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Abstract 

Cytoplasmic dynein is a microtubule-dependent motor protein which participates in 

numerous cellular processes. The motor complex consists of two heavy chains, 

intermediate, light intermediate and 3 families of light chains. Dynein is able to bind to 

these accessory chains as well as to regulatory proteins which enables the motor 

protein to fulfil such a variety of cellular processes. The associated light chains 

participate in long-distance organelle and vesicle transport in interphase and in 

chromosome segregation during mitosis. However, how these light chains control the 

activity of the motor protein is still unknown.  

In this study, I combine molecular genetics and live cell imaging to elucidate the role 

of the associated dynein light intermediate and light chains in dynein behaviour and 

early endosome (EE) motility in hyphal interphase cells as well as the anchorage of 

dynein to the microtubule (MT) plus-end in interphase and mitotic cells. I show that 

the dynein light intermediate chain (DLIC) as well as the light chain 2 (DLC2, 

Roadblock) are involved in dynein processivity and EE movement in interphase. The 

downregulation of either protein results in short hyphal growth which could be caused 

by a decreased runlength of EE and dynein. In addition, both proteins participate in 

dynein anchorage to the microtubule plus-end in interphase and mitosis as well as in 

spindle elongation during mitosis. Each protein causes a decrease of the motor 

protein dynein at MT plus-ends. Surprisingly, I found only minor or no defects in LC8 

or Tctex mutants in the observed functions of dynein. LC8 seems to affect the dynein 

but not the EE runlength. In this case, dynein is still able to move into the bipolar MT 

array from where kinesin3 is able to take over EEs and move them towards the cell 

center. In contrast, Tctex has no effect on dynein or EE runlength or any other 

observed dynein function in hyphal cells. However, it causes a reduction in spindle 
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elongation. Taken together, DLIC and DLC2 are important for dynein behaviour in 

long distance transport as well as in spindle positioning and elongation during 

mitosis.  

Furthermore, I studied the involvement of the dynein regulators Lis1 and NudE as 

well as the plus-end binding protein Clip1 (Clip-170 homologue) in the anchorage of 

dynein to the astral microtubule plus-ends during mitosis. The disruption of the 

anchorage complex at the astral MT plus-end causes a decrease in dynein number 

at this site and therefore slower spindle elongation in Anaphase B. Taken together, 

all three proteins are involved in anchorage of dynein to the astral microtubule tip and 

the subsequent spindle elongation. Furthermore, these findings also show that 

Ustilago maydis evolved two different mechanisms to anchor the motor protein to MT 

plus-ends in hyphal and mitotic cells. The plus-end binding protein Peb1 (EB1 

homologue) and the dynein regulator dynactin mediate the dynein anchorage in 

hyphal cells whereas in mitotic cells the plus-ends binding protein Clip1 and the 

dynein regulators Lis1 and NudE anchor dynein to astral MT plus-ends.  
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Introduction 

1. Introduction 

The cytoplasmic motor protein dynein participates in numerous cellular processes 

(Allan, 2011), such as the movement and distribution of early endosomes (EEs) in 

interphase (Wedlich-Söldner et al., 2002a; Delcroix et al., 2003; Traer et al., 2007; 

Banks et al., 2011; Schuster et al., 2011a) and spindle positioning and elongation 

during mitosis (Yeh et al., 1995; Sheeman et al., 2003; Moore et al., 2009). In this 

study, I used the fungus Ustilago maydis to extend our understanding of cytoplasmic 

dynein anchorage at the microtubule plus-end in interphase and mitotic cells as well 

as the involvement of associated proteins in mediating long-range motility and 

spindle elongation. 

 

1.1. The cytoskeleton in interphase and mitosis 

The cytoskeleton of a cell consists of actin and microtubules (here referred as MTs) 

as well as intermediate filaments in higher eukaryotes. MTs are supporting long-

range motility of membranous organelles and vesicles in interphase and form the 

mitotic spindle apparatus, which segregates chromosomes.  

 

1.1.1. The microtubule cytoskeleton 

MTs are important for a wide range of cellular processes. Depending on the 

organism, a microtubule can consist of 10 to 16 protofilaments which are composed 

of α- and β-tubulin dimers (Fig. 1a, b; Meurer-Grob et al., 2001). These subunits are 

conserved across species.  A third subunit is γ-tubulin which forms a γ-tubuln ring 

complex and is integrated in microtubule organisation centers (MTOCs) (Fig. 1c; Job 
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et al., 2003; Oakley, 2004). The dynamic end of a MT, where polymerisation and 

depolymerisation occurs, is named the plus-end, whereas the minus-end is usually 

attached to the MTOC. MTs usually nucleate from MTOC and grow with their plus-

ends towards the cell periphery. The resulting MT array supports cellular transport. 

Furthermore, MTs form the central cylinder of cilia and flagella that consists of a ring-

like array of nine MT pairs which surround a central MT pair. Apart from many 

different isoforms which exist across vertebrates and other species, tubulin is able to 

undergo several post-translational modifications including acetylation, detyrosination 

and polyglutamylation (Hammond et al., 2008; Fukushima et al., 2009). These modify 

the dynamic behaviour of the MT but also affect MT-associated proteins, MT plus-

end binding proteins (+TIPs) and molecular motors (Hammond et al., 2008). 

MT elongation is due to polymerisation of GTP-bound tubulin dimers at the MT plus-

end. β-tubulin acts as a GTPase and hydrolyses the bound GTP to GDP and 

phosphate. Constant polymerisation of GTP-tubulin dimers and subsequent 

hydrolysis in older parts of the MT results in a GTP-tubulin dimer "cap" (Fig. 1b; 

Carlier et al., 1991; Caplow et al., 1992). Individual MTs assemble in a sheet-like 
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structure which subsequently forms a cylinder (Chrétien et al., 1995). The hydrolysis 

of GTP to GDP is hypothesized to be important for the change of a sheet-like 

structure to a cylinder or on the other hand the change itself triggers the GTP 

hydrolysis (Aldaz et al., 2005; Rice et al., 2008). MTs undergo shrinking and growing 

phases, which are initiated by catastrophe (transition from growing to shrinking) and 

rescue (transition from shrinking to growing) also known as dynamic instability 

(Fig. 1c; Mitchison and Kirschner, 1984; Desai and Mitchison, 1997). While the 

switch between growth and shrinkage is an intrinsic feature of MTs, the living cell 

tightly controls the MT dynamics. During mitosis, MTs become much more dynamic, 

which helps capturing chromosomes and aligning them in the mid-plane of 

metaphase by the attachment of MT plus-ends to kinetochores (overview Maiato et 

al., 2004). Spindle positioning and elongation in anaphase is mediated by MT sliding 

along the cellular cortex (Carminati and Stearns, 1997; Adams and Cooper, 2000; 

McNally 2013), which involves the microtubule-associated motor protein dynein, a 

MT-associated mechanoenzyme.  

In Ustilago maydis, cells in G1- or S-phase generate an anti-parallel array with MTs 

nucleating from MTOCs (Fig. 2a). During G2-phase the cells start to form buds and 

direct the MT plus-ends towards the cell poles. Mitosis starts with prophase and the 

motor protein dynein localises to astral MT plus-ends and pulls the spindle pole 

bodies (SPBs) into the daughter cell where it forms the metaphase spindle. The 

following spindle elongation is supported by outward forces of kinesin-5 (Fig. 5 a (M-

phase); Hoyt et al, 1992; Fink et al., 2006). Kinesin-5 localises to the spindle mid-

zone where it cross-links MTs and therefore mediates sliding of MTs against each 

other to generate pushing forces (Kashina et al., 1997; Fink et al., 2006). 
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These interpolar bundles of MTs between spindle poles were also seen in Drosophila 

embryos. Here, kinesin-5 is responsible to slide antiparallel bundles of MTs apart in 

the spindle mid-zone (Sharp et al., 1999). Anaphase B is indicated by fast spindle 

elongation which is generated by dynein pulling the SPBs into the cell and thereby 

separating chromosomes (Fig. 2 a (M-phase); Fink et al., 2006). After cytokinesis, 

two septa are formed between the cells and the anti-parallel MT array is restored 

again (Fig. 2 a (G1-phase). Furthermore, U. maydis is able to switch from yeast-like 

to hyphal cells (Steinberg and Perez-Martin, 2008). Here, MTs form also a bi-polar 

array throughout the cell. However, close to the tip and close to the septa (each site 

~10µm) the array becomes uni-polar with plus-ends facing the tip/septa (Fig. 2b; 

overview Steinberg, 2007). 

 

- 21 - 



Introduction 

A large number of proteins are able to bind to MTs and to perform MT-related 

functions. These so-called microtubule-associated proteins (MAPs) can modify the 

dynamic behaviour of the MT by either stabilizing or destabilizing them (Howard and 

Hyman, 2007; Zhang et al., 2007). A well-studied stabilizing MAP protein is Tau, 

which is mainly known in neurons/axons. Tau binds along MTs, possibly by bridging 

the tubulin dimers (Al-Bassam et al., 2002). A large group of MAPs are the molecular 

motors kinesin and dynein. These mechanoenzymes use ATP-hydrolysis to "walk" 

along the MTs. As a general rule, kinesin motors undertake steps towards the plus-

end, whereas dynein transports its "cargo" towards the minus-end of the MT. 

Interestingly, stabilising MAPs can modify the activity of molecular motors. The best 

example is Tau which competes with Kinesin-1 for binding to the MT, thereby 

inhibiting the activity of kinesin-1, whereas cytoplasmic dynein shows tendancy to 

reverse directions or even pause when it binds within Tau patches (Dixit et al., 2008). 

Another group of MT-binding proteins bind to the dynamic plus-end of MTs 

(Akhmanova and Hoogenraad, 2005; Honnappa et al., 2006; Morrison, 2007; 

Akhmanova and Steinmetz, 2008). These so-called +TIPs are involved in stabilizing 

and destabilizing MT plus-ends and/or support minus-end directed organelle 

movement by anchoring the dynein transport machinery. Amongst these are the 

proteins EB1 and Clip-170, which are ubiquitously expressed and will be further 

described below. The plus-end localisation of dynein also affects the dynamic 

behaviour of MTs. A recent study has shown that dynein-generated pulling forces at 

the cell cortex rescued depolymerising MTs (Laan et al., 2012). In agreement, it has 

been shown that the deletion of the motor protein results in reduced MT growth and 

shrinking rates as well as a decrease of catastrophe frequency (Carminati and 

Stearns, 1997).  
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1.2.  Molecular motor proteins in interphase and during mitosis 

Molecular motor proteins move along MTs and actin filaments. The myosin motor 

family moves along actin filaments whereas the kinesin and dynein motors travel 

along MTs. As stated above, dynein and kinesin generally transport organelles and 

vesicles in opposite direction along the MTs. This bidirectional transport enables the 

cell to distribute and position organelles, including endosomes (Valetti et al., 1999; 

Murray et al., 2000), mitochondria (Hollenbeck, 1996; Chada and Hollenbeck, 2003) 

and vesicles (Wacker et al., 1997; Manneville et al., 2003) within the cell. In contrast, 

during mitosis molecular motors participate in spindle positioning and elongation 

(Yeh et al., 1995; Sheeman et al., 2003; Fink et al., 2006; Moore et al., 2009) as well 

as kinetochore attachment (Echeverri et al., 1996; Varma et al., 2008) and 

chromosome segregation (Bowman et al., 1999; Sharp et al., 2000; Li et al., 2005; 

Fink et al., 2006) 

 

1.2.1. The conventional kinesin – kinesin-1 

Kinesin-1 is the founding member of the kinesin superfamily (Brady 1985, Scholey et 

al., 1985; Vale et al., 1985). It is an important molecular motor that participates in a 

wide range of cellular processes such as organelle and vesicle transport (Hirokawa, 

1998; Tanaka et al., 1998; Woźniak and Allan, 2006; Woźniak et al., 2009). The 

kinesin-1 motor complex consists of two heavy chains, which form a dimer via a 

coiled-coil region in the stalk region and, in the case of animal cells, of two light 

chains (Kuznetsov et al., 1989). The heavy chain forms the motor domain, which 

binds tubulin, cleaves ATP and undertakes the step along the MT (Yildiz and Selvin, 

2005). The tail of kinesin-1 supports cargo binding (Seiler et al., 2000) but can also 

fold back to the motor head to inactivate it (Cai et al., 2007; Dietrich et al., 2008; 
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Hackney and Stock, 2008). Interaction with cargo in animal cells involves the two 

light chains (Kuznetsov et al., 1989; Hirokawa et al., 1998; Woźniak and Allan, 2006; 

Woźniak et al., 2009), which facilitate binding to mRNA (Brendza et al., 2000) and 

intermediate filaments (Prahlad et al., 1998). In contrast to animals, fungal kinesin-1 

does not contain light chains (Steinberg and Schliwa, 1996; Steinberg, 1997; 

Steinberg et al., 1998). In fungi, kinesin-1 participates in numerous processes such 

as polarized hyphal growth (Konzack et al., 2005; Schuchardt et al., 2005), organelle 

motility (Wedlich-Söldner et al., 2002a) and polar vacuole formation during hyphal 

growth (Steinberg et al., 1998). An important additional function of kinesin-1 is the 

delivery of cytoplasmic dynein to the MT plus-ends (Zhang et al., 2003; Lenz et al., 

2006). The purpose of this activity is to accumulate the dynein motor at the MT plus-

ends, which prepares the cell for retrograde transport. Thus, the activity of kinesin-1 

and dynein is linked, which is an example of motor cooperation in the fungal cell 

(Steinberg, 2011) 

 

 1.2.2. The cytoplasmic dynein motor complex  

Dynein is a large complex of polypetides that mediates intracellular transport towards 

minus-ends of MTs. Two types of dynein exist in cells, the axonemal and the 

cytoplasmic dynein. Axonemal dynein mediates the beating of cilia and flagella 

(Gibbons and Rowe, 1965) by sliding MT doublets against each other. The 

cytoplasmic form of dynein was first identified in neuronal cells (Paschal and Vallee, 

1987), and later described in a broad spectrum of cells from animals to fungi. 

Cytoplasmic dynein is the main retrograde motor protein and, as such, is engaged in 

a wide range of processes (Allan, 2011). These include neuronal migration (Tsai et 

al., 2007), vesicle transport (Delcroix et al., 2003; Traer et al., 2007; Banks et al., 
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2011) and organelle positioning (Corthésy -Theulaz et al., 1992; Harada et al., 1998; 

Allan, 1995). Furthermore, in animal cells dynein mediates chromosome movement, 

spindle organisation and spindle positioning and elongation (Sharp et al., 2000; 

Howell et al., 2001; Varma et al., 2008). 

In fungal interphase cells, cytoplasmic dynein supports nuclear migration (Plamann 

et al., 1994; Xiang et al., 1994; Bloom, 2001; Straube et al., 2001; Tsujikawa et al., 

2007; Finley et al., 2008; Roca et al., 2010), motility of early endosomes (Wedlich-

Söldner et al., 2002a; Zhang et al., 2010) and endoplasmic reticulum (ER; Wedlich-

Söldner et al.  2002b). In mitosis, the dynein motor supports the positioning of the 

fungal spindle (Yeh et al., 1995; Sheeman et al., 2003; Moore et al., 2009) and rapid 

elongation of the spindle apparatus (Fink et al., 2006).  

 

1.2.2.1. Composition of the dynein motor 

Cytoplasmic dynein is a large motor complex which consists of two heavy 

chains (HC), intermediate chains (IC), light intermediate chains (LIC) and three types 

of light chains (LC8, Tctex1 and Roadblock; Fig. 3; Vallee et al., 2004; Palmer et al., 

2009). The C-terminal part of the heavy chain forms the globular motor domain. This 

consists of six triple AAA motifs which are arranged in a ring-like structure (Samso et 

al., 1998). Only the first four motifs are involved in ATP hydrolysis, while the last two 

AAA motifs may only have structural functions (King, 2000). The stalk with the MT 

binding domain is located between the fourth and fifth AAA domain (King, 2000; 

Vallee et al., 2004; Roberts et al., 2009). ATP hydrolysis causes conformational 

changes within the AAA ring which also causes a change in affinity of the MT binding 

domain to MTs (Kon et al., 2009). The MT binding domain is released by ATP 
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binding and the so called “powerstroke” is generated by its rebinding which moves 

the motor protein along MTs (Imamula et al., 2007; overview Carter and Vale, 2010). 

The tail domain of the cytoplasmic dynein contains the homo-dimerization domain 

and interaction sites for the dynein intermediate (DIC) and dynein light intermediate 

chain (DLIC) (Habura et al., 1999; King, 2000; Tynan et al., 2000). The dynein 

intermediate chain operates as a scaffold protein. The N-term of DIC is able to bind 

to the dynein regulator dynactin (Allan, 2000; Allan, 2011), followed by the binding 

sites for all three members of the dynein light chains (LC8, Tctex1 and Roadblock; 

see below). The binding of different light chain families enables the motor protein to 

mediate different dynein-dependent process like endosomal and lysosomal 

distribution or Golgi organisation (Varma et al., 2010). In addition, the DIC contains a 

C-terminal WD domain that is involved in dimerization of the protein as well as 

binding to the dynein heavy chain (Vallee et al., 2004). Interestingly, the U. maydis 

dynein motor protein is split into two genes/proteins (Dyn1 and Dyn2) which interact 

with each other. Dyn1 seems to encode the ATP-hydrolysis sites and dyn2 provides 

the MT-binding site (Straube et al., 2001; Fig. 1a in chapter 2.1).  
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1.2.2.2. The role of the light and light intermediate dynein chains  

Compared to kinesin motors, dynein is a highly complex association of numerous 

polypeptides. It is thought that this composition enables dynein to participate in 

numerous cellular processes. While some dynein polypeptides seem to stabilise the 

complex, others are thought to regulate the motor activity (Susalka et al., 2002; 

Mische et al., 2008; Zhang et al., 2009). In the following I will summarise the current 

understanding of the role of each subunit.  

 

1.2.2.2.1. Dynein light intermediate chain  

The DLIC directly associates with the heavy chain, and it has been shown to stabilise 

the binding between heavy and intermediate chain in Drosophila and Aspergillus 

nidulans (Mische et al., 2008; Zhang et al., 2009). Mammalian cells contain three 

isoforms of the light intermediate chain. DLIC1 and DLIC2 associate with the major 

form of cytoplasmic dynein and DLIC3 is able to form a complex with the flagellar 

dynein (Grissom et al., 2002). Deletion of DLIC1 blocks export of proteins from the 

ER, whereas suppression of DLIC2 results in a defect of recycling endosome 

distribution and cytokinesis (Traer et al., 2007; Palmer et al., 2009). In addition, the 

DLIC participates in melanosome transport towards the cell centre (Reilein et al., 

2003), and it seems to recruit dynein to components of the late endocytic pathway 

(Tan et al., 2011). Furthermore, a mutation in the Caenorhabditis elegans DLIC gene 

causes diverse defects in mitosis, including defects in chromosome segregation 

(Yoder and Han, 2001), and accumulation of synaptic vesicles in axons (Koushika et 

al., 2004). Likewise, in Drosophila DLIC participates in spindle checkpoint inactivation 

to assure that the cell can proceed through mitosis (Mische et al., 2008). In addition, 

DLIC has an important role in endosome distribution through the interaction with the 

- 27 - 



Introduction 

RAB protein family (Satoh et al., 2008; Zheng et al., 2008). In mammalian cells, a 

mutation in DLIC causes disruption in endosomal sorting and trafficking as well as 

defects in Golgi reassembly and increases dendrite length and number. It is 

hypothesized that this point mutation causes a conformational change of the dynein 

intermediate chain which therefore affects the association of the light chains (Banks 

et al., 2011). In addition, in mammalian cells DLICs are involved in mitosis and DLIC1 

and DLIC2 act redundant as depletion of either protein causes only minor mitotic 

defects but depletion of both, DLIC1 and DLIC2, causes major phenotypes which are 

comparable to depletion of dynein heavy chain (Raaijmakers et al., 2013). 

Furthermore, DLIC is important for dynein regulation throughout the cell cycle. This is 

probably accomplished by different phosporylation sites of DLIC during different cell 

stages which might regulate organelle transport (Niclas et al., 1996; Dell et al., 2000; 

Sivaram et al., 2009). The broad range of phenotypes associated with defects in the 

DLIC or its expression reflects the central role that this component of dynein has in 

the dynein complex. 

Little is known about the role of the DLIC in fungi. In fission yeast, the DLIC is 

responsible for proper heavy chain localisation (Fujita et al., 2010) whereas in 

budding yeast the light intermediate chain (Dyn3) promotes proper and stable 

conformation of the dynein heavy chain (Markus et al., 2011). In addition, Dyn3 has 

an important role in mitosis and associates dynein with the cellular cortex (Lee et al., 

2005) which leads to subsequent force generation to elongate the spindle.  

In A. nidulans, the DLIC participates in mitosis and ensures proper nuclear migration 

(Zhang et al., 2009). Again, these functions might reflect the structural role that the 

DLIC has within the fungal dynein complex.  
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1.2.2.2.2. Dynein Light Chain LC8 

The LC8 family is the most investigated dynein light chain family throughout a wide 

range of organisms. In mammalian cells, LC8 localizes to the Golgi apparatus and 

seems to be important for the anchoring or dynamics of the Golgi cisternae 

(Lippincott-Schwartz, 1998; Palmer et al., 2009). A suppression of this light chain 

causes defects in endocytosis and endosomal sorting (Traer et al., 2007), suggesting 

a role in minus-end directed lysosomal and endosomal transport (Varma et al., 

2010). In neurons, LC8 interacts with Bassoon and links it to retrogradely moving 

dynein (Fejtova et al., 2009), whereas in Drosophila melanogaster, the LC8 is 

required for autophagy and cell death (Batlevi et al., 2010). In brain tissue, a large 

amount of LC8 is not associated with the dynein motor protein complex, possibly due 

to dynein-independent roles in the cell (King et al., 1996; Pfister et al., 2006). One 

example is the association of LC8 with the actin-dependent motor protein MyosinV 

(Espindola et al., 2000), where it might function as a cargo adapter (Puthalakath et 

al., 2001; Fuhrmann et al., 2002). Furthermore, p21-activated kinase (PAK1) 

interacts with LC8 (Lu et al., 2005), facilitating the nuclear import of PAK1 which is 

important for normal development of vertebrates (e.g. zebrafish) (Lightcap et al., 

2009), thereby being important for cellular survival (Vadlamudi et al., 2004). In 

addition, LC8 is essential for asymmetric dynein localisation at the cellular cortex and 

therefore required for spindle orientation in mammalian cells (Dunsch et al., 2012). 

Fungi contain LC8 and it has been shown that Dyn2p, the LC8-homologue in 

S. cerevisiae, (Bowman et al., 1999) participates in organizing the nuclear pore 

complex and therefore facilitates the nucleocytoplasmic transport (Stelter et al., 

2007). Furthermore, Dyn2p participates in spindle positioning and enhances the 

interaction between dynein and the dynein regulator dynactin (Stuchell-Brereton et 
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al., 2011). In A. nidulans, LC8 is required for nuclear migration and dynein heavy 

chain localisation (Beckwith et al., 1998; Liu et al., 2003). Thus, LC8 has vital roles in 

the fungal cell, but it is currently not clear if fungal LC8 has dynein-independent 

functions.   

 

1.2.2.2.3. Dynein light chain Tctex1 

The dynein light chain Tctex is a structural homologue of LC8 but it has no obvious 

sequence homology to LC8 (Williams et al., 2005; Hall et al., 2009). Mammalian cells 

express two isoforms of Tctex (Tctex1 and Tctex2) in tissue-specific and 

development-dependent manner (DiBella et al., 2001). TcTex has important roles in 

animal cells, and mutations in Tctex induce the eye disease retinitis pigmentosa, 

which is due to transport defects of rhodopsin bearing vesicles (Tai et al., 1999, 

2001). In D. melanogaster, Tctex is involved in spermatid differentiation (Li et al., 

2004). More recent studies have shown that Tctex, like LC8, regulates additional 

dynein functions, including endosome, lysosome and Golgi organization, (Palmer et 

al., 2009; Varma et al., 2010). Similar to LC8, Tctex has dynein-independent cellular 

functions. It has been shown that Tctex interacts with Gβγ in neurite outgrowth and 

interference with its function causes inhibition of neuritogenesis (Sachdev et al., 

2007). In cultured hippocampal neurons Tctex participates in neurite sprouting, 

axonal specification and elongation (Chuang et al., 2001, 2005).  

Not much is known about TcTex in fungal cells, mainly due to its absence from the 

budding yeast S. cerevisiae (Bowman et al., 1999). In the fungus A. nidulans, Tctex 

has no obvious role for any dynein function (Zhang et al., 2009), which might explain 

the loss of Tctex in fungi.  
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1.2.2.2.4. Dynein light chain 2 (= Roadblock) 

In mammalian cells, the dynein light chain Roadblock is an important component of 

the dynein complex. It is able to form homo- and heterodimers and binds to the 

dynein intermediate chain downstream of the Tctex and LC8 binding sites (Susulka 

et al., 2002; Nikulina et al., 2004; Song et al., 2005). Isoforms of Roadblock are 

tissue-specifically expressed (Jiang et al., 2001) and are believed to either regulate 

the interaction between dynein subunits or to regulate the activity of the heavy chain 

(Susalka et al., 2002). This might be of particular importance in membrane trafficking 

in animal cells. Indeed, in mammalian cells it is involved in endosomal transport 

(Palmer et al., 2009) and in D. melanogaster it has been shown that mutations in this 

protein result in defects in retrograde axonal transport, which leads to axonal 

swelling, axonal loss and nerve degeneration (Bowman et al., 1999). In C. elegans, 

Roadblock is also shown to be involved in retrograde transport of organelles like 

endosomes and lysosomes (Kimura and Kimura, 2011).  

Surprisingly, the dynein light chains Tctex and Roadblock are not encoded in the S. 

cerevisiae genome (Bowman et al., 1999). The budding yeast is not using MTs for 

membrane trafficking (Hill et al., 1996; Simon et al., 1997). Therefore, it is tempting to 

assume that in fungi both light chains have roles in long-range motility of organelles, 

such as early endosomes. However, overexpression of Roadblock in mammalian 

ovarian carcinoma cells generates multipolar spindles and multinucleated cells 

(Pulipati et al., 2011). Furthermore, mutations in the Drosophila Roadblock result in 

defects of chromosome segregation (Bowman et al., 1999). These results suggest a 

role of this dynein light chain in mitosis and nuclear division. This role might be 

conserved, as fungal Roadblock participates in nuclear migration in A. nidulans 

(Zhang et al., 2009).  
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1.3. Dynein associated proteins 

The dynein motor complex interacts with additional proteins, which add an additional 

level of regulation on cargo interaction. Over the last 2 decades several putative 

dynein regulators were identified, which includes the dynactin complex (Schroer and 

Sheetz, 1991), Lis1 (Reiner et al., 1993) and NudE (Efimov and Morris, 2000). An 

overview of their role in organelle motility as well as cell division will be given in the 

next sections. 

 

 1.3.1. The dynactin complex 

The dynactin complex is a large multi-subunit complex that interacts with dynein. It 

consists of a variety of proteins such as p50, p24, p62, p150Glued and the actin-like 

filament Arp1 which is associated with capping proteins (Fig. 4a; Yamamoto and 

Hiraoka, 2003). 
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Dynactin was initially identified as a factor required for motility of organelles (Schroer 

and Sheetz, 1991) and was soon after recognised as an essential dynein regulator 

that is involved in almost all cellular functions of dynein (Allan, 1994; Karki and 

Holzbaur, 1999). Dynactin is able to increase the processivity of dynein by binding 

dynein to MTs (Fig. 4b; Waterman-Storer et al., 1995; King and Schroer, 2000; 

Culver-Hanlon et al., 2006; Kardon et al., 2009) and it binds also directly to the N-

terminal domain of the dynein intermediate chain (Karki and Holzbaur, 1995; 

Vaughan and Vallee, 1995; Vallee et al., 2004). Furthermore, dynactin mediates the 

interaction of dynein with vesicles possibly via the actin-like filament Arp1 (Fig. 4b; 

Hoogenraad et al., 2001; Yamamoto and Hiraoka, 2003). Consequently, dynein and 

dynactin are essential for long-range motility of organelles (Waterman-Storer et al., 

1997; McKenney et al., 2011). In addition, dynactin is able to interact with the MT 

plus-end binding proteins EB1 (Ligon et al., 2003; Honnappa et al., 2006; 

Akhmanova and Steinmetz, 2008) and Clip-170 (Watson and Stephens, 2006). In 

mammalian cells, EB1 is necessary for the MT plus-end localisation of Clip-170 

which in turn is responsible for the plus-end localisation of dynactin (Watson and 

Stephens, 2006). Therefore, the dynein/dynactin complex is anchored to and 

accumulates at MT plus-ends (Kobayashi and Murayama, 2009; Moughamian et al., 

2012). In neurons, it was shown that the interaction of EB1 and dynactin and 

therefore the accumulation of dynein/dynactin at the MT plus-ends is important for 

initation of retrograde transport of vesicles (Moughamian et al., 2012). Furthermore, 

during mitosis dynactin is responsible for the dynein association with kinetochores 

(Echeverri et al., 1996; Starr et al., 1998) as well as with the cellular cortex (Busson 

et al., 1998; Faulkner et al., 2000; O’Connell and Wang, 2000; Dujardin et al., 2003) 

in a variety of organisms. Down-regulation of the dynactin subunit p150 results in a 

prometaphase and metaphase delay which is caused by abnormal chromosome 
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alignment and disruption of the spindle (Ozaki et al., 2010). However, a truncated 

version of the p150Glued subunit which lacks the MT binding domain (lacking 1-

200AA) causes multipolar spindles during mitosis but it has no effect on membranous 

organelle transport. Thus, the MT binding domain of the p150Glued subunit is essential 

for MT organisation of mitotic spindles but does not show severe effects in organelle 

motility (Kim et al., 2007).  

In fungi, dynactin supports the interaction of the dynein motor with the cargo 

membrane and mediates the accumulation of dynein at the MT plus-ends (Schuster 

et al., 2011a; Sivagurunathan et al., 2012). In U. maydis, dynactin interacts with the 

plus-end binding protein Peb1 (EB1-homologue) and is essential for dynein 

localization at the MT tip (Lenz et al., 2006). In A. nidulans, dynactin mediates 

endosomal transport but it is not important for nuclear migration. The deletion of the 

subunit p25 causes a weaker interaction between dynein and early endosomes 

(Zhang et al., 2011). Like in A. nidulans, in Neurospora crassa dynactin is also 

involved in organelle transport but not in nuclear migration (Lee et al., 2001). 

Dynactin has been shown to be required for delivery of dynein to MT plus-ends 

(Xiang et al., 2000; Zhang et al., 2003) as well as anchorage of dynein to the MT tip. 

