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Abstract

The fission yeast, Schizosaccharomyces pombe, is a cylindrical cell formed as a 

consequence of highly polarised growth at precisely opposed cell ends. The aim of 

this thesis has been to understand the mechanisms by which fission yeast 

maintains growth sites at precisely opposed positions in the cell.

I have characterised a transposable element Tfl for its application in tagged 

mutagenesis, to try and develop a useful method to identify new genes required for 

linear cell growth. Tfl integration was found to be significantly biased towards 

non-coding regions. It has a preference for the 5’ ends of open reading frames but 

appears not to interfere with transcription of adjacent genes. These findings 

demonstrated that Tfl is not a useful tool for insertional mutagenesis.

The cell end marker tealp is important in fission yeast for growth in a straight line 

and I have investigated its role in linear cell growth as well as its delivery and 

localisation to the cell ends. Tealp is loaded on microtubules in the vicinity of the 

nucleus and is transported to the cell ends on the plus ends of microtubules. 

Transport depends on mal3p but not tea2p and tip Ip, all three of these proteins are 

associated with the plus ends of microtubules. A structure-function analysis of 

tealp has identified a domain required for maintaining tealp at the cell ends, and 

this domain has been used as the bait in a two-hybrid screen to identify tealp 

interacting partners. The analysis has also revealed that tealp has two distinct 

functions in the cell. On the tips of microtubules tealp organises the microtubular 

cytoskeleton, and at the cell ends it functions as a scaffold for other morphogenetic
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factors, which position the growth machinery properly so that growth is in a 

straight line.
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Chapter 1: Introduction

1.1. Introduction

1.1.1, Cell shape versus developmental patterning

In developmental biology pattern formation is normally conceived in the 

context of how the appropriate cell types are specified in the right place in an 

organism. Complex patterns, however, can also be generated by single cells 

(Harold, 1990; Wilson, 1925). Cells display an amazing variety of shapes ranging 

from the simplest forms of bacteria and yeast to the most complicated shapes of 

neurons or ciliates, and these shapes are usually essential for their function. 

Elaborated asymmetries in subcellular organisation are often present in even 

unremarkably shaped cells. For example, intestinal epithelia require a polarised 

vesicle-trafficking system to absorb nutrients from the gut and transport them to 

the bloodstream, and motile cells could not move without polarising their actin and 

microtubule cytoskeleton. The specification of an axis of cell polarity is the first 

step in patterning at the single-cell level while polarisation of the body axes is at 

the beginning of embryonic patterning. These two processes are identical in some 

cases: the main body axis of the animal is defined by the polarity of the single-cell 

zygote in organisms such as Caenorhabditis elegans. Drosophila and Xenopus. 

Thus, although on a different scale the conceptual challenges of cell polarity and 

developmental patterning are similar.
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Chapter 1: Introduction

In this introduction I will first consider the relationship between cell shape 

and cytoskeleton and then review what is known about the generation of cell shape 

in the fission yeast Schizosaccharomyces pombe.

1.1,2, Cell shape, spatial cues and the cytoskeleton

The shape of a cell is the consequence of the establishment of an internal cell 

polarity. Internal cell polarity may be initiated by a spatial cue at the cell surface 

which is then propagated by a cascade of molecular events inducing the localised 

assembly of specialised cytoskeletal and signalling networks. Subsequently, the 

cytoskeleton and the secretory apparatus are repositioned towards the cue leading 

to the formation of a new membrane domain and the establishment of cell polarity 

(Drubin and Nelson, 1996). A good example is the generation of a polarisation 

axis of a T cell towards a target cell. T cells are specialised white blood cells 

involved in the immune response against pathogens. Interaction between the target 

cell and a particular region on the T cell surface acts as a spatial cue that triggers a 

local rearrangement of the actin cytoskeleton. Then, microtubules become 

orientated towards the cue and polarise vesicle transport towards the region of 

interaction.

In the absence of external signals the cytoskeleton may generate positional 

information within the cell because its properties allow the polarised distribution 

of internal polarity components (Kirschner and Mitchison, 1986). To introduce 

properties of the cytoskeleton important for cell polarity I will use the microtubule 

cytoskeleton as an example. Several properties of microtubular growth and
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Chapter 1: Introduction

structure make microtubules uniquely capable of generating and maintaining cell 

shape (Kirschner and Mitchison, 1986):

Polymer structure: Microtubules are formed by the self-assembly of 

tubulin (a heterodimer of two GTP-binding subunits) which gives rise to a hollow 

cylinder composed of 13 strands of polymer. Due to their modular composition 

microtubules can grow or shrink simply by adding or removing tubulin subunits, 

respectively.

Intrinsic polarity: Tubulin molecules are all assembled pointing in the same 

direction which gives microtubules a polar structure. The intrinsic polarity of 

microtubules allows polarised transport within the cell and the asymmetric 

distribution of internal components.

Length: Subunit polymerisation can make microtubules many micrometers 

long allowing them to extend along the entire length of a cell. Thus, they can serve 

as tracks for long-distance transport. In addition, microtubules have the ability to 

transmit forces between distant cellular compartments.

