin with anterograde movement at the time. It was
observed that Kifl A apparently only binds to special vesi-
cles and is only required for the anterograde transportation
of certain synaptic proteins.

Although simple lower eukaryotes, e.g., Saccharomyces cer-
evisiae, serve as models for many cell biological phenomena,
S. cerevisiae does not contain a member of the kinesin-3
family. However, this motor family was characterized in
Dictyostelium discoideum, Ustilago maydis, Neurospora crassa,
and Thermomyces lanuginosus (Pollock et al., 1999; Rivera et
al., 2007). In N. crassa, one kinesin-3 motor, Kin2, is involved
in mitochondrial distribution (Fuchs and Westermann,
2005). The kinesin-3 family contains also a unique fungal
subgroup of “truncated” proteins, which do not have FHA
and PH domains and may constitute a new subfamily
(Schoch et al., 2003). Although the structure of the protein is
very different from other kinesin-3 family members, it is
very interesting that in N. crassa Kin3 can rescue the lack of
Kin2 (Fuchs and Westermann, 2005).

In U. maydis, a kinesin-3 motor is required for endosome
movement (Schuchardt et al., 2005; Steinberg, 2007). Deletion
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Table 1. A. nidulans strains used in this study

Strain Genotype Source
TNO02A3 pyrG89; argB2, nkuA::argB; pyroA4 Nayak et al. (2006)
GR5 pyrG89; wA3; pyroA4 Waring et al. (1989)
RMS011 pabaAl, yA2; argB::trpCAB Stringer et al. (1991)
SJW02 wA3; pyroA4; argB::trpCAB; alcA(p)::GFP::tubA, (GFP-MTs) Toews et al. (2004)
SJW100 SJW02 transformed with pJH19, pyroA4 (GFP-MT, DsRed labeled nuclei) Toews et al. (2004)
SSK114 wA3; pyroA4; alcA(p)::GFP::kipA-rigor (GFP-KipAriser) Konzack et al. (2005)
SNR1 yA2; argB::trpCAB; pyroA4; AkinA::pyr4 (kinA deletion) Requena et al. (2001)
AnKin26 AkinA:pyrG, argB:trpCAB; pyroA4 Requena et al. (2001)
SNZ2 TNO2A3 transformed with pAS3, pyroA4 (GFP-UncA) This study

SNZ3 TNO02A3 transformed with pNZ5, pyroA4 (uncB deletion) This study

SNZ4 SNZ2 transformed with pJH19 (DsRed-stuA, GFP-UncA) This study

SNZ8 TNO02A3 transformed with pNZ9, pyroA4 (mRFP1-UncA) This study

SNZ9 TNO2A3 transformed with pNZ13, pyrG89 (uncA deletion) This study

SNZ14 TNO2A3 transformed with pNZ15, pyroA4 (GFP-UncArsor) This study

SNZ15 SNZ3 crossed with RMS011, pabaAl (uncB deletion) This study

SNZ26 SNZ8 crossed with SJW100, pyroA4 (GFP-MT, mRFP1-UncA) This study

SNZ27 SNZ9 crossed with RMS011, pabaAl (uncA deletion) This study

SNZ29 SNZ9 crossed with SNZ15 (uncA and uncB double deletion) This study

SNZ36 SNZ9 crossed with AnKin26 (uncA and kinA double deletion) This study

SNZ54 TNO02A3 transformed with pNZS20, pyroA4 (mRFP1-UncArisr) This study

SCS4-NZ SNZ14 transformed with pCS5-NZ (GFP-UncAri&°r, mRFP1-KinArigor) This study
SCS5-NZ TNO2A3 transformed with pCS5-NZ, pyrG89 (mRFP1-KinAsor) This study

SNZ63 SNZ9 crossed with XX60 (uncA and nudA double deletion strain) This study

SNZ69 SNZ14 transformed with pNZ59 (GFP-UncAri&°r, mRFP1-TIgB) This study

XX60 nudA deletion in GR5, nudA::pyrG Xiang et al. (1995)
SNZ74 TNO02A3 transformed with PNZ-SI49, pyroA4 (uncA(P)-GFP-uncA) This study

All strains harbor the veA1 mutation.

of kin-3 reduces endosome motility to 33% and abolishes
endosome clustering at the distal cell pole and at septa. It was
proposed that dynein and Unc104 counteract on endosomes to
arrange them at opposing cell poles (Wedlich-Soldner et al.,
2002). Schuchardt ef al. (2005) also presented evidence that Kin3
is required for exocytosis, because acid phosphatase secretion
was lowered to 50% in kin-3 deletion strains.

In filamentous fungi it has been shown recently that not
only exocytosis but also endocytosis is important for polar-
ized growth (Araujo-Bazan et al., 2008; Fischer ef al., 2008;
Taheri-Talesh et al., 2008; Upadhyay and Shaw, 2008). How-
ever, no information was available on how endosomes are
transported in A. nidulans or other filamentous fungi. In this
study, two members of the kinesin-3 family were identified
in A. nidulans and one of these members, UncA, was studied
in detail. We present evidence that UncA is associated with
endosomes and other vesicles and transports them surpris-
ingly, along a subpopulation of microtubules.

MATERIALS AND METHODS

Strains, Plasmids, and Culture Conditions

Supplemented minimal (MM) and complete media (CM) for A. nidulans and
standard strain construction procedures are described by Hill and Kéfer
(2001). A list of A. nidulans strains used in this study is given in Table 1 and
Supplemental Table 1. Standard laboratory Escherichia coli strains (XL-1 blue,
Top 10) were used. Plasmids are listed in Table 2 and Supplemental Table 2.

Molecular Techniques

Standard DNA transformation procedures were used for A. nidulans (Yelton
et al., 1984) and Escherichia coli (Sambrook and Russel, 1999). For polymerase
chain reaction (PCR) experiments, standard protocols were applied. DNA
sequencing was done commercially (MWG Biotech, Ebersberg, Germany).
Genomic DNA was extracted from A. nidulans with the DNeasy Plant Mini kit
(QIAGEN, Hilden, Germany). DNA analyses (Southern hybridizations) were
performed as described previously (Sambrook and Russel, 1999).
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Deletion of uncA and uncB

The flanking regions of uncA were amplified by PCR using genomic DNA and
the primers UncA-LB-fwd (5-CGTCGATGGAAGGCATATACTACTCGC-3)
and UncA-LB-Sfi-rev (5-CGGCCATCTAGGCCGACAACAAATTGC-3) for
the upstream region of uncA and UncA-RB-Sfi-fwd (5-CGGCCTGAGTGGCC-
TCTATGTCTTCG-3) and UncA-RB-rev (5-CATCCACGTCCCCATAACTA-
ATACCACC-3) for the downstream region. The fragments were cloned into
pCR2.1-TOPO to generate pNZ7 and pNZ6, respectively. The Sfil restriction
sites are underlined. In a three-fragment ligation, the pyroA-gene obtained
from plasmid pNZ12 was ligated between the two uncA-flanking regions,
resulting in vector pNZ13. The deletion cassette was amplified with the
primers UncA-LB-fwd (5-CGTCGATGGAAGGCATATACTACTCGC-3) and
UncA-RB-rev (5-CATCCACGTCCCCATAACTAATACCACC-3), and the re-
sulting PCR product was transformed into the pyro-auxotrophic A. nidulans
strain TNO2A3.

The uncB flanking regions were amplified by PCR using genomic DNA and
the primers uncB_LB_fwd (5-GGAAGTACACCTGCATGCTAATATCAT-
CAG-3) and uncB_LB_Sfi_rev (5-CGGCCATCTAGGCCGCGGTGAAGTAT-
AGAC-3) for the upstream region of uncB and uncB_RB_Sfi_fwd (5-CGGC-
CTGAGTGGCCTGTTATGCGACGATG-3) and uncB_RB_rev (5-GACGAG-
CAAGGGACGTGCCCTTCGGTG-3) for the downstream region and cloned
into pCR2.1-TOPO, to generate pNZ3 and pNZ4, respectively. The restriction
sites are underlined. The two uncB-flanking regions were ligated upstream
and downstream of the pyr4 marker in pCS1, generating pNZ5. This plasmid
was cut with EcoRI and BglII, generating a fragment containing pyr4 flanked
by uncB sequences. This fragment was transformed into the uracil-auxotro-
phic strain TNO2A3.

In each case, transformants were screened by PCR for the homologous
integration event. Single integration of the construct was confirmed by South-
ern blotting (Supplemental Figure 1). One uncA- and one uncB-deletion strain
were selected from the transformants and named SNZ9 and SNZ3, respec-
tively. The coupling of the observed phenotypes with the gene-deletion
events was confirmed by crosses and by down-regulation of the genes
through the inducible alcA promoter (see below). A uncA/uncB double dele-
tion strain was created by crossing the single uncA and uncB deletions
generating SNZ29.

Tagging of Proteins with the Green Fluorescent Protein
(GFP) and Monomeric Red Fluorescent Protein (mRFP) 1

To create an N-terminal GFP fusion construct of UncA, a 0.9-kb N-terminal
fragment of uncA (starting from ATG) was amplified from genomic DNA,
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Table 2. Plasmids used in this study

Plasmid Construction Source
pTN1 pyroA from A. fumigatus Nayak et al. (2006)
pAS1 0.9-kb uncA fragment in pCR2.1-TOPO This study

pAS3 0.9-kb uncA fragment in pCMB17apx This study
pCR2.1-TOPO Cloning vector Invitrogen

pCsi N. crassa pyr-4 selectable marker as Notl fragment in pUMA208 Enke et al. (2007)
pCMB17apx alcA(p)::GFP, for N-terminal fusion of GFP to proteins of interest; contains N. crassa pyr4 Efimov et al. (2006)
pDM8 GFP replaced mRFP1 in pCMB17apx Veith et al. (2005)
pDC1 argB from A. nidulans Aramayo ef al. (1989)
pJH19 gpd(p)::stuA(NLS)::DsRed and argB as selectable marker Toews et al. (2004)
pNZ1 1.6-kb uncB fragment with Ascl and PaclI sites in pCMB17apx This study

pNZ3 1.0-kb 5-flanking region of uncB with Sfil site in pCR2.1-TOPO This study

pNZ4 1.0-kb 3-flanking region of uncB with Sfil site in pCR2.1-TOPO This study

pNZ5 uncB-deletion construct: flanking regions from pNZ3 and pNZ4 ligated with pyr4 from pCS1 This study

pNZ6 1.0-kb 3-flanking region of uncA with Sfil site in pCR2.1-TOPO This study

pNZ7 1.0-kb 5-flanking region of uncA with Sfil site in pCR2.1-TOPO This study

PNZ8 uncA-deletion construct: flanking regions from pNZ6 and pNZ7 ligated with pyr4 from pCS1 This study

pPNZ9 GFP in pAS3 replaced with mRFP1 This study

pNZ11 1.7-kb pyroA fragment from pTN1 with Notl sites in pCR2.1-TOPO This study
pNZ12 pyr4 in pCS1 replaced with a 1.7-kb pyroA fragment from pNZ11 This study
pNZ13 uncA-deletion construct: pyr4 in pNZ8 replaced with pyroA from pNZ12 This study
pNZ15 PAS3 mutagenesis to introduce the G116E mutation in the p-loop of UncA, (UncAsor) This study
pNZS20 GFP in pNZ15 replaced with mRFP1 This study
pCS1-NZ 1.3-kb kinA fragment in pCR2.1-TOPO This study
pCS2-NZ 1.3-kb kinA fragment in pCMB17apXx, pyr4 replaced with pyroA This study
pCS3-NZ 1.3-kb kinA fragment in pDM6, pyr4 replaced with pyroA This study
pCS4-NZ pCS2-NZ mutagenesis to introduce the G97E mutation in the p-loop of KinA, (KinArser) This study
pCS5-NZ GFP in pCS4-NZ replaces with mRFP1 This study
pNZ-S149 1.5-kb uncA(p) fragment in pAS3 with KpnI-EcoRI sites This study
pNZ54 TlgB ORF fragment in pCR2.1-TOPO This study

pNZ58 TlgB ORF fragment from pNZ54 in pCMB17apXx, pyroA4 instead of pyr4 as marker This study
pNZ59 GFP in pNZ58 (mRFP1-TIgB) replaced with mRFP1 This study

with the primers uncA_Asc_fwdl (5-GGGCGCGCCCGGCATGGCGCCAG-
GAGGTGGTG-3) and uncA_Pac_revl (5-CTTAATTAAACCTAGCACCGGT-
GGCTCCAGTCG-3) and cloned into pCR2.1-TOPO, yielding pAS1. The re-
striction sites are underlined. The Ascl-Pacl fragment from pAS1 was
subcloned into the corresponding sites of pCMB17apXx, yielding pAS3. To
create an N-terminal mRFP1 fusion construct of UncA, the GFP KpnlI-Ascl
fragment from pAS3 was substituted by mRFP1 from pDMS, yielding pNZ9.
To produce UncA N-terminally tagged with GFP under the native promoter,
a 1.5-kb fragment of the putative uncA promoter was amplified from genomic
DNA with the primers UncA nat(P) EcoRI fwd (5-GGA ATT CTC ATC ACC
TAC TGG AGG CGC GC-3) and UncA nat(P) Kpnl rev (5-CGG TAC CTT
TGG CCT ATA GCC CAT ACA CC-3), digested with EcoRI and Kpnl, and the
two fragments were ligated with EcoRI-KpnI-digested pAS3, yielding pNZ-
SI49 (alcA promoter replaced with the uncA promoter in pAS3).