The budding yeast S. cerevisiae is lacking MT-dependent membrane trafficking, and 

the dynactin p150 ortholouge Nip100 is dispensable for the MT plus-end localization 

of dynein (Lee et al., 2003; Sheeman et al., 2003; Lee et al., 2005; Kardon et al., 

2009). However, the deletion of dynactin results in an increase of dynein and the 

dynein regulator Lis1/Pac1 at astral MT plus-ends, suggesting a role in dynein off-

loading to the cellular cortex (Lee et al., 2003; Sheeman et al., 2003; Lee et al., 2005; 

Markus et al., 2011) which allows dynein to generate forces to pull the SPB into the 

cell while it is stationary attached to the cellular cortex.  
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 1.3.2. The dynein regulator Lis1 

The dynein regulator Lis1 was first identified as a mutation which causes a brain 

developmental disease (type I lissencephaly) (Reiner et al., 1993). Lis1 binds to the 

1AAA motif of the dynein motor domain (Sasaki et al., 2000; Tai et al., 2002; 

McKenney et al., 2010) and was indicated to be a positive regulator in a wide range 

of dynein activities such as endosomal and lysosomal transport, Golgi distribution 

and mitosis (Faulkner et al., 2000; Liu et al., 2000; Smith et al., 2000; Tai et al., 2002; 

Lenz et al., 2006; Ding et al., 2009; Lam et al., 2010; Yi et al., 2011). It was 

demonstrated that Lis1 mediates the plus-end motility of dynein by suppressing the 

movement of dynein on MTs whereas another dynein regulator, NDEL1, is 

responsible to release dynein again (Yamada et al., 2008). In neurons, Lis1 is 

important for neuronal migration in a concentration-dependent manner and its loss 

causes lethality in embryonic stage and neuronal migration (Hirotsune et al., 1998). 

Furtermore, Lis1, in combination with NudE, seems to have an important role in high-

load dynein function (McKenney et al., 2010; McKenney et al., 2011; Yi et al., 2011). 

Dynactin might be mainly responsible for fast long-distance motility of small vesicle 

whereas Lis1-NudE are important for high-load transport like nuclear migration 

(McKenney et al., 2011). In addition, Lis1 participates in dynein accumulation at the 

MT plus-end via the direct interaction with the MT plus-end binding protein Clip-170, 

mediating its interaction with the motor protein dynein (Coquelle et al., 2002; Tai et 

al., 2002). Furthermore, the recruitment of Lis1 to kinetochores is dynein/dynactin-

dependent and the subsequent binding of dynein/dynactin to the MT tip is mediated 

by the interaction of Clip-170 and Lis1 (Coquelle et al., 2002; Tai et al., 2002). Over-

expression of Lis1 results in misorientated spindles, impairs mitotic progression and 

disrupts the localisation of dynein/dynactin at the cellular cortex (Faulkner et al., 

2000). Due to the reduced amounts of dynein, fewer MTs are less captured at the 
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cellular cortex, impairing MT sliding and therefore the spindle elongation (Faulkner et 

al., 2000; Yingling et al., 2008). In Drosophila, Lis1 controls nuclear migration and 

positioning (Lei and Warrior, 2000; Sitaram et al., 2012) and a reduction in this 

protein causes defects in centrosome migration, spindle assembly and spindle 

checkpoint inactivation (Siller et al., 2005; Siller and Doe, 2008). The yeast 

homologue of Lis1, Pac1, is also able to bind to the plus-end binding protein Bik1 

(Clip-170 homologue) and is responsible for MT plus-end anchoring of the dynein 

motor protein (Lee et al., 2003; Sheeman et al., 2003; Li et al., 2005; Markus et al., 

2011). The interaction of Bik1 and Pac1 might be required to stabilize the localisation 

of Pac1 at the plus-end, therefore stabilizing dynein as well (Li et al., 2005). Recent 

studies have shown that Pac1 and dynein co-assemble in the cytoplasm and this 

complex gets loaded onto the MT plus-end via Bik1. Overexpression of either Pac1 

or dynein results in an increase of the other one, suggesting a co-dependency of 

both proteins (Markus et al., 2011). The loss of Pac1 causes a lack of cortical dynein 

and deletion of dynein results in an absence of Pac1 at the astral MT plus-end (Lee 

et al., 2005; Markus et al., 2011). Furthermore, Pac1 is known to be involved in off-

loading of dynein to the cellular cortex for the subsequent spindle elongation (Lee et 

al., 2003). 

In filamentous fungi, Lis1 accumulates together with dynein at the MT plus-end and 

forms a comet-like structure (Han et al., 2001; Lenz et al., 2006). Loss of Lis1 results 

in an increase of dynein at the MT plus-end, suggesting a role for this protein in 

retrograde movement of dynein (Zhang et al., 2003; Lenz et al., 2006). Furthermore, 

a consequence of depletion or deletion of Lis1 is impaired movement of early 

endosomes (Lenz et al., 2006; Zhang et al., 2010). In A. nidulans, a loss of NudF 

(Lis1 homologue) results in defects of endosomal transport, distribution of 

peroxisomes and nuclei. The absence of NudF from moving dynein cargos argues for 
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a role of NudF in initiating dynein motility (Egan et al., 2012). In U. maydis, Lis1 is 

also an important protein and its depletion results in nuclear migration defects as well 

as abnormal MT length and number, which in turn results in abnormal cell 

morphology (Valinuck et al., 2010). 

 

 1.3.3. The dynein regulator NudE 

An important interactor of Lis1 is the protein Nudel. Both proteins, Lis1 and Nudel 

form homodimers which interact to form heterotetramers (Derewenda et al., 2007). In 

vitro studies have shown that the N-terminus of Nudel interacts with Lis1-dimers and 

and the C-terminus with dynein (Torisawa et al., 2011; Zyłkiewicz et al., 2011; Wang 

and Zheng, 2011). Therefore, NudE seems to be responsible for recruiting Lis1 to 

dynein (Zyłkiewicz et al., 2011) and stabilizes as well as facilitates the interaction 

between Lis1 and dynein (McKenney et al., 2010; Wang and Zheng, 2011). In 

addition, it was hypothesized that Ndel cross-links the tail and motor domains of 

dynein and therefore coordinates the two motor domains and ensures that Lis1 binds 

to one motor domain during the pre-powerstroke (McKenney et al., 2010). 

Furthermore, NudE participates in neurofilament assembly (Nguyen et al., 2004) as 

well as neurite outgrowth (Kamiya et al., 2006). In addition, neuronal NudEL 

influences dynein-driven vesicle motility which is mainly mediated by facilitating the 

interaction of Lis1 and dynein (Liang et al., 2004; Shu et al., 2004). Nudel has an 

important function in retrograde axonal transport and the organisation of the Golgi 

apparatus as well as in distribution of lysosomes (Zhang et al., 2009; Lam et al., 

2010). Therefore, Nudel has an important role in membrane transport through its 

interaction with Lis1 and dynein (Liang et al., 2004). During mitosis, NudE/NudEL 

localises to kinetochores before recruitment of dynein, dynactin or Lis1 and therefore 
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probably mediates the interaction of these proteins to kinetochores (Stehman et al., 

2007). Furthermore, the inhibition of NudE/NudEL prevents the localisation of dynein, 

dynactin and Lis1 at kinetochores and consequently spindles arrest in metaphase 

with misaligned chromosomes and MTs which are not attached to the kinetochores 

anymore (Stehman et al., 2007). In addition, NudE/NudEL is required for dynein-

mediated transport of spindle checkpoint proteins from the kinetochores to the 

spindle poles (Yan et al., 2003). In mammalian cells, the interaction of Lis1 and 

Nudel is also important for the nuclear envelope breakdown whereas the 

phosphorylation of Ndel seems to be the key regulatory step for this event (Hebbar et 

al., 2008). 

 

Fungi contain a homologue of NudE which is involved in dynein-dependent functions. 

In yeast S. cerevisiae, the NudEL homologue Ndl is important for plus-end 

localisation of the Lis1-homologue Pac1 and dynein. Deletion of Ndl almost abolished 

the localisation of dynein and Pac1 at the astral MT plus-end and the cellular cortex 

(Lee et al., 2003; Li et al., 2005). This result demonstrates a possible role in 

stabilizing the Pac1/dynein complex. In A. nidulans, NudE comets are not present at 

every MT plus-end (Efimov et al., 2006) and it has been shown that its plus-end 

localisation is not dependent on dynein and/or the Lis1 homologue NudF. 

Surprisingly, the presence of NudE increases the amount of dynein which localises at 

the MT plus-ends but in case of a NudE deletion, a NudF over-expression is able to 

rescue the ∆NudE phenotype (Efimov, 2003; Efimov et al., 2006). Together, NudE 

and NudF encourage the release of dynein from the MT plus-end and the retrograde 

movement of the motor protein (Efimov, 2003; Zhang et al., 2003). In fungi, the major 

role of NudE is in anchoring/stabilising dynein at the MT plus-end. 
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1.4. Plus-end binding proteins involved in anchorage of dynein at MT  

       plus-ends 

Most of the MT plus-end binding proteins (+TIPs) are evolutionarily conserved 

throughout species. +TIPs are able to influence microtubule dynamics by altering the 

rate of polymerisation and depolymerisation or changing the frequency of 

catastrophe and rescue of MTs (Akhmanova and Steinmetz, 2008). The best known 

+TIPs are EB1 and Clip-170 which are involved in spindle orientation and 

chromosome segregation during mitosis (Berlin et al., 1990; Schwartz et al., 1997; 

Tirnauer et al., 1999; Hwang et al., 2003; Miller et al., 2006; Wolyniak et al., 2006) 

and participate in association of the dynein motor protein to vesicles in interphase 

(Perez et al., 1999; Valetti et al., 1999; Vaughan et al., 1999). The plus end binding 

protein EB1 is able to stabilize the association of microtubule protofilaments which in 

turn promotes the growth of tubulin sheets (Tirnauer and Bierer, 2000; Vitre et al., 

2008; Blake-Hodek et al., 2010). Clip-170 is a MT plus end tracking protein (Gupta et 

al., 2009) which needs EB1 for its plus end activity (Bieling et al., 2008; Dixi et al., 

2009) but is also able to bind EB1 and the MT plus end simultaneously (Gupta et al., 

2009). In brief, EB1 is an important binding partner of Clip-170 which in turn binds to 

the dynein regulator dynactin via Clip-170s Zinc-knuckel domain and dynactins CAP-

Gly domain (Fig. 5; Watson and Stephens, 2006; overview Kardon and Vale, 2009). 

In addition, Clip-170 recruits the dynein regulator Lis1 to MT plus-ends. The Lis1-

NUDE or Lis1-NUDEL complex and dynactin are responsible to target dynein to the 

plus-ends. Following dyneins loading onto the cargo, these proteins are important to 

release dynein from the MT plus-ends and initiate the movement of the motor protein. 

Specific receptors and the filamentous protein spectrin (found on cytoplasmic surface 

of cellular membranes) on cargos facilitate the interaction of dynein with the cargo. 

Therefore, dynein is able to move cargos along MTs or slide MTs relative to their 
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position (Fig. 5; overview Kardon and Vale, 2009). 

In interphase and mitotic cells of different organisms, dynein forms a comet-like 

structure at the MT plus-end (Xiang et al., 2000; Han et al., 2001; Zhang et al., 2002; 

Lenz et al., 2006; Kobayashi and Murayama, 2009; Schuster et al., 2011a) which is 

able to prevent EE from falling off the path in interphase in fungal cells (Schuster et 

al., 2011a) whereas during mitosis dynein gets off-loaded from the plus-end to the 

cellular cortex in order to generate forces to elongate the mitotic spindle in fungal 

cells (Lee et al., 2005; Fink et al., 2006; Markus et al., 2011). In fungal interphase 

cells, dynein is delivered to the MT plus-end by kinesin-1 (Zhang et al., 2003; Lenz et 

al., 2006), and the dynein comet is formed by the MT plus-end binding protein EB1 

and the dynein regulator dynactin (Ligon et al., 2003; Honnappa et al., 2006; 
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Akhmanova and Steinmetz, 2008; Schuster et al., 2011a). It was shown in neurons 

that the dynactin accumulation at MT plus-ends is important for the binding of MT, 

dynein motor protein and its cargo to initiate the transport effectively (Moughamian 

and Holzbaur, 2012). The dynein regulator Lis1 possibly also participates in the initial 

loading of dynein onto its cargo such as EEs and peroxisomes (Egan et al., 2012) 

and seems to be important for the formation of the dynein comet at MT plus-ends 

(Lenz et al., 2006). In addition, Clip-170 is thought to provide the vesicle interaction 

for the dynein/dynactin – dependent transport (Perez et al., 1999; Valetti et al., 1999; 

Vaughan et al., 1999). However, this is in contrast to findings in U. maydis where the 

Clip-170 homologue Clip1 is not essential for EE motility (Lenz et al., 2006). But 

apart from this difference, dynein uses the same targeting mechanism via EB1 and 

dynactin in U. maydis (Schuster et al., 2011a). Furthermore, Clip-170 is involved in 

dynein targeting to the astral MT plus-ends in mitosis. In mammalian cells, Clip-170 

participates in dynein anchorage to the MT plus-end (Sheeman et al., 2003; 

Lansbergen et al., 2004; Caudron et al., 2008; Markus et al., 2011) and depends on 

EB1 (Honnappa et al., 2006; Bieling et al., 2008; Wittmann, 2008; Dixit et al., 2009). 

In addition, interference with Clip-170 leads to defects in chromosome alignment and 

reduces the number of MT attached to kinetochores (Tanenbaum et al., 2006). In 

order to anchor dynein to the plus-end, the dynein regulator Lis1 interacts with the 

Zinc-knuckle motif of Clip-170 (Coquelle et al., 2002; Lansbergen et al., 2004). In 

contrast to interphase cells, the dynein regulator dynactin does not seem to be 

important for the MT plus-end localization of dynein in mitotic cells, but it is essential 

for dynein attachment to the cellular cortex in order to generate forces to elongate the 

spindle (Lansbergen et al., 2004). This model was proposed in mammalian cells and 

was confirmed by studies in the budding yeast S. cerevisiae. In contrast to 

mammalian EB1, the yeast EB1 homologue Bim1 is able to associate with Bik1 in 
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vivo and in vitro (Wolyniak et al., 2006; Blake-Hodek et al., 2010) but this interaction 

is not essential for the localization of Bik1 to the MT tips (Carvalho et al., 2004). In 

budding yeast, dynein accumulates at the astral MT plus-end by the interaction of the 

Clip-170 homologue Bik1 and the Lis1-homologue Pac1 (Sheeman et al., 2003; Lee 

et al., 2003; Markus et al., 2011). In addition, Pac1 is required for the release of 

dynein and the subsequent off-loading to the cellular cortex (Lee et al., 2003; Markus 

et al., 2011).  

 

1.5. The model organism Ustilago maydis 

The work summarised in this thesis was performed by using the model fungus U. 

maydis. The fungus U. maydis is a basidiomycete which is able to infect corn. This 

fungus is a well-studied organism for plant pathology and recently became more 

interesting for fundamental biology. U. maydis is a dimorphic fungus and is able to 

switch from a yeast-like budding form to a filamentous hyphal form (Steinberg and 

Perez-Martin, 2008). This switch is very important for its pathogenicity. The yeast-like 

form (sporidia) is non-pathogenic and haploid whereas the hyphal form is pathogenic 

and dikaryotic (Klosterman et al., 2007; review Banuett, 1995). In brief, the cell cycle 

of U. maydis is described as followed. The pathogenic growth starts with the 

recognition of two compatible sporidia. The sporidia use a pheromone-receptor 

system which is encoded by the a-mating type locus (Bölker et al., 1992). A cascade 

of regulatory events is induced by the pheromone which lead to a cell cycle arrest in 

the G2 phase (Garcia-Muse et al., 2003) and an increase of expression of the 

pheromone receptor as well as the pheromone itself. Therefore the cell is able to 

switch from budding to filamentous growth (Feldbrügge et al., 2004). The cells form 

conjugated hyphae (so called a-dependent hyphae) and try to reach each other; 
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thereby they are able to reach length of over 100 µm (Fuchs et al., 2005). The fusion 

of two hyphae is accompanied by the formation of a heterodimeric transcription factor 

which is encoded by the b-mating type loci of both cells and creates a stable b-

dependent hypha. These hyphae invade the host plant where the fungus is able to 

form tumours and diploid spores. These spores germinate and form a promycelium 

which undergoes meiosis and generates sporidia again (Banuett and Herskowitz, 

1996). U. maydis is able to induce tumors at stem, leaves and corncobs of the plant 

(Banuett and Herskowitz, 1996).  

 

The genome of U. maydis is sequenced (Kämper et al., 2006) and a variety of 

molecular tools are established for this organism (Steinberg and Perez-Martin, 2008). 

The advantage of this organism is that we are able to observe molecular motor 

proteins on a single molecule level (Schuster et al., 2011a, b) which allowed me to 

quantify the amount of dynein at the MT tip in interphase and mitotic cells.  

In U. maydis hyphal cells, kinesin-3 is the main motor protein which moves EEs 

towards the MT plus-ends. The retrograde movement of EE is achieved by the 

molecular motor dynein (Fig. 6b; Wedlich-Söldner et al., 2002a; Lenz et al., 2006; 

Schuster et al., 2011c) which is a minus-end directed motor protein that gets 

delivered to the hyphal tip by the motor protein kinesin-1 (Fig. 6a; Lenz et al., 2006).  

Dynein forms a comet-like structure at the MT plus-end which is accomplished by the 

interaction of the dynein regulator dynactin and the MT plus-end binding protein EB1. 

This accumulation serves as a reservoir to prevent EE from falling off the track (Fig. 

6b; Lenz et al., 2006; Schuster et al., 2011a).  
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Furthermore, dynein participates in spindle positioning and the subsequent spindle 

elongation during mitosis (Straube et al., 2005; Fink et al., 2006). 

The dimorphism of U. maydis makes it very interesting for this study because it 

enables me to analyse the long distance transport in hyphae, which is comparable to 

neurons in mammalian cells, while also making it possible to look into mitosis in 

yeast-like cells in the same organism.  

 

1.6. Objectives 

In U. maydis, the cytoplasmic motor protein dynein participates in a variety of cellular 

processes including long range motility of EE in interphase cells (Lenz et al., 2006; 

Schuster et al., 2011a) and spindle elongation in mitotic cells (Fink et al., 2006). The 

movement of organelles along the cytoskeleton is important for hyphal growth 

(Schuchardt et al., 2005) which in turn is essential for plant infection. The force 

generation during spindle elongation serves to segregate chromosomes (Fink et al., 
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2006) and therefore ensures cell survival. In both cases, the motor protein dynein is 

released from the MT plus-end in order to move early endosomes towards the cell 

centre in interphase or to get off-loaded to the cellular cortex for force generation to 

elongate the spindle in mitosis. How the associated dynein chains are involved in the 

anchorage of the dynein complex to the MT plus-ends in both interphase and mitotic 

cells is not well understood. Furthermore, how other proteins like Lis1, NudE and 

Clip1 are cooperating with each other at the MT plus-ends to anchor dynein to the 

tips in mitosis is unknown in U. maydis. The aim of this study was to get a deeper 

insight into how the associated dynein chains affect dynein anchorage at the MT tips 

as well as the processivity of the motor protein. In addition, another goal was to 

increase knowledge of the involvement of other proteins (Lis1, Clip1, NudE) in dynein 

anchorage to the astral MT plus-ends in mitosis. In order to do this, I combined 

molecular genetics and quantitative live cell imaging techniques. In the first part of 

this thesis, I report that DLIC and DLC2 (Roadblock) are essential for dynein 

behaviour and EE motility. Furthermore, I show the importance of LC8 in dynein 

processivity but not in EE movement. In addition, the dynein light chain Tctex has no 

obvious role in dynein functions in U. maydis. The second part of the thesis 

summarises the outcome of a detailed analysis of the mechanism of dynein 

anchorage to the astral MT tips which involves the dynein regulators Lis1 and NudE 

as well as the plus-end binding protein Clip1. This part will be submitted soon for 

publication whereas in the first part the last minor experiments will be done in the 

near future and also be submitted for publication as soon as possible.  
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2. Results  

2.1. The dynein motor complex in U. maydis – DLIC and LC “Roadblock” are 

 important for its function 

Cytoplasmic dynein is a large protein complex which consists of heavy chain, 

intermediate chain, light intermediate chain and three families of light chains (LC8, 

Tctex and Roadblock). Whereas the dynein heavy chain provides the MT binding site 

as well as the motor activity of the complex, the intermediate, the light intermediate 

(DLIC) and the light chains LC8, Tctex and Roadblock (DLC2) stabilise the motor 

complex (Mische et al., 2008; Zhang et al., 2009; Palmer et al., 2009), provide a 

means of interacting with cargoes (Beili et al., 2001; Palmer et al., 2009; Horgan et 

al., 2010; Varma et al., 2010) and support the regulation of the motor by interacting 

with other proteins like dynactin (Morgan et al., 2011). Here I present results of a 

study that addresses the role of the DLIC and light chains Tctex, LC8 and DLC2 

(Roadblock) in dynein processivity and dynein targeting to the MT plus-end, EE 

motility and the involvement of these chains in mitosis. I show that DLIC and DLC2 

are important for these functions and that LC8 and Tctex have minor or no effect on 

these functions.  

 

This work was undertaken with the help of co-workers. Dr. Martin Schuster generated 

strains in which EE were labelled. He used these strains to analyse the motility 

behaviour in DLIC, LC8, Tctex and DLC2 mutants. Furthermore, he analysed the 

behaviour of dynein in hyphal cells. Dr. Yujiro Higuchi provided strains and plasmids 

which were used to analyse the dynein behaviour in mitotic and hyphal cells. Prof. 

Gero Steinberg provided overall project management, analyzed data and wrote the 

manuscript. 
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ABSTRACT 

Dynein is a large protein complex, consisting of 2 heavy chains which interact 

with intermediate, light intermediate and three types of light chains. The light 

intermediate and the light chains were shown to support long-range organelle 

and vesicle transport and some are participating in mitotic chromosome 

inheritance. However, their actual role in controlling motor behaviour is largely 

unknown. Here we use live cell imaging of dynein motors and their cargo in the 

fungal model Ustilago maydis to investigate the role of the dynein light 

intermediate chain (DLIC) and the dynein light chains DLC2, Tctex, and LC8 

during long range motility in interphase as well as spindle elongation and 

positioning in mitosis. We provide quantitative evidence that only DLIC and 

DLC2 (=roadblock) are essential for processivity of dynein motors and run-

length of early endosomes in interphase cells. In addition, both have roles in 

targeting the motor to microtubule plus-ends. While Tctex and LC8 have minor 

roles in interphase, all light and light intermediate chains are essential for 

dynein-dependent spindle positioning and elongation in mitosis. Again, for 

DLIC and DLC2 this is due to a role in dynein targeting to microtubule plus-

ends, whereas the role of Tctex and LC8 is more elusive. These results 

demonstrate that DLIC and the light chain roadblock are essential for dynein 

processivity and targeting in interphase and mitosis. In contrast, Tctex and 

LC8 have yet undiscovered roles in mitosis only.  
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INTRODUCTION 

Cytoplasmic dynein is a minus end-directed microtubule motor protein which is 

essential for numerous cellular processes (Allan, 2011). These can be categorised 

into those in interphase, including the motility and organisation of endosomes 

(Wedlich-Söldner et al., 2002; Schuster et al., 2011; Delcroix et al., 2003; Traer et al., 

2007; Banks et al., 2011), lysosomes (Tan et al., 2011) and the Golgi apparatus 

(Harada et al., 1998), as well as mitotic functions, which include spindle assembly 

(Mao et al., 2010; Varma et al., 2010), spindle positioning and elongation (Yeh et al., 

1995; Moore et al., 2009). To support such a wide range of activities, the motor-

active heavy chain associates with several light and intermediate chains. Amongst 

these are the dynein intermediate chain (DIC), the dynein light intermediate chain 

(DLIC) and three types of dynein light chain, "roadblock" (=dynein light chain 2, 

DLC2), Tctex and light chain 8 (LC8; review Vallee et al., 2004; Pfister et al., 2006; 

Allan 2011). The heavy chain and these associated polypeptides form the dynein 

motor complex, in which the intermediate chain provides a scaffold for binding Tctex 

and LC8 as well as roadblock (Lo et al., 2001; Mok et al., 2001; Susalka et al., 2002; 

Vallee et al., 2004), but also mediates binding to the p150Glued subunit of the dynactin 

complex (Karki and Holzbaur, 1995; Vaughan and Vallee, 1995). The dynactin 

complex is thought to increase the processivity (=run-length) of dynein (King and 

Schroer, 2000; Culver-Hanlon et al., 2006; Kardon et al., 2009). Its scaffolding role 

places the DIC at the core of the dynein motor. The DLIC also has structural roles in 

the dynein complex, as it stabilizes interaction between dynein heavy and 

intermediate chain in Drosophila melanogaster and Aspergillus nidulans (Mische et 

al., 2008; Zhang et al., 2009). In addition, DLIC seems to recruit the motor to its 

cargo (Tan et al., 2011), which might involve an interaction with small Rab-GTPases 
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(Bielli et al. 2001; Satoh et al., 2008; Zheng et al., 2008; Horgan et al., 2010). The 

dynein light chains are also implicated in a broad range of dynein-related functions. 

Similar to the DLIC, all light chains are taking part in interphase membrane trafficking 

in animal cells (DLC2: Bowman et al. 1999; Palmer et al., 2009; Kimura and Kimura, 

2010; Tctex: Nagano et al., 1998; Varma et al., 2010; LC8: Lippincott-Schwartz, 

1998; Varma et al., 2010). DLC2 mutants are also defective in chromosome 

segregation (Bowman et al., 1999) and show defects in spindle organization and 

mitotic progression in human cells (Pulipati et al., 2011), indicating that this light 

chain plays important roles in mitosis, too. However, a function of LC8 and Tctex-1 in 

dynein-dependent mitotic processes was not found (Varma et al., 2010), although a 

specific type 3 form of Tctex seems to have functions in chromosome alignment in 

meiosis (Huang et al., 2011) and plays roles in spindle checkpoint control (Lo et al., 

2007). Interestingly, the DLC2 and Tctex are not present in the budding yeast 

(Bowman et al., 1999). The yeast LC8 homologue seems to have adopted a 

structural role and enhances the interaction of dynein and dynactin (Stuchell-

Brereton et al., 2011). This suggests that Tctex-1 and LC8 either became functionally 

redundant or acquired new roles in fungi. Finally, it should be noted that Tctex and, in 

particular, LC8 light chains also participate in dynein-independent functions. Their 

repertoire ranges from stimulating actin dynamics in neurons (Chuang et al., 2005) to 

anchoring mitochondrial receptors (Chen et al., 2009) and transcriptional control by 

interaction with transcription factors in humans (Kaiser et al., 2003).  

 

 Despite the wealth of disparate knowledge about the importance of the light 

and light intermediate chains in cargo motility and distribution, little is known about 

how they affect the dynein motor per se. Here, we exploit the genetically tractable 
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fungus Ustilago maydis to undertake a quantitative analysis in order to understand 

the role of DLIC, DLC2, Tctex and LC8 in interphase and mitotic dynein function. This 

model system is particularly well-suited for this study, as it shares remarkable 

similarities with human cells (Steinberg and Perez- Martin 2008; Münsterkötter and 

Steinberg 2007), such as the use of dynein and kinesin-3 in early endosome (EE) 

motility (Wedlich-Söldner et al. 2002a, Lenz et al 2006; Schuster et al., 2011b). We 

demonstrate that DLIC and the "roadblock" protein DLC2 are essential for dynein 

processivity and long-range EE motility. In addition, both are crucial for dynein 

targeting to microtubule (MT) plus-ends. The light chains LC8 or Tctex were of minor 

or no importance for the interphase role of dynein. However, together with DLIC and 

DLC2 they play important roles in anaphase spindle elongation.  

 

RESULTS 

The dynein intermediate light chain and the light chain "roadblock" are 

essential for hyphal cell morphogenesis 

The dynein complex consists of 2 heavy chains and associated intermediate, light 

intermediate and light chains (Pfister et al., 2006; Allan, 2011; Figure 1A). We 

screened the genome of the fungus U. maydis (http://mips.helmholtz-

muenchen.de/genre/proj/ustilago) for putative dynein chains and identified 

orthologues of the dynein intermediate chain IC74 (NCBI accession number: 

XP_760745; 33.7/50.1 % identical/similar to human cytoplasmic dynein 1 

intermediate chain 1 isoform a, NP_004402.1; all alignments done at 

http://www.ebi.ac.uk/Tools/psa/emboss_needle/), the dynein light intermediate chain 

(DLIC; NCBI accession number: XP_759606; 22.0/33.0 % identical/similar to human 
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cytoplasmic dynein light intermediate chain 2, NP_006132.1), the light chain LC8 

(LC8; NCBI accession number: XP_760798; 40.5/55.0 % identical/similar to human 

DLIC1, NP_003737.1) and the dynein light chain 2 "roadblock" (DLC2; NCBI 

accession number: XP_759247; 27.3/40.3 % identical/similar to human dynein light 

chain roadblock-type 1, NP_054902.1).  

 

 We did not find any homologue of human Tctex-type 1 (NP_006510.1) or 

Tctex-type 3 (NP_006511.1) in the U. maydis genome. However, the filamentous 

fungus Aspergillus fumigatus contains Tctex-type 1 (XP_001727855.1), which made 

us wonder if a distant relative of Tctex might exist in U. maydis. Tctex-like light 

chains, including the one in A. fumigatus, contain a Tctex-1 family domain (InterPro 

entry IPR005334). We made use of the annotation of the U. maydis genome at the 

Munich Information Center for Protein Sequences (http://mips.helmholtz-

muenchen.de/genre/proj/ustilago) and found a distant relative of Tctex in U. maydis 

(143 aa; MIPS accession number: um12046). Despite low sequence conservation 

(11.4/15.8 % identity/similarity with Tctex from A. fumigatus), this protein was 

predicted to contain a Tctex-1 domain (P= 0.0017; PFAM server at 

http://pfam.sanger.ac.uk). Thus, we considered the identified protein being a distant 

orthologue of Tctex in U. maydis and included it in our analysis.  

  

 We next set out to confirm that the identified putative light and light 

intermediate chains are part of the dynein complex in the living cell. The intermediate 

chain IC74 was shown to be a scaffold for dynactin and the dynein light chains Tctex 

and LC8 as well as Roadblock (Vallee et al., 2004; Morgan et al., 2011), and we did 
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not include it in our studies due to the expected pleiotrophic roles in dynein function. 

Instead, we fused a triple tag of the green fluorescent protein (GFP) to the N-

terminus of Tctex, and the DLC2 protein and to the C-terminus of DLIC and LC8. We 

expressed the constructs in cells that contained the dynein heavy chain, fused to a 

triple tag of the red fluorescent protein mCherry (Fig. 1B; for genotype of all strains 

and their usage throughout this study see supplementary Table S1 and S2). We 

found that fluorescent DLIC, Tctex and DLC2 co-localised with the dynein heavy 

chain at microtubule plus-ends in interphase cells (Fig. 1B). In addition, all three 

proteins were moving (data not shown), suggesting that they are part of the dynein 

motor. Unfortunately, all attempts to visualise the putative light chain LC8 failed.  

 

 The light chains DLC2 and Tctex are not present in the budding yeast 

Saccharomyces cerevisise (Fig. 1A), which uses dynein in mitosis only (Yeh et al., 

1995; Moore et al., 2009), but play important roles in long-range axonal transport in 

animal cells (Bowman et al., 1999; Sachdev et al., 2007; Palmer et al., 2009; Varma 

et al., 2010). U. maydis is a dimorphic fungus that requires long-range dynein-

dependent motility of early endosomes (EEs) for growth of its elongated hyphal cells 

(Wedlich-Söldner et al., 2002a; Lenz et al., 2006; Schuster et al., 2011a), whereas 

short-range motility of dynein is crucial for spindle positioning and spindle elongation 

in mitosis (Straube et al., 2005; Fink et al., 2006). This allowed us to test the 

assumption that DLC2 and Tctex are essential for long-range motility of cargo in 

interphase, whereas they might be dispensable for mitosis in our model system.  
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 To investigate a role of the light intermediate chain and the three light chains 

in hyphal growth, we generated an Umtctex null mutant and conditional mutants of 

Umdlic, Umdlc2 and Umlc8, in which the light chains were expressed under the 

repressible crg promoter (Bottin et al, 1996). We confirmed the repression of the light 

chains in yeast-like and hyphal cells by detecting the presence of human influenza 

hemagglutinin (HA)-tagged light chains after extended time in restrictive conditions 

(see Material and Methods for further details; Fig. S2). Next all strains were tested in 

their ability to form hyphae on agar plates and in liquid media. Control cells formed 

“fuzzy” colonies on agar plates (Fig. 1C, Control) and long hyphal cells in liquid 

media (Fig. 1D, 1E; Control). In contrast, conditional mutants in the dynein heavy 

chain gene dyn2 (Straube et al., 2001) remained short and began to branch 

(Fig. S1). A similar defect was found under depletion of DLIC and DLC2 (Fig. 1D, 1E; 

DLIC↓ and DLC2↓), and greyish colonies were formed (Fig. 1C; DLIC↓ and DLC2↓). 