Structural flexibility: The ability of microtubules to produce forces means 

that they can withstand pressure without breaking. Microtubules, however, are not 

rigid filaments but can curve and change the direction of growth when 

encountering an obstacle. Thus, due to structural flexibility microtubules have the 

ability to explore the space of a cell with high spatial resolution allowing them to 

discover cues present only in defined regions of the membrane.
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Chapter 1: Introduction

Dynamic instability: Microtubules are not static structures but undergo 

stochastic periods of growth and shrinkage, a phenomenon termed dynamic 

instability. Due to their extremely dynamic behaviour microtubules have the 

ability to explore the space of a cell with high temporal resolution which allows 

them to detect positional changes of cortical cues over time.

Modifying factors: The dynamics of microtubules are modified by 

microtubule-binding factors which adapt the properties of microtubules to 

different tasks. For example, interphase microtubules are less dynamic than the 

mitotic spindle (Cassimeris, 1999).

Transmission of information: The stability of microtubules is also 

regulated by events occurring at their tips. Like the polarised transport of internal 

components, this property allows transmission of information from one part of the 

cell to another. For example, microtubule tips reaching a particular membrane 

domain may be stabilised, resulting in a polarisation of the microtubule 

cytoskeleton towards this area.

Self-organisation: Microtubules can self-organise into complicated arrays - 

such as the mitotic spindle- with the help of motors and other proteins (Hyman and 

Karsenti , 1996). This property allows them to perform complex functions such as 

chromosome separation during mitosis.

Together these properties allow microtubules to take part in the 

establishment of a global, intracellular organisation, or the reinforcement of an 

organisation established by other means.
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Chapter 1: Introduction

1.2. Fission yeast morphogenesis

1,2,1 Introduction

The fission yeast Schizosaccharomyces pombe is a unicellular eukaryote 

which has been used as a model system for the study of several cell biological 

problems. Its very regular shape and its amenity to genetical and cytological 

studies makes it a good organism for the study of cellular morphogenesis (Nurse, 

1994).

1.2.2, Cell shape and cell growth

The fission yeast is a simple single-celled eukaryote (Figure 1.1.). It is 

cylindrical in form, 3-4pm in diameter, and 8-15pm in length. Most growth occurs 

as a consequence of cell elongation, with the cell diameter remaining 

approximately constant. This means that the length of the cell depends on how far 

the cell has proceeded through the cell cycle. Thus, newly born cells are the 

shortest and cells just about to divide are the longest. The two cell ends grow apart 

in a precisely opposed manner such that cell elongation forms a straight, 

cylindrical-shaped cell (Snell and Nurse, 1993).

A newly born cell begins growth only at one of its ends. This end is termed 

the old end because it already existed in the mother cell before its division (Figure 

1.2). Later in the cell cycle the cell switches from a monopolar to a bipolar growth 

mode by activating growth at the new end. This transition is referred to as new-end 

take-off (NETO) and occurs after DNA replication and when the cell attains a

22



Chapter 1: Introduction

certain minimal length. Fission yeast cells stop growing when entering mitosis. 

During cytokinesis a septum is formed in the middle of the cell which splits 

resulting in the formation of two daughter cells each of which have an old end 

derived from the mother cell and a new end formed from the septum. It is these 

basic growth characteristics that account for the overall shape of the fission yeast 

cell (Mata and Nurse, 1998; Mitchison and Nurse, 1985).

1,2,3 Fission yeast  -  the problems o f morphogenesis

The generation and maintenance of the cell shape of fission yeast poses 

several problems. First, the diameter must remain constant while the cell elongates 

at the cell ends. Second, for polarised growth an axis of polarity must be generated 

which requires an asymmetric distribution of components inside the cell. Third, 

the axis of polarity must be properly oriented for growth in a straight line. Finally, 

to generate a cylindrical-shaped cell internal polarity must be translated into rigid 

cell structures through localised deposition of cell wall materials (Nurse, 1994).

1,2,4, Organisation o f the cytoskeleton in fission yeast

Fission yeast morphogenesis is characterised by large-scale reorganisation of 

the actin and microtubular cytoskeletons.

I.2.4.I. The actin cytoskeleton in fission yeast

S. pombe contains a single actin gene called actl (Mertins and Gallwitz, 

1987), and its gene product is the structural component of the primary F-actin
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structures in the cell, the F-actin patches and cables (Marks et ah, 1986). Actin 

cables are organised in a dense meshwork at the cell ends and in arrays largely 

running the length of the cell in regions away from the cell ends. Actin patches are 

associated with actin cables and they are concentrated at sites of polarised growth 

at the cell ends and at the septum during cytokinesis. Actin patches serve as sites 

of actin polymerisation (Pelham and Chang, 2001), as they contain components of 

the actin polymerisation machinery such as arp2/3-complex proteins (McCollum et 

al., 1996; Morrell et al., 1999). Actin patches move using an actin polymerisation- 

based mechanism and some of the movement occurs along actin cables (Pelham 

and Chang, 2001).