Using the same approach as for UncA, N-terminal GFP fusion constructs of
KinA and TIgB were created. The primer set used for KinA was KinA ATG
Ascl fwd (5-GGG CGC GCC CGG CAT GGC GTC CTC TAC-3) and KinA
1324bp Pac rev (5-CTT AAT TAA CAA GAA CGA TGC TGG GTG TGC-3).
The PCR fragment was cloned into pCR2.1-TOPO and subsequently into
pCMB17apx (pyroA as selection marker), yielding plasmid pCS2-NZ. The
primer set used for TlgB was Tlg2nidulansAscl fwd (5-GGG CGC GCC CGG
CAT GTG GCG GGA CCG-3) Tlg2nidulansPacl rev (5-CTT AAT TAA CTA
CGG GGC AAC GAT GCG GCC-3). The PCR fragment was cloned into
pCR2.1-TOPO and subsequently into pDM8 (pyroA as selection marker),
yielding pNZ58. All plasmids were transformed into the uracil- and pyro-
doxin-auxotrophic strain TN02A3 (AnkuA). The integration events were con-
firmed by PCR and Southern blotting and microscopy (data not shown).

Creation of an uncA"s°" and kinA's°" Mutant Allele

We changed the glycine residue 116 to glutamate by site-directed mutagenesis
by using the oligonucleotides UncA P-Loop Gly fwd (5-GGT CAG ACC GGT
TCG GAG AAG TCT TAC TCG-3) and UncA P-Loop Gly rev (5-CGAGTAA-
GACTTCTCCGAACCGGTCTGACC-3), plasmid pAS3 as template, and the
QuikChange XL site-directed mutagenesis kit (Stratagene, Heidelberg, Ger-
many); this yielded plasmid pNZ15. We transformed strain TN02A3 and
searched for transformants in which pNZ15 was homologously integrated at
the uncA locus. Among 12 transformants, two (1 transformant named SNZ14)
displayed the uncA deletion phenotype under both repressing and inducing
conditions. PCR and Southern blot analysis confirmed that the construct was
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integrated at the uncA locus in both transformants. The PCR fragments were
sequenced to confirm the mutagenesis event.

The same was done for kinA using primer KinA Rigor P-Loop for (5-C GGT
CAA ACC GGT GCA GAG AAG TCG TAT AC-3) and KinA Rigor P-Loop rev
(5-GT ATA CGA CTT CTC TGC ACC GGT TTG ACC G-3) to change glycine
residue 97 to glutamate using pCS2-NZ as template.

Light and Fluorescence Microscopy

For live-cell imaging of germlings and young hyphae, cells were grown on
coverslips in 0.5 ml of MM 2% glycerol (derepression of the alcA promoter,
moderate induction) or MM 2% glucose (repression of the alcA promoter).
Cells were incubated at room temperature for 1-2 d. For pictures of young
hyphae of each strain, the spores were inoculated on microscope slides coated
with MM 2% glucose 0.8% agarose and grown at 30°C for 1 d. Images were
captured at room temperature (200-ms exposure time) using an Axio Imager
Z1 microscope (Carl Zeiss, Jena, Germany). Images were collected and ana-
lyzed with the AxioVision system (Carl Zeiss). Dynamic processes in the
hyphae were quantified using the same software analyzing series of single
pictures. We also used an SP5 laser scanning microscope (Lecia, Wetzlar,
Germany).

N-[3-Triethylammoniumpropyl]-4-[p-
diethylaminophenylhexatrienyl] Pyridinium Dibromide
(FM4-64), Benomyl, and Cytochalasin A Treatment

FM4-64 was used at a concentration of 10 uM in the medium. Coverslips were
incubated for 1-2 min and washed. Methyl 1-(butylcarbamoyl)-2-benzimid-
azole carbamate (benomyl; Aldrich Chemical, Milwaukee, WI) was used at a
final concentration of 2.5 ug/ml in the medium from a stock solution of 1
mg/ml in ethanol. Cytochalasin A (Sigma Chemie, Deisenhofen, Germany)
was used at a final concentration of 2 ug/ml in the medium from a stock
solution of 100 mg/ml in dimethyl sulfoxide.

Immunostaining

We inoculated 10° spores/ml with 0.5 ml MM on sterile coverslips for 12-24
h at room temperature (RT). Cells were fixed for 30 min with formaldehyde
and digested for 1 h by using digestion solution (GlucanX; B-p-glucanase,
zymolyase, and driselase in Na-phosphate buffer with 50% egg white),
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washed with phosphate buffered saline (PBS), incubated in —20°C methanol
for 10 min before and blocked with TBST + 5% skim milk before incubation
with the first antibodies (anti-tubulin, 1:500) in Tris-buffered saline/Tween 20
(TBST) overnight at 4°C. Next, cells were washed and incubated with the
secondary antibodies (1:200 in TBST) for 1 h at RT. Cells were washed and
mounted on microscope slides (with mounting media with 4,6-diamidino-2-
phenylindole [DAPI] and VECTORSHIELD [Vector Laboratories, Burlin-
game, CA]), sealed with nail polish, and stored at 4°C overnight in the dark
before doing the microscopy. As monoclonal anti-« tubulin antibodies, we
used the following clones from Sigma Aldrich: DM1A (anti-a tubulin), B3
(anti-polyglutamylated tubulin), 6-11B-1 (anti-acetylated tubulin), and TUB-
1A2 (anti-tyrosinated tubulin). As secondary antibodies, we used fluorescein
isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin G (IgG) (Fab-
specific) (Sigma Chemie), FITC-conjugated anti-mouse IgG (whole molecule)
(Sigma Chemie), and Cy3 conjugated AffiniPure goat anti-mouse IgG (H+L)
(Dianova, Hamburg, Germany).

RESULTS

Isolation of UncA and UncB

We identified eleven different kinesins in A. nidulans, with
two members (named UncA and UncB) of the kinesin-3
family (formerly called unc-104 family) (Rischitor ef al., 2004;
Galagan et al., 2005). The predicted structure of the uncA and
the uncB genes were confirmed through amplification of
small cDNAs and subsequent sequencing. The uncA gene
contains an intron of 75 base pairs located between amino
acid 21 and 22 of the open reading frame. The UncA protein
is comprised of 1631 amino acids, with a calculated molec-
ular mass of 182.7 kDa. The predicted motor domain starts
two amino acids downstream of the initiation codon and
consists of 361 amino acids. The ATP-binding motif (P-loop)
starts at amino acid 111 (GQTGSGKS). The C-terminal half
of the motor domain displays the highly conserved regions
termed switch I (NETSSR), at amino acid position 224 and
switch II (DLAGSE), at amino acid position 261, which are
involved in nucleotide binding (ATP). Two microtubule-
binding motifs were found, MT1 (RDLL) starting at amino
acid position 170 and MT2 (VPYRDS) starting at amino acid
position 312 (Song et al., 2001).

Comparison of UncA with other Kin-3 proteins revealed
60% homology with N. crassa Nkin2, 48.1% with U. maydis,
and 46.5% with C. elegans Unc104, but 80.8% homology with
Aspergillus oryzae, and 88.1% with Aspergillus fumigatus (Fig-
ure 1). The homology between the proteins is much higher
in the motor domains (Supplemental Figure 2). The C ter-
minus of UncA exhibited very low sequence similarity to the
corresponding regions of other Kin-3 family proteins, be-
sides a forkhead-associated (FHA) domain at amino acid
496-596 and a pleckstrin homology (PH) domain at amino
acid 1509-1615. The PH domain has been reported previ-
ously in Uncl04-related kinesins in C. elegans where it has
been proposed to bind lipids and lipid rafts to dock onto
membrane cargoes (Klopfenstein et al., 2002). The FHA do-
main is proposed to be involved in signaling and protein—
protein interactions of kinesins (Westerholm-Parvinen et al.,
2000). In addition, a novel role for the FHA domain in the
regulation of kinesin motors was discovered previously (Lee
et al., 2004).

The uncB gene contains an intron of 52 base pairs at
position 112 of the open reading frame. The derived UncB
protein is composed of 671 amino acids, with a calculated
molecular mass of 75 kDa. The motor domain starts 116
amino acids downstream of the initiation codon and consists
of 356 amino acids. The P-loop starts at amino acid 212
(GQTGSGKS). The C-terminal half of the motor domain
displays the highly conserved regions termed switch I
(NDTSSR), at amino acid 326 and switch II (DLAGSE) at
amino acid 363, which are involved in nucleotide binding
(ATP). Two microtubule-binding motifs were found, MT1

676

UncA
Motor FHA PH
UncB
Motor
A. nidulans-UncA
A. fumigatus-XP-755805
_| A. oryzae-BAEB0207
— N. crassa-Nkin2

U. maydis-Kin3

C. elegans-Unc104

A. nidulans-UncB

A. fumigatus-XP-753349

A. oryzae-BAE63005

N. crassa-Nkin3

Figure1. Scheme of UncA and UncB and relatedness analysis with
other kinesins of the kinesin-3 family. The UncA (1631 amino acids)
and UncB (671 amino acids) protein sequences were analyzed with
SMART (http://smart.embl-heidelberg.de) and besides the kinesin
motor domains a FHA and a PH domain were identified in UncA.
The relatedness analysis was done with Vector NTI by using stan-
dard parameters. UncB groups with the fungal-specific subclass as
indicated by green shading.

(RDLL) at amino acid position 268 and MT2 (VPYRDS) at
amino acid 417 (Figure 1).

Comparison of full-length UncB with other Kin-3 proteins
revealed 56.4% homology with N. crassa Nkin3, 83% with A.
oryzae, and 75% with A. fumigatus. The N-terminal region
starts with a short nonmotor sequence of 104 amino acids
(Figure 1). The 195 amino acid-long part outside the motor
domain exhibits very low sequence similarity to the corre-
sponding regions of related proteins.

Deletion of uncA and uncB

We deleted the uncA open reading frame in strain TN02A3
with pyroA as selection marker and confirmed the deletion
event by diagnostic PCR (data not shown) and Southern blot
(Figure 2 and Supplemental Figure 1). One of the strains
(SNZ9) was used for further analysis and the construction of
uncA-deletion strains in other genetic backgrounds. Colo-
nies of this strain grew slower than wild-type colonies and
seemed more compact. When we compared the distribution
of nuclei or mitochondria, or the organization of the micro-
tubule cytoskeleton, we did not observe any difference to
wild-type (Supplemental Figure 3). However, we noticed
more branching in the AuncA strain. At higher temperature,
we observed a slight curved hyphal phenotype similar to the
phenotype of cell end marker mutants (Takeshita ef al., 2008)
(Figure 2B).

We deleted the uncB open reading frame in strain TN02A3
with pyr4 as selection marker and confirmed the deletion
event by diagnostic PCR (data not shown) and Southern blot
(Figure 2A and Supplemental Figure 1). One of the strains
(SNZ3) was used for further analysis and the construction of
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Figure 2. Phenotype of an uncA, an uncB, and a double-deletion
strain. (A) Growth of the strains SNZ27 (AuncA), SNZ15 (AuncB),
SNZ29 (AuncA, AuncB), and RMS011 on minimal medium for 3 d at
37°C. (B) Hyphal growth of the uncA-deletion strain and the wild
type at 37 and 42°C grown on glycerol minimal medium for 2 d.

uncB-deletion strains in other genetic backgrounds. Colonies
of this strain grew like wild-type colonies. We did not ob-
serve any difference to wild type with respect to nuclear or
mitochondrial distribution, septum formation, or branching
(data not shown).

To investigate whether UncA and UncB are functionally
related, we constructed an uncA/uncB double deletion mu-
tant (Figure 2A). It displayed the same compact growth
phenotype than the uncA-deletion mutant. The analysis of
nuclear and mitochondrial distribution, the organization of
the microtubule (MT) cytoskeleton revealed no difference in
comparison with the wild type (Suelmann and Fischer,
2000). This was unlike the situation in N. crassa (Fuchs and
Westermann, 2005). Our results suggested that UncA and
UncB act in different pathways. Therefore, we focused in this
paper only on the molecular analysis of UncA.