Depletion of LC8 or deletion of Tctex did not cause a major defect (Fig. 1C, 1E, 

Fig. S1). These results strongly indicated that DLIC and DLC2 play crucial roles in 

hyphal cells, whereas Tctex and LC8 are of minor importance.  

 

Retrograde motility of early endosomes depends on DLIC and DLC2 

Hyphal growth depends on retrograde motility of EEs (Wedlich-Söldner et al., 2002a; 

Schuster et al., 2011). We tested if the deletion or depletion of dynein light chains 

affected trafficking of these organelles. To visualize the retrograde motility of EEs, we 

fused a photo-activatable GFP (paGFP; Patterson and Lippincott-Schwartz, 2002) to 

the endosomal small GTPase Rab5a (Fuchs et al., 2006). After activation of the 

paGFP-Rab5a at the hyphal tip, using a 405nm laser pulse, retrogradely moving 

organelles became visible (Fig. 2A; the motility is shown in a kymograph, which is a 
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graphical representation of motility over time; the activation point is indicated by 

yellow asterisk; for experimental details see Material and Methods; Movie S1). In 

hyphal cells of control, ∆tctex and LC8↓ mutants, the EEs persistently moved for long 

distances (Median ~20-22 µm; Fig. 2B, Table 1; Movie S1) and no statistical 

difference in their run-length was found (Kruskal-Wallis test, P:0.5495). However, the 

frequency of EE motility was reduced in LC8↓ mutants (Fig. 2C; different to Control; 

Mann Whitney test, P:0.0112). Depletion of DLIC and DLC2 significantly reduced the 

retrograde run-length of EEs (Fig. 2A, 2B; Mann-Whitney test; P<0.0001 for both; 

Movie S1) and also affected the frequency of EE motility (Fig. 2C; different to Control; 

Mann Whitney test, P<0.0001). Thus, the light intermediate chain and the light chain 

"Roadblock" are essential for EE motility, which explains the morphological 

phenotype described above.  

 

Dynein motility is impaired in LC8↓, DLIC↓ and DLC2↓ mutants 

In U. maydis, retrograde EE motility depends on cooperation between dynein and 

kinesin-3 (Wedlich-Söldner et al., 2002a; Schuster et al., 2011c). Dynein 

concentrates at microtubule plus-ends, from where it is released and transports the 

organelles towards a bi-polar microtubule array, where kinesin-3 takes over and 

continues retrograde EE motility. To test whether the defect in EE motility is related 

to dynein function, we observed the motility of the dynein complex, visualized by 

labelling the dynein heavy chain with a triple-GFP tag (Lenz et al., 2006). We photo-

bleached the sub-apical region to avoid interference of anterograde and retrograde 

dynein motility, which allowed the analysis of retrograde motility of single dynein 

motors (Schuster et al., 2011a). In control cells, dynein persistently moved over large 

distances (up to >30 µm), with an average run-length of 12.48 µm (Fig. 3A, 3B, Table 
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1; Movie S2, Control). This was significantly shorter than the average run-length of 

the EEs (Mann-Whitney, P<0.0001), confirming that EE runs are extended by the 

activity of kinesin-3 (Schuster et al., 2011b). The absence of Tctex neither affected 

the run-length, nor the frequency or velocity of dynein movements (Fig. 3A, 3B, 3C, 

4C, 4D ∆Tctex; Movie S2 DeltaTctex). In contrast, DLIC↓ and DLC2↓ mutants 

showed significantly reduced dynein processivity (Fig. 3A, 3B; 3C; Mann-Whitney, 

P<0.0001; Movie S3), which is in agreement with the crucial role of these chains in 

EE motility (see above). In addition, the LC8↓ mutants also showed reduced dynein 

run-length (Fig. 3A, 3B LC8↓; median: 9.03 µm; Mann-Whitney test: significantly 

different from Control, P<0.0001; Table 1; Movie S2, LC8↓). Furthermore, the velocity 

of dynein motility is significantly reduced in LC8↓ mutants (Fig. 3C; Mann-Whitney 

test; P<0.0001). These results imply an important role of DLIC and DLC2 in dynein 

processivity. LC8 supports motility of the motor complex, yet to a lesser extent, 

whereas the light chain Tctex had no obvious role in dynein motility or dynein-

dependent cargo transport. 

 

The DLIC and the light chain "roadblock" regulate the amount of dynein at 

interphase microtubule plus-ends 

It was previously reported that kinesin-1 targets dynein to microtubule plus-ends 

(Zhang et al., 2003; Lenz et al., 2006) and that the motor accumulation requires the 

interaction between the dynactin complex and the protein Peb1 (Schuster et al., 

2011a), which is a homologue of the plus-end binding protein EB1 (Straube et al. 

2003). We next asked if the light chains of dynein take part in this targeting and 

anchorage process. To test this we observed dynein "comets" in control cells and 

light chain mutants. We determined the number of dynein motors at microtubule plus-
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ends by comparing fluorescent intensities of dynein "comets" with the internal 

calibration standard Nup107-GFP (Schuster et al., 2011a; see Material and 

Methods). We found that the dynein number was significantly reduced when DLIC or 

DLC2 were depleted (Fig. 4A, 4B DLIC↓ and DLC2↓; Student t-test, P<0.0001), 

however neither Tctex deletion nor LC8 depletion had an effect on dynein numbers 

(Fig. 4B; Student t-test, P<0.4586). Reduced dynein numbers could result from 

impaired anchorage or from reduced plus-end directed delivery of the motor. We 

therefore measured the anterograde flux of dynein in control cells and mutant strains, 

including the DLIC↓ and DLC2↓ mutants (Fig. 4C). We found that the anterograde 

transport frequency was significantly reduced in DLIC↓ and DLC2↓ (Student t-test, 

P<0.0001), which might explain the lower amount of dynein at plus-ends of 

microtubules. As a consequence of the reduced dynein number in the apical 

"comets", the frequency of retrograde motility of dynein was reduced (Fig. 4D), which 

reflects the reduced EE transport frequency (see above). In summary, these results 

suggest that DLIC and/or DLC2 support (i) processivity of dynein and (ii) plus-end 

targeting of dynein. Both processes are essential for retrograde motility of EEs, which 

in turn is required for extended polarized cell growth. In contrast, Tctex was without 

obvious function in long-range motility of the motor, whereas LC8 slightly affected 

dynein velocity and processivity, but due to cooperation with kinesin-3 these defects 

had no consequence for EE motility and hyphal growth. 

 

The DLIC, DLC2 and LC8 are involved in mitotic spindle positioning and 

elongation 

In prophase, dynein moves the early spindle into the daughter cell, where mitosis 

occurs (Steinberg et al., 2001; Straube et al., 2005). Subsequently, dynein-
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dependent rapid elongation of the anaphase spindle segregates the chromosomes 

(Fink et al., 2006). Consistent with these roles in mitosis, dynein localizes to the tip of 

astral microtubules in prophase and anaphase (Fig. 5A, 5B, arrowheads). Fusion 

proteins of triple GFP and DLIC, Tctex, DLC2 and LC8 also concentrate at the plus-

ends of aMTs (Fig. 5C); suggesting that all light chains could have functions in 

mitosis. To test this, we expressed GFP-α-tubulin in the various light chain mutant 

strains and investigated spindle positioning and anaphase spindle elongation after 

deletion or depletion of the proteins. Surprisingly, we found that all light chains are 

involved in these mitotic dynein functions. Deletion of tctex in U. maydis had a mild 

effect on spindle migration, and reduced the velocity of spindle elongation by ~25% 

(Fig. 5C, 5D ∆Tctex; Movie S4; Control, DeltaTctex). The depletion of LC8, DLIC and 

DLC2, however, led to mis-positioning of the spindle and further reduced the spindle 

elongation velocity (Fig. 5C, 5D; LC8↓, DLC2↓, DLIC↓; Movie S4, LC8↓, DLC2↓, 

DLIC↓).  

 

Absence of DLIC and DLC2 reduces the number of dynein motors at plus-ends 

of astral MTs 

A reduced spindle elongation rate could be the consequence of a lower number of 

dynein motors at the plus-ends of astral MTs (Roger et al. in preparation). Therefore 

we determined the amount of dynein in the "comets" at the plus ends of astral MTs. 

Indeed, we found a much lower fluorescence of GFP3-Dyn2 concentrated at 

microtubule tips when DLIC or DLC2 was depleted (Fig. 6A, 6B DLIC↓ and DLC2↓). 

We measured the dynein fluorescence and compared it with that of an internal 

calibration standard (nuclear porin Nup107-GFP; Schuster et al., 2011a; see Material 

and Methods). From this we estimated that in control cells in average ~3 dynein 
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motors accumulate at each astral MT tip (Fig. 6A, Fig. 6B control; median: 2.7). This 

number dropped to 1-2 when DLIC or DLC2 was depleted (Fig. 6A, 6B; median for 

DLIC: 2; median for DLC2: 1.3; significantly different from control, Mann-Whitney 

test, P<0.0004). No effect was found when Tctex was deleted or LC8 depleted (Fig. 

6A, 6B ∆Tctex and LC8↓; no difference; median for ∆Tctex: 3.342, median for LC8↓: 

2.826; Krustal-Wallis test P=0.2813). A reduced number of dynein motors at 

microtubule plus-ends could be a consequence of reduced delivery of the motor 

protein. Indeed, we found that dynein showed bi-directional motility along astral 

microtubules with frequent runs towards the dynein "comet" (Fig. 6D, arrowheads). 

We measured this anterograde flux in control cells and the dynein light chain mutants 

and found that delivery of dynein signals was significantly reduced in DLIC↓ mutants 

(Fig. 6E DLIC↓; Student t-test at P=0.0022). This suggests that the lower number of 

motors at the tips of astral MTs in DLIC↓ mutants is due to impaired plus-end 

directed transport of dynein. DLC2↓ mutant was not affected in anterograde dynein 

flux (Fig. 6E DLC2↓), suggesting that DLC2 participates in dynein anchorage to the 

microtubule plus end.  

 

 While reduced dynein numbers at MT plus-ends might explain the spindle 

elongation and positioning defects in DLIC↓ and DLC2↓ mutants, it is not an 

explanation for LC8↓ mutant showing unaltered dynein targeting (Fig. 6C; LC8↓). 

Cortical sliding of astral microtubules requires "off-loading" of dynein from the dynein 

"comet" to the cell cortex (Sheeman et al., 2003; Lee et al., 2003; Fink et al., 2006). 

We therefore speculated that the observed defects in spindle elongation and 

positioning in LC8↓ mutants were due to a reduced off-loading rate. Off-loading 

events could be visualized in kymographs, where stationary dynein signals appear as 
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vertical lines (Fig. 6F, red arrowheads). We quantified these events in control and 

LC8↓ mutants, but found no reduction in off-loading. In fact, the off-loading rates 

were somewhat increased, although this effect was not statistically significant (Fig. 

6G; Student t-test, P=0.0912). Taken together, our studies show that DLIC and DLC2 

are required for dynein targeting, whereas LC8 has a novel, yet unknown role in 

dynein function in mitosis.  

 

DISCUSSION 

Cytoplasmic dynein is the major retrograde motor protein in animals and fungi that 

has essential functions in retrograde membrane trafficking in interphase (Corthésy-

Theulaz et al., 1992; Aniento et al., 1993) and chromosome segregation in mitosis 

(Sharp et al., 2000; Li et al., 2005; overview in Kardon et al, 2009; Allan, 2011). The 

involvement of dynein in a broad spectrum of processes requires fine regulation of 

cargo interaction and motor activity, which is thought to be mediated by the complex 

organization of the dynein motor. While the two heavy chains interact with 

microtubules and provide the motor activity, the dynein intermediate chain IC74, the 

dynein light intermediate chain (DLIC), and the dynein light chains "roadblock" 

(DLC2), Tctex and the light chain 8 (LC8) are implicated in stabilisation of the dynein 

motor complex (Mische et al., 2008; Zhang et al., 2009; Palmer et al., 2009), 

regulation of the motor by interacting with other proteins like dynactin (Morgan et al., 

2011), and interaction with cargo membranes (Bielli et al., 2001; Palmer et al., 2009; 

Horgan et al., 2010; Varma et al., 2010). However, the precise mechanism by which 

these dynein motor components modulate dynein-dependent motility in interphase 

and mitosis is not known. In this study we have used a fungal model system to study 

the role of DLIC, DLC2, Tctex and LC8 in motility of early endosomes and dynein 
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processivity and plus-end targeting of dynein in interphase, as well as spindle 

elongation and dynein targeting and off-loading in mitosis.  

The model fungus U. maydis contains all pivotal dynein components 

The dynein motor complex consists of heavy chains, intermediate chains, light 

intermediate chains and three types of light chains (Vallee et al., 2004; Allan, 2011; 

see above Fig. 1A). We used the predicted amino acids of the human dynein 

polypeptides and screened the published genome of U. maydis to identify 

homologues of these dynein components. We found homologues of DLIC, DLC2 and 

LC8 in this fungus that showed 22-40% sequence identity with their human 

counterpart. Sequence conservation between unrelated proteins ranges at <5% 

(Münsterkötter and Steinberg, 2007), and a functional conservation is indicated at 

>18% sequence identity (Wilson et al., 2000). This suggests that the identified 

proteins are indeed putative dynein components. In agreement with this conclusion, 

we found that fluorescent DLIC and DLC2 co-localised with the dynein heavy chain at 

microtubule plus-ends in interphase and mitosis. While LC8 could not be verified by 

localisation studies, the high sequence identity (~40% identical) and the presence of 

a dynein light chain type 1 domain (P=1e-32) leave little doubt that LC8 is part of the 

dynein complex. However, our similarity search did not reveal the putative Tctex 

homologue, which was only recognized by the existence of a conserved Tctex-

domain. The Tctex homologue also co-localized with dynein heavy chain at MT plus-

ends and during movement, which strongly argues that it is part of the motor 

complex. The low sequence identity between Tctex from U. maydis and humans 

(~11%) might be indicative of difference in function. However, this is not necessarily 

the case. The human MT plus-end binding protein Clip170 shares low sequence 

identity with Tip1 from the fission yeast Schizosaccaromyces pombe, and yet they 
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both bind to microtubule plus-ends and share a similar role in regulating microtubule 

dynamics (Brunner and Nurse, 2000). Thus, the dynein complex in U. maydis 

contains all of the main components known to comprise the motor in higher 

eukaryotes.  

DLIC and DLC2 are essential for retrograde endosome transport 

Long-range motility of membrane-bound organelles is a major role of the dynein 

motor complex in interphase cells, and all light chains and the DLIC have been 

implied in transport of vesicles, endosomes, lysosomes or Golgi organization 

(Lippincott-Schwartz, 1998; Varma et al. 2010; Kimura and Kimura, 2011; Fejtova et 

al., 2009; Tan et al., 2011). In our model system the major cargo of dynein is early 

endosomes (Wedlich-Söldner et al 2002a; Lenz et al., 2006). Their long-distance 

retrograde motility is best visualised using photo-activatable Rab5a, which 

specifically localises to the EEs (Fuchs et al., 2006). Using this tool in the conditional 

dynein light chain mutants allowed us to perform a detailed and quantitative analysis 

of their motility. Indeed, we found that depletion of DLIC and DLC2 drastically 

reduced retrograde EE motility, which is the cause for the observed defects in hyphal 

growth (Wedlich-Söldner et al., 2000; Lenz et al., 2006). This is in agreement with 

studies in mammalian cells that show endosome distribution defects in DLIC2 and 

DLC2 mutants (Traer et al., 2007; Palmer et al., 2009). Thus, a role of these dynein 

components in endosomal trafficking is conserved between humans and fungi. Rab-

GTPases may mediate the attachment of motors to the cargo via RILP, here 

(Jordens et al., 2005; Lipatova et al., 2008) and it was suggested that the DLIC 

interacts with Rab4 to link dynein to EEs (Bielli et al., 2001). U. maydis contains a 

Rab4 homologue (Fuchs and Steinberg, 2005), which may serve as an anchor for 

dynein. This poses the possibility that the defects in endosome motility are due to a 
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loss of motor attachment to the organelles. Currently, we cannot exclude such a role 

of DLIC in cargo binding. However, interaction of fungal dynein with EE membranes 

is mediated by the dynactin subunit p25 (Zhang et al., 2011). Furthermore, the 

retrograde run-length of fluorescent dynein signals, which were previously shown to 

represent single motor complexes (Schuster et al., 2011a), is also dependent on 

DLIC and DLC2. This result argues strongly for a role for both dynein components in 

controlling the processivity of the dynein motor. At present, we do not know how the 

DLIC and the light chain "roadblock" support the attachment of dynein to 

microtubules. In cell free assays, the p150Glued subunit of the dynactin complex is 

thought to tether dynein to its track by directly binding to the microtubule, thereby 

increasing dynein run-length (Culver-Hanlon et al., 2006). However, it seems unlikely 

that the small DLIC or DLC2 can bridge between the microtubule and the motor. 

Alternatively, both proteins might promote dynactin binding to dynein. The dynactin 

component p150Glued interacts with the dynein intermediate chain (Karki and 

Holzbaur, 1995; Vaughan and Vallee, 1995), which also binds DLC2 (Susalka et al., 

2002; Vallee et al., 2004), suggesting that the light chain roadblock could interact 

with the adjacent p150Glued, which may stabilise the interaction between the dynein 

intermediate chain and the dynactin subunit. The DLIC could exert a similar effect 

due to a structural role for the integrity of the dynein complex (Mische et al., 2008; 

Zhang et al 2009). However, experimental evidence for a structural role of DLIC and 

DLC2 in U. maydis dynein is currently lacking.  

DLIC and DLC2 are essential for anaphase spindle elongation 

Dynein has numerous functions in mitosis that include kinetochore attachment 

(Banks and Heald, 2001; Varma et al., 2008), mitotic checkpoint regulation (Wojcik et 

al., 2001), chromosome movement (Savoian et al., 2000; Yang et al., 2007), spindle 
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formation (Goshima et al., 2005; Mao et al., 2010; Varma et al., 2010; Raaijmakers et 

al., 2012) and spindle positioning and elongation (Yeh et al., 1995; Li et al., 2003; 

Fink et al., 2006; Moore et al., 2009; Kotak et al., 2012). In the budding yeast S. 

cerevisiae and U. maydis, dynein accumulates at the tip of astral microtubules, from 

where it is off-loaded to the cellular cortex to exert pulling forces on the spindle (Lee 

et al., 2003; Fink et al 2006; Markus et al., 2011). The results presented in this study 

argue that DLIC and DLC2 support the rapid spindle elongation by targeting dynein 

to the plus-ends. The off-loading of dynein from astral MTs to the cortex requires that 

motors are delivered to and concentrate at the plus-ends, where they form a small 

comet-like accumulation (Sheeman et al., 2003; Lee et al., 2003; Lee et al., 2005; 

Fink et al., 2006). Fewer dynein motors in the comet reduce the probability of dynein 

getting off-loaded, which in turn lowers the spindle elongation rate (Roger et al., in 

preparation). Therefore, the reduction in plus-end targeted motors in the dlic and dlc2 

mutants is likely to be the cause for the spindle elongation defects in mitosis and for 

the lower endosome transport frequency in interphase. In U. maydis interphase cells, 

plus-end targeting of dynein is dependent on dynactin (Lenz et al., 2006; Schuster et 

al., 2011a), which again argues for a role of DLIC and DLC2 in stabilising the dynein-

dynactin interaction.  

A mutant in a distant Tctex homologue shows defects in spindle elongation 

The cytoplasmic dynein light chain Tctex1 is implicated in dynein-dependent 

membrane trafficking (Nagano et al., 1998; Varma et al., 2010), whereas a role of 

Tctex in mitotic functions was not found  (Varma et al. 2010). We identified a distant 

relative of Tctex in the genome of U. maydis, which co-localised with the moving 

dynein heavy chain, suggesting that it might play an important role in retrograde 

endosome transport in interphase. However, deletion of tctex did not have any 
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significant effect on endosome or dynein motility, and consequently the morphology 

of the hyphal cells was not impaired. Thus, we conclude that Tctex has no obvious 

role in dynein-dependent processes in hyphal cells. Interestingly, a study on the role 

of Tctex in nuclear migration and cell growth in A. nidulans came to the same 

conclusion (Zhang et al. 2009). Thus, Tctex seems to be dispensable for dynein 

function in hyphal cells in interphase. However, deletion of tctex caused a mild 

nuclear migration defect and significantly reduced the spindle elongation rate, which 

was, in contrast to DLIC, not due to impaired dynein targeting to MT plus-ends. 

Currently, we can only speculate about the role of Tctex in mitosis in U. maydis. 

Tctex-like proteins have dynein-independent functions (Chuang et al., 2005) and the 

U. maydis Tctex-like protein shows very little sequence conservation. This raises the 

possibility that the observed phenotype of tctex mutants is due to pleiotropic effects.  

The light chain LC8 affects dynein processivity, but not the run-length 

of endosomes 

The small light chain LC8 is a pivotal component of the dynein motor complex that 

supports dynein-dependent processes, including retrograde membrane trafficking 

(Fejtova et al., 2009; Varma et al., 2010), endocytosis (Traer et al., 2007), and fungal 

nuclear migration (Beckwith et al., 1998; Liu et al., 2003; Zhang et al., 2009). We 

found that depletion of LC8 in U. maydis significantly reduced long-range dynein 

motility. Surprisingly, this defect did not affect the run-length of EEs. Consequently, 

LC8 mutants did not show impaired hyphal growth, a phenotype linked with impaired 

endosome motility (Wedlich-Söldner et al., 2000, Lenz et al., 2006). This 

contradiction can be explained by the way motors orchestrate long-range retrograde 

endosome motility in U. maydis. Bi-directional motility of the organelles is based on 

kinesin-3 and dynein, which transport the endosomes along MT bundles. These 
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bundles consist of anti-polar oriented MTs in most parts of the elongated cells, but 

become uni-polar within the apical ~12 µm (Schuster et al., 2011). When the 

organelles reach the growing cell pole, dynein captures them (Schuster et al., 2011a; 

Schuster et al., 2011b) and takes the early endosomes back into the anti-polar MT 

array. Here, kinesin-3 takes over and continues their retrograde motility (Schuster et 

al., 2011c). Thus, there is a virtual "threshold" of ~12 µm that has to be overcome by 

dynein-dependent retrograde endosome motility in order to facilitate long-range 

kinesin-3-dependent movement. While depletion of LC8 significantly reduced dynein 

processivity (P<0.0001), a large portion of the endosomes run further than 12 µm 

(see Fig. 2B), which therefore allows kinesin-3 to continue their retrograde motion.  

Conclusion 

In this study we analysed the role of dynein light intermediate chain and three light 

chains in long-range endosome motility, dynein processivity, dynein targeting, 

prophase spindle positioning and anaphase spindle elongation. We found that DLIC 

and the light chain "roadblock" (DLC2) are essential for almost all these processes. 

Most strikingly, they are crucial for dynein run-length and plus-end targeting in 

interphase. These phenotypes can be explained by a structural role of both proteins 

in stabilising the interaction between dynein intermediate chain and the dynactin 

subunit p150Glued . Future studies are needed to test this possibility. The distant Tctex 

orthologue did not participate in interphase in U. maydis, but had a role in exerting 

force on the astral MTs and the spindle in mitosis. However, fungal mitosis probably 

does not need Tctex, as this dynein light chain is not present in the budding yeast. 

On the other hand, LC8 is present in S. cerevisiae where it has important roles in 

spindle positioning (Stuchell-Brereton et al., 2011). In U. maydis, LC8 was involved in 

all processes tested, with the exception of dynein targeting to plus-ends of interphase 
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or mitotic microtubules. How LC8 is exerting its function is presently not clear. 

However, it should be noted that LC8 is implicated in numerous dynein-independent 

processes (Chen et al., 2009; Batlevi et al., 2010; Kaiser et al., 2003), including being 

a light chain of Myosin V (Espindola et al. 2000; overview in Rapali et al., 2011). 

Therefore, the observed defects might be in part a consequence of pleiotropic 

effects, which could obscure the actual function of LC8 in dynein-dependent 

processes.  

 

MATERIAL and METHODS 

Strains and Plasmids 

All strains and plasmids used in this study are listed in Table S1.  

The U. maydis strains AB33 (Brachmann et al., 2001), AB33 paGRab5a (Schuster et 

al., 2011b), AB33 G3Dyn2 (Lenz et al., 2006), FB2 N107G (Steinberg et al., 2012) 

and AB33 GT (Roger et al., in preparation) were described previously. To observe 

EE behaviour in control and mutants, the plasmid popaGRab5a (Schuster et al., 

2011a) was transformed into AB33 ∆Tctex, AB33 rDLIC, AB33 rLC8 and AB33 rDlc2, 

resulting into AB33 ∆Tctex_paGRab5a, AB33 rDLIC_paGRab5a, AB33 

rLC8_paGRab5a and AB33 rDlc2_paGRab5a. For the same purpose, plasmid 

pCoGRab5a was ectopically integrated into AB33 ∆Tctex, AB33 rDLIC, AB33 rLC8 

and AB33 rDlc2, resulting in AB33 ∆Tctex_pGRab5a, AB33 rDLIC_pGRab5a, AB33 

rLC8_pGRab5a and AB33 rDlc2_pGRab5a, correspondingly. In order to determine 

dynein behaviour and amount in dynein light chain mutant hyphal cells, plasmid 

p∆Tctex, pPcHADLIC, pPcHALC8 and pPcHADlc2 were transformed in strain AB33 

G3Dyn2, resulting into strain AB33 G3Dyn2_∆Tctex, AB33 G3Dyn2_rDLIC, AB33 

- 67 - 



Chapter 2.1 
 

G3Dyn2_rLC8 and AB33 G3Dyn2_rDlc2, respectively. To facilitate observation during 

mitosis, the plasmid pHomChTub1 was integrated ectopically into these strains, 

resulting in AB33 G3Dyn2_∆Tctex_ChTub1, AB33 G3Dyn2_rDLIC_ChTub1, AB33 

G3Dyn2_rLC8_ChTub1 and AB33 G3Dyn2_rDlc2_ChTub1, respectively. To 

determine the spindle position and spindle elongation rate in control and mutant cells, 

plasmid poGTub1 (Steinberg et al., 2001) was ectopically integrated into AB33 

∆Tctex, AB33 rDLIC, AB33 rLC8 and AB33 rDlc2, resulting in AB33 ∆Tctex_GT, 

AB33 rDLIC_GT, AB33 rLC8_GT and AB33 rDlc2_GT, correspondingly.  

Plasmids were generated by using standard procedures or in vivo recombination in 

S. cerevisiae which followed published protocols (Raymond et al., 1999).  

pPcHADLIC, pPcHALC8 and pPcHADlc2 – To acquire an S. cerevisiae - E. coli 

shuttle vector, a 5793 bp fragment containing the S. cerevisiae URA3 marker, 2 µm 

ori, the ampicilin resistance cassette and an E. coli origin of replication was obtained 

from the plasmid pKin3G (Schuster et al, 2011c) digested with both BamHI and SacI. 

A 1000 bp fragment upstream of DLIC, nourseothricin resistance cassette, crg 

promoter, HA epitope and a 901 bp fragment of DLIC open reading frame from start 

codon were amplified by PCR with 30 bp homology to the upstream and downstream 

of the sequence stretch of the vector. The resulting plasmid pPcHADLIC was 

digested with SapI and a 7531 bp fragment was purified and integrated 

homologously into the DLIC locus of strains AB33 and AB33 G3Dyn2, resulting in 

AB33 rDLIC and AB33G3Dyn2_rDLIC, respectively. For preparing pPcHALC8 and 

pPcHADlc2 we used the same strategy. A 954 bp fragment upstream of LC8 and a 

970 bp fragment of LC8 open reading frame from the start codon were used for 

pPcHALC8. One thousand bp fragments of both upstream of Dlc2 and Dlc2 open 

reading frame from start codon were utilised for pPcHADlc2. pPcHALC8 was 
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digested with SapI and a 7098 bp fragment was purified and integrated 

homologously into the LC8 locus of strains AB33 and AB33G3Dyn2, resulting in AB33 

rLC8 and AB33G3Dyn2_rLC8, respectively. pPcHADlc2 was digested with SapI and 

a 7630 bp fragment was purified and integrated homologously into the Dlc2 locus of 

strains AB33 and AB33G3Dyn2, resulting in AB33 rDlc2 and AB33G3Dyn2_rDlc2, 

respectively. In order to observe dynein behaviour during mitosis, the plasmid 

pHomChTub1 (Schuster et al., 2011d) which was linearized with SpeI, was ectopically 

integrated in strains AB33G3Dyn2_rLC8, AB33G3Dyn2_rDLIC and AB33G3Dyn2_rDl

c2, resulting in AB33G3Dyn2_rLC8_ChTub1, AB33G3Dyn2_rDLIC_ChTub1 and 

AB33G3Dyn2_rDlc2_ChTub1, respectively. In order to determine the spindle position 

and elongation rate, the plasmid poGTub1 (Steinberg et al., 2001) was ectopically 

integrated into AB33 rDLIC, AB33 rLC8 and AB33 rDlc2, resulting in AB33 

rDLIC_GT, AB33 rLC8_GT and AB33 rDlc2_GT. 

pDLICG3 – To obtain an S. cerevisiae - E. coli shuttle vector, a 5793 bp fragment 

containing the S. cerevisiae URA3 marker, 2 µm ori, the ampicilin resistance 

cassette, an E. coli origin of replication, a 4128 bp fragment containing egfp and the 

hygromycin phosphotransferase gene resistance cassette were acquired from the 

plasmid pKin3G digested with BamHI and SacI. A 1001 bp fragment of the DLIC 

open reading frame from the stop codon (excluding stop codon) and a 1001 bp of 

downstream of the DLIC open reading frame were amplified by PCR with 30 bp 

homology to the upstream and downstream of the sequence stretch of the vector. 

Two additional copies of egfp were introduced into the BsrGI site, resulting in plasmid 

pDLICG3. This plasmid (pDLICG3) was digested with PsiI and PvuII and a 7504 bp 

fragment was purified and integrated homologously into the DLIC locus of strains 

AB33 and AB33Dyn2Ch3, resulting in AB33 DLIC G3 and AB33 DLIC G3_Dyn2 Ch3. 

In order to observe the localisation during mitosis, the plasmid pHomChTub1 

- 69 - 



Chapter 2.1 
 

(Schuster et al., 2011d) was linearized with SpeI and ectopically integrated in AB33 

DLIC G3, resulting in AB33 DLIC G3_ChTub1. 

pLC8G3 – Two additional copies of egfp were introduced into the BsrGI site of egfp in 

the plasmid p123 (Aichinger et al, 2003). The resulting plasmid p1023 was digested 

with KpnI and XmaI and a 1517 bp fragment including 1023 bp of upstream of LC8 

and the LC8 open reading frame without a stop codon was introduced. The resulting 

plasmid pLC8G3 was digested with SspI and its single copy was integrated 

ectopically into succinate dehydrogenase locus of strain AB33 rLC8 resulting in AB33 

rLC8_LC8G3. For colocalization with the motor protein dynein, plasmid pmCh3Dyn2 

(Schuster et al., 2001b) was homologously integrated into strain AB33 rLC8_LC8G3. 

pCoGRab5a – The plasmid popaGRab5a (Schuster et al., 2011a) was digested with 

the enzymes NdeI and AgeI in order to obtain the Rab5a gene plus its terminator and 

half of the backbone with the ampicilin resistance and the E. coli replication origin 

(4337bp fragment). The same plasmid was digested with AgeI and NcoI to receive 

the second half of the backbone with the carboxin resistance cassette and the otef 

promotor (2338bp fragment). To replace the paGFP with a single eGFP the plasmid 

poGTub1 (Steinberg et al., 2001) was digested with NcoI and NdeI (732bp fragment). 

After a three fragment ligation, the resulting plasmid carried the constitutive otef 

promotor, followed by eGFP and the open reading frame plus the terminator of the 

rab5a gene. In order to linearize this plasmid, it was digested with SspI and 

ectopically integrated into strains AB5 Dyn2ts, AB33 ∆Tctex, AB33 rLC8, AB33 rDlc2 

and AB33 rDLIC, resulting in AB5 Dyn2ts_Grab5a, AB33 ∆Tctex_GRab5a, AB33 

rLC8_GRab5a, AB33 rDlc2_GRab5a and AB33 rDLIC_GRab5a, respectively.  

pG3Dlc2 – In order to obtain the plasmid pG3Dlc2, part of the dlc2 gene was 

amplified via pcr with primers which introduced an NdeI restriction site at the gene 
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start and a HindIII restriction site after 534bp. The amplified fragment was digested 

with NdeI and HindIII (534bp fragment). The promoter of the dlc2 gene was amplified 

via pcr as well. A 901bp fragment upstream of the dlc2 open reading frame was 

amplified with primers introducing a NotI and a NcoI restriction site. The resulting pcr 

product was digested with NotI and NcoI resulting into 901bp fragment. Furthermore, 

the left flank of dlc2 was amplified via PCR. A 571bp fragment upstream of the dlc2 

open reading frame was amplified thereby introducing an EcoRI and a NotI restriction 

site to the beginning and end of the fragment, respectively. The obtained pcr product 

was digested with EcoRI and NotI to obtain the 571bp left flank fragment. In order to 

fuse an N-terminal triple GFP to the dlc2 gene, the plasmid pG3Dyn2 (Lenz et al., 

2006) was digested with NcoI and NdeI resulting in a 2159bp fragment. The plasmid 

pNoGTub1 (Roger et al., in preparation) was digested with NotI to obtain the 

nourseothricin resistance (1290bp fragment). The backbone with the ampicilin 

resistance and the E. coli replication origin was obtained from pNup107G (Theisen et 

al., 2008) which was digested with the enzymes HindIII and EcoRI resulting in a 

3111bp fragment. After a six fragment ligation the plasmid carried the ampicilin 

resistance and the E. coli replication origin, the left flank of the dlc2 gene, followed by 

the nourseothricin resistance, the promotor of the dlc2 gene, an N-terminal triple gfp 

and the beginning of the dlc2 gene. This plasmid was used for homologous 

integration into the dlc2 locus. For this purpose, it was digested with the enzyme 

AlwNI to linearize it before integration into the strain AB33, resulting into strain AB33 

G3Dlc2. The microtubules were visualized with ectopic integration of plasmid 

pHomChTub1 (Schuster et al., 2011d) which was linearized with SpeI. In order to co-

localise DLC2 and the motor protein dynein, the plasmid pG3Dlc2 was integrated into 

AB33 Ch3Dyn2, resulting in strain AB33 Ch3Dyn2_G3Dlc2. 
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p∆Tctex – The knockout plasmid for Tctex was generated by using the pomChRab5a 

(Schuster et al., 2011d) which was digested with the enzyme NotI in order to obtain 

the nourseothricin resistance (1466bp fragment). The left flank and the right flank of 

the tctex gene were obtained via pcr. A 1554bp fragment upstream of the tctex open 

reading frame was amplified via pcr, thereby introducing a SphI and a NotI restriction 

site. This fragment was digested with SphI and NotI, resulting in a 1554bp fragment. 

While amplifying a 1371bp fragment downstream of the tctex open reading frame a 

BamHI and a NotI restriction site was introduced at either end. This fragment was 

digested with NotI and BamHI resulting into a 1371bp fragment. The cloning vector 

pNEB Nat was used for digestion with BamHI and SphI to obtain the backbone with 

the ampicilin resistance and the E. coli replication origin (2666bp fragment). After a 

four fragment ligation, the resulting plasmid carried the ampicilin resistance and the 

E. coli replication origin, the left flank of the tctex gene, followed by the nourseothricin 

resistance and the right flank of the tctex gene. This plasmid was linearized with 

enzyme AhdI and integrated into strain AB33 (Brachmann et al., 2001) and AB33 

G3Dyn2 (Lenz et al., 2006), resulting in AB33 ∆Tctex and AB33 G3Dyn2_∆Tctex, 

respectively.  In order to observe the spindle elongation rate and position, the 

plasmid poGTub1 (Steinberg et al., 2001) was ectopically integrated into AB33 

∆Tctex, resulting in AB33 ∆Tctex_GT.  

pG3Tctex – In order to visualize Tctex in cells, plasmid pG3Tctex was generated. For 

this purpose plasmid pOGmyo5C (Weber et al., 2003) was digested with KpnI and 

HindIII, resulting in a 4798bp fragment carrying the ampicilin resistance and the E. 

coli replication origin as well as the carboxin resistance cassette. The promoter and 

the gene of tctex were amplified via pcr. A 982bp fragment upstream of the tctex 

open reading frame was amplified via pcr, thereby introducing a HindIII and a NcoI 

restriction site. The resulting fragment was digested with HindIII and NcoI (982bp 
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fragment). The open reading frame of tctex was amplified via pcr and on either end 

the restriction sites NdeI and KpnI were introduced. This fragment was digested with 

NdeI and KpnI (1083bp fragment). In order to fuse an N-terminal triple gfp to the tctex 

gene, the plasmid pG3Dyn2 (Lenz et al., 2006) was digested with NcoI and NdeI 

resulting into a 2159bp fragment. After a four fragment ligation the resulting plasmid 

carried the ampicilin resistance and the E. coli replication origin, the carboxin 

resistance cassette, the promotor of the tctex gene, followed by a triple gfp and the 

tctex gene. In order to integrate the plasmid into the succinate dehydrogenase locus 

of strain AB33 ∆Tctex it was linearized with SspI resulting in strain AB33 

∆Tctex_G3Tctex. Single integration was confirmed by Southern blotting. 

 

Growth conditions  

Strains were grown over day (~8-10 hours) in liquid cultures at 28°C in complete 

medium (CM) (Holliday, 1974) supplemented with 1% arabinose (CM-ara) or 1% 

glucose (CM-glu). Strains that allowed controlled expression of LC8, Dlc2 and DLIC 

were grown over day (~8-10 hours) in CM-ara, washed in fresh medium and 

resuspended in CM-glu in order to switch off the crg-promotor for 20-24h (AB33 

G3Dyn2_rLC8_ChTub1, AB33 G3Dyn2_rDlc2_ChTub1, AB33 rLC8_GT, AB33 

rDlc2_GT) or 43-48h (AB33 G3Dyn2_rDLIC_ChTub1, AB33 rDLIC_GT) at 28°C, 

200rpm. Hyphal growth was induced in strains (AB33 G3Dyn2, AB33 G3Dyn2_rLC8, 

AB33 G3Dyn2_rDlc2, AB33 G3Dyn2_rDLIC, AB33 rLC8_paGRab5a, AB33 

rDlc2_paGRab5a, AB33 rDLIC_paGRab5a, AB33, AB5 Dyn2ts, AB33 ∆Tctex, AB33 

rLC8, AB33 rDlc2, AB33 rDLIC). These strains were grown over day (~8-10 hours) in 

CM-ara, washed in fresh medium and resuspended into nitrate minimal medium 

(Holliday, 1974) containing 1% glucose (NM-glu). Colony growth of strains AB33, 
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AB33 ∆Tctex, AB33 rLC8, AB33 rDlc2 and AB33 rDLIC was observed on NM-ara 

charcoal and NM-glu charcoal plates.  

 

Laser-based epifluorescent microscopy 

For live cell imaging of fluorescent proteins, an inverted motorized IX81 microscope 

was used which is equipped with an UPlanSApo 100X/1.40 Oil objective (Olympus, 

Hamburg, Germany). After placing cells on a 2% agarose pad, cells were observed 

using a 0.17 µm cover slip and ImmersolTM 581 F (Carl ZEISS, Jena, Germany). In 

order to observe fluorescently-labelled proteins, a VS-LMS Laser-Merge-System with 

solid state lasers (488nm/50mW/70mW and 561nm/50mW/70mW, Visitron System, 

Munich, Germany) was used, which is controlled by VS-AOTF100 and coupled into 

the light path by using a VS-20 Laser-Lens-System (Visitron System, Munich, 

Germany). Photo-bleaching and photo-activation studies were done using a Visitron 

2D FRAP system (Visitron System, Munich, Germany) consisting of a 405 nm/ 60 

mW diode laser, which was dimmed by a ND 0.6 filter resulting in 15 mW output 

power. For colocalisation studies, a dual-view microimager (optical insights, Tucson, 

USA) and filter sets which consists of excitation dual line beam splitter (z491/561, 

Chroma, Rockinham, USA), the emission beam splitter in Dual-View (565 DCXR, 

Chroma, Rockinham, USA), an ET-Bandpass 525/50 (Chroma, Rockinham, USA) 

and a Bright-Line HC617/73 (Samrock, Rochester, USA) were used. A charged-

coupled device camera (Photometric CoolSNAP HQ, Roper Scientific, Germany) was 

operated to take images. All parts of the system were controlled by the software 

package MetaMorph (Molecular Devices, Downingtown, USA). The same setup was 

used for standard epifluorescence but instead of lasers a USH-1030L mercury burner 

(Olympus, Hamburg, Germany) was utilized.  
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To avoid fast bleaching of proteins in mutants, all settings were optimised by using 

the control strain according to each experiment. 

 

Visualization and analysis of the run-length of fluorescent EEs and dynein  

The run length of EEs was analysed using strains AB33paGRab5a AB33 

rLC8_paGRab5a, AB33 rDlc2_paGRab5a, AB33 rDLIC_paGRab5a, and AB33 

∆Tctex_paGRab5a. The hyphal tip of those strains was radiated with a 150 ms light 

pulse using a 60 mW 405 nm laser at 5% output power. Image series of 500 frames 

were taken with the 488 nm observation laser at 20% output power, an exposure 

time of 150 ms, image interval of 150 ms and image binning 1. Run-lengths were 

analysed in kymographs that were generated from these images using MetaMorph. 

To visualize retrograde motility of dynein, hyphal cells of strains AB33 G3Dyn2, AB33 

G3Dyn2_rLC8, AB33 G3Dyn2_rDlc2, AB33 G3Dyn2_rDLIC, AB33 G3Dyn2_∆Tctex 

were used. For this 40 to 50 μm of the hyphal cell was photo-bleached, but excluding 

the apical 3- 5 μm. This was followed by immediate observation using the 488nm 

observation laser at 90% output power at 100 ms exposure time and image 

binning 1. Run-length and velocity was analysed in kymographs that were generated 

from these images using MetaMorph.  

 

Analysis of the frequencies of EEs and dynein in hyphal cells 

The EE frequency was analyzed in strains AB33GRab5a AB33 rLC8_GRab5a, AB33 

rDlc2_GRab5a, AB33 rDLIC_GRab5a, and AB33 ∆Tctex_GRab5a. A 5 μm region 5 

μm behind the tip was photo-bleached using the 405 nm laser at 100% output power 

- 75 - 



Chapter 2.1 
 

followed by immediate observation using the 488 nm observation laser at 10% output 

power at 150 ms exposure time. Frequency was analysed in kymographs that were 

generated from these images using MetaMorph. 

The dynein frequency was analyzed in strains AB33 G3Dyn2, AB33 G3Dyn2_rLC8, 

AB33 G3Dyn2_rDlc2, AB33 G3Dyn2_rDLIC, AB33 G3Dyn2_∆Tctex. Again, a 5 μm 

region 5 μm behind the tip was photo-bleached using the 405 nm laser at 100% 

output power followed by immediate observation using the 488 nm observation laser 

at 100% output power at 150 ms exposure time. Frequency was analysed in 

kymographs that were generated from these images using MetaMorph. 

 

Determination of spindle position and spindle elongation rate 

The position of the mitotic spindle was observed in strains AB33 GT, AB33 

∆Tctex_GT, AB33 rLC8_GT, AB33 rDlc2_GT and AB33 rDLIC_GT. Images of 100 

cells of each strain with metaphase spindles were taken with 250 ms exposure time 

and 20% of the 488 nm laser power. In order to observe spindle elongation behaviour 

in these strains, an image series of 250 frames was taken with the same 

experimental settings (250 ms exposure, 20% of 488 nm laser power). To obtain the 

spindle elongation rate, the distance between the SPBs was measured over time. In 

order to see SPBs and the distance between them over time, kymographs were 

made over the complete cell. The software package MetaMorph was used to analyze 

the movies.  
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Estimation of dynein numbers using an internal calibration standard 

During anaphase B, dynein numbers were estimated using an internal standard 

which was previously described in Schuster et al., 2011a and Schuster et al., 2011b. 

In brief, images of nuclear pores at an upper focal plane were taken at 150 ms 

exposure time with laser intensities of 488 nm at 100% and 561 nm laser at 50%, 

using strain FB2Nup107G. Signals which were clearly separate from others were 

measured for their average intensity and corrected for the adjacent background. To 

gain the mean intensity for a single GFP the average intensity was divided by 16 

(number of Nup107-GFP in one pore). To obtain the dynein numbers in anaphase B 

the astral microtubule plus ends were identified in mCherry – α-tubulin z-stacks using 

strains AB33 G3Dyn2_ChTub1, AB33 G3Dyn2_∆Tctex_ChTub1, AB33 

G3Dyn2_rLC8_ChTub1, AB33 G3Dyn2_rDlc2_ChTub1 and AB33 

G3Dyn2_rDLIC_ChTub1. At these astral MT tips the average intensity of G3-Dyn2 

was measured in images taken at 150 ms exposure time with laser intensities of 

100% for the 488 nm laser and 50% for the 561 nm laser. To correct for bleaching, 

the average intensity for each frame was defined by taking 32 frame image series 

using the same strain with the same experimental settings (150 ms exposure time, 

488 nm laser 100%, 561 nm laser 50%). Each individual dynein signal of the 

background-corrected average intensity was corrected with the corresponding 

average bleaching value. The motor protein dynein exists as a dimer of GFP3-Dyn2 

dynein heavy chain; hence one motor contains 6 GFP. Due to this fact and the 

fluorescent intensity of a single GFP gained from the internal calibration standard, the 

number of dynein at astral MT tips was obtained. Furthermore, the dynein numbers 

at MT plus end at the tip in interphase hyphal cells were determined using the same 

internal calibration standard and images were taken with 100 ms exposure time and 

40% of the 488 nm laser. 
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Western blot analysis 

Yeast-like cells of AB33 rDLIC, AB33 rLC8 and AB33 rDlc2 were grown overnight in 

CM containing 1% (w/v) arabinose as sole carbon source (CM-ara) shaking at 200 

rpm at 28ºC. After harvesting T0 samples of each strain, cultures were shifted to CM 

containing 1% (w/v) glucose as sole carbon source (CM-glu) and incubated for the 

indicated times at 28ºC, shaking at 200 rpm. Hyphal cells of AB33 rDLIC, AB33 rLC8 

and AB33 rDlc2 were grown overnight in CM-ara and transferred into nitrate minimal 

medium (NM) supplemented with 1% (w/v) glucose (NM-glu) and incubated for 25 

hours at 28ºC, shaking at 200 rpm. Collected samples were suspended with 200 μl 

extraction buffer (50 mM Tris-HCl, 50 mM NaCl, pH 7.5) supplemented with complete 

mini protease inhibitor cocktail (Roche, Indianapolis, IN, USA), being kept on ice. 

Each cell suspension was lysed with glass-beads by disrupting for 1 min and being 

on ice for 30 sec which was repeated for 3 times. After centrifugation at 13,000 rpm 

for 15 min at 4°C, the supernatant was collected and used for SDS-PAGE on 8% or 

15% polyacrylamide gels. To detect HA-labelled proteins or α-tubulin for loading 

controls a monoclonal anti-HA antibody (1:1,000; Roche) or a monoclonal anti-α-

tubulin antibody (1:1,000; Oncogene Research Products, La Jolla, CA, USA) were 

utilised, respectively. In each case, anti-rat (1:5,000; Invitrogen, Frederick, MD, USA) 

or anti-mouse immunoglobulin G (H+L) horseradish peroxidase-conjugated 

antibodies (1:5,000; Promega, Madison, WI, USA) were used for secondary antibody 

reaction, respectively. Detection was carried out using Enhanced 

Chemiluminescence (ECL) plus Western blot detection reagent following the 

manufacturer’s instruction (GE Healthcare Life Science, Buckinghamshire, UK) and 

medical X-ray films (Fuji Film, Kanagawa, Japan).   
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Staining procedure 

In order to determine the number of nuclei in control and mutants (AB33, AB33 

∆Tctex, AB33 rLC8, AB33 rDlc2 and AB33 rDLIC), the cells were fixed with 0.8% 

formaldehyde for 25 minutes at room temperature followed by two washing steps and 

incubation with 1 mg/ml DAPI (4,6-diamidino-2-phenylindole, Sigma-Aldrich, United 

Kingdom) in PBS (phosphate-buffered saline, pH 7.2). The DAPI incubation was 

carried out for 10-30 minutes at room temperature. 

 

Statistical analysis and protein domain prediction 

GraphPad Prism was used to perform all statistical testing. The ANOVA (one-way 

analysis of variance) test is used to test differences between means of three or more 

unrelated groups. In order to test for normal distribution of a curve, the Shapiro-Wilk 

test was used. The Mann-Whitney test was used to determine whether two data sets 

are different to each other. The Kruskal-Wallis test was used to compare two or more 

data sets which are independent of each other. 
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FIGURE LEGENDS 

 

Figure 1 Dynein light intermediate and light chains in U. maydis and their role in cell 

growth 

(A) Schematic drawing of the dynein motor complex in humans, U. maydis and S. 

cerevisiae. In contrast to budding yeast, U. maydis and humans share a globular 

domain in the motor head ("C") and the light chains Tctex and DLC2 (="roadblock"). 

Note that the heavy chain of U. maydis dynein is split into 2 proteins (Straube et 

al., 2001). 

(B) Co-localization of the putative light chains DLIC, Tctex, and DLC2 (all labelled 

with a triple GFP-tag; see supplementary Table S1 for details) and the dynein heavy 

chain protein Dyn2, (fused to triple red fluorescent protein mCherry) at the tip of 

hyphal cells. Bar represents micrometres.  
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(C) Colonies of light chain mutants grown on NM-glu agar plates for 2 days. Wild type 

cells (Control), the null mutant in tctex (∆Tctex) and the conditional mutant of LC8 

(LC8↓) form white and "fuzzy" colonies. In contrast, conditional DLIC mutants (DLIC↓) 

and DLC2 mutants (DLC2↓) are impaired in hyphal growth which results in a greyish 

colony.  

(D) Hyphal cell of wild type (Control) and conditional DLIC mutants (DLIC↓) and 

DLC2 mutants (DLC2↓) after 36 h growth in liquid medium. The mutant cells form 

short hyphae that are often branched. Note that this phenotype is reminiscent of 

conditional dynein heavy chain mutants (see supplementary Figure S1).     

(E) Bar chart showing hyphal length of wild type (Control), the null mutant of the light 

chain Tctex (∆Tctex) and conditional mutants of the heavy chain gene dyn2 (Dyn2↓), 

the light chain 8 (LC8↓), the dynein light intermediate chain (DLIC↓) and the dynein 

light chain 2 (DLC2↓). Bars are given as mean ± standard error of the mean; the 

sample size n of one experiment was 50 cells per bar; single asterisk indicates 

significant difference from control at P= 0.0267; triple asterisk indicates significant 

difference from control at P<0.0001 using a Mann-Whitney test. P-value for no 

significant test outcome is indicated.   
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Figure 2 Motility of EEs in hyphal cells of control and dynein light intermediate and 

light chain mutants. 

(A) Kymographs showing motility of the endosomal marker paGFP-Rab5a after 

photo-activation at the hyphal tip (yellow asterisk) in wild type (Control), the null 

mutant of the light chain Tctex (∆Tctex) and conditional mutants of the light chain 8 

(LC8↓), the dynein light intermediate chain (DLIC↓) and the dynein light chain 2 

(DLC2↓). Cells were grown in NM-Glu for 25h. Motility is impaired in DLIC↓ and 

DLC2↓ mutants. Note many EEs remain immobile at the hyphal tip DLIC↓, DLC2↓ 

and LC8↓ mutants (red arrowheads); indicating that less retrograde motility occurs. 

Time is given in seconds, bar represents micrometres. 

(B) Histograms showing retrograde run-length of photo-activated EEs in hyphal cells 

of wild type (Control), the null mutant of the light chain Tctex (∆Tctex) and conditional 

mutants of the light chain 8 (LC8↓), the dynein light intermediate chain (DLIC↓) and 

the dynein light chain 2 (DLC2↓). Cells were grown in NM-Glu for 25h. All data sets 
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were non-normal distributed (Shapiro-Wilk normality test; all P-values <0.0001); the 

median is indicated and the sample size n for each data set is as follows: WT: 20 

cells/150 EEs, DLC2↓: 22 cells/150 EEs, DLIC↓: 22 cells/151 EEs, LC8↓: 20 

cells/153 EEs, dTctex: 20 cells/151 EEs. P-values for significant/no significant test 

outcome are indicated (Mann-Whitney test). 

(C) Bar chart showing the frequency of retrograde EE motility at ~5 to 10 µm behind 

the hyphal tip in wild type (Control), the null mutant of the light chain Tctex (∆Tctex), 

temperature sensitive mutant of the heavy chain gene dyn2 (Dyn2ts) and conditional 

mutants of the light chain 8 (LC8↓), the dynein light intermediate chain (DLIC↓) and 

the dynein light chain 2 (DLC2↓). Bars are given as mean ± standard error of the 

mean; the sample size n of one experiment was 25 cells per bar; single asterisk and 

triple asterisk indicate significant difference from control at P=0.0112 and P<0.0001, 

respectively, using a Mann-Whitney test). Note that the reduction in retrograde 

motility in DLIC↓, DLC2↓ and LC8↓ mutants corresponds with the accumulation of 

EEs at the hyphal tip (see above, red arrowheads in Fig. 2A). 
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Figure 3 Retrograde motility of dynein in hyphal cells of control and dynein light 

intermediate and light chain mutants. 

(A) Kymographs showing motility of the dynein heavy chain labelled with a triple GFP 

tag (GFP3-Dyn2) in wild type (Control), the null mutant of the light chain Tctex 

(∆Tctex) and conditional mutants of the light chain 8 (LC8↓), the dynein light 

intermediate chain (DLIC↓) and the dynein light chain 2 (DLC2↓). The sub-apical 

regions were photo-bleached using a 405nm laser to reduce interference with 

anterograde moving dynein signals (bleached area indicated by red arrow).  Cells 

were grown in NM-Glu for 25h. Note that dynein motility is impaired in DLIC↓, DLC2↓ 

and LC8↓ mutants. Time is given in seconds, the bar represents micrometers. See 

also Movie S2 and S3. 
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(B) Histograms showing retrograde run-length of GFP3-labelled dynein heavy chain 

in hyphal cells of wild type (Control), the null mutant of the dynein light chain Tctex 

(∆Tctex) and conditional mutants of the dynein light chain 8 (LC8↓), the dynein light 

intermediate chain (DLIC↓) and the dynein light chain 2 (DLC2↓). Cells were grown in 

NM-Glu for 25h. All data sets were non-normal distributed (Shapiro-Wilk normality 

test; all P-values <0.0001); the median and the sample size n for each data set of 

one experiment is indicated. P-values for significant/no significant test outcome are 

indicated (Mann-Whitney test). 

(C) Bar chart showing the velocity of retrograde dynein motility, measured at ~10 µm 

behind the hyphal tip in wild type (Control), the null mutant of the dynein light chain 

Tctex (∆Tctex) and conditional mutants of the dynein light chain 8 (LC8↓), the dynein 

light intermediate chain (DLIC↓) and the dynein light chain 2 (DLC2↓). Bars are given 

as mean ± standard error of the mean; the sample size n of one experiment is 50 

cells per bar; triple asterisk indicates significant difference from control at P<0.0001, 

using a Mann-Whitney test.  
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Figure 4 The role of dynein light intermediate and dynein light chains in plus-end 

targeting of dynein in hyphal cells 

(A) False coloured images of GFP-labelled dynein (GFP3-Dyn2) at apical plus-ends 

in hyphal cells of wild type (Control), the null mutant of the dynein light chain Tctex 

(∆Tctex) and conditional mutants of the dynein light chain 8 (LC8↓), the dynein light 

intermediate chain (DLIC↓) and the dynein light chain 2 (DLC2↓). The intensity of the 

fluorescent signals is shown in colour code (see lower left in "Control" panel). DLIC↓ 

and DLC2↓ mutants accumulate less dynein at their microtubule plus-ends. 

(B)  Bar chart showing the number of dynein motors at plus-ends of microtubules, 

estimated by comparison with the internal calibration standard Nup107-GFP 

(Schuster et al., 2011a, b; for details see Material and Methods) in the hyphal tip of 

wild type (Control), the null mutant of the dynein light chain Tctex (∆Tctex) and 

conditional mutants of the dynein light chain 8 (LC8↓), the dynein light chain 2 

(DLC2↓) and the dynein light intermediate chain (DLIC↓). Bars are given as mean ± 

standard error of the mean; the sample size n of one experiment is 50 cells per bar; 
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triple asterisk indicates significant difference from control at P<0.0001, using a 

Student t-test.  

(C)  Bar chart showing the transport frequency of dynein towards the microtubule 

plus-end (anterograde flux) at ~10 µm behind the hyphal tip in wild type (Control), the 

null mutant of the dynein light chain Tctex (∆Tctex) and conditional mutants of the 

dynein light chain 8 (LC8↓), the dynein light chain 2 (DLC2↓) and the dynein light 

intermediate chain (DLIC↓). Bars are given as mean ± standard error of the mean; 

the sample size n of two experiments is 25-26 cells per bar; triple asterisk indicates 

significant difference from control at P<0.0001, using a Mann-Whitney test.  

(D)  Bar chart showing the transport frequency of dynein towards the microtubule 

minus-ends (retrograde flux) at ~10 µm behind the hyphal tip in wild type (Control), 

the null mutant of the dynein light chain Tctex (∆Tctex) and conditional mutants of the 

dynein light chain 8 (LC8↓), the dynein light intermediate chain (DLIC↓) and the 

dynein light chain 2 (DLC2↓). Bars are given as mean ± standard error of the mean; 

the sample size n of two experiments is 25-26 cells per bar; triple asterisk indicates 

significant difference from control at P<0.0001, using a Mann-Whitney test. 

(E) Kymographs showing bidirectional motility of the dynein heavy chain labelled with 

a triple GFP-tag (GFP3-Dyn2) near the hyphal tip in wild type (Control) and the 

conditional mutants DLIC↓ and DLC2↓. The sub-apical regions were photo-bleached 

using a 405nm laser to reduce interference with anterograde moving dynein signals 

(bleached area indicated by red arrow).  Note that less dynein motility occurs in the 

mutants. Time is given in seconds, the bar represents micrometres. 
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Figure 5 The role of the dynein light intermediate and dynein light chains in mitosis  

(A) Merged images of the localization of the dynein heavy chain (GFP3-Dyn2; Dyn2, 

green) on an  early prophase spindle (left panel) and late anaphase spindle (right 

panel; labelled with mCherry-α-tubulin; Tub, red). Dynein localizes to the tips of astral 

MTs (arrowheads). Note that dynein does not localize to the metaphase and early 

anaphase spindles (see Fink et al., 2006). Bars represent micrometres. 

(B) Merged images of the localization of the GFP3-labelled DLIC (DLIC-GFP3; DILC, 

green; upper left), DLC2 (GFP3-DLC2; DLC2, green; upper right), Tctex (GFP3-Tctex; 

Tctex, green; lower left) and LC8 (GFP3-LC8; LC8, green; lower right) and half of a 

late anaphase spindle (labelled with mCherry-α−tubulin; Tub, red). The GFP3-LC8 

signal is weak (lower right, arrowheads) and most protein is located in the cytoplasm. 

Note that all GFP3-fusion proteins rescued the spindle elongation defect of the 

respective mutants, suggesting that they are biological active. 

(C) Bar chart showing spindle positioning defects in wild type (WT), the null mutant of 

the dynein light chain Tctex (∆Tctex) and conditional mutants of the dynein light 
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chain 8 (LC8↓), the dynein light chain 2 (DLC2↓) and the dynein light intermediate 

chain (DLIC↓). The results summarize the outcome of 2 experiments and each bar 

represents 100 cells. 

(D) Bar chart showing the velocity by which late anaphase spindles elongate in wild 

type (WT), the null mutant of the dynein light chain Tctex (∆Tctex) and conditional 

mutants of the dynein light chain 8 (LC8↓), the dynein light chain 2 (DLC2↓) and the 

dynein light intermediate chain (DLIC↓) . Bars are given as mean ± standard error of 

the mean; the sample size n of two experiments is 50 cells per bar; triple asterisk 

indicate significant difference from control at P<0.0001, respectively, using a Student 

t-test.  

 

 

 

 

 

 

 

 

 

 

 

- 96 - 



Chapter 2.1 
 

 

 

Figure 6 Dynein number at astral microtubule plus-ends  

 (A) False coloured images of GFP-labelled dynein (GFP3-Dyn2) at plus-ends of 

single astral MTs in mitotic yeast-like cells of wild type (WT, control), the null mutant 

of the dynein light chain Tctex (∆Tctex) and conditional mutants of the dynein light 

chain 8 (LC8↓), the dynein light intermediate chain (DLIC↓) and the dynein light chain 

2 (DLC2↓). The intensity of the fluorescent signals is shown in colour code (see lower 

right). DLIC↓ and DLC2↓ mutants accumulate less dynein at their microtubule plus-

ends. Note that this is reminiscent of hyphal cells (see above, Fig. 4A). Bar 

represents micrometres. 

(B) Histograms showing dynein numbers at the plus-end of astral MTs in mitotic cells 

of wild type (Control), the null mutant of the dynein light chain Tctex (∆Tctex) and 

conditional mutants of the dynein light chain 8 (LC8↓), the dynein light intermediate 
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chain (DLIC↓) and the dynein light chain 2 (DLC2↓). Numbers were estimated using 

the nuclear porin Nup107-GFP as internal calibration standard (Schuster et al., 

2011a, b; see Material and Methods).  Per data set, all astral MT ends of 15 cells 

were analyzed and the sample size n of one experiment is indicated in each graph; 

all data sets except the wild type (WT) were non-normal distributed (Shapiro-Wilk 

normality test; all P-values <0.0143). 