To test whether deletion of uncA causes a more severe
phenotype in the absence of other motor proteins in-
volved in polarized growth, we constructed an uncA/kinA
(conventional kinesin) and an uncA/nudA (heavy chain of
dynein) double-deletion mutant (Figure 3). The growth
defects of these strains were comparable to the growth
defect of stains with single mutations in either kinA or
nudA, respectively.
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Figure 3. Comparison of colony growth of different mutants as
labeled. Top, deletion strains of uncA (SNZ9) and conventional
kinesin kinA (AnKin26) in comparison with the double deletion
strain (SNZ36) and a wild type (TN02A3). Bottom, comparison of
the colony phenotypes of the uncA-deletion strain (SNZ27) and the
dynein-deletion strain (nudA) (XX60) and the corresponding double
deletion (SNZ63). Colonies were grown for 3 d on glucose minimal
medium at 37°C.

Localization of UncA along Microtubules

The UncA protein was visualized by fusion with a fluores-
cent protein (GFP or mRFP1 in the vector pMCB17apx). A
0.9-kb fragment from the uncA 5’-end was fused to GFP and
under the control of the alcA-promoter (de-repressed with
glycerol, induced with threonine, repressed with glucose).
After homologous integration of the construct at the uncA
locus, the 0.9-kb fragment becomes duplicated and the full-
length uncA-open reading frame is fused to GFP and is
under the control of the alcA promoter. The uncA-GFP strain
(SNZ2), in which plasmid pAS3 is homologously integrated,
grew like the uncA-deletion strain when grown on glucose
medium and like wild type when grown on glycerol or
threonine medium, showing that the GFP fusion protein was
fully functional (Supplemental Figure 4). Under inducing
conditions, GFP was visible as fast-moving spots and accu-
mulated sometimes at the tips of the hyphae (Figure 4A and
Supplemental Movie 1). They moved into two directions
with speeds of up to 4 um s~ '. The speed was determined as
described in Materials and Methods. The GFP signal at the tip
looked like an accumulation of dynamic vesicles. After
addition of the microtubule-destabilizing drug benomyl,
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vesicle movement in the hyphae and at the tip stopped
(Supplemental Figure 5), suggesting microtubule-depen-
dent movement. This finding was supported by colocaliza-
tion of GFP-labeled microtubules with mRFP1-labeled UncA
(Figure 4B and Supplemental Movie 2). To exclude the pos-
sibility that the observed localization was due to alcA-driven
expression (glycerol as carbon source) of the GFP-UncA
fusion protein, we replaced the alcA promoter with a 1.5-kb
DNA fragment derived from the region upstream of the
uncA start codon. This construct was transformed into
TNO02A3. One strain with a homologous integration event at
the uncA locus was selected for further analysis (SNZ74)
(Supplemental Figure 6). The strain seemed like wild type,
suggesting functionality of the GFP-UncA fusion protein.
Although the GFP signal was weaker than in the previous
strains, small moving spots were clearly visible (Figure 4C).
These results suggested that in the above-described experi-
ments alcA-driven expression with glycerol in the medium
did not cause artifacts and/or mislocalization of the protein.
Interestingly, the GFP-UncA protein preferred essentially
one track in the cell (Supplemental Movie 1). This suggested
a preference of UncA for a certain class of microtubules.

UncA Is Involved in Vesicle Transport

Because we excluded a role of UncA in mitochondrial move-
ment (Supplemental Figure 7) and because Kin-3 of U. may-
dis localizes to early endosomes, we analyzed the association
of UncA with vesicles. To this end, we stained the plasma
membrane in A. nidulans strain (SNZ74, uncA(p)::GFP::uncA)
with FM4-64. After internalization of the membrane, early
endosomes were visible. The movement of the correspond-
ing vesicles resembled the movement of GFP-UncA (Sup-
plemental Movie 3). However, colocalization of the red
FM4-64 and the green GFP signal proved to be difficult
because of the high speed of the structures. This technical
obstacle was overcome by generating a rigor variant of
UncA by changing glycine residue 116 to a glutamate (see
Materials and Methods). This modification of the P-loop al-
lows binding of the motor to the microtubules but not their
dissociation (Meluh and Rose, 1990; Nakata and Hirokawa,
1995). The movement of FM4-64-labeled vesicles was re-
duced and colocalization with GFP-UncA™8°" was observed
in some cases (Figure 5A). Quantification was impossible,
because of the alignment of the vesicles to a continuous
structure (see below). That not all GFP signals colocalized
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Figure 4. Localization of UncA. (A) UncA was labeled
with GFP and nuclei with DsRed. UncA was under the
control of the alcA promoter (SNZ4). (B) Movement of
UncA along microtubules. Time-lapse analysis of
mRFP1-UncA in a strain with GFP tagged microtubules
(SNZ26). One spot (indicated with the arrow) was fo-
cused and followed over time. The time between the
exposures of the pictures is indicated. (C) GFP-UncA
expressed under the natural promoter (SNZ74). A pearl-
string like arrangement of the signal is visible.

with FM4-64 suggests that UncA is not only associated with
early endosomes but also with other vesicles. As a further
proof for the binding of UncA to endosomes, we tagged a S.
cerevisiae Tlg2 homologue, named TIgB in A. nidulans, with
mRFP1 (see Materials and Methods). This protein was used
before for endosome labeling in A. oryzae (Kuratsu et al.,
2007). TlgB (317 amino acids) displays 39.9% homology to

GFP-UncAiaor
FM4-64

mRFP1-TigB, FM4-64

GFP-UncAreer

GFP-UncArieer

mRFP1-TigB

GFP-UncAriaer
mRFP1-TigB

GFP-UncArser
mRFP1-TigB, FM4-64

Figure 5. Colocalization of endosomes with UncA. (A) Endosomes
were visualized with FM4-64 and UncA"s°" with GFP (SNZ14).
UncAris°r was expressed from the alcA promoter in the presence of
glycerol. (B) Colocalization of mRFP1-TlgB and GFP-UncAriser
(SNZ69). (C) Colocalization of mRFP1-TlgB and FM4-64 with GFP-
UncAreer,
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Figure 6. FM4-64 staining in the strains indicated

A uncA, A kinA

Unc-104 in Aspergillus nidulans

A KinA

A nudA A uncA, A nudA

in the pictures and scheme of microtubule organiza-
tion in the hyphal tip of A. nidulans. The strains were
the same as described in the legend for Figure 4.
FM4-64 staining was done as described in Materials
and Methods. The mixed polarity of MTs indicated in
the scheme will be discussed in the first chapter of

__MT

) Septal MTOC

@ sPB

the Discussion section.

the S. cerevisine Tlg2 protein (398 amino acids). Both proteins
share a Syntaxin and target-soluble N-ethylmaleimide-sen-
sitive factor attachment protein receptor domain. To localize
TlgB, we cloned the full-length coding region downstream
of mRFP1 in the vector pDM8 and integrated it ectopically
into the genome of SNZ14 (GFP-UncArie°r)(SNZ69). South-
ern blot analysis showed that the strain contained several
integrations. Fluorescence microscopy revealed partial colo-
calization between UncA-GFP and mRFP1-TlgB (Figure 5B).
Three other strains, also with integrations at different places
in the genome, showed the same localization pattern, indi-
cating that the localization was independent of the integra-
tion site. Strain SNZ69 was treated with FM4-64. Because in
S. cerevisiae Tlg1 and Tlg2 endocytic vesicles were only tran-
siently labeled with FM4-64 (Holthuis et al., 1998), we antic-
ipated that the combination of FM4-64 and mRFP1-TIgB
would stain all GFP-UncArigcr—labeled vesicles (Figure 5C).
Indeed we detected more colocalization, but still some GFP
signals did not localize at the same places as the red signals,
again indicating that UncA is associated not only with en-
dosomes.

To study whether the observed movement of FM4-64—
labeled vesicles was due to UncA or another motor activity,
we studied vesicle behavior (stained with FM4-64) in uncA-,
kinA-, and nudA-deletion strains (Figure 6 and Supplemental
Movies 4-8). It was clearly visible that the movement
changed dramatically when UncA or dynein were absent or
nonfunctional, respectively. Long-distance movement as ob-
served in wild type was largely reduced in 28 out of 37
hyphae. In nine hyphae, one or two vesicles were observed
moving long distances (2-min observation time). In addition
to the reduced motility, an accumulation of vesicles was
observed in the dynein mutant at the hyphal tip, suggesting
that dynein is required for retrograde transportation. In the
double mutant AnudA/AuncA the defect in vesicle move-
ment was the same as in the dynein single mutant. In the
kinA-deletion strain, long-distance vesicle movement oc-
curred, and a vesicle accumulation was visible at the hyphal
tip. The effect was not as strong as in the dynein mutant.
This observation can be explained by the accumulation of
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dynein at the microtubule plus end, and thereby the trans-
portation to the tip zone, depending on conventional ki-
nesin (Zhang et al., 2003). Hence, the observed defect of
vesicle movement in the kinA mutant is probably due to
the lack of dynein at the tip. A double mutant between
AkinA and AuncA displayed a similar phenotype as the
AuncA-deletion strain, with some more accumulated ves-
icles at the tip (Figure 6).

UncA Localizes to a Subpopulation of Microtubules

In the above-described experiments, we found that a rigor
mutation in the UncA motor reduced the movement of the
vesicles, and most surprisingly, the GFP-UncA signal was
aligned along a rod-like structure in the cell (Figure 7, A and
B). This rod was a microtubule, as shown by disassembly
with benomyl (Supplemental Figure 7). To analyze this phe-
nomenon further, we stained the microtubules by secondary
immunofluorescence by using anti-a-tubulin antibodies and
compared them with the observed rod structure stained
with mRFP1-UncA. Indeed, the red rod represented a sub-
population of microtubules (Figure 7C). Because UncA
seemed to be a nice marker for this population of microtu-
bules, we analyzed the occurrence in different developmen-
tal stages. We found the GFP-UncA labeled rod-like struc-
tures already in conidiospores, as well as in young germ
tubes and older hyphal compartments. This suggests that
the occurrence of this microtubule population is indepen-
dent of the growth phase of the hyphae. In addition, we
observed this rod during mitosis. In contrast, mitotic spindle
microtubules were not labeled with mRFP1-UncArieer (Fig-
ure 8A). This suggests that UncA associates with the more
stable cytoplasmic microtubules. This is in agreement with
previous observations that not all microtubules are disas-
sembled during nuclear division and are thus of different
stability (Veith ef al., 2005).

To analyze the observed specificity of the UncA motor
protein, we studied the presence of posttranslational modi-
fications of tubulin in A. nidulans. One modification is the
addition of glutamate residues near the carboxy terminus of
a- and B-tubulin. Using anti-polyglutamylated tubulin anti-
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bodies for immunostain experiments, we were not able to
visualize microtubules (data not shown). It is possible, that
these antibodies do not recognize the A. nidulans modified
tubulin. However, it is also possible that this modification
does not exist in A. nidulans. The same was true for the
analysis of acetylated microtubules (data not shown). An-
other modification is a reversible removal of a terminal
tyrosin residue of a-tubulin. In A. nidulans the C terminus of
a-tubulin ends with the amino acids valin, glutamate, and
tyrosine. We used monoclonal anti-tyrosine tubulin antibod-
ies against the tyrosinated form of a-tubulin. These antibod-
ies stained cytoplasmic and mitotic microtubules (Figure 8).
In interphase cells, all microtubules were stained with the
antibody, including the microtubule characterized by
mRFP1-UncAre°r (Figure 8B). However, when we looked at
mitotic cells, the mRFP1-UncArieer rod was clearly visible
and was not stained with the anti-tyrosin tubulin antibody
(Figure 8A). In comparison, the mitotic spindle was stained.
These findings suggest that UncA binds preferentially to
detyrosinated microtubules. In interphase cells, tyrosinated
and detyrosinated microtubules seem to exist in parallel in
one microtubule bundle. During mitosis the tyrosinated cy-
toplasmic microtubule depolymerizes and the detyrosinated
ones remain.

To test whether the observed behavior of the UncAriser
motor protein is specific for UncA, we compared the results
to the binding of kinesin rigor variants of kinesin-1 (conven-
tional kinesin, KinA) and kinesin-7 (KipA) (Seiler et al., 1997;
Requena et al., 2001; Konzack et al., 2005) (Figure 9). Kine-
sin-8 (KipB) was already studied in a previous article (Ris-
chitor et al., 2004) and did not show a preference for certain
microtubules (Supplemental Figure 6). In KipA and KinA, we
did not find any specificity either. Comparison of KinAriser
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Figure 7. Localization of UncA™s°r along a sin-
gle microtubule. (A) The colony of an uncA"s°"
mutant (SNZ14) shows the same phenotype as an
uncA-deletion strain (SNZ9). (B) GFP-UncAriser
localizes to a rod-like structure in a hyphal com-
partment. (C) Immunostaining of a tip compart-
ment of an mRFP1-UncAr8°" strain (SNZ54) with
anti-a-tubulin antibodies and FITC-labeled sec-
ondary antibodies. Nuclei were stained with
DAPIL Top, FITC fluorescence. Middle, mRFP1
fluorescence. Bottom, overlay with the DAPI
channel.

with UncAre°r Jocalization confirmed the specificity of UncA
(Figure 9C). During our experiments, we made another inter-
esting observation. We noticed that KinAr#°r did not decorate
microtubules, stained with the anti-tyrosin tubulin antibody, at
the very tip of the hypha (Figure 9D).