(C) Bar chart showing the median number of dynein motors at astral MT tips in 

mitotic cells of wild type (WT), the null mutant of the dynein light chain Tctex (∆Tctex) 

and conditional mutants of the dynein light chain 8 (LC8↓), the dynein light chain 2 

(DLC2↓) and the dynein light intermediate chain (DLIC↓). The median values were 

derived from the data sets shown in B. Triple asterisk indicates statistically significant 

difference to wild type at P<0.0001 (Mann-Whitney test). The average number of 

dynein motors in ∆Tctex and LC8↓ mutants does not differ from Control (Kruskal-

Wallis test, P<0.0001).  

(D) Kymograph showing bidirectional motility of GFP3-labelled dynein heavy chain 

(GFP3-Dyn2) along an astral MT in a mitotic control cell. Anterograde dynein motility 

is indicated by red arrowheads. Time is given in seconds, the bar represents 

micrometres. 

(E) Bar chart showing the frequency of plus-end directed motility of dynein (labelled 

with the heavy chain compound GFP3-Dyn2) along astral MTs in mitotic cells of wild 

type (WT, Control), the null mutant of the dynein light chain Tctex (∆Tctex) and 

conditional mutants of the dynein light chain 8 (LC8↓), the dynein light chain 2 

(DLC2↓) and the dynein light intermediate chain (DLIC↓). Bars are given as mean ± 

standard error of the mean; the sample size n is indicated; double asterisk indicates 

statistically significant difference to Control at P=0.0022 (Student t-test; Mann-
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Whitney P=0.0008 triple asterisk). No significant difference was found between 

Control, ∆Tctex, DLC2↓ and LC8↓ (one-way ANOVA test; P=0.3085; Kruskal-Wallis 

P= 0.1362). 

(F) Kymograph showing cortical off-loading of GFP3-labelled dynein heavy chain 

(GFP3-Dyn2; red arrowheads points towards stationary signals) from the apical 

dynein "comet" (yellow arrowhead). Time is given in seconds, the bar represents 

micrometres. 

(G) Bar chart showing the off-loading rate in mitotic control cells and LC8↓ mutants. 

Bars are given as mean ± standard error of the mean; the sample size n is indicated. 

No significant difference was found (P= 0.0912; Student t-test)  
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Tables  

Table 1. Motility parameters in interphase and mitosis in dynein light intermediate and light chain mutants 

 Control DLIC↓ ∆Tctex DLC2↓ LC8↓ 

Interphase      
EE run-length (µm) *† 22.04 8.48 20.67 7.61 19.8 
EE motility frequency 
(events per second) ‡¶ 1.25±0.06 (25) 0.82±0.06 (25) 1.16±0.06 (25) 0.61±0.06 (25) 0.99±0.07 (25) 

Dynein run-length (µm) * † 12.48 5.87 12.74 6.97 9.03 
Dynein velocity (µm/s)‡¶ 1.8±0.04 (52) 1.49±0.08 (50) 1.8±0.05 (50) 1.81±0.07 (50) 1.3±0.04 (50) 
Dynein number at plus-end 48.31±2.57 (50) 9.53±0.84 (50) 45.90±2.86 (50) 11.17±0.89 (50) 44±2.99 (50) 
Anterograde motility (events 
per second) ¶ 1.09±0.04 (25) 0.45±0.03 (26) 1.01±0.05 (25) 0.54±0.03 (25) 0.97±0.05 (25) 

Mitosis      
Spindle positioning 4% abnormal 93% abnormal 28% abnormal 95% abnormal 91% abnormal 
Spindle elongation (µm/s) ‡¶ 0.1±0.005 (50) 0.04±0.002 (50) 0.07±0.005 (50) 0.035±0.002 (50) 0.04±0.003 (50) 
Off-loading rate  no no no no 
Dynein number at plus-end*† 2.74 1.98 3.34 1.27 2.83 
Anterograde motility (events 
per second) ‡¶ 0.42±0.(8) 0.17±0.12 (7) 0.44±0.1 (8) 0.36±0.12 (5) 0.32±0.15 (5) 

*: all values are given as Median; all data sets are non-normal distributed (Shapiro-Wilk testing; P<0.05) 
†: Statistical difference to control is indicated in "bold"  (Mann-Whitney test; P<0.05) 
‡: Values given as mean ± standard error of the mean, sample size 
¶: Statistical difference to control is indicated in "bold"  (Student t- test; P<0.05) 

 

 

Table 2. Importance of light intermediate and light chains for dynein-related functions 

 DLIC Tctex DLC2 LC8 
Interphase     
Cell elongation +++ + +++ no 
EE run-length +++ + +++ no 
EE motility frequency +++ no +++ + 
Dynein run-length  +++ no +++ ++ 
Dynein velocity + no ++ ++ 
Plus-end targeting +++ no +++ no 
Anterograde motility ++ no no no 
Mitosis     
Nuclear migration +++ ++ +++ +++ 
Spindle positioning +++ + +++ ++ 
Anaphase spindle elongation +++ ++ +++ +++ 
Off-loading rate no no no no 
Plus-end targeting ++ no +++ no 
Anterograde motility ++ no no no 

+++: Highly important (reduction by up to 50%) 
++: Important (reduction by ~20-30%) 
+: Slightly important (~10% reduction, but statistically significant) 
no: depletion or deletion has no statistically significant effect  
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SUPPLEMENTARY ONLINE MATERIAL 

Supplementary figures and figure legends 

 

Figure S1 Morphology of a temperature-sensitive dynein heavy chain mutant 

(Dyn2ts), a mutant deleted in the dynein light chain Tctex (∆Tctex) and a conditional 

mutant of the dynein light chain 8 (LC8↓). Inactivation of the dynein heavy chain 

abolishes extended hyphal growth and results in branching, whereas no 

morphological effect was seen in the absence of the Tctex and LC8 light chains. Bar 

represent micrometres.  
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Figure S2 Western blotting of conditional dynein light intermediate and light chain 

mutants 

All proteins were expressed under the control of the crg promoter (Bottin et al, 1996; 

ON). After shifting cells to glucose-containing medium the promoter is repressed 

(OFF), which results in protein depletion. Figure shows expression of the dynein light 

intermediate chain (DLIC), the dynein light chain 2 (DLC2) and the dynein light 

chain 8 (LC8) in arabinose-containing medium (ON) and after growth in glucose-

containing medium (OFF). Time of growth in repressive conditions was: DLIC, yeast-

like cells: 43h, hyphal cells: 25h; DLC2, yeast-like cells: 20h, hyphal cells: 25h; LC8, 

yeast-like cells: 20h, hyphal cells: 25h.    
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SUPPLEMENTARY TABLE S1 

Table S1. Strains and plasmids used in this study  

AB33 a2 Pnar-bW2 Pnar-bE1, bleR (Brachmann et al., 2001) 

AB5 Dyn2TS a1PnarbW2 PnarbE1, Pdyn2-dyn2ts, bleR, hygR This study 

AB33 ∆Tctex a2 Pnar-bW2 Pnar-bE1, ∆tctex::natR This study 

AB33 rLC8 a2 Pnar-bW2 Pnar-bE1, Pcrg-lc8, bleR, natR This study 

AB33 rDlc2 a2 Pnar-bW2 Pnar-bE1, Pcrg-dlc2, bleR, natR This study 

AB33 rDLIC a2 Pnar-bW2 Pnar-bE1, Pcrg-dlic, bleR, natR This study 

AB33 ∆Tctex_G3Tctex_Ch3Dyn2 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xmcherry-dyn2, bleR, hygR, tctex::natR / 
pG3Tctex This study 

AB33 rLC8_G3LC8_Ch3Dyn2 a2 Pnar-bW2 Pnar-bE1, Pcrg-lc8, Pdyn2-3xmcherry-dyn2, bleR, natR, 
HygR / pG3LC8 This study 

AB33 G3Dlc2_Ch3Dyn2 a2 Pnar-bW2 Pnar-bE1, Pdlc2-3xgfp-dlc2, Pdyn2-3xmcherry-dyn2, bleR, 
natR, hygR This study 

AB33 DLIC G3_Dyn2 Ch3 
a2 Pnar-bW2 Pnar-bE1,Pdlic-3xegfp-dlic, Pdyn2-dyn2-3xmcherry, bleR, 
hygR, natR This study 

AB33 paGRab5a a2 PnarbW2 PnarbE1, bleR / popaGRab5a (Schuster et al., 2011b) 

AB33 ∆Tctex_paGRab5a a2 Pnar-bW2 Pnar-bE1, ∆tctex::natR / popaGRab5a This study 

AB33 rLC8_paGRab5a a2 Pnar-bW2 Pnar-bE1, Pcrg-lc8, bleR, natR / popaGRab5a This study 

AB33 rDlc2_paGRab5a a2 Pnar-bW2 Pnar-bE1, Pcrg-dlc2, bleR, natR / popaGRab5a This study 

AB33 rDLIC_paGRab5a a2 Pnar-bW2 Pnar-bE1, Pcrg-dlic, bleR, natR / popaGRab5a This study 

AB5 Dyn2ts_GRab5a a1PnarbW2 PnarbE1, Pdyn2-dyn2ts, bleR, hygR / pCoGRab5a This study 

AB33 ∆Tctex_GRab5a a2 Pnar-bW2 Pnar-bE1, ∆tctex::natR / pCoGRab5a This study 

AB33 rLC8_GRab5a a2 Pnar-bW2 Pnar-bE1, Pcrg-lc8, bleR, natR / pCoGRab5a This study 

AB33 rDlc2_GRab5a a2 Pnar-bW2 Pnar-bE1, Pcrg-dlc2, bleR, natR / pCoGRab5a This study 

AB33 rDLIC_GRab5a a2 Pnar-bW2 Pnar-bE1, Pcrg-dlic, bleR, natR / pCoGRab5a This study 

AB33 G3Dyn2 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, bleR, hygR (Lenz et al., 2006) 

AB33 G3Dyn2_∆Tctex a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, bleR, hygR, ∆tctex::natR This study 

AB33 G3Dyn2_rLC8 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, Pcrg-lc8, bleR, hygR, natR This study 

AB33 G3Dyn2_rDlc2 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, Pcrg-dlc2, bleR, hygR, natR This study 

AB33 G3Dyn2_rDLIC a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, Pcrg-dlic, bleR, hygR, natR This study 

AB33 G3Dyn2_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, bleR, hygR / pomChTub1 This study 

AB33 G3Dyn2_∆Tctex_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, bleR, hygR, ∆tctex::natR / 
pomChTub1 This study 

AB33 G3Dyn2_rLC8_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, Pcrg-lc8, bleR, hygR, natR / 
pomChTub1 This study 

AB33 G3Dyn2_rDlc2_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, Pcrg-dlc2, bleR, hygR, natR 
/ pomChTub1 This study 

AB33 G3Dyn2_rDLIC_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xegfp-dyn2, Pcrg-dlic, bleR, hygR, natR / 
pomChTub1 This study 

FB2N107G a2b2 Pnup107-nup107-egfp, bleR (Steinberg et al., 2012) 

AB33 ∆Tctex G3Tctex_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pdyn2-3xmcherry-dyn2, bleR, hygR, ∆tctex::natR 
/ pHomChTub1 This study 

AB33 rLC8_G3LC8_ChTub1 a2 Pnar-bW2 Pnar-bE1, Pcrg-lc8, bleR, natR / pG3LC8 / pHomChTub1 This study 

AB33 G3Dlc2_ChTub1 a2 Pnar-bW2 Pnar-bE1,Pdlc2-3xegfp-dlc2, bleR, natR / pHomChTub1 This study 

AB33 DLIC G3_ChTub1 a2 Pnar-bW2 Pnar-bE1,Pdlic-dlic-3xegfp, bleR, natR / pHomChTub1 This study 

AB33 GT a2 PnarbW2 PnarbE1, bleR / pNoGTub1 (Roger et al., submitted) 

AB33 ∆Tctex_GT a2 Pnar-bW2 Pnar-bE1, ∆tctex::natR / poGTub1 This study 
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AB33 rLC8_GT a2 Pnar-bW2 Pnar-bE1, Pcrg-lc8, bleR, natR / poGTub1 This study 

AB33 rDlc2_GT a2 Pnar-bW2 Pnar-bE1, Pcrg-dlc2, bleR, natR / poGTub1 This study 

AB33 rDLIC_GT a2 Pnar-bW2 Pnar-bE1, Pcrg-dlic, bleR, natR / poGTub1 This study 

popaGRab5a  Potef-pagfp-rab5a, cbxR (Schuster et al., 2011a) 

pCoGRab5a Potef-egfp-rab5a, cbxR This study 

pG3Tctex Ptctex-3xegfp-tctex, cbxR This study 

pG3LC8 Plc8-3xegfp-lc8, cbxR This study 

poGTub1 Potef-egfp-tub1, cbxR (Steinberg et al., 2001) 

pomChTub1 Potef-mCherry-tub1 cbxR (Schuster et al., 2011c) 

pHomChTub1 Potef-mCherry-tub1 hygR (Schuster et al., 2011d) 

a, b, mating type loci; E1, W2, genes of the b mating type locus; P, promoter; -, fusion; ::, replacement; hygR, hygromycin resistance; bleR, 
phleomycin resistance; natR, nourseothricin resistance; cbxR, carboxin resistance;  ∆, deletion; /, ectopically integrated; otef, constitutive 
promoter; nar, conditional nitrate reductase promoter; crg, conditional arabinose-induced promoter; nup107, nucleoporin; egfp, enhanced 
green fluorescent protein; pagfp, photoactivatable monomeric green fluorescent protein; mcherry, monomeric cherry; tub1, tubulin; dyn2: C-
terminal half of the dynein heavy chain; dyn1: N-terminal half of  the dynein heavy chain; rab5a, small endosomal Rab5-like GTPase; tctex, 
dynein light chain Tctex homolog, lc8, dynein light chain LC8 homologue; dlc2, dynein light chain 2 homologue; dlic, dynein light 
intermediate chain homologue 

 

 

SUPPLEMENTARY TABLE S2 

Table S2. Experimental usage of strains 

AB33 Determination of hyphal length, hyphal growth on plates Fig. 1C, 1D, 1E, Table 2 

AB5 Dyn2TS Determination of hyphal length Fig. 1E, S1, Table 2 

AB33 ∆Tctex Determination of hyphal length, hyphal growth on plates Fig. 1C, 1E, S1, Table 2 

AB33 rLC8 Determination of hyphal length, hyphal growth on plates, 
define time of depletion Fig. 1C, 1E, S1, S2, Table 2 

AB33 rDlc2 Determination of hyphal length, hyphal growth on plates, 
define time of depletion Fig. 1C, 1D, 1E, S2, Table 2 

AB33 rDLIC Determination of hyphal length, hyphal growth on plates, 
define time of depletion Fig. 1C, 1D, 1E, S2,Table 2 

AB33 ∆Tctex_G3Tctex_Ch3Dyn2 Co-localisation with Dynein Heavy Chain Fig. 1B 

AB33 rLC8_G3LC8_Ch3Dyn2 Co-localisation with Dynein Heavy Chain Fig. 1B 

AB33 G3Dlc2_Ch3Dyn2 Co-localisation with Dynein Heavy Chain Fig. 1B 

AB33 DLIC G3_Dyn2 Ch3 Co-localisation with Dynein Heavy Chain Fig. 1B 

AB33 paGRab5a Determination of EE run length Fig. 2A, 2B, Table 1, Table 2 

AB33 ∆Tctex_paGRab5a Determination of EE run length Fig. 2A, 2B, Table 1, Table 2 

AB33 rLC8_paGRab5a Determination of EE run length Fig. 2A, 2B, Table 1, Table 2 

AB33 rDlc2_paGRab5a Determination of EE run length Fig. 2A, 2B, Table 1, Table 2 

AB33 rDLIC_paGRab5a Determination of EE run length Fig. 2A, 2B, Table 1, Table 2 

AB5 Dyn2ts_GRab5a Determination of EE frequency Fig. 2C, Table 1, Table 2 

AB33 ∆Tctex_GRab5a Determination of EE frequency Fig. 2C, Table 1, Table 2 

AB33 rLC8_GRab5a Determination of EE frequency Fig. 2C, Table 1, Table 2 

AB33 rDlc2_GRab5a Determination of EE frequency Fig. 2C, Table 1, Table 2 
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AB33 rDLIC_GRab5a Determination of EE frequency Fig. 2C, Table 1, Table 2 

AB33 G3Dyn2 Determination of dynein numbers, run length, frequency, 
velocity 

Fig. 3A, 3B, 3C, 4A, 4B, 4C, 4D, 4E, 
Table 1, Table 2 

AB33 G3Dyn2_∆Tctex Determination of dynein numbers, run length, frequency, 
velocity 

Fig. 3A, 3B, 3C, 4A, 4B, 4C, 4D, 4E, 
Table 1, Table 2 

AB33 G3Dyn2_rLC8 Determination of dynein numbers, run length, frequency, 
velocity 

Fig. 3A, 3B, 3C, 4A, 4B, 4C, 4D, 4E, 
Table 1, Table 2 

AB33 G3Dyn2_rDlc2 Determination of dynein numbers, run length, frequency, 
velocity 

Fig. 3A, 3B, 3C, 4A, 4B, 4C, 4D, 4E, 
Table 1, Table 2 

AB33 G3Dyn2_rDLIC Determination of dynein numbers, run length, frequency, 
velocity 

Fig. 3A, 3B, 3C, 4A, 4B, 4C, 4D, 4E, 
Table 1, Table 2 

AB33 G3Dyn2_ChTub1 Determination of dynein numbers during mitosis Fig. 5A, 6A, 6B, 6C, 6D, 6E, 6F, 6G, 
Table 1, Table 2 

AB33 G3Dyn2_∆Tctex_ChTub1 Determination of dynein numbers during mitosis Fig. 6A, 6B, 6C, Table 1, Table 2 

AB33 G3Dyn2_rLC8_ChTub1 Determination of dynein numbers during mitosis Fig. 6A, 6B, 6C, Table 1, Table 2 

AB33 G3Dyn2_rDlc2_ChTub1 Determination of dynein numbers during mitosis Fig. 6A, 6B, 6C, Table 1, Table 2 

AB33 G3Dyn2_rDLIC_ChTub1 Determination of dynein numbers during mitosis Fig. 6A, 6B, 6C, Table 1, Table 2 

FB2N107G Determination of dynein numbers Fig. 4B, 6B 

AB33 ∆Tctex_G3Tctex_ChTub1 Localisation during mitosis Fig. 5B 

AB33 rLC8_G3LC8_ChTub1 Localisation during mitosis Fig. 5B 

AB33 G3Dlc2_ChTub1 Localisation during mitosis Fig. 5B  

AB33 DLIC G3_ChTub1 Localisation during mitosis Fig. 5B 

AB33 GT Determination of spindle elongation  rate and spindle 
position Fig. 5C, 5D, Table 1, Table 2 

AB33 ∆Tctex_GT Determination of spindle elongation  rate and spindle 
position Fig. 5C, 5D, Table 1, Table 2 

AB33 rLC8_GT Determination of spindle elongation  rate and spindle 
position Fig. 5C, 5D, Table 1, Table 2 

AB33 rDlc2_GT Determination of spindle elongation  rate and spindle 
position Fig. 5C, 5D, Table 1, Table 2 

AB33 rDLIC_GT Determination of spindle elongation  rate and spindle 
position Fig. 5C, 5D, Table 1, Table 2 
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SUPPLEMENTARY MOVIE LEGENDS 

Movie S1 Retrograde motility of early endosomes, labelled with photo-activatable 

paGFP fused to the small GTPase Rab5a. The organelles become visible after a 

short 405 nm laser pulse at the hyphal tip (red arrowheads) and subsequently move 

towards the sub-apical region of the cell. This retrograde motility is seen in control 

cells (Control), tctex null mutants (DeltaTctex) and conditional LC8 mutants (LC8↓), 

but is impaired in conditional DLIC and DLC2 mutants (DILC↓, DLC2↓). The time is 

given in seconds and milliseconds; the bar represents micrometres.  

 

Movie 2 Retrograde motility of dynein, labelled with triple-GFP fused to the dynein 

heavy chain gene dyn2. The sub-apical region of the cell was photo-bleached to 

reduce interference with anterograde moving dynein signals. Dynein leaves the 

accumulation at the apical MT plus-ends and moves towards the sub-apical region of 

the cell. This retrograde motility is seen in control cells (Control), tctex null mutants 

(DeltaTctex), but is slightly reduced in conditional LC8 mutants (LC8↓). Note that 

most signal represents single dynein complexes (Schuster et al. 2011a). The time is 

given in seconds and milliseconds; the bar represents micrometres. 

 

Movie 3 Retrograde motility of dynein, labelled with triple-GFP fused to the dynein 

heavy chain gene dyn2. The sub-apical region of the cell was photo-bleached to 

reduce interference with anterograde moving dynein signals. In conditional DLIC and 

DLC2 mutants (DILC↓, DLC2_Roadblock↓), less dynein concentrates at MT plus-

ends near the cell tip. Individual dynein signals leave the tip region and move 

towards the sub-apical region of the cell. However, the run-length of these signals is 
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impaired and no long-distance of dynein motility is seen. The time is given in seconds 

and milliseconds; the bar represents micrometres.  

 

Movie 4 Anaphase Spindle elongation in yeast-like cells of control cells (Control), 

tctex null mutants (DeltaTctex), conditional LC8 (LC8↓), DLIC and DLC2 mutants 

(DILC↓, DLC2↓). In control cells, metaphase occurs within the daughter cell (D). In 

anaphase, the elongating spindle bridges between the daughter cell and the mother 

cell (M), thereby segregating the chromosomes. Note spindle positioning is impaired 

in conditional LC8, DLIC and DLC2 mutants (LC8↓, DILC↓, DLC2↓). Consequently, 

anaphase spindles are formed within the mother cell. The time is given in seconds 

and milliseconds; the bar represents micrometres. 
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2.2 The microtubule plus end capture of dynein in Mitosis 

In U. maydis, the dynein motor supports mitosis in yeast-like cells and EE movement 

in hyphal cells (Fink et al., 2006; Straube et al., 2005; Fink et al., 2006; Lenz et al., 

2006; Schuster et al., 2011a). In interphase, dynein needs to accumulate at MT plus-

ends in order to capture kinesin-3-delivered organelles (Lenz et al., 2006; Schuster et 

al., 2011a). Here, this large comet-like structure of dynein is formed due to an 

interaction of the MT plus-end binding protein Peb1 (EB1-homologue) and the dynein 

regulator dynactin (Schuster et al., 2011). In mitosis, dynein accumulates at astral 

MT plus-ends to get off-loaded to the cortex for subsequent force generation to 

elongate the spindle (Fink et al., 2006). In this study, I show that dynein forms only a 

small comet-like structure and that the anchorage mechanism of dynein differs in 

hyphal and mitotic cells. In contrast to hyphal cells where dynactin and Peb1/EB1 are 

essential for the anchorage of dynein to the MT plus-end, the mitotic anchorage of 

dynein involves the dynein regulators Lis1 and NudE as well as the plus-end binding 

protein Clip1 (Clip-170 homologue).  
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ABSTRACT 

In fungi, dynein localizes to microtubule plus-ends from where it is released to 

move organelles in interphase or to exert pulling forces on the spindle in 

mitosis. In Ustilago maydis, dynein release from plus-ends is required for 

retrograde motility of early endosomes. Dynein accumulates at plus-ends due 

to stochastic traffic jams and interaction of the dynein regulator dynactin with 

the plus-end binding protein EB1. In mitosis, dynein supports anaphase B, but 

the targeting and release mechanisms controlling the mitotic function of 

dynein are not known. Here we investigate the role of Clip1-, Lis1- and NudE-

homologues in dynein anchorage and release in mitotic cells of U. maydis, 

using live cell imaging of native dynein levels in various mutant strains. 

Quantitative analysis shows that in control cells only ~3 dyneins concentrated 

at the tip of each astral MT tips. In contrast to interphase cells, mitotic dynein 

targeting was not depending on EB1 and dynactin. Instead, both Clip170 and 

Lis1 anchored dynein, and mutants of either protein reduced the number of 

dynein by 1 and the spindle elongation rate to half. In addition, the frequency of 

dynein off-loading to the cortex was reduced to ~50% in Lis1 mutants. 

Surprisingly, ~60% of dynein was still targeted to MT plus-ends in a clip1/lis1 

double mutant, suggesting that additional pathways are involved. While 

deletion of nudE had minor effects, dynein targeting was severely impaired in a 

nudE/lis1 double mutant. Nevertheless, the spindle elongated and 25.5% of all 

cells still showed normal chromosome inheritance. These results demonstrate 

that the anchorage mechanism of dynein differs in mitotic and interphase cells 

and that spindle elongation is a robust process that persists in the absence of 

major dynein regulators.  
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 INTRODUCTION 

Cytoplasmic Dynein is a minus end-directed microtubule motor protein, which 

participates in essential cellular processes, including vesicle trafficking and organelle 

positioning (Delcroix et al., 2003; Palmer et al., 2009), nuclear envelope breakdown 

(Salina et al., 2002; Straube et al., 2005), and spindle assembly and elongation 

(Vaisberg et al., 1993; Adams and Cooper, 2000; Xiang, 2003; Fink et al., 2006). 

Dynein is a large complex of protein subunits, which interacts with external regulators 

to enhance its activity and cargo specificity (Kardon and Vale, 2009). To function as a 

minus-end directed motor, dynein localizes to the microtubule plus-ends, where it 

forms "comet-like" structures in both interphase and mitotic cells (Xiang et al., 2000; 

Han et al., 2001; Zhang et al., 2002; Lenz et al., 2006; Kobayashi and Murayama, 

2009; Schuster et al., 2011a). In interphase, plus-end targeting to microtubules (MTs) 

requires delivery by kinesin-1 (Lenz et al., 2006), and the interaction of the dynein 

regulator dynactin with the plus-end-binding protein EB1 (Ligon et al., 2003; 

Honnappa et al., 2006; Akhmanova and Steinmetz, 2008; Schuster et al., 2011a). 

Lis1, another dynein regulator, is important in interphase for initial loading of dynein 

onto its cargo, e.g. EE or peroxisomes (Egan et al., 2012). Furthermore, the plus-end 

binding protein Clip-170 participates in anchoring dynein at the microtubule plus-ends 

during mitosis (Sheeman et al., 2003; Lansbergen et al., 2004; Caudron et al., 2008; 

Markus et al., 2011). The plus-end binding protein EB1 seems to be important for the 

localisation of Clip-170 to the MT plus-end where they are able to form a stable 

complex (Honnappa et al., 2006; Bieling et al., 2008; Wittmann, 2008). Whereas Clip-

170 is able to interact with Lis1 is Lis1 able to bind to dynein. Therefore it is likely that 

the dynein anchorage to the astral MT plus-ends made by the interaction of Clip-170 

and Lis1 (Coquelle et al., 2002; Lansbergen et al., 2004). Furthermore, dynactin 

- 111 - 



Chapter 2.2 
 

seems to be only important for retrograde movement and association of dynein with 

the cellular cortex during mitosis but not for the actual anchorage of dynein at the 

astral MT plus-end (Lansbergen et al., 2004). A model summarizing the activity of 

these proteins during dynein targeting and release was proposed for mammalian 

cells (Lansbergen et al., 2004). It suggests that dynactin is targeted to the astral MT 

plus-end by an interaction with Clip-170. Dynein and Lis1 bind to Clip-170 and 

dynactin at the plus-end and the dynein-associated Lis1 could disrupt the interaction 

between Clip170 and dynactin to facilitate the retrograde movement of dynein and 

the subsequent off-loading to the cellular cortex which is a prerequisite for dynein 

exerting forces on the spindle (Lansbergen et al., 2004). The model was further 

supported by studies in the budding yeast Saccharomyces cerevisiae which 

demonstrated that the Clip-170 homologue Bik1 anchors dynein via the Lis1-

homologue Pac1 to astral MT plus-ends in mitosis (Sheeman et al., 2003; Li et al., 

2005; Markus et al., 2011). Bik1 is, like Clip-170, a MT plus-end tracking protein 

which has higher affinity to the growing MT tip (Carvalho et al., 2004). Bik1 was 

shown to interact with Bim1, an EB1 homologue, in vivo and in vitro (Wolyniak et al., 

2006; Blake-Hodek et al., 2010) but Bim1 does not seem to be essential for Bik1 

localisation in vivo (Carvalho et al., 2004). Interestingly, Bik1 is important for dynein 

plus-end localisation/anchorage but its plus-end localisation is independent of dynein 

and Lis1/Pac1 (Markus et al., 2011). Furthermore, Lis1/Pac1 is required for release 

and off-loading of dynein to the cortex (Lee et al., 2003, Markus et al., 2011). A 

similar role of Lis1 and dynein is found in animal cells, where Lis1 localises to astral 

MT plus-ends, and mutations in Lis1 result in misorientated spindles and disturbance 

in mitotic progression (Faulkner et al., 2000).  Finally, the Lis1-interacting protein 

Ndl1, a homologue of NudEL (Li et al., 2005), participates in dynein anchorage in S. 

cerevisiae, as deletion of Ndl nearly abolishes dynein from the astral MTs and 
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cellular cortex (Lee et al., 2003; Li et al., 2005). Ndl stabilizes the binding of dynein 

and Pac1 and therefore increases the amount of dynein at the astral MT plus-ends 

(Li et al., 2005).  

 

While these studies in budding yeast have emphasized a role of Clip170, Lis1 and 

NudE in dynein comet formation, recent work in the fungus Ustilago maydis has 

shown that dynein concentration at interphase MT plus-ends occurs independently of 

Clip1 (Lenz et al., 2006), but requires the interaction of dynactin and EB1 (Schuster 

et al., 2011a). In mitosis, dynein also forms comets at the ends of astral MTs and 

supports rapid spindle elongation in anaphase B (Fink et al., 2006). It is currently not 

clear if dynein anchorage in mitotic cells also depends on an interaction between 

dynactin and EB1 or if a Clip170-dependent targeting mechanism exists.  

 

In this study, we address this open question and ask if mitotic dynein targeting 

mirrors the EB1/dynactin-dependent mechanism in interphase, or if a Clip170, NudE, 

Lis1-dependent anchorage accounts for the formation of the dynein comet and 

dynein function in mitosis. We found that dynein forms relatively small clusters of ~3 

motors at astral MT plus-ends.  While an EB1/dynactin interaction is not involved in 

dynein targeting, homologues of Clip170, Lis1 and NudE are essential for dynein 

anchorage and function during late anaphase.  Thus, the mechanism of dynein 

targeting in mitosis shows similarities to that in the budding yeast, but differs from 

that in hyphal cells in interphase. 
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RESULTS 

Dynein is required for spindle positioning and anaphase B spindle elongation  

In the fungus Ustilago maydis, mitotic spindle elongation starts with a slow and 

dynein-independent phase that occurs in the daughter cell. The following rapid 

elongation in late anaphase B involves dynein and segregates the chromosomes 

between mother and daughter (Fink et al., 2006). Anaphase B spindle elongation 

occurred at 0.12 µm s-1 (Table2; Control, glucose), and extended the spindle over 

several micrometers, thereby spanning from the daughter cell into the mother cell 

(Fig. 1A; the α-tubulin Tub1 labelled with the green fluorescent protein, GFP). 3D-

reconstructions of anaphase B spindles of cells grown in complete medium 

supplemented with glucose demonstrated that each spindle pole nucleates ~4 astral 

microtubules (astral MTs; Fig. 1A, 1B, Table 2; Control, glucose). The astral MTs had 

an average length of 2.2 µm (Table 2; Control, glucose) and usually contacted the 

cell periphery. Spindle elongation coincided with sliding of the astral MTs along the 

cell cortex (Fig. 1C; tip of sliding astral MT is indicated by arrowheads; Movie S1), 

which confirmed published results showing that astral MTs exert pulling forces on the 

spindle (Fink et al., 2006). The astral MTs maintained their dynamics while sliding 

along the cortex (Fig. S1). Anaphase B spindle elongation continued until the spindle 

broke and both poles rapidly moved to the opposite cell poles in the mother and the 

daughter cell, thereby inheriting the attached chromosomes (Fig. 1D; break is 

indicated by red arrowhead; spindle poles are indicated by dotted yellow line). 

 

In U. maydis, dynein locates at the ends of astral MTs (Movie S2), and 

previous reports have shown that this is essential for rapid spindle elongation in late 
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anaphase, but dispensable for slow spindle elongation in early anaphase (Fink et al., 

2006). Furthermore, dynein is required for migration of the prophase nucleus into the 

daughter cell (Straube et al., 2005). Indeed, depletion of dynein in conditional dynein 

mutants resulted in a defect of spindle migration into the bud (Fig. 2A, 2B). No rapid 

anaphase B occurred in dynein mutants and mother cells accumulated short 

anaphase A spindles. As a consequence of the defects in spindle positioning and 

anaphase B spindle elongation, dynein mutants fail to inherit their chromosomes and 

a-nucleated daughter cells and multi-nucleated mother cells appear (Fig. 2C shows a 

multi-nucleated mother cell; nuclear envelope is labelled by yellow fluorescent protein 

targeted into the endoplasmic reticulum, chromosomes are labelled by histone4 

fused to cyan fluorescent protein; Fig. 2D; Straube et al., 2001). 

 

Dynein anchorage at plus-ends of astral MTs does not depend on a dynactin-

EB1 interaction 

We labelled the native levels of cytoplasmic dynein by introducing a triple-GFP tag in 

front of the endogenous gene of the dynein heavy chain (Lenz et al., 2006). 

Expression of the GFP3-Dyn2 fusion protein did not cause any growth or nuclear 

distribution defects, reported for dyn2 mutants (Straube et al. 2001), suggesting that 

it is fully functional. GFP3-Dyn2 labelled dynein located at the spindle poles (Fig. 3A, 

open arrowhead) and often concentrated at the growing plus-end of the astral MTs 

(Fig. 3A, closed arrowhead). In the budding yeast S. cerevisiae, dynein is released 

from this apical "comet" to the cortex, where it remains stationary while "walking" 

along the astral MT towards the spindle pole, thereby generating pulling forces 

(Sheeman et al., 2003; Lee et al., 2003; Lee et al., 2005). We observed this off-

loading as well and the subsequent cortical sliding of astral MTs (Fig. 3B, 3C, 
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arrowhead, Movie S3). Off-loading and motility of dynein along an astral MT was best 

visible in kymographs, which is a graphical representation of spatial position over 

time. In these graphs, moving signals are shown as diagonal lines, whereas dynein 

that was off-loaded and remained stationary while the spindle pole was moving (Fig. 

3C, dotted line indicates spindle pole) is indicated by vertical lines (Fig. 3C, red 

arrowheads). Interestingly, the majority of the apical dynein showed retrograde 

motility along the astral MT (Fig. 3C, retrograde motility events indicated by blue 

arrowheads; Fig. 3D), indicating that dynein off-loading to the cortex is a rare event.      

 

It is thought that dynein's role in fungal mitosis requires the formation of a 

dynein "comet" at plus-ends, which serves as a reservoir from where motors are off-

loaded to the cell cortex (Sheeman et al., 2003; Lee et al., 2003; Fink et al., 2006). 

Surprisingly, cortical sliding of astral MTs did not always coincide with the presence 

of dynein at MT tips (Fig. 3E; the plus-end of the mCherry-labelled astral MT is 

indicated by an arrowhead). We measured the intensity of GFP3-Dyn2 at the tips of 

astral MTs and compared it to GFP-labelled nuclear porin that served as internal 

calibration standards (Schuster et al., 2011a, b). This method was previously used to 

determine motor numbers on moving organelles. We found that only ~3 motors 

(median = 2.96, range 0-11) are accumulating at the plus-ends of astral MTs (Fig. 

3F). This was in contrast to previous results in interphase cells, where ~55 dynein 

motors concentrate at plus-ends of interphase MTs (Schuster et al., 2011a). The 

anchorage of dynein in interphase cells is achieved by stochastic clustering and an 

interaction of dynactin with the plus-end binding EB1-homologue Peb1 (Schuster et 

al., 2011a). To test whether a similar anchorage mechanism anchors dynein to plus-

ends of mitotic MTs (astral MTs) we expressed the inhibitory peptides Peb1c and 
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Dya1n. Both peptides were shown to interfere with this dynein anchorage mechanism 

in interphase cells (Schuster et al., 2011a). However, neither of these peptides 

reduced the number of dynein motors at astral MT plus-ends (Fig. 3G, 3H; data sets 

not normally distributed, Shapiro-Wilk test, PPeb1< 0.0001, PDya1 = 0.0115; median ± 

25% percentile is shown; no significant difference between data sets, non-parametric 

Kruskal-Willis test, P=0.4674). Consequently, neither spindle positioning in prophase, 

nor nuclear distribution and spindle elongation was affected (Fig. S2, S3; Peb1c↑). 

This result suggested that the mechanism of dynein anchorage differs between 

mitosis and interphase.  

 

Clip1 supports prophase spindle positioning and anaphase B by increasing 

dynein numbers at astral MT tips 

U. maydis contains a plus-end binding protein, Clip1, which shows similarity to its 

human orthologue Clip170 (Fig. S4A; Lenz et al., 2006). We fused a triple GFP-tag to 

the N-terminal end of the endogenous clip1 gene and observed the native levels of 

the fusion protein. GFP3-Clip1 protein was located along the astral MTs and 

concentrated at their plus-ends in anaphase B spindles (Fig. 4A; 4B, left panel). 

GFP3-Clip1 was absent from metaphase and early anaphase spindles (Fig. 4B, right 

panel), which correlates with the absence of dynein from metaphase spindles (Fink et 

al., 2006). We next measured the number of GFP3-Clip1 molecules at plus-ends of 

astral MTs by comparing the fluorescence intensity at astral MTs with the calibration 

standards (see Material and Methods). Clip-170 was shown to form dimers in 

mammalian cells (Scheel et al., 1999; Gupta et al., 2009) and assuming Clip1 

dimerization in U. maydis, we estimated that at average ~3 GFP3-Clip1 dimers locate 

at the plus-ends (range 0-7; Fig. S5; Clip1; the data set was not normally distributed, 
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Shapiro-Wilk test, P=0.062; therefore the median ± 25% percentile is shown; a 

significant difference between data sets of Dynein and Clip1 was found, Mann-

Whitney test, P=0.0245). In yeast and mammalian cells Clip-170-like proteins are 

involved in anchorage of dynein to MT plus-ends (Li et al., 2005; Caudron et al., 

2008; Markus et al., 2011; Lansbergen et al., 2004). We therefore tested for such a 

role by expressing GFP3-Dyn2 in a clip1 null mutant and measured the dynein 

number at plus-ends of astral MTs. We found that dynein still concentrated at the MT 

tips in clip1 null mutants (Figure S6). However, the average number of motors was 

reduced by one (Fig. 4C; the data set was not normally distributed, Shapiro-Wilk test, 

P=0.0143; therefore the median ± 25% percentile is shown; significant different to 

control, non-parametric Mann-Whitney test, P=<0.0001), suggesting that Clip1 

participates in dynein anchorage.  

 

 We next asked if the 30% reduction in dynein numbers resulted in mitotic 

defects. Most strikingly we found that spindle positioning in prophase was affected in 

the clip1 null mutant, with the majority of metaphase and early anaphase spindles 

being located in the mother cell (Fig. 4D, 4E, S2 ∆Clip1). In anaphase B, astral MTs 

were formed at normal numbers and length (Table 2; ∆Clip1) and the spindle still 

elongated, albeit at half of the normal velocity (Table 2; ∆Clip1). In most cases the 

slow spindle elongation rescued the spindle positioning defect (Fig. 4E) and led to 

normal chromosome segregation, which was indicated by a very minor defect in 

nuclear distribution (Fig. S3, ∆Clip1). Taken together, these results suggest that Clip1 

might anchors only a third of the dynein motors at plus-ends of astral MTs. The 

reduced number results in spindle positioning defects, and a defect in the velocity of 

anaphase B elongation.  
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Lis1 supports spindle elongation by anchoring dynein and doubling the off-

loading rate 

In budding yeast, the Lis1-homolouge Pac1 cooperates with the Clip-170-homologue 

Bik1 in dynein anchorage (Lee et al., 2003; Markus et al., 2011). U. maydis contains 

a homologue of the dynein regulator Lis1 (Fig. S4B, Lenz et al., 2006). We fused a 

triple-GFP tag to the N-terminus of the endogenous lis1 gene. The resulting fusion 

protein GFP3-Lis1 located along astral MTs and at their plus-ends, but was largely 

absent from the spindle pole bodies (Fig. 5A; 5B, upper panel). GFP3-Lis1 was not 

found on metaphase and early anaphase spindles (Fig. 5B, lower panel), which 

corresponded to the localization of Clip1 and dynein (see above; Fink et al. 2006). 

We compared the GFP3-Lis1 fluorescence with our internal calibration standard (see 

above). Again, we assumed that Lis1 forms dimers (Ahn and Morris.2001), and we 

estimated that on average 1.5 Lis1-dimers (range 0-5) are concentrated at the astral 

MT plus-ends (Fig. S5; Lis1; the data set was not normally distributed, Shapiro-Wilk 

test, P<0.0001; therefore the median ± 25% percentile is shown; significantly different 

to control, non-parametric Mann-Whitney test, P<0.0001). 

 

We previously reported that depletion of Lis1 resulted in an increase of dynein 

at plus-ends of interphase MTs (Lenz et al., 2006). To gain insight into the role of 

Lis1 in mitosis, we generated a conditional lis1 mutant that expressed GFP3-Dyn2.  In 

contrast to interphase cells, the number of dynein molecules at astral MT plus-ends 

was significantly reduced when Lis1 was depleted (Fig. 5C, S6 Lis1↓), resulting in ~2 

motors within the comet (Fig. 5C; data sets were not normally distributed, Shapiro-

Wilk test, P<0.0001; therefore the median ± 25% percentile is shown; significantly 

different to control, non-parametric Mann-Whitney test, P<0.0001). Consistently, 
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spindle positioning in early mitosis was impaired (Fig. 4D, S2 Lis1↓). The number of 

astral MTs in anaphase B spindles was found to be normal, though they were 

significantly longer than in control cells (Table 2, Lis1↓), and anaphase B spindle 

elongation rates were reduced to half of that of control cells (Table 2, Lis1↓, Movie 

S5). In the yeast S. cerevisiae, the Lis1-homologue Pac1 is known to be involved in 

off-loading of dynein to the cortex of the cell (Lee et al., 2003). Therefore, we tested 

for a role of Lis1 in off-loading of dynein. Consistent with the persisting spindle 

elongation in anaphase B, off-loading was still found in lis1 mutants (Fig. 5E), albeit 

at half of the rate (Fig. 5F; data sets passed the Shapiro-Wilk test and mean ± SEM 

is shown; off-loading rates are significantly reduced in lis1 mutants, Student t-test, 

P=0.0423). In contrast, ∆Clip1 mutants had no defect on off-loading frequencies (Fig. 

5F, ∆Clip1), whereas lis1 mutants showed an increased nuclear distribution defect 

(~20% with abnormal nuclei; Fig. S3, Lis1↓). However, the majority of cells contained 

one nucleus, indicating that chromosome inheritance is a fairly robust process.  

 

 Next, we generated a clip1/lis1 double mutant. In this mutant dynein off-

loading rates were not further reduced (Fig. 5F; ∆Clip1Lis1↓; not significantly different 

from Lis1↓, Student t-test, P=0.4606). However, deletion of Clip1 and depletion of 

Lis1 further reduced the number of dynein motors at astral MT tips (Fig. S6, 

∆Clip1Lis1↓; Fig. 6A, ∆Clip1Lis1↓; the data set was not normally distributed, Shapiro-

Wilk test, P=0.0005; therefore the median ± 25% percentile is shown; significantly 

different to Lis1↓, non-parametric Mann-Whitney test, P=0.0366). Nevertheless, the 

spindle still elongated (Fig. 6B; spindle poles indicated by dotted line; Movie S5), 

albeit at slower velocity (Table 1, ∆Clip1Lis1↓; significantly different from Lis1↓, 

Student t-test, P=0.0006). Spindle positioning in prophase was abolished (Fig. S2, 
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∆Clip1Lis1↓) and many cells showed a nuclear migration defect (Fig. S3, 

∆Clip1Lis1↓). However, even in the absence of Clip1 and Lis1 more than half of the 

dynein localized to astral MT plus-ends (Fig. 6A, ∆Clip1Lis1↓) and ~40% of all cells 

showed normal nuclear distribution. This suggested that additional factors participate 

in dynein anchorage and function in mitosis.  

 

Dynein anchorage involves NudE  

In the budding yeast S. cerevisiae, dynein is anchored to plus-ends of astral MTs via 

Bik1/Clip-170 and Pac1/Lis1 and in the absence of either protein dynein targeting to 

plus-ends is almost abolished (Sheeman et al., 2003; Lee et al. 2003; Markus et al., 

2011). A third factor involved in targeting of dynein is Ndl1 (NudE homologue), which 

supports Pac1-dependent anchorage of dynein (Li et al., 2005). The data reported so 

far suggested that ~50% of the dynein remains targeted to astral MT plus-ends in the 

absence of Clip1 and Lis1 (see above, Fig. 6A,  ∆Clip1Lis1↓). Therefore we 

considered it possible that NudE has a more direct role in dynein targeting in our 

model system. The genome of U. maydis contains a homologue of NudE (Um12335; 

12.8% identity with Ndl1 from S. cerevisiae; 16.4% identity with human NudEL) that 

shared a similar domain structure with other NudE-orthologues (Fig. S4C). A NudE-

GFP3 fusion protein localized to the plus-ends of astral MTs in anaphase B (Fig. 6C, 

lower panel) and was present from early anaphase spindles onwards (Fig. 6C, upper 

panel), suggesting that NudE is involved in dynein targeting or regulation. In 

mammalian cells NudE forms dimers (Derewenda et al., 2007), and by using NudE-

GFP3 fluorescence and the internal calibration standard, we estimated the number of 

NudE dimers at astral MT plus-ends to be ~1 (range 0-3; Fig. S5; NudE; the data set 

was not normally distributed, Shapiro-Wilk test, P=0.0414; therefore the median ± 
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25% percentile is shown; significantly different to control, non-parametric Mann-

Whitney test, P<0.0001). Consistent with the proposed role in stabilizing Lis1 at plus-

ends (Li et al. 2005), a null mutant in nudE showed a ~75% reduction in GFP3-Lis1 

intensity at astral MT plus-ends (Fig. 6D; the data set was not normally distributed, 

Shapiro-Wilk test, P=0.0011; therefore the median ± 25% percentile is shown; 

significantly different to control, non-parametric Mann-Whitney test, P<0.0001). 

Despite this, the effect on dynein targeting was minor (Fig. S6, ∆NudE; Fig. 6E, the 

data set was not normally distributed, Shapiro-Wilk test, P<0.0001; therefore the 

median ± 25% percentile is shown; significantly different to control, non-parametric 

Mann-Whitney test, P=0.0102). Again, the spindles contained more astral MTs 

(Table1, ∆NudE), spindle positioning was abnormal (Fig. S2, ∆NudE), the spindle 

elongation rate was reduced (Table 1, ∆NudE; Movie S5), and cells showed a minor 

nuclear migration defect (Fig. S3, ∆NudE). These phenotypes indicated that NudE 

affects dynein function via promoting anchorage of Lis1. To test this, we generated a 

nudE/lis1 double mutant and we expected to find no further effect on dynein 

numbers, spindle elongation or nuclear migration. Surprisingly, the dynein number 

dropped further and on average only 1 dynein was found at plus-ends of astral MTs 

in the double mutant (Fig. 6F ∆NudELis1↓; the data set was not normally distributed, 

Shapiro-Wilk test, P<0.0001; therefore the median ± 25% percentile is shown; 

significantly different to control, non-parametric Mann-Whitney test, P<000.1). 

Consequently, the spindle elongation rates were further decreased (Table 1, 

∆NudELis1↓; significantly different from Lis1↓, Student t-test, P=0.0006; Movie S4). 

Consistently, cells showed a much more pronounced nuclear migration defect (Fig. 

S3, ∆NudELis1↓). These results indicate that deletion of NudE and depletion of Lis1 

have additive effects. Together with the fact that half of the dynein motors are 
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targeted in the absence of Lis1 and Clip1, these results argue for a more direct role 

of NudE in dynein targeting.  

  

DISCUSSION 

The major purpose of mitosis is the segregation of chromosomes, which is essential 

for cell survival. In this study, we confirm that the motor protein dynein is involved in 

positioning and elongation of the mitotic spindle in U. maydis (Straube et al., 2005; 

Fink et al., 2006). Likewise, these dynein-dependent processes are conserved 

throughout other species like mammalian cells (Vaisberg et al., 1993) and fungi 

(Straube et al., 2005; Fink et al., 2006). U. maydis is a dimorphic fungus and is able 

to switch from yeast-like cells to elongated hyphal cells (Steinberg and Perez-Martin, 

2008). In this system, dynein supports mitosis in yeast-like cells, and motility of early 

endosomes in hyphal cells (Straube et al., 2005; Fink et al., 2006; Lenz et al., 2006; 

Schuster et al., 2011a). In interphase hyphal cells, dynein forms large comets at MT 

plus-ends, consisting of ~50-60 dynein motors, which increase the likelihood of 

capturing a kinesin-3 delivered early endosome before it falls off at the end of the MT 

(Schuster et al., 2011a). Such an organelle-capture function is not required in 

mitosis, and consequently, in mitotic cells cytoplasmic dynein forms much smaller 

comets that comprise ~3 motors. Unexpectedly, we found that the anchorage 

mechanism differs between plus-ends of interphase MTs in hyphae and astral MTs in 

mitotic cells. In interphase, dynein is anchored to the MT tips via the interaction of the 

plus-end binding protein EB1 and the dynein regulator dynactin (Schuster et al., 

2011a) which is reminiscent of the dynein and dynactin anchorage mechanism in 

mammalian cells (Ligon et al., 2003; Honnappa et al., 2006; Akhmanova and 

Steinmetz, 2008). Surprisingly, the dynein anchorage in mitotic cells requires the 
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plus-end binding protein Clip1, a Clip-170 homologue, the dynein regulator Lis1, and 

the Lis1-interacting protein NudE.  

 

We found that a deletion of Clip1 as well as a depletion of Lis1 causes a reduction of 

dynein localisation at the astral MT plus-ends. This corresponds to previously 

published data in mammalian and yeast cells. Lansbergen et al. have shown in 

mammalian cells that dynein is also anchored at the MT plus-end by the interaction 

of Clip-170 and Lis1 (Lansbergen et al., 2004) whereas Clip-170 needs the plus-end 

binding protein EB1 (Bieling et al., 2008; Dixi et al., 2009). The dynein regulator Lis1 

triggers the release of dynein from the astral MT tip and the subsequent 

dynein/dynactin off-loading to the cellular cortex (Lansbergen et al., 2004). In S. 

cerevisiae, Dynein and Pac1 (Lis1 homolog) assemble into a complex in the 

cytoplasm before getting loaded onto the astral MT plus-ends by Bik1 (Clip-170 

homolog) from where it moves retrogradely to the MT minus ends and occasionally 

gets off-loaded onto the cell cortex to elongate the spindle. Likewise, dynactin and 

Lis1/Pac1 seem to be important for the off-loading process of dynein (Lee et al., 

2003; Markus et al., 2009; Markus et al., 2011). A double mutant of ∆Clip1/Lis1↓ has 

no additive effect in spindle elongation and dynein localization which suggested that 

another protein is involved in the anchorage of dynein to the astral MT plus-end. The 

Lis1-interacting protein NudE supports the interaction of dynein and Lis1 at the astral 

MT plus-ends (Shu et al., 2004; Li et al., 2005; Wang and Zheng, 2011). In the 

fungus Aspergillus nidulans, NudE together with NudF (Lis1 homologue) facilitates 

the release of dynein from the MT plus-ends (Zhang et al., 2003; Efimov, 2003). In 

our study it seems that NudE has a more complex role during anchorage of dynein in 

mitosis. Deletion of NudE reduced the Lis1 amount to almost one third but no effect 
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on dynein amount at astral MT tips was seen. In the absence of NudE, a reduction in 

Lis1 localisation was observed in S. cerevisiae as well but in comparison to U. 

maydis, yeast shows also a reduction of dynein at the astral MT plus-end (Li et al., 

2005). Therefore, we analyzed a double mutant of ∆NudE/Lis1↓. This showed a 

drastic reduction in dynein localisation. In contrast, the loss of the NudE-homologue 

Ndl decreases the dynein amount at the astral MT tips in S. cerevisiae (Li et al., 

2005) and mammalian cells (Shu et al., 2004), arguing for a more complex role of 

NudE in U. maydis. However, the anchorage mechanism is similar to the budding 

yeast where Bik1, Pac1 and Ndl participate in dynein anchorage to the MT tip as well 

(Li et al., 2005). Surprisingly, the spindle of the double mutant ∆NudE/Lis1↓ is still 

able to elongate albeit at a much slower velocity. These findings could argue for 

another not yet known factor which is involved in anchorage of dynein at the astral 

MT tip when NudE and Lis1 are not present. 

 

The dimorphism of Ustilago maydis could be a reason for the two different anchorage 

mechanisms which are available in this fungus. In interphase, half of the ~55 dynein 

motors are anchored in a stochastic manner and half of the dynein motors are 

anchored in an EB1/dynactin-dependent manner. This accumulation is necessary for 

the capture of organelles to prevent their falling off at the end of the track (Schuster 

et al., 2011a). Indeed, mutants defective in EE motility are impaired in hyphal growth 

and show abnormal morphology (Lenz et al., 2006), whereas yeast-like cells of U. 

maydis display only a mild cell separation defect  (Wedlich-Söldner et al. 2002a). 

Thus, hyphal cells might have kept a dynactin/EB1-based mechanism to increase the 

motor number at their MT plus-ends, whereas anchoring of fewer motors via Clip1, 

Lis1 and NudE was developed for mitotic cells in mitosis. Mammalian cells share 

- 125 - 



Chapter 2.2 
 

long-distance membrane trafficking with hyphal U. maydis cells as well as the 

dynactin/EB1 mechanism of dynein anchorage that is found in humans (Honnappa et 

al., 2006). Budding yeast cells are using MTs only for mitosis, and therefore they 

share the Clip1/Lis1/NudE mechanism with the yeast-like U. maydis cells. Thus, the 

usage of a particular dynein anchorage mechanism seems to depend on the 

functional usage of the MT array.  

 

MATERIAL and METHODS 

Strains  

All strains and plasmids used in this study are listed in Table 1. U. maydis strains 

FB2R3Dyn1_GT (Fink et al., 2006), FB2nLis1_Peb1R_GT (Lenz et al., 2006), 

FB1rDyn2 (Straube et al, 2001), FB1rDyn2_GT (Fink et al., 2006), FB2N107G 

(Steinberg et al., 2012) and FB2nGLis1 (Lenz et al., 2006) were described 

previously. To visualize the nuclear envelope and the DNA-associated histone4, 

strain FB1rDyn2_ERY_H4C was created. In a first step the plasmid pERYFP 

(Straube et al., 2005) was transformed into strain FB1rDyn2 (Straube et al., 2001), 

resulting in strain FB1rDyn2_ERY. Subsequently, plasmid pH4CFP (Straube et al., 

2005) was transformed into this strain, which resulted in strain FB1rDyn2_ERY_H4C. 

To measure the amount of dynein at the astral MT plus-ends, strain 

FB2G3Dyn2_ChTub1 was generated by transforming the plasmid pomChTub1 

(Schuster et al., 2011c) into the strain FB2G3Dyn2 (Lenz et al., 2006). To compare 

the dynein amount at the astral MT tips, a clip1 deletion strain was generated by 

replacing the wild type gene clip1 with the pleomycin resistance cassette of the 

vector pCR∆Clip1 (Lenz et al., 2006) in strain FB2G3Dyn2_mChTub1, resulting in 
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strain FB2G3Dyn2_ChTub1_∆Clip1. A conditional lis1 mutant was generated by 

replacing the lis1 promoter by the inducible/repressible nitrate reductase promoter, 

derived from plasmid pnarLis1 (Lenz et al, 2006) in strain FB2G3Dyn2_ChTub1_∆Cli

p1, resulting in strain FB2G3Dyn2_ChTub1_∆Clip1_nLis1. To measure the dynein 

amount at the astral MT plus-ends in the absent of NudE, strain 

FB2G3Dyn2_ChTub1_∆NudE was generated by deleting the endogenous nudE gene 

by transforming the plasmid pB∆NudE into the strain FB2G3Dyn2_mChTub1. This 

resulting strain was used to generate a conditional double mutant for lis1/nudE. For 

this purpose, the plasmid pnarLis1 (Lenz et al, 2006) was transformed into 

FB2G3Dyn2_ChTub1_∆NudE to replace the lis1 promoter with the inducible/ 

repressible nar promoter, which resulted in strain FB2G3Dyn2_ChTub1_∆ 

NudE_nLis1. To detect the amount of dynein at the end of astral MTs in strains that 

express the EB1- and Dya1-peptides, MTs were labelled in strains 

AB33G3Dyn2_cEB1 (Schuster et al., 2011c), AB33G3Dyn2_nDya1 (Schuster et al., 

2011c) and AB33G3Dyn2_nDya1* (Schuster et al., 2011c), by introducing the 

plasmid pomChTub1 (Schuster et al., 2011c). For localisation studies of the protein 

Clip1 during anaphase, the plasmid pG3Clip1 was integrated into the native locus of 

clip1 in the strain FB2, resulting strain FB2G3Clip1. To visualize the microtubules in 

this strain, the plasmid pomChTub1 (Schuster et al, 2011c) was integrated 

ectopically, resulting in strain FB2G3Clip1_ChTub1. For localisation of Lis1 at the 

spindle of mitotic cells, the plasmid pG3Lis1 (Lenz et al., 2006) was integrated into 

the native lis1 locus in strain FB2, resulting in strain FB2G3Lis1. Microtubules were 

labelled by transforming plasmid pomChTub1 ectopically into strain FB2G3Lis1, which 

resulted in strain FB2G3Lis1_ChTub1. Likewise, for localisation studies of the protein 

NudE during anaphase, the plasmid pNudEG3 was integrated into FB2. To visualise 

the microtubules in this strain, the plasmid pomChTub1 (Schuster et al, 2011c) was 
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integrated ectopically, resulting in strain FB2NudEG3 _ChTub1. Spindle position and 

spindle elongation behaviour, as well as astral microtubule number and length 

(anaphase parameters) was analysed in strain FB2R3Dyn1_GT_∆Clip1, which was 

generated by deleting the clip1 gene using plasmid pCR∆Clip1 (Lenz et al., 2006) in 

strain FB2R3Dyn1_GT (Fink et al., 2006). Anaphase parameters were also analysed 

in strain FB2nLis1_∆Clip1_GTub1 which was generated by replacing the lis1 

promoter with the plasmid pnarLis1 (Lenz et al., 2006) in strain FB2∆Clip1_GT (Lenz 

et al., 2006), resulting in strain FB2∆Clip1_GT_nLis1. Furthermore, anaphase 

parameters were also analysed in strains FB2∆NudE_GT and 

FB2nLis1_Peb1R_∆NudE _GT. For this purpose, the native nudE gene was replaced 

by a hygromycin resistance cassette by introducing plasmid pH∆NudE into strain 

FB2otefGFPtub1 (Steinberg et al., 2001) and strain FB2nLis1_Peb1R_GT (Lenz et 

al., 2006). The same parameters were analysed in strain AB33cEB1_GT. To 

investigate the length and number of astral MTs, the plasmid pNoGTub1 was 

ectopically integrated into strain AB33, resulting in strain AB33GT. Subsequently, 

strain AB33cEB1_GT was generated by ectopic integration of the plasmid 

pcrgPeb1211-268 (Schuster et al., 2011a) into AB33GT. 

All strains with ectopically integrated mCherry- or eGFP-labelled microtubules were 

checked after transformation for fluorescence under the microscope. All strains with 

homologous integration were checked by Southern blotting for their correct 

integration into their locus. 
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Plasmid construction  

Molecular cloning followed standard procedures and transformation of U. maydis was 

carried out as previously described (Schulz et al. 1990). 

pNoGTub1 – The plasmid pNoGTub1 contains the otef promoter, a single eGFP in 

front of the Tub1 gene and was made for the purpose of ectopic integration to 

visualize microtubules in the cells. It was generated by using the plasmid poGTub1 

(Steinberg et al., 2001) to replace the carboxin resistance cassette with the 

nourseothricin resistance cassette. For this, the plasmid poGTub1 (Steinberg et al., 

2001) was digested with the enzymes NdeI and BsrGI to obtain the constitutive otef 

promoter (Spellig et al., 1996) and the eGFP (1744bp fragment). The same plasmid 

was digested with BsrGI and EcoRI to obtain the tub1 gene plus its terminator 

(1751bp fragment). The pSL cloning vector with the nourseothricin resistance was 

used as a backbone and digested with the enzymes EcoRI and NdeI (3218bp 

fragment). After a three fragment ligation, the resulting plasmid carried the 

constitutive otef promoter, followed by eGFP and the open reading frame plus the 

terminator of the tub1 gene. To integrate the nourseothricin resistance, this plasmid 

was linearized by digesting with NotI. The pSL cloning vector was digested with NotI 

to get the nourseothricin resistance cassette (1467bp fragment). After a two fragment 

ligation, the resulting plasmid pNoGTub1 carries a nourseothricin resistance 

cassette. This vector was linearized with the enzyme AlwNI to transform it ectopically 

into the strain AB33.  

pG3Clip1 – The plasmid pG3Clip1 contains a triple GFP in front of the Clip1 gene and 

was made for the purpose of homologous integration into the Clip1 gene. It was 

generated by using the plasmid pToH-GFP-Clip1-hom to replace the single eGFP 

with a triple tag of GFP. This plasmid was digested with the enzymes NdeI and SacII 

- 129 - 



Chapter 2.2 
 

to obtain the backbone of the vector with the ampicilin resistance and the E. coli 

replication origin, as well as the open reading frame and left flank of the clip1 gene 

plus a part of the hygromycin resistance cassette (7861bp fragment). Furthermore, to 

obtain the second part of the hygromycin resistance cassette, the plasmid was 

digested with SacII and KpnI (1756bp fragment). By digestion of the same plasmid 

with the enzymes KpnI and NcoI the native promoter of the clip1 gene was obtained 

(1755bp fragment). In order to get the triple GFP tag, the plasmid pG3Lis1 (Lenz et 

al., 2006) was digested with the enzymes NdeI and NcoI (2190bp fragment). After a 

four fragment ligation, the resulting plasmid carried a left flank of the clip1 gene, 

followed by the hygromycin resistance cassette, the native promoter of the clip1 

gene, a triple GFP tag and the start of the open reading frame of clip1. This plasmid 

was digested with the enzyme BglII to linearise it and was transformed into the 

strain FB2.  

pNudEG3 – The plasmid pNudEG3 contains a triple GFP at the C-terminus of the 

NudE gene and was made for the purpose of homologous integration to visualize 

NudE in the cell. It was generated by fusion of ~800bp of the end of the NudE gene. 