DISCUSSION

In this article, we show that UncA is required for vesicle
movement in A. nidulans and found that their transportation
preferably occurs along a subpopulation of microtubules.
This is in contrast to the finding in N. crassa, where this
motor protein transports mitochondria (Fuchs and Wester-
mann, 2005), but in agreement with our previous finding
that in A. nidulans mitochondrial movement depends on the
actin cytoskeleton (Suelmann and Fischer, 2000). We showed
here that vesicle movement was dependent on the motor
activity of UncA and occurred into both directions in the
cell. This bidirectional movement and the accumulation of
vesicles in the tip compartment of a dynein and a conven-
tional kinesin mutant, is comparable with the situation in U.
maydis and can be explained if UncA and dynein transport
these vesicles into opposite directions, UncA toward the
plus and dynein toward the minus end of microtubules
(Wedlich-Soldner ef al., 2002). The lack of one motor causes
an imbalance of the forces and an accumulation of the ves-
icles. However, first it was surprising that the vesicles only
accumulated in the dynein mutant and not in the rear of the
hypha in the uncA-deletion strain. To explain this, it has to
be considered that in the tip compartment almost all micro-
tubules are oriented with their plus ends toward the grow-
ing tip. In regions behind the first nucleus, however, the
orientation is mixed and thus a single motor can transport

Molecular Biology of the Cell
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Figure 8. Immunostaining of mRFP1-UncAris°r hy-
phae with anti-tyrosinated tubulin antibodies and
FITC-labeled secondary antibodies. (A) Hyphal com-
partment during mitosis. mRFP1-UncAr&°r localizes
to one MT in the cytoplasm but not to the two
mitotic spindles, which are decorated with the green
fluorescent FITC antibodies. The lower row of three
pictures shows a second example and demonstrates
that the anti-tyrosine antibody does not stain any
microtubule in the cytoplasm (middle). Right, over-
lay of the mRFP1, FITC, and the DAPI channels. (B)
Colocalization of GFP-UncA*&°r and tyrosinated mi-
crotubules (Cy3 stained) in interphase by laser scan-
ning (left) and widefield fluorescence microscopy
(right).

cargoes antero- and retrograde (Konzack et al., 2005). This
mixed orientation of microtubule polarities is due to over-
lapping microtubules emanating from neighbor nuclei and
in addition, from septa (Veith et al., 2005) (Figure 6). The
effect of the deletion of conventional kinesin may be second-
ary, because KinA is required for dynein localization at the
microtubule plus end (Zhang et al., 2003).

One most surprising result of this study was the finding
that UncA moved preferentially along one microtubule. This
was in contrast to other kinesins, which did not prefer any
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special microtubule. These findings suggest the existence of
modified microtubules in A. nidulans and thereby most
likely in other filamentous fungi. Already 30 years ago, a
posttranslational modification at the C terminus of a-tubulin
was detected in vertebrate brains (Arce et al., 1975). This
modification was a RNA-independent incorporation of ty-
rosine. In most eukaryotes, the C terminus of a-tubulin is
characterized by two glutamate residues followed by an
aromatic amino acid such as tyrosine in mammals and phe-
nylalanine in S. cerevisiae. The last amino acid is subjected to
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a cyclic removal and readdition by a carboxypeptidase and
a tubulin-tyrosin ligase. An equilibrium between the two
modifying enzymes determines the status of the microtu-
bule (Westermann and Weber, 2003). There is evidence that
an accumulation of detyrosinated tubulin is associated with
tumor growth (Mialhe et al., 2001). In S. cerevisiae, no cycling
occurs, but detyrosinated microtubules are involved in nu-
clear oscillations (Badin-Larcon et al., 2004). Other modifica-
tions such as polyglutamylation, acetylation, and polyglycy-
lation have not been reported in S. cerevisiae or filamentous
fungi but in other eukaryotes including the most primitive
eukaryote Giardia lamblia (Westermann and Weber, 2003). In
this article, we showed that detyrosinated microtubules exist
in A. nidulans, but we found no evidence for acetylated or
polyglutamylated microtubules. To our knowledge, this is
the first report of the existence of microtubule subpopula-
tions in filamentous fungi.

There is increasing evidence that different modified
microtubules play distinct roles in eukaryotic cells (Wes-
termann and Weber, 2003). There was indirect evidence
that KiflA in mice binds preferentially to polyglutamy-
lated microtubules (Ikegami et al., 2007). Our finding that
UncA associated with detyrosinated microtubules is a
second example for the specificity of kinesin-3 for certain
microtubules and surprisingly, the specificity seems not
to be evolutionarily conserved, given that the mice motor
binds to polyglutamylated and the fungal one to detyrosi-
nated microtubules. Another example for microtubule
specificity was shown recently for conventional kinesin in
neurites, where it binds preferentially to acetylated mi-
crotubules. Purified acetylated microtubules stimulated
the kinesin activity (Reed et al., 2006). Furthermore, Dunn
et al. (2007) found that kinesin-1 Kif5c binds preferentially
to detyrosinated microtubules. In both cases these are
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GFP-UncArger

MRFP1-KinArisor

Figure 9. Comparison of the localization of
three kinesin motor proteins in the rigor state. (A)
GFP-KipAriger, (B) mRFP1-KinA*#°r  overlaid
with the DAPI channel. (C) Colocalization of
GFP-UncArs°r (top) with mRFP1-KinAri#°r (mid-
dle). Bottom, overlay. (D) Colocalization of
mRFP1-KinAr&°" and tyrosinated microtubules
in interphase. Top, FITC channel. Middle, mRFP
channel. Bottom, overlay of the two channels.

stable microtubules. In summary, microtubule modifica-
tions seem to act as traffic signs for certain microtubule-
dependent motor proteins. However, the exact cellular
function for that is largely enigmatic and whether dety-
rosination has any effect on the UncA motor activity re-
mains to be shown.

We found that modified microtubules are more stable
but that the modification is not the cause but instead the
consequence for the increased stability (Gundersen et al.,
1984, 1987; Schulze et al., 1987). Likewise, we observed
previously that some microtubules are not depolymerized
as most microtubules are during mitosis of fast-growing
hyphae (Veith et al., 2005). Indeed, in this study we found
the GFP-UncA-labeled microtubule intact in the cyto-
plasm during nuclear division (Figure 10). This could be
the reason for the evolution of the preference of the kin-3
motor in A. nidulans. If we assume that transportation of
vesicles is important during all stages of the cell cycle; it
would explain why the organism would have an advan-
tage if the motor transporting them would preferentially
bind to the one remaining stable during mitosis. Because
vesicle movement is important for fast polarized growth,
this stable microtubule could be important for the main-
tenance of hyphal extension during mitosis (Riquelme et
al., 2003).

The question of microtubule modifications and their roles
in vivo raises another very interesting question about the
specificity of different motors. Motors thus are not only
specific for their cargoes but also apparently also for their
tracks. Further experiments in A. nidulans and other eu-
karyotes are required to better understand the biological
importance of microtubule modifications and their interac-
tions with molecular motors.

Molecular Biology of the Cell
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Figure 10. Proposed model for the arrangement of tyrosinated and
detyrosinated microtubules during mitosis and during interphase in
A. nidulans. For details, refer to Discussion.
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Sterols Are Mainly in the Cytoplasmic Leaflet of the Plasma Membrane and the Endocytic
Recycling Compartment in CHO Cells
Mousumi Mondal, Bruno Mesmin, Sushmita Mukherjee, and Frederick R. Maxfield

Transbilayer asymmetry is a general feature of most lipids in the plasma membrane and other post—
endoplasmic reticulum organelles. This asymmetry has important consequences for membrane physical
properties and cell signaling. Although cholesterol is a major lipid in these membranes, its transbilayer

distribution is not well understood. Using fluorescent sterols (dehydroergosterol and cholestatrienol) and a

variety of fluorescence quenchers, the authors determined that the majority of sterol is in the cytoplasmic
leaflet of the plasma membrane and endocytic recycling compartment of CHO cells. Quenchers that are
restricted to the exofacial leaflet of the plasma membrane reduce the fluorescence intensity by about
20%—-30%, whereas microinjection of quenchers into the cytosol quenched the fluorescent sterols
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extracellularly into cytosol
_X »
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associated with the plasma membrane and endocytic recycling compartment by about 60%. The presence of high amounts of cholesterol in the
cytoplasmic leaflet might have important implications for intracellular cholesterol transport and for membrane domain formation.
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SpTERT-S

SpTERT-L

in Two Distinct Deuterostome Telomerase Reverse Transcriptase

Trystan B. Wells, Guanglei Zhang, Zenon Harley, and Homayoun Vaziri

Within a species of complex animals, genes for functional proteins are rarely variant. This
constancy is thought to be required for the function of essential proteins. One such crucial protein
is telomerase reverse transcriptase catalytic subunit (TERT). To study the function of TERT during
early development, the authors cloned SpTERT from purple sea urchin embryos. Unexpectedly,
they discovered two distinct telomerase genes named SpTERT-S and SpTERT-L. By cloning
SpTERT from several individuals, they further discovered regions, especially exon 11 of SpTERT-S,
with intraspecific germline hypervariability. Although the variant enzymes remained catalytically
active, there were significant amino acid variations in multiple regions, including those involved

in binding of TERT to its RNA component. The authors also uncovered a noncanonical essential function for telomerase that is required for
embryo polarity at the mesenchymal blastula stage. These results suggest the presence of an active diversity-generation mechanism that

has neofunctionalized telomerase throughout evolution.

The Aspergillus nidulans Kinesin-3 UNCa Motor Moves Vesicles along a Subpopulation of Microtubules

Nadine Zekert and Reinhard Fischer

The microtubule cytoskeleton is not as rigid and uniform as the name implies, but is characterized by its dynamic
instability. In addition, microtubules can be made up of different tubulin isoforms and—to make a eukaryotic

cell even more complex—of different posttranslationally modified tubulins. Microtubule modifications, such as
acetylation or polyglutamylation, are evolutionarily old “inventions” and occur in primitive eukaryotes such as
Giardia lamblia, whereas detyrosination appeared later during evolution. Although many modifications were
discovered more than 20 years ago, their cellular functions are not well understood. Here, the authors show
that in the filamentous fungus Aspergillus nidulans at least two different microtubule populations exist. This
discovery came from studies of an unc-104—related motor protein that preferentially moves along detyrosinated
microtubules and transports vesicles. These microtubules are more stable than the tyrosinated ones and even

remain intact during mitosis when other cytoplasmic microtubules are degraded.

o Competitive Nuclear Export of Cyclin D1 and Hic-5 Regulates Anchorage Dependence of Cell
’ L Growth and Survival
* p-‘l Kazunori Mori, Etsuko Hirao, Yosuke Toya, Yukiko Oshima, Fumihiro Ishikawa, Kiyoshi Nose, and
N n @g Motoko Shibanuma
'ﬁa o :|7=p°m” Anchorage dependence of cell growth is a critical trait that distinguishes nontransformed from
% E o transformed cells. The authors report a novel mechanism whereby anchorage-independent cell
growth and survival is prevented. Cyclin D1 is a proto-oncogene that exhibits cell cycle— dependent

nuclear localization. Its nuclear export is dependent on CRM1. The authors report that the nuclear localization of cyclin D1 is adhesion-
dependent and regulated by the focal adhesion protein Hic-5 and its binding partner PINCH, which also cycle in and out of the nucleus.
Hic-5 binds to CRM1 with high affinity and is a competitive inhibitor of CRM1-dependent cyclin D1 export in adherent cells. PINCH interacts
with both cyclin D1 and Hic-5 and enhances the Hic-5—dependent inhibition of cyclin D1 export. Under nonadherent conditions, the cellular
level of reactive oxygen species increases and inhibits the nuclear export of Hic-5, resulting in the nuclear export of cyclin D1. Consequently
cells undergo growth arrest and apoptosis. Ras overexpression led to the anchorage-independent nuclear localization of cyclin D, revealing an

interesting interdependence of the oncogenic potential of two oncogenes. |
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Interaction of the Aspergillus nidulans Microtubule-Organizing Center
(MTOC) Component ApsB with Gamma-Tubulin and Evidence

for a Role of a Subclass of Peroxisomes in the
Formation of Septal MTOCs"

Nadine Zekert,£ Daniel Veith,T+ and Reinhard Fischer*

Karlsruhe Institute of Technology, Institute for Applied Biosciences, Department of
Microbiology, Hertzstrasse 16, D-76187 Karlsruhe, Germany
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Peroxisomes are a diverse class of organelles involved in different physiological processes in eukaryotic cells.
Although proteins imported into peroxisomes carry a peroxisomal targeting sequence at the C terminus (PTS1)
or an alternative one close to the N terminus (PTS2), the protein content of peroxisomes varies drastically.
Here we suggest a new class of peroxisomes involved in microtubule (MT) formation. Eukaryotic cells assemble
MTs from distinct points in the cell. In the fungus Aspergillus nidulans, septum-associated microtubule-
organizing centers (sSMTOCs) are very active in addition to the spindle pole bodies (SPBs). Previously, we
identified a novel MTOC-associated protein, ApsB (Schizosaccharomyces pombe mtol), whose absence affected
MT formation from sMTOCs more than from SPBs, suggesting that the two protein complexes are organized
differently. We show here that sMTOCs share at least two further components, gamma-tubulin and GepC (S.
pombe Alp6) with SPBs and found that ApsB interacts with gamma-tubulin. In addition, we discovered that
ApsB interacts with the Woronin body protein HexA and is targeted to a subclass of peroxisomes via a PTS2
peroxisomal targeting sequence. The PTS2 motif was necessary for function but could be replaced with a PTS1
motif at the C terminus of ApsB. These results suggest a novel function for a subclass of peroxisomes in

cytoskeletal organization.

Peroxisomes are ubiquitous organelles of eukaryotes which
are surrounded by a single membrane (9, 30). They serve a
variety of functions, depending on the species, the cell type,
and the environmental or developmental conditions. In mam-
mals, peroxisomes are involved in a number of catabolic and
anabolic pathways, most importantly, peroxide metabolism,
the B-oxidation of long-chain fatty acids, and the biosynthesis
of ether phospholipids (17, 37). The vital importance of the
organelle in humans is shown by the existence of a number of
severe and often lethal disorders that occur when the biogen-
esis of the organelle is impaired (36). In plants, peroxisomes
are involved in photorespiration and typically contain the
glyoxylate cycle, as in protozoa and yeast (8).

Given the complexity of peroxisomal functions, it is obvious
that a large number of proteins need to be targeted to these
organelles. Peroxisomal membrane and matrix proteins are
synthesized on free ribosomes in the cytosol and are imported
posttranslationally into preexisting organelles (9). The appara-
tus of protein import is clearly distinct from the import ma-
chinery of other organelles because it translocates folded and
even oligomeric proteins and there is evidence that they are
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descending from the endoplasmic reticulum (6). A large num-
ber of peroxisomal proteins employ a tripeptide sequence at
the C terminus, PTS1 (S/A/C-K/R/H-L/M) (7). A second class
of proteins uses a sequence close to the N terminus which is
less conserved, consists of R/K-L/I/V-Xs-H/Q-L/A, and is
called PTS2 (33). In both cases, complex protein machineries
are employed and some of the components appear to be used
in PTS1- and PTS2-dependent protein translocation (9).

A very distinct class of peroxisomes is represented by the
fungal Woronin body. This structure is named after a Russian
mycologist who reported the characteristics of a distinct type of
organelle in the fungus Ascobolus pulcherrimus (1, 39). Woro-
nin bodies have been described in more than 50 species of
ascomycota and deuteromycota but are missing in single-cell
yeasts such as Saccharomyces cerevisiae and Schizosaccharomy-
ces pombe. Thus, their function appears to be important for the
filamentous life style. In Neurospora crassa, they appear as
hexagonal bodies in the cell and upon cell damage plug the
septal pores after a few seconds (15). This sealing mechanism
is very important in syncytial organisms to prevent loss of the
entire cytoplasm and hence death of the entire mycelium after
one hypha is damaged (20). Their exact composition, however,
remained obscure for many decades until G. Jedd and N.-H.
Chua purified the organelle from N. crassa and identified the
main constituent as a single protein named Hex1 (15, 42),
because it forms hexagonal crystals. The existence of a PTS1
peroxisomal targeting sequence at the C terminus of the pro-
tein indicated that the Woronin bodies represent specialized
peroxisomes. Hex1 displays some sequence similarity to eIF5,
and it is thought that Hex1 derived from eIF5 during evolution
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by gene duplication and subsequent modification of its func-
tion (42). Another example of a peroxisome-associated func-
tion may be the Pro40 protein in Sordaria macrospora (5). This
protein is implicated in the regulation of sexual development.

In addition to the Woronin body close to the septal pore
(22), we had evidence in Aspergillus nidulans that microtubule
(MT) polymerization is initiated at septa. Using an MT plus-
end-associated protein, the kinesin motor KipA (kinesin-7), we
showed that the cytoplasmic area close to septa acts as an
active MT-organizing center (MTOC) (16). Furthermore, we
identified a novel MTOC-associated protein, ApsB, and local-
ized it to the spindle pole bodies (SPBs) and to septa (35). The
presence of septal MTOC:S is similar to that in S. pombe, but
there is no evidence for such organelles in the S. cerevisiae-
related filamentous fungus Ashbya gossypii (18, 19). Given that
MTOC:s are generally composed of a large protein complex
with gamma-tubulin as one characteristic member, we antici-
pate that MT polymerization at septa also requires a protein
complex (40). Here we show for the first time the presence of
gamma-tubulin at septal MTOCs (sMTOCs) and that it phys-
ically interacts with ApsB. Surprisingly, ApsB is associated with
a subclass of peroxisomes in the cytoplasm, and we propose
that they are involved in septal MTOC formation.

MATERIALS AND METHODS

Strains, plasmids, and culture conditions. The preparation of the supple-
mented minimal and complete media used for A. nidulans and the standard
strain construction procedures used are described in reference 11. To isolate
total DNA and RNA, corresponding strains were grown in liquid culture for 16 h.
Mycelium was harvested and immediately processed for total DNA (see below).
A list of the A. nidulans strains used in this study is given in Table 1. Standard
laboratory Escherichia coli strains (XL-1 blue and Top10) were used. The plas-
mids used are listed in Table 2.

Light and fluorescence microscopy. For live-cell imaging, cells were grown in
glass-bottom dishes (FD35-100; World Precision Instruments, Berlin, Germany)
in 2 ml of minimal medium (MM) containing either 2% glycerol or 2% glucose
as a carbon source. Medium was supplemented with pyridoxine, p-aminobenzoic
acid, biotin, arginine, uracil, or uridine, depending on the auxotrophy of the
strains. Cells were incubated at room temperature for 1 to 2 days, and images
were captured using an Axiophot microscope (Zeiss, Jena, Germany), a Plan-
apochromatic 63X or 100X oil immersion objective lens, and an HBO50 Hg
lamp. Alternatively, a Zeiss Axiolmager Z1 with AxioVision software (V4.5) was
used. Fluorescence was observed using standard Zeiss filter combinations no. 09
(fluorescein isothiocyanate, green fluorescent protein [GFP]) and no. 15 (mono-
meric red fluorescent protein 1 [mRFP1], DsRed). Laser images were obtained
using the Zeiss Cell Observer SD, which combines the high-end Cell Observer
microscopy platform and the CSU-X1 spinning-disc technology from Yokogawa
for high-speed confocal microscopy. Images were collected and analyzed with a
Hamamatsu Orca ER II camera system and the Wasabi software (version 1.2) or
a Zeiss Axiocam and AxioVision software. Image and video processing was done
with the Wasabi software from Hamamatsu, Adobe Photoshop, ImageJ (NIH,
Bethesda, MD), and virtual dub (http://www.virtualdub.org).

Molecular techniques. Standard DNA transformation procedures were used
for A. nidulans (41) and E. coli (27). For PCR experiments, standard protocols
were applied using a Biometra Personal Cycler (Biometra, Gottingen, Germany)
for the reaction cycles. DNA sequencing was done commercially (MWG Biotech,
Ebersberg, Germany). Total DNA was extracted from A. nidulans in the follow-
ing way. Spores were inoculated into liquid MM plus supplements and grown for
12 to 18 h at 30°C without shaking. Hyphal mats were harvested, dried with tissue
paper, and ground in liquid nitrogen. The resulting powder was mixed with
extraction buffer (50 mM EDTA, 0.2% sodium dodecyl sulfate [SDS]) and
incubated for 30 min to 2 h at 68°C in a water bath. SDS and proteins were
removed from the suspension by addition of potassium-acetate solution (8 M, pH
4.2) and centrifugation. Total DNA was precipitated from the supernatant with
isopropanol, and the pellet was washed twice with 70% ethanol, air dried,
resuspended in TE buffer with RNase A, and stored at 4°C. Southern hybrid-
izations were performed according to the DIG Application Manual for Filter
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Hybridization (Roche Applied Science, Technical Resources, Roche Diagnostics
GmbH, Mannheim, Germany).

Bimolecular fluorescence complementation assay (BiFC). The enhanced yel-
low fluorescent protein (e YFP)-tagged N-terminal half (YFPN) was ampli-
fied using primers 5'-CGGTACCATGGTGAGCAAGGGCGAGGAGCT
G-3' (fwd_Kpn_YFP-N) and 5'-CGGCGCGCCCGTGGCGATGGAGCGC
ATGATATAGACGTTGTGGCTGTTGTAG-3'. For the C-terminally eYFP-
tagged (YFPC) half, primers 5-CGGTACCATGGCCGACAAGCAGAAGAACG
GCATCAAGG-3' (fwd_Kpn_YFP-C) and 5'-CGGCGCGCCGTGGTTCATGAC
CTTCTGTTTCAGGTCGTTCGGGATCTTGCAGGCCGGGCGCTTGTACAG
CTCGTCCATGCCGAGAGTGATCCC-3" (rev_YFP-C_Li_Asc) were used.
These primers introduced Kpnl and Ascl restriction sites (in italics) in addition
to the protein linker sequences RSIAT (YFPY) and RPACKIPNDLKQK
VMNH (YFPC) (underlined). e YFP was split at bp 460 to 462 by using the ATG
codon as the start of the YFPC half. PCR fragments were subcloned into
pCR2.1-Topo (Invitrogen, Karlsruhe, Germany), subsequently released with
KpnlI and Ascl, and used to replace GFP2-5 of pMCB17apx-apsB (35), giving
pDV7 (YFPN) and pDV8 (YFPC). Full-length apsB3-2 (3.2 kb) was taken from
pDV2la and cloned into pDV7, giving pDV22b [alcA(p)::YFPY::apsB>-], and
full-length ~ytubulin’® was amplified using primers 5'-CGGCGCGCCCGGG
ATGCCTAGGTATACCCTC-3" (Gamma_tub_Asc_fwd) and 5'-CTTAATTAA
TTATACTCCAACTTCATCCTTTCC-3' (Gamma_tub_Pac_rev) (the Ascl and
Pacl restriction sites are in italics, and the start and stop codons are underlined)
and cloned into pDVS, giving pDV50 [alcA(p)::YFP<::ytubulin’®). For BiFC
analysis, pDV22 and pDV50 were combined and transformed into GRS, giving
SNZ11. The cloned gene length is indicated as exponents; e.g., the length of
the cloned gene apsB-? is 3.2 kb. Similarly, ex4 was amplified using primers
5'-CGGCGCGCCCGGGATGGGTTACTACGACGACG-3" (hexA_Asc_fwd)
and 5'-CTTAATTAATTATAGACGGGAAGAGTGGATGATC-3'  (hexA_
Pac_revl; 680 bp to stop codon) or 5'-GTTAATTAACCTCAATCAAGTGCAA
GGTTTCG-3' [hexA_Pac_rev2; 1 kb, including the poly(A) site] and cloned into
pDVS, giving pDV17 [alcA(p)::YFPC::hexA%’], and into pDV7, giving pDV19a
[alcA(p)::YFPN::hexA']. For BiFC analysis, pDV17 and pDV22b were com-
bined and transformed into GRS, giving SDV42, or pDV19a and pDV23a were
combined, giving SDV43.

Protein extracts, immunoprecipitation, and Western blotting. To prepare
protein extracts, A. nidulans strains SNZ-SI 42 [alcA(p):3XHA::apsB>-2),
SNZ16 [alcA(p)::GFP::ytubulin’-%], and SNZ37 [alcA(p)::apsB’-?::3XHA
alcA(p)::GFP::ytubulin’] were incubated in liquid MM for 24 h at 37°C. The
medium was supplemented with 0.2% glucose and 2% threonine to induce the
alcA promoter. The mycelium was harvested by filtration through Miracloth
(Calbiochem, Heidelberg, Germany), dried between paper towels, and immedi-
ately ground in liquid nitrogen. Afterwards, the mycelial powder was resus-
pended in protein extraction buffer (20 mM Tris-HCI, pH 8, 150 mM NaCl,
0.01% Triton X-100) containing protease inhibitor (2 mM phenylmethylsulfonyl
fluoride [PMSF]) and vortexed for 5 min at 4°C. Cell debris was pelleted by two
centrifugations (Eppendorf centrifuge 5403; Eppendorf, Hamburg, Germany) at
13,000 rpm at 4°C for 10 min. A volume of 1 ml protein extract was adjusted to
300 mM NaCl and incubated with monoclonal antibody HA.11 (dilution, 1:200;
clone 16B12; Hiss Diagnostics, Freiburg, Germany). After 1 h of incubation at
4°C, 50 pl protein-G-agarose (Roche, Mannheim, Germany) was added and the
mixture was incubated for an additional 3 h. Agarose beads were pelleted by
centrifugation in an Eppendorf centrifuge at 15,000 rpm at 4°C for 30 s and
washed three times with 1 ml extraction buffer containing protease inhibitor (2
mM PMSF) with different NaCl molarities (150 mM NaCl, 500 mM NaCl, and
no NaCl). After the denaturation of the samples, protein extracts and coimmu-
noprecipitated pellets were loaded onto an 8% SDS-polyacrylamide gel. For
Western blotting, a polyclonal antibody raised against GFP (product G1544;
dilution, 1:4,000; Sigma-Aldrich, Munich, Germany) with anti-rabbit IgG perox-
idase conjugate secondary antibody (product A0545; dilution, 1:4,000; Sigma-
Aldrich, Munich, Germany) in the case of gamma-tubulin and the anti-HA
antibody (clone 16B12; dilution, 1:1,000) with anti-mouse IgG peroxidase con-
jugate secondary antibody (product A2304; dilution, 1:10,000; Sigma-Aldrich,
Munich, Germany) in the case of ApsB were used. Nitrocellulose membranes
used for blotting were from Schleicher & Schuell (Dassel, Germany).