Whilst doing so we integrated restriction sites (PstI and NcoI) into the end and 

beginning of this fragment with the pcr primers. The following fragment was digested 

with PstI and NcoI (821bp fragment). The NudE terminator was also obtained via pcr 

with integration of new restriction sites for NotI and SphI. The resulting fragment was 

digested with NotI and SphI (fragment size of 1027bp). The cloning vector pSL with 

the hygromycin resistance was used to obtain the backbone. In order to do so, it was 

digested with the enzymes PstI and SphI (fragment size of 3092bp). The same vector 

was digested with the NotI enzyme to gain the hygromycin resistance (fragment size 

of 2896bp). In order to obtain a triple GFP, the plasmid pChs5G3 (Schuster et al., 

2011d) was digested with NcoI and NotI, resulting in a 2150bp fragment. After a five 
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fragment ligation, the resulting plasmid carried the end of the open reading frame of 

the nudE gene, a triple GFP, the hygromycin resistance cassette and the NudE 

terminator. In order to integrate it homologous into the genome, the plasmid was 

linearised with enzyme PsiI and transformed into strain FB2. 

pH∆NudE –The plasmid pH∆NudE contains the hygromycin resistance cassette, the 

left and right flank of the nudE gene and was made for the purpose of replacing the 

nudE gene with the hygromycin resistance cassette. It was generated through in vivo 

recombination in the yeast S. cerevisiae. Fragments with 30 bp homology to the 

upstream and downstream of the sequence stretch of interest were amplified by PCR 

using 35 cycles and purified from the agarose gel. A 1012 bp of nudE  promoter 

covering the left flank, 1126 bp of NudE terminator covering the right flank were 

cloned into the cloning vector pNEBhyg-yeast (Schuster et al. 2011d) resulting in 

pH∆NudE. 

pB∆NudE – The plasmid pBΔNudE contains the phleomycin resistance cassette, the 

left and right flank of the NudE gene and was made for the purpose of replacing the 

nudE gene with the phleomycin cassette. It was generated by digestion of the 

plasmid pH∆NudE with AflII and BglII (7030bp fragment). To obtain the phleomycin 

resistance cassette, the pSL cloning vector with the phleomycin resistance was 

digested with AflII and BglII (fragment size of 1971bp). After a two fragement ligation 

the resulting plasmid carried the right and left flank of the nudE gene and the 

phleomycin resistance cassette in the middle. This plasmid was digested with PvuII 

to linearise it and to transform it into strains FB2FB2G3Dyn2_ChTub1_∆NudE and 

FB2G3Dyn2_ChTub1_∆NudE_ nLis1. 
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Growth conditions  

Strains of U. maydis were grown in liquid cultures over night at 28°C in CM (Holliday, 

1974) supplemented with 1% glucose (CM-glu) or 1% arabinose (CM-ara). FB1rDyn2 

was grown over night in CM-ara, washed in fresh medium and resuspended in CM-

glu to switch off the crg promoter for 18 h at 28°C, 200 rpm. Strains that allowed 

controlled expression of lis1 (FB2nLis1_Peb1R_GT, FB2nLis1_Peb1R_∆NudE _GT, 

FB2G3Dyn2_ChTub1_nLis1, FB2G3Dyn2_ChTub1_nLis1_∆Clip1, 

FB2G3Dyn2_ChTub1_∆ NudE_nLis1, FB2nLis1_∆Clip1_GT and FB2nGLis1) were 

grown over night in nitrate minimal medium (Holliday, 1974) containing 1% glucose, 

washed in fresh CM medium supplemented with 1% glucose, followed by 

resuspension in CM-glu to switch off the nar promoter. Cells were kept in CM-glu for 

15-18h at 28°C, 200rpm before microscopic investigation. The expression of the 

peptides under the control of the crg promoter (AB33cEB1_GT, 

AB33G3Dyn2_nDya1_ChTub1 and control strain AB33_GT) were grown over night in 

CM-glu, washed in fresh medium and resuspended in CM-ara to switch on the 

crg promoter for 6-8h at 28°C, 200 rpm.  

 

Laser-based epifluorescent microscopy 

An IX81 motorized inverted microscope (Olympus, Hamburg, Germany), equipped 

with an UPlanSApo 100X/1.40 Oil objective (Olympus, Hamburg, Germany) was 

used for live cell imaging of fluorescent proteins. Cells were placed on a 2% agarose 

pad, and observed using a 0.17 µm cover slip and ImmersolTM 581 F (Carl ZEISS, 

Jena, Germany). The fluorescently-labelled proteins were excited using a VS-LMS 

Laser-Merge-System with solid state lasers (488 nm/50 mW/70 mW and 561 nm/50 

mW/70 mW, Visitron System, Munich, Germany), controlled by VS-AOTF100 and 
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coupled into the light path by using a VS-20 Laser-Lens-System (Visitron System, 

Munich, Germany). A Dual-View Microimager (Optical Insights, Tucson, USA) and 

filter sets consisting of excitation dual line beam splitter (z491/561, Chroma, 

Rockinham, USA), the emission beam splitter in the Dual-View (565 DCXR, Chroma, 

Rockinham, USA), an ET-Bandpass 525/50 (Chroma, Rockinham, USA) and a 

Bright-Line HC617/73 (Samrock, Rochester, USA) were used for co-localisation 

studies. Images were taken with a Charged-Coupled Device camera (Photometric 

CoolSNAP HQ, Roper Scientific, Germany). The software package MetaMorph 

(Molecular Devices, Downingtown, USA) controlled all parts of the system. For 

standard epifluorescence, the same setup was used but instead of lasers a USH-

1030L mercury burner (Olympus, Hamburg, Germany) was used.  

 

Live cell imaging and quantitative analysis  

In order to avoid the fast bleaching of proteins in mutants, the settings for each 

experiment were optimised using the control strain. 

Spindle elongation and behaviour of fluorescent proteins was observed in strains 

FB2R3Dyn1_GT, FB2R3Dyn1_GT_∆Clip1, FB2nLis1_Peb1R_GT, 

FB2nLis1_∆Clip1_GT, FB2∆NudE_GT, FB2nLis1_Peb1R_∆NudE _GT, AB33GT and 

AB33cEB1_GT. In order to do this, an images series was taken at 250 ms exposure 

time using a 488 nm observation laser at 20% laser power. The movies were 

analyzed using the software package MetaMorph. The spindle position in control and 

mutant strains were observed in an image taken with the intensity of the observation 

laser 488 nm at 20% and the exposure time set to 200 ms. To determine the number 

and length of astral microtubules in FB2R3Dyn1_GTub1, FB2R3Dyn1_GTub1_∆Clip1 

and FB2nLis1_Peb1R_GT, Z-stacks of each strain were taken with 15 planes with a 
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Z-distance of 0.25 µm. To analyse the same parameter in strains 

FB2nLis1_∆Clip1_GT, FB2∆NudE_GT, FB2nLis1_Peb1R_∆NudE_GT, 

AB33cEB1_GT and AB33GT, Z-stacks of each strain were taken with 31 planes with 

a Z-distance of 0.25 µm. The observation laser 488 nm was set to 30% with an 

exposure time of 150 ms. Image stacks were 2D deconvolved and 3D-reconstructed 

using MetaMorph. The number of astral MTs was determined in these 

reconstructions. The length of astral MTs was determined in maximum projection 

derived from Z-axis stacks. 

 

Estimating dynein, Clip1, Lis1 and NudE numbers using an internal calibration 

standard 

The estimation of dynein numbers using Nup107-GFP as internal standard was done 

as previously described (Schuster et al., 2011a, Schuster et al., 2011b). In brief, 

images of the nuclear pores at an upper focal plane were taken at 150 ms exposure 

time (488 nm laser 100%, 561 nm laser 50%), using strain FB2Nup107G. The 

average intensity of those signals that were clearly separate from each other were 

measured and corrected for the adjacent background. The mean intensity for a single 

GFP was calculated from the average intensity of a single pore divided by 16 (the 

number of Nup107-GFP in one pore). Using the mCherry α-tubulin z-stacks of strains 

FB2G3Dyn2_mChTub1, FB2G3Dyn2_mChTub1∆Clip1, FB2G3Dyn2_ChTub1_nLis1, 

FB2G3Dyn2_ChTub1_nLis1_∆Clip1, FB2G3Dyn2_ChTub1_∆NudE, FB2G3Dyn2_Ch

Tub1_∆NudE_ nLis1, AB33G3Dyn2_cEB1_ChTub1, AB33G3Dyn2_nDya1_ChTub1, 

AB33G3Dyn2_nDya1*_ChTub1, the average intensity of GFP3-Dyn2 at astral MT tips 

was measured in images taken at 150 ms exposure time (488 nm laser 100%, 561 

nm laser 50%). In order to correct for bleaching, the average bleaching for each 
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frame was determined from 30 frame image series using the same strain and the 

same experimental settings (150 ms exposure time, 488 nm laser 100%, 561 nm 

laser 50%). Each particular frame of the background-corrected average intensity 

signal of dynein was corrected with the corresponding average bleaching value. The 

dynein motor consists of a dimer of the GFP3-Dyn2 dynein heavy chain, and 

therefore one motor contains 6 GFP. Based on this and the fluorescence intensity of 

a single GFP derived from the internal calibration standard, the background- and 

bleaching corrected average intensity of dynein at astral MT tips was calculated. The 

same experimental settings and analysis procedure was used to obtain the average 

amount of the Clip1 protein (strain FB2G3Clip1_ChTub1) and the Lis1 protein in 

control (FB2G3Lis1_ChTub1) and ∆NudE (FB2G3Lis1_ChTub1_∆NudE) as well as 

the NudE protein (FB2NudEG3_ChTub1). Furthermore, movies of Dynein in control 

and mutant strain were taken with the observation laser 488 nm at 70% and 561 nm 

at 50% to observe the dynein movement in these strains. The analysis of frequency 

and velocity as well as the analysis of the off-loading frequency and off-loading 

duration was made using the software package of MetaMorph. 

 

Staining procedure 

The staining of nuclear DNA was done using cells fixed with 0.8% formaldehyde for 

25 minutes at room temperature followed by two washing steps and incubation with 

1mg/ml DAPI (4,6-diamidino-2-phenylindole, Sigma-Aldrich, United Kingdom) in PBS 

(phosphate-buffered saline, pH 7.2). The incubation of DAPI was carried out for 10-

30 minutes at room temperature. 
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Statistical analysis and protein domain prediction 

All statistical testing was performed using the programme GraphPad Prism 5. The 

Shapiro-Wilk test was used to test for normal distribution. In order to find out whether 

two data sets are different to each other, the Mann-Whitney test was used. The 

Kruskal-Wallis test was used to compare more than two data sets which are 

independent of each other. The domain prediction of the Clip170, Lis1 and NudE was 

performed using the following websites: http://smart.embl-heidelberg.de/; 

http://pfam.sanger.ac.uk/. 
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FIGURE LEGENDS 

 

 
Figure 1 Spindle elongation in anaphase B. 

(A) Mitotic cells of U. maydis. The cell grows by polar budding, and mother (Mother) 

and daughter cell (Bud) are separated by a constriction (Neck). In anaphase B the 

spindle rapidly elongates (indicated by GFP-αtubulin; Tub1) thereby segregating the 

chromosomes into the daughter and mother cell. Arrowheads show spindle pole 

bodies (SPBs) in mother and daughter cell. Bars represent micrometres.  

(B) An anaphase B spindle visualized by GFP-αtubulin. Both spindle pole bodies 

(SPB) nucleate long astral MTs (aMTs) that contact the cellular cortex. Bar 

represents micrometres.  

(C) Image series showing cortical sliding of an astral MT (yellow arrowhead) during 

anaphase B. Spindle poles are indicated by red asterisks. Time is given in seconds. 

Bar represents micrometres. See also Movie S1. 

- 142 - 



Chapter 2.2 
 

(D) Kymograph showing spindle elongation and spindle breakage in anaphase B and 

telophase. Breakage of the spindle is indicated by red arrowhead, the spindle poles 

are indicated by yellow dotted lines. Bars represent micrometres and seconds.  

 

 

 

Figure 2 Mitosis defects of dynein mutants. 

(A) Spindle positioning defect in a conditional dynein mutant cell (rDyn1). Dynein is 

important for migration of the spindle pole bodies into the daughter cell and for rapid 

spindle elongation in anaphase. Both processes are impaired, which results in an 

accumulation of spindles in the mother cell. Tubulin was labelled by a GFP-αtubulin 

fusion protein (Tub1, green); the edge of the cell is indicated in blue. Bar represents 

micrometres. 

(B) Bar chart showing spindle positioning in control and conditional dynein mutants 

after 15 h in CM-glucose. Sample size n of one experiment is 40 cells. 
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(C) Multi-nucleated dynein mutant cell after growth over-night under restrictive 

conditions (CM-glucose). Chromosomes were labelled with histone4-CFP and the 

nuclear envelope is visualized by YFP that was targeted to the endoplasmic 

reticulum. Bar represents micrometres. 

(D) Nuclear migration defect in conditional dynein mutants after 16 h in CM-glucose. 

The sample size n of one experiment is 200 cells. 

  

 

 

Figure 3 Dynein and astral MT sliding in anaphase B  

(A) Merged image of an anaphase B spindle. GFP3-Dyn2 (Dyn2, green) localizes to 

the spindle poles (open arrowheads) and at the ends of astral MTs (labelled with 

mCherry-αtubulin; Tub1, red; closed arrowheads). Bar represents micrometres. See 

also Movie S2. 
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(B) Image series showing off-loading of dynein (labelled by GFP3-Dyn2; Dyn2, green; 

arrowhead indicates stationary signal) during cortical sliding of an astral MT (labelled 

with mCherry-αtubulin; Tub1, red). The spindle pole is indicated by blue asterisks, 

time indicated in seconds:milliseconds; bar represents micrometres. See also Movie 

S3. 

(C) Kymographs showing dynein behaviour along an astral MT during spindle 

elongation in anaphase B. The spindle pole is indicated by a yellow dotted line. 

Dynein is visualized by labelled GFP3-Dyn2. Dynein concentrates at the tip of the 

astral MT (green arrowheads). Occasionally, dynein signals are released and 

maintain a stable position suggesting that they were off-loaded to the cell cortex (red 

arrowheads). Furthermore, dynein concentrates at the spindle pole (yellow 

arrowhead) and also travels along the astral MTs (blue arrowheads). Bars represent 

micrometres and seconds. See also Movie S2, S3. 

(D) Bar chart showing the frequency of anterograde and retrograde dynein motility 

along single astral MTs and off-loading of dynein. Bars are given as mean ± standard 

error of the mean, the sample size n of two experiments was 71 (Retrograde), 90 

(Anterograde) and 103 (Off-loading) signals.   

(E) Image series showing dynein (labelled by GFP3-Dyn2; Dyn2, green) at a sliding 

astral MT (labelled with mCherry-αtubulin; Tub1, red). Note that no dynein is found at 

the MT tip (closed arrowhead). Time indicated in seconds:milliseconds; bar 

represents micrometres.   

(F) Bar chart showing estimated dynein numbers at the plus-ends of astral MTs. 

Dynein numbers were estimated using GFP-labelled nuclear pore proteins as internal 
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calibration standard (Schuster et al. 2011a, b). Total number of signals analyzed n 

is 118 (number of two experiments).   

(G) Merged images of dynein (labelled with GFP3-Dyn2; Dyn2, green) at the end of 

an astral MT (labelled with mCherry-αtubulin; Tub1, red) in control cells and in the 

presence of the inhibitory peptides that interfere with the interaction of the EB1-

homologue Peb1 (Peb1c↑) and p150 subunit Dya1 (Dya1n↑). Bar represents 

micrometres. 

(H) Bar chart showing average dynein numbers at the plus-ends of astral MTs in 

control cells and in the presence of the inhibitory peptides Peb1c (Peb1c↑) and 

Dya1n (Dya1n↑). Protein numbers were estimated using GFP-labelled nuclear pore 

proteins as internal calibration standard (Schuster et al. 2011a, 2011b). All data sets 

were non-normal distributed (Shapiro-Wilk normality test; all P-values <0.0115) and 

the median ± the 25% percentile is shown. The total number of signals analyzed n is 

60 signals (control), 71 (Peb1c↑) and 59 (Dya1n↑) (number of one experiment). All 

experiments were done after 6-8 hours in complete medium supplemented with 

arabinose, which induces the expression of the inhibitory peptides. No statistically 

significant difference was found between all data sets (Kruskal-Willis test, P: 0.4674).  
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Figure 4 The Clip-170/Bik1-homologue Clip1 in mitosis  

(A) Merged image of an anaphase B spindle. GFP3-Clip1 (Clip1, green) localizes to 

the spindle poles (closed arrowheads) and at the ends of astral MTs (labelled with 

mCherry-αtubulin; Tub1, red). Bar represents micrometres.   

(B) Merged image of GFP3-Clip1 (Clip1, green) at a MT aster (labelled with mCherry-

αtubulin; Tub1, red) in an anaphase B spindle (left panel) and in a metaphase spindle 

(right panel). Note that no Clip1 is found in the metaphase spindle. Bar represents 

micrometres. 

(C) Bar chart showing average dynein number at the plus-ends of astral MTs in 

control cells and a clip1 deletion mutant. GFP3-Dyn2 numbers were estimated using 

GFP-labeled nuclear pore proteins as internal calibration standard (Schuster et al. 

2011a, b). Cells were grown in complete medium supplemented with 1% glucose. 

The data sets were non-normal distributed (Shapiro-Wilk normality test; all P-values 

<0.0143) and the median ± the 25% percentile is shown. Total number of signals 

analyzed is 118 (control) and 54 (∆Clip1) (number of two experiments). Triple 
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asterisk indicates a statistically significant difference at P<0.0001 (Mann-Whitney 

test).  

(D) Image showing an incorrectly positioned anaphase B spindle in a clip1 null 

mutant cell. M: Mother cell, D: Daughter cell. Bar represents micrometres.  

(E) Image series showing anaphase B spindle elongation in clip1 null mutants. M: 

Mother cell, D: Daughter cell. Time is indicated by seconds:milliseconds; bar 

indicates micrometres. See also Movie S4. 

 

 

Figure 5 The Lis1/Pac1-homologue Lis1 in mitosis.  

(A) Merged image of an anaphase B spindle. GFP3-Lis1 (Lis1, green) localizes to the 

ends of astral MTs (closed arrowhead) (labelled with mCherry-αtubulin; Tub1, red). 

GFP3-Lis1 was rarely found at spindle poles (also see Fig. 5B). Bar represents 

micrometres.   

(B) Merged image of GFP3-Lis1 (Lis1, green) at a MT aster (labelled with mCherry-

αtubulin; Tub1, red) in an anaphase B spindle (upper panel) and in a metaphase 
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spindle (lower panel). Note that no Lis1 is found at the metaphase spindle. Bar 

represents micrometres. 

(C) Bar chart showing average dynein number at the plus-ends of astral MTs in 

control cells and a conditional lis1 mutant (Lis1↓). GFP3-Dyn2 numbers were 

estimated using GFP-labelled nuclear pore proteins as an internal calibration 

standard (Schuster et al. 2011a, b). Cells were grown in complete medium 

supplemented with 1% glucose. The data sets were non-normal distributed (Shapiro-

Wilk normality test; all P-values <0.0001) and the median ± the 25% percentile is 

shown. Total number of signals analyzed is 118 (control) and 59 (Lis1↓) (number of 

two experiments). Double asterisks indicate statistically significant differences at 

P=0.0037 (Mann-Whitney test). Dynein data are taken from Fig. 3C. 

(D) Image showing a wrongly positioned anaphase B spindle in a conditional Lis1 

mutant cell under restrictive conditions (Lis1↓). Bar represents micrometres. See also 

Movie S5 (Lis1↓). 

(E) Kymograph showing an off-loading event in a conditional lis1 mutant (red 

arrowhead). Dynein is labelled by GFP3-Dyn2. Time is given in seconds, the bar 

represents micrometres. 

(F) Bar chart showing the average off-loading frequency per retrogradely moving 

dynein in control cells (Control), clip1 null cells (∆Clip1), conditional lis1 mutants 

(Lis1↓) and a conditional clip1 null and Lis1 depleted mutant (∆Clip1 Lis1↓). Bars 

represent mean ± standard error of the mean of 2 experiments, covering 21-43 

signals of 20 astral MTs over 10.05s. Double asterisk indicates statistical significance 

at P<0.001. 
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Figure 6 Mitosis in clip1/lis1 double, nude single and nude/lis1 double mutants.  

 (A) Bar chart showing average dynein number at the plus-ends of astral MTs in 

control cells, a lis1 depletion mutant (Lis1↓) and a clip1/lis1 double mutant 

(∆Clip1Lis1↓). GFP3-Dyn2 numbers were estimated using GFP-labelled nuclear pore 

proteins as internal calibration standard (Schuster et al. 2011a, b). Cells were grown 

in complete medium supplemented with 1% glucose. The data sets were non-normal 

distributed (Shapiro-Wilk normality test; all P-values <0.0005) and the median ± the 

25% percentile is shown. Total number of signals analyzed is 118 (control), 54 

(Lis1↓) and 66 (∆Clip1Lis1↓) (number of two experiments). Triple asterisk indicates 

statistically significant difference at P<0.0001 and single asterisk indicates 

statistically significant difference at P=0.0362 (Mann-Whitney test). Dynein data are 

taken from Fig. 3C.  

(B) Kymograph showing spindle elongation in a clip1/lis1 double mutant. The spindle 

slowly elongates. The spindle poles are indicated by yellow dotted lines; the distance 
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between the spindle poles is indicated by a red arrow. Bars represent micrometres 

and seconds. See also Movie S5 (DeltaClip1Lis1↓). 

(C) Merged image of GFP3-NudE (NudE, green) at a MT aster (labelled with 

mCherry-αtubulin; Tub1, red) in an anaphase B spindle (lower panel) and in a 

metaphase spindle (upper panel). Bar represents micrometres. 

(D) Bar chart showing average Lis1 numbers at the plus-ends of astral MTs in control 

cells and a nudE deletion mutant (∆NudE). GFP3-Lis1 numbers were estimated using 

GFP-labelled nuclear pore proteins as internal calibration standard (Schuster et al. 

2011a, b). Cells were grown in complete medium supplemented with 1% glucose. 

The data sets were non-normal distributed (Shapiro-Wilk normality test; all P-values 

<0.0011) and the median ± the 25% percentile is shown. Total number of signals 

analyzed is 61 (control) and 64 (∆NudE) (number of one experiment). Triple asterisk 

indicates statistically significant difference at P<0.0001 (Mann-Whitney test).  

(E) Bar chart showing average dynein numbers at the plus-ends of astral MTs in 

control cells and a nudE deletion mutant (∆NudE). GFP3-Dyn2 numbers were 

estimated using GFP-labelled nuclear pore proteins as internal calibration standard 

(Schuster et al. 2011a, b). Cells were grown in complete medium supplemented with 

1% glucose. The data sets were non-normal distributed (Shapiro-Wilk normality test; 

all P-values <0.0001) and the median ± the 25% percentile is shown. Total number of 

signals analyzed is 118 (control) and 59 (∆NudE) (number of two experiments). 

Single asterisk indicates statistically significant difference at P=0.102 (Mann-Whitney 

test). Dynein data are taken from Fig. 3C. 

 (F) Bar chart showing average dynein numbers at the plus-ends of astral MTs in 

control cells and a nudE/lis1 double mutant (∆NudELis1↓). GFP3-Dyn2 numbers were 
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estimated using GFP-labelled nuclear pore proteins as internal calibration standard 

(Schuster et al. 2011a, b). Cells were grown in complete medium supplemented with 

1% glucose. The data sets were non-normal distributed (Shapiro-Wilk normality test; 

all P-values <0.0001) and the median ± the 25% percentile is shown. Total number of 

signals analyzed is 118 (control) and 82 (∆NudELis1↓) (number of two experiments). 

Triple asterisk indicates statistically significant difference at P<0.0001 (Mann-Whitney 

test). Dynein data are taken from Fig. 3C. 

 

 

Figure 7 Model of dynein anchorage in mitosis in the fungus U. maydis. 

(A) On average only 3 dynein motors concentrate at the plus-ends of astral MTs. 

They are anchored via Lis1, NudE and Clip1. Lis1 numbers vary between 1 and 2, 

which is indicated by "~" and an inclined brighter symbol. (B) Deletion of clip1 

reduced the dynein number to 2, suggesting that the majority of the dynein motors 

are anchored via a Clip170-independent mechanism. (C) Surprisingly, a clip1/lis1 

double mutant showed only little further reduction in dynein numbers. This indicates 
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that additional unknown factors are involved in dynein anchorage (indicated by "?"). 

(D) Depletion of Lis1 alone destabilizes the anchorage complex and led to a 

reduction in dynein numbers by 1. (E) Deletion of nudE significantly reduced the 

number of Lis1 (number below 1 dimer, which is indicated by an inclined brighter 

symbol). Nevertheless, the number of dynein motors is not significantly reduced. (F) 

However, in the absence of NudE and Lis1, the number of dynein is reduced to 1 

motor. All symbols represent dimers and the model assumes that Clip1 numbers are 

not affected by changes in Lis1 (Markus et al., 2011) or NudE abundance.  
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SUPPLEMENTARY ONLINE MATERIAL 

Supplementary Figures and Figure Legends 

 

 

Figure S1 Dynamic behaviour of a spindle pole and an astral MT 

Kymograph showing the behaviour of an astral MT during spindle elongation in 

anaphase B. The spindle pole is indicated by yellow dotted line, the astral 

microtubule (aMT) is indicated by red arrow. Note, the astral MT is dynamic and 

increases its length while sliding along the cell cortex (sliding), thereby pulling the 

spindle pole to the right. Note also that a phase of sliding is followed by a phase of 

pause (pause). Bars represent micrometres and seconds. 
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Figure S2 Spindle positioning defect in various mutants. 

The prophase nucleus migrates into the bud where the spindle is formed (Steinberg 

et al., 2001, Straube et al., 2005). This process is defective in all mutant strains and 

the spindle is formed in the mother cell. Bars are based on 40-84 mitotic cells 

(number of one experiment).  

 

 

Figure S3 Nuclear distribution defect in peb1, clip1, lis1 and nudE mutants. Note that 

nuclear inheritance is a consequence of dynein-dependent migration of the prophase 

nucleus into the mother cell and subsequent dynein-dependent spindle elongation in 

anaphase B. Note also while prophase migration of the nucleus is highly affected in 

single mutations in clip1, lis1, or nudE (See Fig. S2), the ability to elongate the 

anaphase B spindle largely rescues the inheritance of the genomic DNA. 

Consequently, single mutants in clip1, lis1 and nudE show only minor defects in 

nuclear inheritance (no nucleus or >1 nucleus). In contrast, depletion of dynein led to 
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a severe nuclear migration and inheritance defect (Straube et al, 2001; Fink and 

Steinberg, 2006; see also Fig. 2D). In addition, a ΔNudELis1↓ mutant shows a 

reduction of dynein to 1 motor at the astral MT plus-ends but nevertheless, the 

spindle elongates and 25.5% of all cells show normal DNA inheritance.  Bars 

represent 200 cells of one experiment. 

 

 

Figure S4 Domain organization of Clip170-, Lis1- and NudE-orthologues.  

U. maydis orthologues show striking similarities to their human counterparts. Um: 

Ustilago maydis, An: Aspergillus nidulans, Sc: Saccharomyces cerevisiae, Hs: Homo 

sapiens. NCBI Accession numbers are: UmClip1, XP_762485.1; AnClipA, 

XP_659079.1; ScBik1, NP_009901.1; HsClip170, NG_030352.1; UmLis1, 

XP_759311.1; AnNudF, XP_663801.1; ScPac1, NP_014912; HsLis1, NP_000421.1; 

UmNudE, XM_757381.1; AnNudE, XP_663729.1; ScNdl1, NP_013355.1; HsNudE, 

NP_001137451.1 (all sequences accessible at http://www.ncbi.nlm.nih.gov/). 
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Figure S5 Stoichiometry of dynein, Clip1, Lis1 and NudE at astral MT plus-ends. 

Bar chart showing average numbers of triple-GFP labelled proteins at the end of MTs 

that were marked using mCherry-Tub1. Numbers were estimated from their 

fluorescence intensity using GFP-labelled nuclear pore proteins as an internal 

calibration standard (Schuster et al. 2011a, b). Cells were grown in complete medium 

supplemented with 1% glucose. The data sets were non-normal distributed (Shapiro-

Wilk normality test; all P-values <0.0262) and the median ± the 25% percentile is 

shown. Total number of signals analyzed is 118 (Dynein), 75 (Clip1), 61 (Lis1) and 

75 (NudE) (number of two experiments). Single asterisks indicate statistically 

significant difference at P=0.0246 (Dynein/Clip1) and P=0.0136 (Lis1/NudE); triple 

asterisks indicate statistically significant difference at P<0.0001 (all Mann-Whitney 

test). Dynein data were taken from Fig. 3C. 
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Figure S6 Dynein localization at plus-ends of astral MTs. 

Pseudo-colour images of dynein comets at plus-ends of astral MTs in various 

mutants. Dynein intensities are indicated by a colour code.  