Yeast two-hybrid screen. A full-length cDNA fragment of apsB was amplified
with primers 5'-GGATCCGAATGACTCTAAAAGAGC-3" and 5'-GTCGAC
TCAAACTTCGATATCAAC-3' and cloned into the BamHI-Sall restriction
sites of pGBT9 (Clontech), giving pRS89, and into pGAD424 (Clontech), giving
pRS88. A cDNA fragment from a cDNA library containing the full-length hexA4
gene was cloned into of the yeast GAL4-Matchmaker system (Clontech), giving
pRS91. Transformation of yeast strains, selection for diploids, a histidine growth
assay, and a -galactosidase (-Gal) assay were done as described in reference 2.
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TABLE 1. A. nidulans, E. coli, and S. cerevisiae strains used in this study

Strain Genotype Source
AJC1.5 biAl apsB6 J. Clutterbuck (1969)
AJC1.7 biAl apsBI0 J. Clutterbuck (1969)
FGSC89 biAl argB2 FGSC
GJA28 biAl AhexA::argB (FGSC89 transformed with AhexA::argB deletion cassette) G. Jedd, Singapore
GRS pyrG89 wA3 pyroA4 38
MH11269 biAl niiA4 pyroA4 pexC::bar 12
SDV38 alcA(p)::GFP::hexA%° wA3 pyroA4 (GRS transformed with pDV15) This work
SDV42 alcA(p)::YFPN::apsB>? alcA(p)::YFPC::hexA®*’ wA3 pyroA4 (GRS transformed with pDV17 This work
and pDV22b)

SDV43 alcA(p)::YFPN::hexA™? alcA(p)::YFP::apsB>? wA3 pyroA4 (GRS transformed with pDV19a This work
and pDV23a)

SDV49-4 alcA(p)::mRFP1::apsB™ alcA(p)::GFP::hexA%° pyroA4 AnkuA::argB (TN02A3 transformed This work
with pDV15 and pDM8a)

SDV70b yAI pyroA4 riboB2 areA102 gpd(p)::GFP::acuE alcA(p)::mRFPI::apsB (TALX207-10 This work
transformed with pDV42a)

SDV73 alcA(p)::GFP::apsB"> alcA(p)::mRFP1::hexA%° pyroA4 AnkuA::argB [TN02A3 transformed This work
with pDV39 and pMCB17apx(-apsB)]

SDV77 alcA(p)::GFP::apsB-PTS2.1 pyroA4 AnkuA::argB (TNO2A3 transformed with pDV43) This work

SDV78¢ alcA(p)::mRFP1::hexA% gpd(p)::GFP::acuk yAl riboB2 areA102 (TALX207-10 transformed This work
with pDV39 and pTN1)

SDV79 AhexA alcA(p)::GFP::apsB_PTS2™* (GJA28 crossed with SDV77a) This work

SDV80 apsB6 alcA(p)::GFP::apsB_PTS2"™" (AJCL.5 crossed with SDV77) This work

SDV88 apsB6 alcA(p)::GFP::apsB™ (AJC1.5 crossed with SEa3) This work

SDV95 AhexA AapsB alcA(p)::GFP::apsB_PTS2™ (SDV82 crossed with SRS25) This work

SDV98 apsB10 alcA(p)::GFP::tubA (AJC1.7 crossed with STW02) This work

SDV103 apsBI10 alcA(p)::GFP::tubA alcA(p)::GFP::apsB_PTS2"™" (SDV98 transformed with pDV43a) This work

SEa3 alcA(p)::GFP::apsB wA3 pyroA4 35

SIW02 alcA(p)::GFP::tubA AargB:trpCAB wA3 pyroA4 35

SNZ11 alcA(p)::YFPN::apsB>? alcA(p)::YFPC::ytubulin™® wA3 pyroA4 (GRS transformed with This work
pDV22 and pDV50)

SNZ16 alcA(p)::GFP:~ytubulin®® pyroA4 (TN02A3 transformed with pNZ17) This work

SNZ22 alcA(p)::GFP::ytubulin®® gpd(p)::DsRed::stuA(NLS) (SNZ16 transformed with pJH19 This work
and pTN1)

SNZ34 apsBI10 alcA(p)::GFP::apsB_PTS2™"_SRL (AJC1.7 transformed with pNZ16) This work

SNZ37 alcA(p)::GFP::ytubulin apsB::3XHA (SNZ16 transformed with pNZS23 and pTN1) This work

SNZ59 apsB(p)::GFP::apsB pyroA4 (TN02A3 transformed with pNZ-SI137) This work

SNZ61 vytubulin(p)::GFP::ytubulin pyroA4 (TN02A3 transformed with pNZ-SI36) This work

SNZ94 pabaAl biAl alcA(p)::GFP::apsB_PTS2™_SRL gpd(p)::GFP:stuA(NLS) AapsB::argB trpC801 This work
(SRS24 transformed with pNZ16)

SNZ-SHS80 alpB(p)::alpB::GFP pyroA4 AnkuA:.argB (SO451 transformed with alpB::GFP::pyrG::RB-alpB This work
fusion PCR)

SNZ-ST 42 alcA(p)::3XHA::apsB pyroA4 (TN02A3 transformed with pSI-N4) This work

S0451 pyrG89 wA3 pyroA4 AnkuA::argB FGSC

SRS24 gpd(p)::GFP::stuA(NLS) pabaAl AapsB::argB trpC801 31

TALX207-10 yAI pyroA4 areA102 transformed with gpd(p)::GFP::acuE and riboB+ plasmid M. Hynes and A.

Andrianopoulos,
Melbourne, Australia

TNO2A3 pyrG89 pyroA4 AnkuA::argB S. Osmani

PJ69-4A MATa trp1-901 leu2-3 ura3-52 his3-200 gal4A galSOA GAL2-ADE-LYS::GALI1-HIS3 2
met2::GAL7-lacZ

AH109 MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galSOA 13
LYS2::GALIUAS-GALITATA-HIS3 GAL2UAS-GAL2TATA-ADE?2
URA3:MELIUAS-MELITATA-lacZ GAL2-ADE-LYS::GALI1-HIS3 met2::GAL7-lacZ

Y187 MATo ura3-52 his3-200 ade2-101 trp1-901 leu2-3,112 gal4A met-gal80A P. Uetz, Karlsruhe,

URA3::GALIUAS-GALITATA-lacZ

Germany

“ FGSC, Fungal Genetics Stock Center.

The yeast strains used for transformation were AH109, Y187, and PJ69-4A
(Clontech).

Site-directed mutagenesis. The peroxisomal target sequence of apsB was mu-
tated using pDV2la as the template and the QuikChange XL site-directed
mutagenesis kit from Stratagene. The last two amino acids were mutated using
primer 5'-GCGATTTGGAGAAGCTACGTAAGACCAGCAGTCAGATAA
GGAG-3' and the corresponding antiparallel primer, giving pDV43. Successful
mutagenesis was confirmed by commercial sequencing (MWG Biotech, Ebers-
berg, Germany).

GFP or mRFP1 tagging of proteins. pMCB17apx was used as the basic vector
for the tagging of apsB or hexA with GFP, and pDMS was used for tagging with
mRFP1 (see reference 35). Full-length hex4 was amplified from genomic DNA
using primers 5'-CGGCGCGCCCGGGATGGGTTACTACGACGACG-3" and
5'-CTTAATTAATTATAGACGGGAAGAGTGGATGATC-3'".

To obtain in vivo protein expression levels, we expressed the proteins under
the control of the corresponding natural promoters. The apsB promoter (1.33
kb) was amplified from genomic DNA using primers 5'-GCCTAGGCAAGC
CGCAACTCCC-3’ (apsB_nat(p)_Avrll_fwd) and 5'-CGGTACCGGATCTG
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TABLE 2. Plasmids used in this study
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Plasmid Construction Source
pCR2.1-TOPO Cloning vector Invitrogen
pDM8a GFP replaced with mRFP1 in pMCB17apx-apsB 35
pDV7 alcA(p)::YFPN::apsB™ pyr4 GFP of pMCB17apx-apsB replaced with YFPY This work
pDV8 alcA(p)::YFP ::apsB"> pyr4 GFP of pMCB17apx-apsB replaced with YFP® This work
pDV15 alcA(p)::GFP::hexA%” pyr4 pMCB17apx with full-length hexA This work
pDV17 alcA(p)::YFP ::hexA® pyr4 apsB of pDVS replaced with hexA%° This work
pDV19 alcA(p)::YFPN::hexA™ pyr4 apsB of pDV7 replaced with full-length hexA’? This work
pDV2la pMCB17-apx containing full-length apsB of 3.2 kb between Ascl and Pacl restriction sites; This work; 35
alcA(p)::GFP::apsB>? pyrd

pDV22b alcA(p)::YFPN::apsB>2 pyr4 apsB of pDV7 replaced with full-length apsB>? This work

pDV23 alcA(p)::YFP ::apsB>? pyr4 apsB of pDVS replaced with full-length apsB*? This work

pDV39 alcA(p)::mRFP1::hexA° pyrd apsB of pDM8a changed with hexA% 35

pDV42a alcA(p)::mRFP::apsB>? pyr4 pDM8a with full-length apsB*? 35

pDV43 PTS2 of apsB in pDV21a is mutated alcA(p)::GFP::apsB_PTS2™" pyr4 This work

pDV50 alcA(p):YFP ::ytubulin®® pyr4 apsB of pDVS replaced with full-length ytubulin®$ This work

pENTRMT/D-Topo Cloning vector Invitrogen

pJH19 gpd(p)::stuA(NLS)::DsRed argB 34

pMCB17apx(-apsB) pMCB17 version for fusion of GFP to N termini of proteins of interest (with 1.5 kb of apsB) 35; V. P. Efimov

pMT-3 X HA Gateway destination vector 34

pNZ16 PTSI (SRL) added before stop codon of apsB_PTS2"* in pDV43; This work
alcA(p)::GFP::apsB_PTS2™"_SRL pyr4

pNZ17 pMCB17-apx containing full-length yubulin of 1.8 kb between Ascl and Pacl restriction sites; This work
alcA(p)::GFP::~ytubulin®™® pyrd

pNZ21 apsB>? without stop codon in pENTRMT/D-Topo

pNZS23 apsB>? from pNZ21 cloned into pMT-3 X HA alcA(p)::apsB>?::3 X HA argB This work

pNZ-SI36 alcA(p) of pNZ17 replaced with 1.16-kb ytubulin(p) EcoRI and Bsiwl restriction sites; This work
ytubulin(p)::GFP::ytubulin®™® pyrd

pNZ-SI37 alcA(p) of pDV21 Replaced with 1.33-kb apsB(p) Avrll and Kpnl restriction sites; This work
apsB(p)::GFP::apsB>? pyr4

pRS88 apsB in BamHI-Sall sites of pGAD424 This work

pRS89 apsB in BamHI-Sall sites of pGBT9 This work

pRS91 cDNA clone of hexA in pGAD424 This work

pSI-N4 pSM14 containing full-length apsB of 3.2 kb between Ascl and Pacl restriction sites; This work
alcA(p)::3XHA::apsB*? pyr4

pSM14 GFP of pMCB17apx replaced with 3XHA between Kpnl and Ascl restriction sites 25

pTN1 pyroA from A. fumigatus 23

CCACTGCG-3" (apsB_nat(p)_KpnI_rev) (the AvrII and Kpnl restriction
sites are in italics), cloned instead of alcA(p) into pDV21, giving pNZ-SI37
lapsB(p)::GFP::apsB], and transformed into TN02A3, giving SNZ59. The
gamma-tubulin promoter (1.16 kb) was amplified from genomic DNA using
primers 5'-GGAATTCCATACCCAGCATAAATTCGG-3' (Gamma_tub_nat(p)_
EcoRI_fwd) and 5'-CCGTACGCTTTCTTGCTTGCCTTAAG-3" (Gamma_tub_
nat(p)_Bsiwl_rev) (EcoRI and BsiwI restriction sites are in italics), cloned instead of
alcA(p) into pNZ17, giving pNZ-SI36 (ytubulin(p)::GFP::ytubulin’-®), and trans-
formed into TN02A3, giving SNZ61. AlpB AN4867 (S. pombe Alp6) was ampli-
fied via fusion PCR using primers 5'-GGGAGGACAAATACAAACTCG-3’
(Alp6_mitte_fwd) and 5'-ctccagegectgeaccagetcc TTGCTCAGTCGAATCCTTC
TTTTC-3" (Alp6_linker_rev) to amplify the C-terminal fragment of AlpB with-
out the stop codon and primers 5'-atcagtgectectctcagacagTAGCATACATGCA
GTACATTTCTCG-3' (Alp6_RB_link_fwd) (linkers in lower case letters) and
5'-ACCGTCATGGCAGAAACGAAG-3" (Alp6_RB_rev) to amplify the
right border of AlpB. The two PCR products were fused to a GFP-pyrG PCR
cassette (kindly provided by S. Osmani, Ohio State University) to generate a
5.5 fusion PCR product using primers 5'-CCAGTCTCGAGACCTCAATT
G-3" (Alp6_Nprimer_fwd) and 5-TTATCACCTGCTGGTTCTGAG-3" (Alp6_
Nprimer_rev). The fusion PCR product was transformed into A. nidulans strain
SO451, giving SNZ-SHS0 [alpB(p)::alpB::GFP).

Generation of the apsB>?_PTS2™_SRL (PTS1) construct. A PTS1 targeting
sequence (SRL) was added to the C terminus of ApsB by amplifying the
full-length mutated gene apsB*->_PTS2"*" in pDV43 using primers 5'-TTTG
GGCGCGCCCGGCATGACTCTAAAAGAGCAAAGTAGTACG-3"  (apsB_
Asc_fwd) and 5'-CCTTAATTAATCAtagacgggaAACTTCGATATC-3" (SRL_
PTS1_PacI_rev) (PTS1 is in lowercase letters). The PCR product was cloned
between the Ascl and Pacl restriction sites in the vector pMCB17apx and con-
firmed via sequencing, giving plasmid pNZ16, which was transformed into
apsB10 mutant strain AJC1.7, generating strain SNZ34 [apsB10, alcA(p)::GFP::

apsB_PTS2""_SRL). Ectopic integration of the construct and the presence of
the mutated endogenous apsB locus were confirmed by PCR, Southern blotting,
and sequencing of the PCR products. Likewise, transformation of the apsB
construct was done with pNZ16 into apsB deletion strain SRS24, generating
SNZ94 with the same rescue phenotype as in the case of AJC1.7.

Immunostaining. Spores (10%/ml) were inoculated with 0.5 ml MM on sterile
coverslips for 12 to 24 h at room temperature (RT). Cells were fixed for 30 min
with formaldehyde and digested for 1 h using digestion solution (Glucanex,
B-p-glucanase, lyticase, and Driselase in Na-phosphate buffer with 50% egg
white), washed with PBS, incubated in —20°C methanol for 10 min, and blocked
with Tris-buffered saline-Tween 20 (TBST) plus 5% skim milk before incubation
with the first monoclonal antibody (anti-gamma-tubulin T6657 at 1:500; Sigma-
Aldrich) in TBST overnight at 4°C. Next, cells were washed and incubated with
the Alexa Fluor>*-labeled goat anti-mouse secondary antibody (A11003 at 1:200
in TBST; Molecular Probes) for 1 h at RT. Cells were washed and mounted on
microscope slides (with VECTASHIELD mounting medium with DAPI [4’,6-
diamidino-2-phenylindole]), sealed with nail polish, and stored at 4°C overnight
in the dark before microscopy.

RESULTS

Identification of gamma-tubulin and GepC*'®® at septal
MTOC:s and interaction of ApsB with gamma-tubulin. A. nidu-
lans ApsB has been localized at SPBs and at septa, suggesting
the presence of MTOC:s at septa (Fig. 1) (35). MTOCs are
large protein complexes which consist of several proteins, gam-
ma-tubulin, and associated gamma-tubulin complex proteins,
which are mostly conserved from yeast to humans (26). Un-
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FIG. 1. Gamma-tubulin and AlpB localize to septal MTOCs.
(A) GFP-ApsB, GFP-gamma-tubulin, and AlpBA'**-GFP localize to
the SPBs. Nuclei are stained with DsRed-StuA(NLS) (SNZ22) or
DAPI. (B) Localization of the same GFP-tagged proteins to the septal
pore (two spots in the center). Fluorescence (left), differential inter-
ference contrast (DIC, middle), and merged (right) microscopic im-
ages are shown. The strains used were SNZ59 (GFP-ApsB), SNZ61
(GFP-gamma-tubulin), and SNZ-SHS80 (AlpB'P*-GFP). All proteins
were expressed from their natural promoters.

fortunately, the most important protein of MTOCs, gamma-
tubulin, has not been identified at septa of A. nidulans before.
In our own experiments, we were able to detect a very weak
signal at septa when gamma-tubulin was expressed from its
own promoter and fused to GFP. In S. pombe, it has also
been reported that gamma-tubulin was present at nonnuclear
MTOCG: in very small amounts and thus was also not easy to
detect (29). To further elucidate the composition of septal
MTOCs, we searched the A. nidulans genome for a homologue
of S. pombe Alp6 (S. cerevisiae Spc98, human Gep3) and iden-
tified the open reading frame AN4867 (968 amino acids in
length) with 35% identity to Alp6. In order to localize the
corresponding protein, we constructed a C-terminal GFP fu-
sion protein expressed from the native promoter and trans-
formed it into A. nidulans (SO451). The protein localized to
MTOC: at nuclei and at septa, indicating that the two MTOCs
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also share this protein (Fig. 1). During the course of our ex-
periments, this gene was analyzed in the laboratory of B. Oak-
ley and was named gcpC (40).

In order to demonstrate that ApsB and gamma-tubulin co-
localize at MTOCsS, we visualized gamma-tubulin in a GFP-
ApsB-expressing strain (Fig. 2A). Next, we showed that ApsB
not only colocalizes but also interacts with gamma-tubulin. To
this end, we applied the BiFC assay system and fused full-
length ApsB with the N-terminal part of YFP and full-length
gamma-tubulin with the C-terminal part of YFP. Correspond-
ing A. nidulans strains showed a YFP signal at nuclei and at
septa (Fig. 2B). Interestingly, we also found a fluorescence
signal at the tips of all actively growing hyphae (Fig. 2C).
Previously, ApsB had already been found at the hyphal tip and
growing MTs were also reported to originate from the hyphal
tip in some cases (16, 35). Gamma-tubulin alone was not vis-
ible at the hyphal tip, probably due to the high cytoplasmic
background. Some cytoplasmic spots were also observed, as
shown before for ApsB alone (35). Control experiments with
ApsB or gamma-tubulin alone did not result in any fluores-
cence.

The ApsB-gamma-tubulin interaction result was confirmed
by coimmunoprecipitation using hemagglutinin (HA)-ApsB
and GFP-gamma-tubulin tagged proteins. Gamma-tubulin was
detected in the precipitate obtained with anti-HA antibodies
(Fig. 2D).

ApsB is associated with peroxisomes. To further analyze the
role of ApsB, we employed a yeast two-hybrid analysis. The
cDNA of apsB was cloned into pGBT9 (pRS89) and trans-
formed into PJ69-4A. This strain was used as a recipient strain
for a yeast two-hybrid gene bank kindly provided by S. Osmani
(24). Besides ApsB itself, we identified five putative interacting
clones (three unknown proteins, one Zn** finger protein, and
one putative nucleoside transporter). The translation product
of one of the clones displayed sequence identity to A. nidulans
HexA, the homologue of the N. crassa Hex-1 protein (15). To
prove the interaction between ApsB and HexA, we cloned the
full-length hexA gene and tested it in the interaction screen. A
yeast strain of mating type a (AH109) containing the GALA4
binding domain with apsB (Y2HapsB-BD) was crossed to a yeast
strain of mating type o (Y187) containing the GALA4 activation
domain with apsB (Y2HapsB-AD), hexA (Y2HhexA-AD), or just
the empty vector (pGAD424) as a control. Diploids were iden-
tified by selective growth on YEPD agar medium lacking
leucine and tryptophan (YEPD LT") (Fig. 3A), as described
by Cagney et al. (2). To look for positive protein-protein in-
teractions, colonies were subsequently inoculated onto YEPD
medium lacking leucine, tryptophan, and histidine (YEPD
LTH™) (Fig. 3B). This medium allows growth only if the
strains produce their own histidine due to a positive interaction
of the respective proteins. Colonies with apsB/apsB and apsB/
hexA grew well in comparison to the apsB/empty-vector com-
bination. The weak background growth was reduced by the
addition of 3 mM 3-amino-1,2,4-triazole (3-AT) (Fig. 3C). The
positive interaction was confirmed with the B-Gal assay on
membranes. ApsB interacted with itself, as well as with HexA,
while in combination with the empty vector no reaction oc-
curred (Fig. 3D). To exclude the possibility that neither HexA
nor ApsB has an intrinsic affinity for other proteins and gives
false positives in the yeast two-hybrid assay, we tested both of
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FIG. 2. Colocalization and interaction of ApsB with gamma-tubulin. (A) Colocalization of GFP-ApsB and gamma-tubulin using secondary
immunofluorescence to detect gamma-tubulin with Alexa-Fluor>*®-labeled secondary antibodies. (B) BiFC of ApsB and gamma-tubulin (SNZ11).
Fluorescent signals, indicating an interaction between ApsB and gamma-tubulin, were found at the SPBs (left) and to the center of septal pores
as two spots (right). The upper image is a differential interference contrast (DIC) picture, and the lower image is a fluorescent picture merged with
the upper DIC picture. (C) Fluorescent signals of interacting ApsB with gamma-tubulin (BiFC) and of GFP-ApsB in the hyphal tip. (D) Con-
firmation of the ApsB-gamma-tubulin interaction by coimmunoprecipitation. SNZ37 [alcA(p)::apsB::3XHA alcA(p)::GFP::ytubulin’®] was used
for this assay, and SNZ-SI 42 [alcA(p)::3XHA::apsB>?] and SNZ16 [alcA(p)::GFP::ytubulin’] were the control strains. Anti-HA antibodies (clone
16B12 derived from a mouse; Hiss Diagnostics, Freiburg, Germany) were used for immunoprecipitation. Precipitation was performed in 1 ml crude
extract (CE) of approximately 10 mg/ml total protein and 50 pl protein G-agarose (Roche, Mannheim, Germany). Western blot detection was done
with anti-GFP antibodies (anti-GFP N terminus, derived from a rabbit, product G1544; Sigma-Aldrich, Munich, Germany) in the case of
gamma-tubulin and with the anti-HA antibodies (clone 16B12) in the case of ApsB.

them and the empty vector against a library of Treponema
pallidum with 73 different proteins (kindly provided by P.
Uetz) (not shown). Growing on YPED LTH ™, the empty vec-
tor produced three strains (4%) with a false-positive reaction,
which were also seen for apsB and hexA. Despite these, no
positive interaction with any of the remaining 70 T. pallidum
proteins was found, indicating that neither ApsB nor HexA
interacts randomly with given proteins and confirming that
the HexA/ApsB interaction was specific. Sequence inspec-
tion of ApsB revealed a putative peroxisomal targeting se-
quence (PTS2), KIRDLEKQL, at amino acid positions 66 to
74. Likewise, proteins with sequence similarity to ApsB (29),
such as mtol (formerly known as mod20 or mbo1) and pcpl
(S. pombe), NCU02332.1 and NCUO02411.1 (N. crassa), and
AAH46878 (Drosophila melanogaster) and CDKSRAP2

(Homo sapiens) all have a possible PTS2, as identified with
the software program psort (http://psort.hgc.jp/).