 

Table 1. Strains and plasmids used in this study  

FB2R3Dyn1_GTub1 a2b2 Pdyn1-3xmrfp-dyn1, natR / poGTub1 (Fink et al., 2006) 

FB2G3Dyn2_ChTub1 a2b2 Pdyn2-3xegfp-dyn2, hygR / pomChTub1 This study 

FB2N107G a2b2 Pnup107-nup107-egfp, bleR (Steinberg et al., 2012) 

FB1rDyn2 a1b1 Pcrg-dyn2, bleR  (Straube et al., 2001) 

FB1rDyn2_GT a1b1 Pcrg-dyn2, bleR /poGTub1 (Fink et al., 2006) 

FB1rDyn2_ERY_H4C a1b1 Pcrg-dyn2, bleR /poERYFP/poH4CFP This study 

FB2G3Clip1_ChTub1 a2b2 Pclip-3xegfp-clip1, hygR / pomChTub1 This study 

FB2R3Dyn1_GTub1_∆Clip1 a2b2 Pdyn1-3xmrfp-dyn1, natR,  ∆clip1:: bleR / poGTub1 This study 

FB2G3Dyn2_ChTub1_∆Clip1 a2b2 Pdyn2-3xegfp-dyn2, hygR, ∆clip1:: bleR / pomChTub1 This study 

FB2G3Lis1_ChTub1 a2b2 Plis1-3xegfp-lis1, natR/ pomChTub1 This study  

FB2G3Lis1_∆Clip1_ChTub1 a2b2 Plis1-3xegfp-lis1, natR , ∆clip1:: bleR / pomChTub1 This study  

FB2nLis1_Peb1R_GT a2b2 Pnar-lis1, Ppeb1-peb1-rfp, natR, bleR/ poGTub1 (Lenz et al., 2006) 

FB2G3Dyn2_ChTub1_nLis1 a2b2 Pdyn2-3xegfp-dyn2,Pnar-lis1, hygR , natR / pomChTub1 This study 

FB2G3Dyn2_ChTub1_nLis1_∆Clip1 a2b2 Pdyn2-3xegfp-dyn2,Pnar-lis1, hygR, natR, ∆clip1:: bleR / 
pomChTub1 This study 

FB2nLis1_∆Clip1_GT a2b2 Pnar-lis1, natR , ∆clip1:: bleR / poGTub1 This study 

FB2nGLis1 a2b2 Pnar-gfp-lis1, nat (Lenz et al., 2006) 

FB2G3Lis1_∆NudE _ChTub1 a2b2 Plis1-3xegfp-lis1, natR , ∆nude:: hygR / pomChTub1 This study  

FB2NudEG3_ChTub1 a2b2 Pnude-nude-3xegfp, hygR / pomChTub1 This study 

FB2∆NudE_GT a2b2∆nude:: hygR / poGTub1 This study 

FB2G3Dyn2_ChTub1_∆NudE a2b2 Pdyn2-3xegfp-dyn2, hygR, ∆nude:: bleR / pomChTub1 This study 

FB2G3Dyn2_ChTub1_∆NudE_ nLis1 a2b2 Pdyn2-3xegfp-dyn2, hygR, ∆nude:: bleR, Pnar-lis1, natR / 
pomChTub1 This study 
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FB2nLis1_Peb1R_∆NudE _GT a2b2 Pnar-lis1, Ppeb1-peb1-rfp, natR, bleR , ∆nude:: hygR /  
poGTub1 This study 

AB33G3Dyn2_cEB1_ChTub1 
a2 PnarbW2 PnarbE1 Pdyn2-3xegfp-dyn2 bleR, hygR /  

pcrgPeb1211–268 / pomChTub1 
This study 

AB33GT a2 PnarbW2 PnarbE1, bleR,/pNoGTub1 This study 

AB33cEB1_GT a2 PnarbW2 PnarbE1, bleR, / pcrgPeb1211–268 / pNoGTub1 This study 

AB33G3Dyn2_nDya1_ChTub1 
a2 PnarbW2 PnarbE1 Pdyn2-3xegfp-dyn2 bleR, hygR /  

pcrgDya132–62/ poChTub1 
This study 

AB33G3Dyn2_nDya1*_ChTub1 
a2 PnarbW2 PnarbE1 Pdyn2-3xegfp-dyn2 bleR, hygR /  

pcrgDya132–62, Q35E/ pomChTub1 
This study 

poGTub1 Potef-egfp-tub1, cbxR (Steinberg et al., 2001) 

pomChTub1 Potef-mCherry-tub1 cbxR (Schuster et al., 2011c 
– MBoC) 

pNoGTub1 Potef-egfp-tub1, natR     This study 

pcrgPeb1211–268  Pcrg-peb1211–268, cbxR (Schuster et al., 2011a 
– EMBOJ) 

pcrgDya132–62 Pcrg-dya132–62, cbxR (Schuster et al., 2011a 
– EMBOJ) 

pcrgDya132–62, Q35E  Pcrg-dya132–62, Q35E, cbxR (Schuster et al., 2011a 
– EMBOJ) 

pERYFP Potef-cals-yfp-HDEL, cbxR (Straube et al., 2005) 

pH4CFP Potef-h4-cfp, hygR (Straube et al., 2005) 

a, b, mating type loci; E1, W2, genes of the b mating type locus; P, promoter; -, fusion; ::, replacement; hygR, hygromycin resistance; 
bleR, phleomycin resistance; natR, nourseothricin resistance; cbxR, carboxin resistance;  ∆, deletion; /, ectopically integrated; otef, 
constitutive promoter; nar, conditional nitrate reductase promoter; crg, conditional arabinose-induced promoter; nup107, nucleoporin; 
egfp, enhanced green fluorescent protein; mrfp, monomeric red fluorescent protein;  mcherry, monomeric cherry; yfp/cfp, yellow-
shifted/cyan-shifted fluorescent protein; cals, signal sequence of calreiculin from rabit (nt 1-51); dyn2: C-terminal half of the dynein 
heavy chain; dyn1: N-terminal half of  the dynein heavy chain; clip1: Clip170 homologue; lis1: LIS1 homologue; nude, NUDE 
homologe; tub1, tubulin; nDya1, dya132–62 fragment of the dynactin subunit p150Glued; nDya1*, dya132_62Q35E, point mutated fragment 
of the dynactin subunit p150Glued; cEB1, peb1211–268, fragment of the EB1-like plus-end binding protein Peb1; peb1, EB1-like plus-end 
binding protein; HDEL, ER retention signal;  h4, Histon 4 

 

Table 2. Anaphase B parameters  

 Number of aMTs Length of aMTs Elongation rate 

  [µm] [µm/s] 

Control (glucose) 3.8±1.1 (30) 2.2±1.5 (109) 0.12±0.06 (52) 

∆Clip1 4.2±1.0 (30) 2.5±1.7 (114) 0.06±0.02 (50) *** 

Lis1↓ 3.9±1.3 (30) 2.9±2.3 (106) ** 0.06±0.04 (48) *** 

∆Clip1 Lis1↓ 4.5±1.2 (24) * 2.7±2.0 (103) * 0.04±0.02(50) *** 

∆NudE 5.2±1.1 (30) *** 3.21±2.3 (143) *** 0.05±0.02 (50) *** 

∆NudE Lis1↓ 5.6±1.5 (30) *** 3.91±2.9 (152) *** 0.04±0.02 (50) *** 

Control (arabinose) 5.54±0.95 (22) 3.99±2.5 (115) 0.11±0.04 (50) 

Peb1c↑ (arabinose) 5.87±0.42 (30) 3.58±2.36 (168) 0.11±0.04 (50) 
mean ± standard deviation (sample size) is shown 
*significantly different from control, P<0.05 
**significantly different from control, P<0.01 
***significantly different from control, P<0.001 
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Supplementary Table   

Table S1. Experimental usage of strains 

Strain name Experiment Figure or table 

FB2R3Dyn1_GTub1 Determination of spindle position, spindle 
elongation, aMT number and length 

Fig. 1A, 1B, 1C, 1D, 2A, 2B, 
2D, S1,  
Table 2 

FB2G3Dyn2_ChTub1 Dynein localisation and determination of 
dynein number 

Fig. 2A, 2B, 2C, 2D, 2E, 2F, 
2G, 2H, 4C, 5C, 5F, 6A, 6E, 
6F, S3, S6 

FB2N107G Determination of Dynein, Clip1, Lis1 and 
NudE  numbers 

Fig. 3F, 3H, 4C, 5C, 6A, 6D,  

6E, 6F, S5, S6 

FB1rDyn2 Determination of nuclear migration Fig. 2D, S3 

FB1rDyn2_GT Determination of spindle position Fig. 2A, 2B 

FB1rDyn2_ERY_H4C Visualisation of nuclei with nuclear envelope 
and endoplasmic reticulum Fig. 2C 

FB2G3Clip1_ChTub1 Clip1 localisation and determination of Clip1 
number Fig. 4A, 4B, S5 

FB2R3Dyn1_GTub1_∆Clip1 Determination of spindle position, spindle 
elongation, aMT number and length Fig. 4D, 4E, Table 2 

FB2G3Dyn2_ChTub1_∆Clip1 Dynein localisation and determination of 
dynein number Fig. 4C, 5F, S6 

FB2G3Lis1_ChTub1 Lis1 localisation and determination of 
Lis1number Fig. 5A, 5B, S5 

FB2nLis1_Peb1R_GT Determination of Spindle position, spindle 
elongation, aMT number and length Fig. 5D, Table 2 

FB2G3Dyn2_ChTub1_nLis1 Dynein localisation and determination of 
dynein number Fig. 5C, 5E, 5F, S6 

FB2G3Dyn2_ChTub1_nLis1_∆Clip1 Dynein localisation and determination of 
dynein number Fig. 5F, 6A, S6 

FB2nLis1_∆Clip1_GT Determination of Spindle position, spindle 
elongation, aMT number and length Fig. 6B, Table 2 

FB2G3Lis1_∆NudE _ChTub1 Determination of Lis1 number in absent of 
NudE Fig. 6D 

FB2NudEG3_ChTub1 NudE localisation and determination of NudE 
number Fig. 6C, S5 

FB2∆NudE_GT Determination of Spindle position, spindle 
elongation, aMT number and length Table 2 

FB2G3Dyn2_ChTub1_∆NudE Dynein localisation and determination of 
dynein number Fig. 6E, S6 

FB2G3Dyn2_ChTub1_∆NudE_ nLis1 Dynein localisation and determination of 
dynein number Fig. 6F, S6 

FB2nLis1_Peb1R_∆NudE _GT Determination of Spindle position, spindle 
elongation, aMT number and length Table 2 
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AB33G3Dyn2_cEB1_ChTub1 Dynein localisation and stimation of dynein 
number Fig. 3G Peb1c↑, 3H Peb1c↑ 

AB33GT Determination of Spindle position, spindle 
elongation, aMT number and length Table 2 

AB33cEB1_GT Determination of Spindle position, spindle 
elongation, aMT number and length Table 2 

AB33G3Dyn2_nDya1_ChTub1 Dynein localisation and stimation of dynein 
number Fig. 3G Dya1n↑, 3H Dya1n↑ 

 

 

Supplementary Movie Legends 

Movie 1 Rapid spindle elongation in late anaphase in a mitotic cell. Mitosis starts in 

the daughter bud (D) and elongation of the spindle takes one set of chromosomes 

back into the mother cell (M; Straube et al., 2005; Fink et al, 2006). Long astral 

microtubules (aMTs) extend from the spindle poles (yellow asterisks). Spindle motility 

and elongation coincides with sliding of the astral MTs along the cellular cortex (red 

arrowheads). Note additional forces within the spindle exist that occasionally result in 

bending of the spindle (blue arrowhead). The spindle MTs are labelled with GFP 

fused to α−tubulin (GFP-Tub1). Images were contrast inverted. Time is given as 

seconds and milliseconds; bar represents micrometres. 

 

Movie 2 Dynein localization and dynamics in a mitotic MT aster.  

Dynein localizes to tips of astral MTs (yellow filled arrowheads), at the spindle poles 

(red asterisk) and occasionally move along the astral MTs towards the spindle pole 

body (yellow open arrowheads) or towards the plus-ends of the astral MTs (green 

open arrowheads). The blue arrow indicates the location of the second spindle pole. 

Time is given as seconds and milliseconds; bar represents micrometres.  
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Movie 3 Off-loading of dynein, labelled with a triple GFP-tag fused to the 

endogenous dynein heavy chain gene dyn2, from the plus-end of an astral MT during 

sliding along the cortex in late anaphase. Dynein is released from the comet at the 

MT tip and remains stationary (open arrowheads), while the MT slides along the cell 

periphery. It is assumed that this stationary dynein moves towards the spindle pole 

body (SPB), thereby generating a pulling force that elongates the spindle. Time is 

given as seconds and milliseconds; bar represents micrometres. 

 

Movie 4 Late anaphase spindle elongation in clip1 null mutant cells. Early anaphase 

spindle elongation occurs in the mother cell (Mother), but rapid elongation takes one 

spindle pole (and the attached chromosomes) into the bud (daughter). Consequently, 

∆clip1 mutants show only minor defects in chromosome segregation (see Fig. S3). 

Microtubules are labelled with GFP fused to αtubulin (GFP-Tub1). Time is given as 

seconds and milliseconds; bar represents micrometres.  

 

Movie 5 Spindle elongation in late anaphase in a conditional lis1 mutant (Lis1↓), a 

∆clip1/lis1↓ double mutant (DeltaClip1Lis1↓), a nudE null mutant (DeltaNudE), and a 

conditional ∆nudE/lis1↓ double mutant (DeltaNudELis1↓). Spindle elongation in late 

anaphase is impaired but not abolished. Note that astral MTs are in contact with the 

cell cortex but due to reduced dynein amounts at plus-ends of MTs, cortical sliding 

occurs more rarely (arrowhead). Microtubules are labelled with GFP fused to αtubulin 

(GFP-Tub1). Time is given as seconds and milliseconds; bar represents 

micrometres. 
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3. General conclusion 

The microtubule motor protein dynein plays a major role in retrograde membrane 

trafficking in interphase (Corthésy-Theulaz et al., 1992; Aniento et al., 1993) and 

chromosome segregation in mitosis (Sharp et al., 2000; Li et al., 2005; overview in 

Kardon et al., 2009; Allan, 2011). Its participation in a wide variety of cellular 

processes requires a fine regulation of motor activity and cargo binding, a process 

that is partly mediated by the complex organisation of the dynein motor. Whereas the 

dynein heavy chain provides the MT binding site as well as the motor activity of the 

complex, it is the intermediate, the light intermediate (DLIC) and the light chains LC8, 

Tctex and Roadblock (DLC2) responsibility to stabilise the motor complex (Mische et 

al., 2008; Zhang et al., 2009; Palmer et al., 2009), the interaction with cargos (Beili et 

al., 2001; Palmer et al., 2009; Horgan et al., 2010; Varma et al., 2010) and the 

regulation of the motor by interacting with other proteins like dynactin (Morgan et al., 

2011). However, the exact mechanism by which these components regulate the 

dynein motor in interphase and mitosis is not known. In this study, I used the fungus 

U. maydis to analyse the role of DLIC, LC8, Tctex and DLC2 in EE motility, dynein 

processivity and plus-end targeting in interphase, as well as spindle elongation, 

dynein targeting and off-loading in mitotic cells. Furthermore, I analysed the dynein 

regulators, Lis1 and NudE, and the plus-end binding protein Clip1 in spindle 

elongation, dynein targeting to the astral MT plus-end and off-loading of dynein 

in mitosis. 
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3.1. Dynein associates with accessory light chains to increase its 

 processivity in long distance transport in interphase cells 

It has been estimated that diffusion is only suitable to distribute molecules over small 

distances of up to 20 nm (Agutter and Wheatley, 2000). Therefore, the directed 

transport of vesicles and organelles is necessary to overcome longer distances 

(Howe, 2005). Cytoplasmic dynein is an important motor protein which is involved in 

long distance transport of membrane-bound organelles, and the DLIC as well as the 

dynein light chains have been implicated in the motility of vesicles, endosomes, 

lysosomes and Golgi organization (Fejtova et al., 2009; Lippincott-Schwartz, 1998; 

Palmer et al., 2009; Varma et al. 2010; Kimura and Kimura, 2011; Tan et al., 2011).  

 

Through an analysis of the U.maydis genome, I have been able to identify the 

homologues of the dynein components DIC, DLIC, LC8, Tctex and DLC2, albeit with 

low sequence identity between Tctex in U. maydis and humans (~11%). Furthermore, 

the behaviour of dynein and its cargo was examined using different dynein light chain 

mutants. Interestingly, the DLIC and the DLC2 depletion mutants show drastically 

reduced retrograde EE movement which results in the observed hyphal growth 

defects. This is similar to studies in mammalian cells where DLIC and DLC2 mutants 

show defects in endosomal distribution (Traer et al., 2007; Palmer et al., 2009; Tan et 

al., 2010). Additionally, cargo binding to molecular motors is proposed to be 

mediated by small Rab-GTPases (Jordens et al., 2005; Lipatova et al., 2008). It was 

shown that DLIC forms a ternary complex with Rab11 and its effector FIP3 whereas 

FIP3 is responsible to link Rab11 and dynein to perform membranous transport 

towards the endosomal-recycling compartment (Horgan et al., 2010). Therefore, it is 

possible that the observed defects in EE movement are due to the lack of organelle 

attachment to the motor protein. However, the dynactin subunit p25 participates in 
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binding dynein to EE in A. nidulans (Zhang et al., 2011). Furthermore, the retrograde 

run-length of dynein is affected in DLIC and DLC2 depletion mutants, suggesting a 

role for both proteins in regulation of the motor protein processivity. Interestingly, the 

influence of both proteins, DLIC and DLC2, could be a secondary effect, resulting 

from interactions with other proteins. The dynactin complex is a major regulator of 

dynein and is responsible to increase the run-length of dynein (Culver-Hanlon et al., 

2006). The dynactin subunit p150Glued tethers dynein to the MT by binding to it, 

thereby increasing dynein run-length (Culver-Hanlon et al., 2006). This protein 

complex binds to the dynein intermediate chain (Karki and Holzbaur, 1995; Vaughan 

and Vallee, 1995), which also binds to DLC2 (Susalka et al., 2002; Vallee et al., 

2004), suggesting an interaction of the dynein light chain with dynactin, which might 

stabilise the interaction between dynactin and the dynein intermediate chain. In 

addition, it is hypothesised that light chains are able to affect the interaction of dynein 

and dynactin by an allosteric mechanism (Varma et al., 2010) and therefore 

manipulates dynactin binding and its processivity function. Furthermore, DLIC 

stabilises the binding between dynein heavy and intermediate chain (Mische et al., 

2008; Zhang et al., 2009) and could have a regulatory function in U. maydis as well. 

Future studies need to show whether or not the dynein complex falls apart following 

depletion of DLIC or DLC2.  

 

The light chain Tctex is thought to participate in dynein-dependent membrane 

movement (Nagano et al., 1998; Varma et al., 2010), but surprisingly it has no 

obvious effect in endosomal transport or dynein behaviour in U. maydis. As a result, 

Tctex might be dispensable for long range motility in hyphal cells, in agreement with 

a previous study in A. nidulans which shows that a deletion of Tctex had almost no 

effect on cell growth and nuclear migration (Zhang et al., 2009).  
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Furthermore, the dynein light chain LC8 is thought to be involved in vesicle 

transport (Fejtova et al., 2009; Varma et al., 2010) and endocytosis (Traer et al., 

2007). The depletion of LC8 had a significant effect on dynein motility but 

unexpectedly with no consequences on endosomal run-length. In U. maydis, the MT 

array in hyphal cells consists of anti-polar MT bundles which become uni-polar in the 

first ~12µm of the tip (Schuster et al., 2011c). Therefore, it is likely that dynein is still 

able to move into the anti-polar MT array where the kinesin-3 motor protein is able to 

take over EEs (Schuster et al., 2011c). Thus, LC8 is able to impair processivity but 

not endosomal movement in hyphal cells. Additionally,  LC8 is also involved in 

dynein-independent processes (Kaiser et al., 2003; Chen et al., 2009; Batlevi et al., 

2010), including being a light chain of myosin 5a (Espindola et al. 2000; overview in 

Rapali et al., 2011). It is possible that the observed phenotype is in fact due to 

pleiotropic effects that could mask the function of LC8 in dynein-

dependent processes. 

 

3.2. The dynein light chains increase the motor efficiency in mitosis 

Cytoplasmic dynein has various functions during mitosis, including kinetochore 

attachment (Banks and Heald, 2001; Varma et al., 2008), chromosome movement 

(Savoian et al., 2000; Yang et al., 2007), spindle checkpoint inactivation (Wojcik et 

al., 2001) and spindle positioning and elongation (Yeh et al., 1995; Lee et al., 2003; 

Fink et al., 2006; Moore et al., 2009; Kotak et al., 2012). Previous studies in 

S. cerevisiae and U. maydis have shown that dynein accumulates at the astral MT 

plus-end from where it gets off-loaded to the cellular cortex to generate forces for 

subsequent spindle elongation (Lee et al., 2003; Fink et al 2006; Markus et 

al., 2011). 
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Here, I have shown that DLIC and DLC2 participate in spindle elongation by 

increasing the dwell time of dynein at astral MT tips. However, in order to be off-

loaded from astral MT plus-end to the cellular cortex, dynein must first be delivered to 

the plus-end, where it forms a small comet-like accumulation (Sheeman et al., 2003; 

Lee et al., 2003; Lee et al., 2005; Fink et al., 2006). Consequently, less dynein 

results in a decreased possibility for the motor protein to get off-loaded which results 

in a slower spindle elongation rate (see below). The depletion of either protein (DLIC 

or DLC2) reduced the dynein amount at astral MT tips, therefore decreasing the 

possibility of a dynein motor getting off-loaded to the cellular cortex. Thus, the 

observed spindle elongation defects are most probably caused by less dynein at the 

astral MT tip. One might argue that the assumed interaction with the dynactin 

complex is responsible for the loss of dynein anchorage. Indeed, previous work in 

interphase cells has shown that dynactin is required for dynein anchorage (Lenz et 

al., 2006; Schuster et al., 2011), however my studies showed that inhibitory peptides 

of dynactin and Peb1/EB1 did not affect dynein anchorage in mitosis (see below). 

This result makes it unlikely that dynactin has a role in anchoring dynein to the plus-

ends of astral MTs in mitosis. Consequently, a loss of a dynein/dynactin interaction in 

DLC2 and DLIC mutants is not the reason for reduced amounts of plus-end targeted 

dynein in mitosis. Alternatively, it needs to be considered that less dynein gets 

delivered to astral MT tips. Indeed, a DLIC depletion mutant showed reduced dynein 

delivery to the MT tip, decreasing the possibility of dynein getting off-loaded to 

generate forces for spindle elongation.  Taken together, these findings show that the 

DLIC, but not DLC2, is important for delivery of dynein to the MT tip. In addition, 

DLC2 participates in dynein anchorage at the astral MT plus-end.  
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The dynein light chain Tctex is not present in the budding yeast genome 

(Bowman et al., 1999), which could explain why it has no obvious role in mitosis in 

mammalian cells (Varma et al., 2010). The distant relative of Tctex found in U. 

maydis shows a mild nuclear migration defect and causes a significant decrease in 

spindle elongation rate. In contrast to DLIC and DLC2, the impaired spindle 

elongation rate is not due to a decrease in dynein targeting to the astral MT plus-end. 

Therefore, the function of Tctex in mitosis in U. maydis is unknown and needs further 

investigation. The low sequence similarity and the fact that Tctex has dynein-

independent functions (Chuang et al., 2005) raises the possibility that the observed 

defects in nuclear migration and spindle elongation is due to a more pleiotropic 

defect in the cell. 

  

In S. cerevisiae, the homologue of dynein light chain LC8 is important for effective 

function of dynein during mitosis (Stuchell-Brereton et al., 2011). In U. maydis, the 

depletion of LC8 resulted in a significant reduction in spindle elongation rate. 

Surprisingly this was not due to impaired dynein targeting to the astral MT plus-ends, 

making it unclear how LC8 functions in U. maydis mitotic cells. However, the spindle 

position defect could be explained with an observation in mammalian cells which 

shows that LC8 is required for asymmetric cortical localisation of dynein which in turn 

is important for proper spindle orientation (Dunsch et al., 2012). Again, LC8 has also 

dynein-independent functions (Kaiser et al., 2003; Chen et al., 2009; Batlevi et al., 

2010; overview in Rapali et al., 2011) which could explain that the observed 

phenotype is caused by a pleiotropic effect.  
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3.3. Different dynein anchorage mechanisms in mitotic and interphase cells 

U. maydis is a dimorphic fungus which is able to switch from yeast-like cells to 

hyphae (Steinberg and Perez-Martin, 2008). The dynein motor protein supports 

mitosis in yeast-like cells and EE motility in hyphal interphase cells (Straube et al., 

2005; Fink et al., 2006; Lenz et al., 2006; Schuster et al., 2011). In U. maydis 

interphase cells, dynein transports EEs towards sub-apical parts of the elongated 

hyphal cell (Lenz et al., 2006). To capture the kinesin-3-delivered organelles, dynein 

needs to accumulate at MT plus-ends, which is achieved by a kinesin-1-dependent 

delivery of the motor complex (Zhang et al., 2003; Lenz et al., 2006) and a 

subsequent anchorage at the MT tip (Zhang et al., 2003;  Lenz et al., 2006; Zhang et 

al., 2010; Schuster et al., 2011a). The comet-like accumulation of dynein is 

considered to be a “loading zone” for EEs (Lenz et al., 2006; Peñalva, 2010), and 

capturing of EEs prevents them from falling off at the MT plus-end (Schuster et al., 

2011). Furthermore, the anchorage of dynein is accomplished by the interaction of 

the plus-end binding protein Peb1/EB1 and the dynein regulator dynactin (Schuster 

et al., 2011a). This mechanism is reminiscent of mammalian cells (Ligon et al., 2003; 

Honnappa et al., 2006; Akhmanova and Steinmetz, 2008), which demonstrates that 

comet formation of dynein is a conserved process. While this mechanism makes 

sense in an interphase cell, where EEs constantly move over long distances 

(Wedlich-Söldner et al., 2000a), the capture of vesicles/organelles is not necessary 

during mitosis. This might explain the small comet size of only ~3 dyneins at astral 

MT plus-ends.  

  

I also discovered that the anchorage mechanism of dynein differs between 

mitotic and interphase cells in U. maydis. While in interphase stochastic dynein 

accumulation and a dynein/dynactin/EB1 interaction lead to the formation of the 
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comet, the dynein anchorage in mitosis is dependent on the Clip-170 homologue 

Clip1 and the dynein regulators Lis1 and NudE. A reason for this difference could be 

the competition of dynactin and NudE to bind to the same site of the IC of dynein. 

Dynactin might be important for fast long-range motility of small vesicles or 

organelles whereas NudE-Lis1 seems to be required for heavy load like nuclear 

migration (McKenney et al., 2011). This matches previous reports in mammalian and 

yeast cells. In mammalian cells, it was shown that dynein is anchored to the astral 

MT plus-end via the interaction of Clip-170 and Lis1, whereas Lis1 initiates the 

release of dynein for the subsequent off-loading of dynein/dynactin (Lansbergen et 

al., 2004). This model was further supported by work in budding yeast. Here, dynein 

forms a cytoplasmic complex with Pac1/Lis1, which gets loaded onto the astral MT 

plus-end by the Clip-170 homologue Bik1. Thus, plus-end targeting and anchorage is 

also accomplished by Clip-170 and Lis1. In U. maydis, a single mutant of clip1 or lis1 

showed impaired dynein anchorage at the astral MT tip, which caused a slower 

spindle elongation rate. Surprisingly, a clip1/lis1 double mutant did not reduce the 

dynein amount at astral MT plus-ends and the spindle elongation rate any further. 

This leads to the conclusion that there might be additional factor, participating in 

dynein anchorage. In the budding yeast, NudE is involved in stabilising the 

dynein/Lis1 interaction (Li et al., 2005), and in A. nidulans NudE and Lis1 facilitate 

the release of dynein from the MT plus-end (Zhang et al., 2003; Efimov et al., 2003). I 

reported here that the deletion of nudE in U. maydis had almost no effect on the 

dynein amount at the MT tip. However, a double mutant of nudE/lis1 significantly 

reduced the dynein numbers at astral MT tips and caused a severe spindle 

elongation defect. In contrast, the loss of the NudE-homologue Ndl decreases MT 

plus-end targeting of dynein in S. cerevisiae (Li et al., 2005), arguing for a more 

complex role of NudE in U. maydis. However, the anchorage mechanism is similar to 
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the budding yeast where Bik1, Pac1 and Ndl participate in dynein anchorage to the 

MT tip as well (Li et al., 2005). Surprisingly, the spindle was still able to elongate in 

the double mutant, albeit at a much slower velocity, which leads to the question if 

there is another yet unknown factor involved in dynein anchorage. 

 

The main findings of these studies are that the molecular mechanism of dynein 

anchorage differs between budding yeast-like cells and filamentous hyphae of U. 

maydis. The reason for this difference might lay in the physiology of both growth 

stages. The elongated interphase hyphal cells are constantly growing and MTs 

support bidirectional motility of EEs. This poses a challenge at the end of the MT 

track, as arriving organelles need to be loaded onto dynein to avoid falling off the MT 

and stop moving. A large dynein comet is formed at the MT plus-ends, which 

involves interaction of EB1 and dynactin. This accumulation of dynein motors 

prevents EEs from falling off the track (Schuster et al., 2011a). Interestingly, the 

mechanism of EB1-based anchorage of dynein/dynactin is also found in mammalian 

cells (Ligon et al., 2003; Honnappa et al., 2006). However, previous studies in 

mammalian cells have shown that the CAP-Gly domain of the p150Glued dynactin 

subunit is important to increase the dynactin amount at the MT plus-ends which 

might be necessary to initiate the retrograde transport (Moughamian and Holzbaur, 

2012). This is in contrast to findings which show that enrichment of dynactin at the 

MT plus-end is not required for intracellular traffic (Watson and Stephens, 2006). 

Both, mammalian cells and U. maydis hyphal cells share long distance membrane 

transport, suggesting that the role of the dynein comet is evolutionarily conserved. 

EE motility is not of any obvious importance in yeast-like mitotic cells, and therefore a 

"dynein loading zone" does not need to be established at MT plus-ends. Instead, the 

anchorage mechanism involves Clip1 and Lis1. This is reminiscent of the budding 
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yeast S. cerevisiae, which shows no MT-dependent membrane trafficking (Hill et al., 

1996; Simon et al., 1997). Thus, the dimorphic nature of U. maydis established two 

different mechanisms by which dynein is anchored at MT plus-ends.  

 

3.4. Summary and Outlook 

This work presents new understanding of the function of the dynein motor complex 

during mitosis and long distance transport of EEs in the fungus U. maydis. It shows 

that the dynein light intermediate chain (DLIC) and the light chain Roadblock (DLC2) 

are essential for processivity of dynein in interphsase cells, but also for anchorage 

and subsequent spindle elongation in mitosis. As a consequence, both dynein 

components are important for EE motility and hyphal growth as well as mitotic 

progression and elongation of the anaphase spindle. Surprisingly, the light chain 

Tctex has no obvious function in mitosis or EE motility. However, Tctex seems to be 

dispensable in fungal cells and the homologue in U. maydis is very distantly related 

to mammalian Tctex. Thus, it appears likely that Tctex is not of major importance in 

fungi and might get lost from this lineage in the future. In contrast, the dynein light 

chain LC8 is involved in processivity of dynein. Nevertheless, due to the cooperation 

between kinesin-3 and dynein in retrograde EE motility (Schuster et al., 2011b), this 

effect on motor run-length does not affect endosome motility. Furthermore, LC8 is 

required for spindle elongation, but the molecular reason for this is currently 

unknown.  

 

Another aspect of this study is the finding of two different mechanisms of 

dynein anchorage to the MT plus-end in the fungus U. maydis. In interphase cells, 

dynein accumulates in a large comet-like structure, which is partially dependent on 

the plus-end binding protein Peb1/EB1 and the dynein regulator dynactin (Schuster 
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et al., 2011a). In contrast, in mitotic cells dynein anchorage occurs via the plus-end 

binding protein Clip1 (Clip-170 homologue) as well as the dynein regulators Lis1 

and NudE.  

Currently, two major questions need to be addressed. First, the presented results 

suggest that the DLIC and the DLC2 (Roadblock) are required for processivity. The 

obvious question is how this is achieved. Previous studies have already shown that 

dynactin associates with the dynein complex via the dynein intermediate chain (Karki 

and Holzbaur, 1995; Vaughan and Vallee, 1995; Vallee et al., 2004; Allan, 2011). In 

addition, the DLC2 light chain binds to the dynein intermediate chain (Vallee et al., 

2004; Allan, 2011), and is believed to either regulate the interaction between dynein 

subunits or to regulate dynein heavy chain activity (Susalka et al., 2002). The DLIC is 

important for stabilising the interaction between the dynein heavy and intermediate 

chain (Mische et al., 2008; Zhang et al., 2009). Dynactin increases the processivity of 

dynein (King and Schroer, 2000; Culver-Hanlon et al., 2006; Kardon et al., 2009), 

which suggests that the reduced run-length of dynein in the DLIC and Roadblock 

mutants might be due to a loss of dynactin-dynein interaction. Studies to analyse this 

possibility are underway.  

Secondly, the results on dynein anchorage at astral MT plus-ends in mitotic 

U. maydis cells have shown that ~1/3 of the dynein motors are still anchored at the 

MT tip in the absence of Lis1 and NudE. This is surprising and in contrast to findings 

in budding yeast (Li et al., 2005). Thus, the question is how this is achieved. One 

likely possibility is that the remaining dynein amount is anchored by Clip1. This 

possibility is currently being analysed by generating a triple mutant of clip1, lis1 and 

nudE. 
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