ApsB localizes to a subclass of peroxisomes. To obtain fur-
ther proof of the peroxisomal localization of ApsB, we com-
pared its localization with the localization of the peroxisomal
enzyme AcuE (acetate-malate synthase). This protein was
tagged with GFP (strain TALX207-10, kindly provided by M.
Hynes and A. Andrianopoulos, Melbourne, Australia) and co-
expressed in a strain with mRFP1-ApsB (strain SDV70b).
Fourteen percent of the spots showed green and red fluores-
cence (Fig. 4A). In addition, we analyzed GFP-AcuE and
mRFP1-tagged HexA (SDV78c), which confirmed the local-
ization of mRFP1-HexA to peroxisomes (Fig. 4B). However,
one important difference between ApsB and HexA was the
frequency of colocalization with AcuE. While HexA and AcuE
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FIG. 3. Interaction of HexA and ApsB in the yeast two-hybrid
system. (A) After crossing of Y2HapsB-BD with pGAD424 (empty
vector), Y2HapsB-AD (apsB), or Y2HhexA-AD (hexA), diploids were
grown on YEPD agar lacking leucine and tryptophan. Four colonies of
each strain are shown for each combination. From here, colonies were
inoculated onto selective YEPD medium lacking leucine, tryptophan,
and histidine, which supports growth only in the case of interaction
(B). (C) The same as in panel B but with the addition of 3 mM 3-AT
to reduce background growth. (D) B-Gal assay of the colonies shown
in panel A.

had about 95% hits, ApsB and AcuE showed only 14% colo-
calization, indicating that ApsB was transported only to a sub-
class of peroxisomes. In addition, we determined the frequency
of mRFP1-ApsB and GFP-HexA colocalization to 10% (Fig.
4C). Similar results were obtained with S. macrospora, where
Pro40 also colocalized only partially with HexA (5). An inter-
action between ApsB and HexA in A. nidulans was also shown
in vivo using the BiFC assay system in strains coexpressing the
N-terminal half of YFP (YN) fused to #exA and the C-terminal
half of YFP (YC) fused to apsB or the other way around (Fig.
4D). ApsB-HexA colocalizing spots were found in the cyto-
plasm and at some septa (10%). To obtain a clearer picture of
the ApsB and HexA structures at septa, we used deconvolution
and laser-scanning spinning-disc microscopy. ApsB appeared
normally as two spots in the center of the septal pore, whereas
HexA localized normally on each side of the pore (Fig. 5). In
three-dimensional (3D) reconstruction pictures, the spots ap-
peared with a longer shape along the rim of the septum. Time
course experiments revealed that ApsB colocalized with the
constricting ring during septation (Fig. 6). These data show
that at septa ApsB does not localize to peroxisomes or the
Woronin body but rather the putative MTOC is embedded in
the membrane of the septal pore.

Mutation of the peroxisomal target sequence in ApsB leads
to HexA-like localization at septa. In order to test the func-
tionality of the PTS2 sequence in ApsB, we mutated the con-
sensus sequence (Q”°L and L7R) and fused the modified
ApsB protein with GFP (pDV43). The construct (GFP-
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FIG. 4. ApsB localizes to a subclass of peroxisomes. (A) mRFP1-
ApsB colocalized with GFP-AcuE, a peroxisomal enzyme, at a fre-
quency of 14%, while the remaining 86% did not colocalize (arrow-
heads). The strain is SDV70b. (B) mRFP1-tagged HexA colocalized
with GFP-tagged AcuE (SDV78c) in 95%. Only 5% of the spots were
either GFP or mRFP1 labeled (arrowheads). (C) Colocalization of
GFP-HexA and mRFP1-ApsB (SDV49-4). The frequency of colocal-
ization was about 10%. (D) Bimolecular fluorescence complementa-
tion assay of HexA and ApsB (strain SDV42). Identical results were
obtained with strain SDV43.
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FIG. 5. Comparison of the septal localization of ApsB and HexA. (A) GFP-ApsB appeared as two spots in the center of the septal pore. The
cell wall (CW) was stained with Calcofluor white M2R (fluorescent brightener 28 [F3543]; Sigma-Aldrich, Munich, Germany) at a 1:1,000 dilution
for 5 min. A 3D view was captured with Zeiss Axiolmager Z1 and AxioVision software (V4.5). (B) Double staining of ApsB and HexA. GFP-ApsB
appeared as two spots in the center of the septal pore, whereas HexA localized on each side of the pore (three spots in the image). The cell wall
is indicated by a line. A 3D view was captured with a Zeiss Cell Observer SD confocal microscope and AxioVision software (V4.5). The strains

are SEa3 (A) and SDV73 (B).

ApsB_PTS2™"") was first transformed into wild-type A. nidu-
lans strain TNO2A3 (resulting in SDV77) and then introduced
into strains in which either hex4 was deleted (SDV79) or apsB
was mutated (SDV80) or both hex4 and apsB were deleted
(SDV95). In strain SDV77, the localization pattern of GFP-
ApsB_PTS2™" at SPBs and at cytoplasmic spots looked like
that of wild-type GFP-ApsB (Fig. 7A). However, it was sur-
- \

IR
23 la e

FIG. 6. ApsB follows the constricting ring during septum forma-
tion. Time course study of GFP-ApsB in strain SEa3 during septation.
The pictures shown were taken at 5-min intervals.

0

prising to find that the localization of GFP-ApsB_PTS2™" at
septa (Fig. 7C) did not show the normal localization of GFP-
ApsB (Fig. 7B) but resembled in 70% of the cases the pattern
of GFP-HexA (Fig. 7D), whereas in 22% of the cases it was
similar to the GFP-ApsB localization. These localization pat-
terns could be achieved through a piggyback import mecha-
nism of GFP-ApsB_PTS2™"" along with HexA or ApsB, which
were still present as fully functional proteins in SDV77. Only in
a strain lacking both ApsB and HexA (SDV95), the specific
localization of the mutated ApsB protein was lost at septa (Fig.
7E). The results obtained with the last strain clearly argue for
a role for peroxisomes in the transport of ApsB to septal
MTOC:s. It remains to be elucidated how the assembly of the
MTOC at septa occurs.

The PTS2 motif of ApsB is important for asexual spore
formation. To test whether the altered localization pattern of
GFP-ApsB_PTS2™"* at septa prevents its biological function,
we analyzed if the mutated ApsB protein is able to comple-
ment the oligosporogenic phenotype produced by an apsB mu-
tation. Therefore, we transformed ApsB [alcA(p)::GFP::apsB]
and the PTS2-mutated ApsB protein (GFP-ApsB_PTS2™")
into strain AJCL.5 (apsB6). Under repressing conditions (glu-
cose), all three strains showed brown colonies, due to the
reduced numbers of spores, which is typical for apsB mutant
strains (4, 32). Under inducing conditions (glycerol or sorbi-
tol), however, wild-type ApsB protein was able to complement
the oligosporogenic phenotype (spores were produced), while
PTS2-mutated ApsB did not complement it (Fig. 8A and B).

As we previously described, ApsB is important for the
production of MTs at sMTOCs (35). Therefore, we wanted
to know if the failure of PTS2-mutated ApsB to complement
the oligosporogenic phenotype was due to an inability to
restore the MTOC activity at septa. In a GFP-
ApsB_PTS2™" strain with GFP-labeled MTs and an apsB6
background, the number of MTs was similar to the number
of MTs in apsB mutant strains (data not shown). Therefore,
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FIG. 7. Mutagenesis of PTS2 of ApsB. (A) GFP-ApsB_PTS2™" localized to SPBs (arrowheads) and to cytoplasmic spots in SDV77 (genotype).
At septa, the localization pattern resembled the pattern of GFP-ApsB or GFP-HexA, depending on the genetic background (B to E). (B) GFP-
ApsB in the wild type (SEa3). (C) ApsB-PTS2™" in SDV 77. (D) GFP-HexA in the wild type (SDV38). (E) Quantification of septal localization
patterns. We determined the localization patterns of GFP-ApsB_PTS2™" in the presence of a wild-type copy of ApsB and in the absence of HexA
(SDV79), in the presence of a wild-type copy of HexA and a mutated copy of ApsB (apsB6) (SDV80b), in the presence of both proteins (SDV77),
or in the absence of both proteins (SDV95). The pictures illustrate the localization patterns.

we assume that PTS2 of ApsB is important for its function
at septa.

Next we tested if the function of PTS2-mutated ApsB can
be restored by adding a PTS1 targeting sequence (SRL) at
the C terminus of ApsB. We transformed PTS2-mutated
ApsB with the PTS1 signal fused to the C-terminal part of
the protein (GFP-ApsB_PTS2™"*_SRL) expressed from the
alcA promoter into strain AJC1.7 (apsB10), resulting in
SNZ34, and into apsB deletion strain (SRS24), resulting in
SNZ94. The apsB10 mutation converts codon 83 into a stop
codon, and thus the mutant lacks most of the 1,052-amino-
acid-long ApsB protein (data not shown). The transformed
plasmids were integrated ectopically. Transformants of both
strains (SNZ34 and SNZ94) appeared with the brown apsB
mutant-like phenotype under repressing conditions (glu-
cose) and a wild-type-like, spore-producing phenotype un-
der inducing conditions (sorbitol). These results suggest that
the ApsB-PTS1 protein was able to complement the devel-
opmental phenotype (Fig. 8).

DISCUSSION

In this paper, we show that ApsB interacts with gamma-
tubulin at SPBs, at septa, at the tips of growing hyphae, and in
spot-like structures in the cytoplasm. This is the first evidence

for the presence of gamma-tubulin at septa and in the hyphal
tip region. We had evidence before that MTOC: exist at septa,
but the nature of these MTOCs remained elusive (35). Our
new results show that at least two other proteins associated
with nuclear MTOCs exist in septal MTOCs, GepC and the
crucial protein gamma-tubulin. These findings are in agree-
ment with the recent localization of GepC (40). However, it is
still unclear if sMTOCsSs share more or all proteins with nuclear
MTOC:s or whether specific proteins exist only at one or the
other place. The biggest unsolved question is still the anchor-
age of sSMTOC:. Structurally, the nuclear MTOC of S. cerevi-
siae has been studied the best and recently similar results were
obtained with A. gossypii (14, 18, 19). It is likely that the
situation is similar in A. nidulans and that nuclear MTOCsS are
embedded in the nuclear envelope. However, structural infor-
mation about sSMTOC: is still missing. Our fluorescence mi-
croscopy studies indicate that the MTOC appears as two dots
inside the septal rim. The structure is clearly different from
that of Woronin bodies at septa. Sometimes the two ApsB dots
appeared to be connected through a third small dot. This has
been described before in S. pombe for the equatorial MTOCs
(eMTOC:s), which are also characterized by the ApsB-homol-
ogous protein mtol (formerly named mod20 or mbol) (10, 29).
In this yeast species, MTs are generated from nuclear MTOC:s,
eMTOCs, and interphase MTOC:s (10, 28). The importance of
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FIG. 8. The peroxisomal target sequence of ApsB is important for complementation of the oligosporogenic phenotype of apsB mutants.
(A) Transformation of an apsB6 mutant strain with wild-type apsB or the mutated apsB forms (strains SDV88 and SDV80, respectively). The
constructs were expressed from the alc4 promoter. It is repressed on glucose and derepressed on glycerol. (B) Transformation of an apsB10 mutant
strain with a mutated version of apsB in which a PTS1 sequence was added at the C terminus. Wild-type (WT) strain TN02A3, an apsB mutant
strain (AJC1.7, apsB10), and the transformed strain (SNZ34) were grown on glucose and under inducing conditions on sorbitol.

non-nucleus-associated MTOCs was nicely demonstrated in
enucleate cells (3).

We also identified the ApsB—gamma-tubulin interaction in
the tips of growing hyphae. This is also the first evidence for
gamma-tubulin in the hyphal tip. In comparison, in the chytrid-
iomycete Allomyces macrogynus, gamma-tubulin has been
identified as a component of the Spitzenkorper (21). Further
evidence that gamma-tubulin may be functional in the hyphal
tip comes from our observation that some MTs emanate from
the hyphal tip and grow into the cytoplasm (16). We speculated
at the time that either MTs which did not stop growth after
reaching the hyphal tip or MT fragments close to the hyphal tip
could be the origin of polymerization. However, our new re-
sults point to the possibility that MTOCsS exist in the apical
region of the hypha.

Several lines of evidence show that the spot-like appearance
of ApsB and the ApsB-gamma-tubulin interaction are due to
peroxisomal localization: colocalization with AcuE and HexA
and the drastic reduction of the number of cytoplasmic spots in
a pexC mutant. One very strong argument is the importance of
the PTS2 sequence and the rescue of the PTS2 mutation by the

addition of a PTS1 sequence to the C terminus. The nonfunc-
tionality of ApsB with a mutated PTS2 sequence could still be
explained by the fact that this region appears to be evolution-
arily conserved from yeast to humans (29), but the rescue of
the mutation by the addition of the PTS1 sequence speaks
clearly against this possibility. We envisage three possible ex-
planations for the role of the peroxisomal localization. (i) Per-
oxisomes serve as hosts for sMTOC:s. (ii) Peroxisomes catalyze
a reaction that is required for MTOC function at the septum
and is ApsB dependent. (iii) Peroxisomes serve as transport
vehicles for sMTOC-associated proteins. Our results point to a
transport function for peroxisomes. In agreement with such a
role is the observation of fast-moving mtol (ApsB) spots in S.
pombe (29). These structures could represent peroxisomes.
However, many open questions remain to be solved, e.g., how
the proteins are further recruited from the peroxisomes to the
sMTOCs. Against all three possibilities speaks the observation
that the septal localization of ApsB and sMTOC function in
mutants with defects in PTS1 or PTS2 peroxisomal protein
import or in pexC mutants lacking peroxisomes appeared sim-
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ilar to the situation in the wild type (results not shown). How-
ever, it has to be considered that the pexC mutant strain dis-
plays pleiotropic phenotypes and that the possibility of a
piggyback import mechanism might mask the possible effects
of PTS1 or PTS2 defects (12).

From our results we conclude that ApsB defines a new class
of peroxisomes that is—besides the Woronin bodies—the sec-
ond example of peroxisomes as organelles with a function
beyond metabolic pathways (30).
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