The distribution of actin changes throughout the cell cycle (Figure 1.3.). 

Early in the cycle, actin patches are localised at one cell tip (the old end) and then 

appear at both cell ends after NETO. During mitosis cortical actin disappears and 

is replaced by an actin ring placed at the cell middle during cytokinesis (Marks et 

al., 1986). The correlation between cortical actin and the regions of cell wall 

deposition is widespread in fungi, but its precise function is not completely 

understood (Harold, 1990).

Many actin-interacting proteins in S. pombe have been identified and these 

factors will not be discussed in detail here (for review, see (Chang and Nurse, 

1996)). Mutations in actin-interacting proteins cause a variety of morphogenetic 

phenotypes confirming the importance of actin in fission yeast morphogenesis. 

Mutations block the formation of an actin ring during cytokinesis, cause 

delocalisation of actin patches and make the cells adopt a characteristic dumbbell
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shape, with swollen ends. Cell enlargement, however, is not blocked in these 

mutants suggesting that cells are able to grow in a polarised manner even in the 

absence of functional actin cables and polarised distribution of actin 

(Balasubramanian et ah, 1996; Balasubramanian et ah, 1992; Chang and Nurse, 

1996; Feierbach and Chang, 2001; Nurse et ah, 1976). Thus, actin distribution is 

tightly linked to the activity of growth zones and it is important for 

morphogenesis, although its exact role remains unclear.

The actin cytoskeleton has been extensively studied in the budding yeast, 

S. cerevisiae. Actin is involved in morphogenesis acting in multiple processes such 

as cytokinesis, endocytosis, polarised transport and secretion, spindle orientation 

and establishment of cues required of the budding pattern (for reviews, see 

(Drubin and Nelson, 1996; Field et ah, 1999; Pruyne and Bretscher, 2000)).

1.2.4.2 The microtubule cytoskeleton in fission yeast

1.2.4.2.1 General characteristics o f microtubules

Microtubules are polymers of a/|3 tubulin dimers. In fission yeast the P 

subunit is encoded by one gene {ndaS) and the a  subunit by two genes (nda2 and 

atb2) (Hiraoka et ah, 1984; Toda et ah, 1984). Microtubules are cylinders of 

~25nm diameter which are assembled from 13 protofilaments consisting of the 

tubulin dimers. Microtubules are nucleated from microtubule organising centres 

(MTOCs) containing y-tubulin (Schiebel, 2000). In S. pombe y-tubulin is encoded 

by the gtbl gene (Horio et ah, 1991). Micro tubules have an overall polarity 

because they have plus and minus ends with different properties (Desai and
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Mitchison, 1997). The plus end grows and shrinks as it extends through space 

while the minus end is less dynamic and is often orientated towards, or buried in, 

the MTOC. Periods of growth and shrinkage change stochastically and this 

behaviour has been referred to as dynamic instability (Mitchison and Kirschner, 

1984). Structure and properties of microtubules are similar in all eukaryotes 

(Hayles and Nurse, 2001).

1.2.4.2.2. The fission yeast microtubule cytoskeleton during the cell cycle 

Fission yeast interphase microtubules extend through the cytoplasm along

the long axis of the cell (Figure 1.4.). They are nucleated close to the nucleus at 

the cell centre possibly from multiple MTOCs or from the spindle pole body 

(SPB) from which they then become dissociated (Hagan, 1998; Tran et al., 2001). 

When cells enter mitosis cytoplasmic microtubules are replaced by an intranuclear 

spindle and cytoplasmic aster microtubules, both nucleated from the SPB. Late in 

mitosis, the spindle breaks down and the post-anaphase array (PAA) is formed. 

Microtubules are now nucleated from a tubulin ring at the cell equator and from 

the SPBs on each nucleus. Upon completion of cytokinesis interphase 

microtubules re-appear in the cell (for review, see (Hagan, 1998).

1.2.4.2.3. Organisation o f the fission yeast interphase microtubule 
cytoskeleton

The interphase microtubule cytoskeleton of fission yeast consists of 3-4 

bundles which extend along the long axis of the cell (Hagan, 1998). Each bundle 

contains microtubules in an antiparallel configuration. The plus ends of the 

microtubules are oriented towards the cell poles while their minus ends overlap in
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the cell centre in the vicinity of the nucleus, resulting in a single, linear 

microtubule bundle (Drummond and Cross, 2000; Tran et ah, 2001). While the 

two plus ends of a microtubule bundle grow and shrink independently it is not 

clear whether individual microtubules within a bundle behave synchronously.

Microtubules are first nucleated in the vicinity of the nucleus and then grow 

and explore the cytoplasm. They extend until they reach the cell ends where they 

slow growth and often stop before undergoing catastrophe. Microtubules reaching 

the cell membrane at the sides of a cell are deflected and continue to grow under 

the membrane until they reach the cell ends. Microtubules at the cell ends can 

sometimes become curved and this may be a consequence of the pressure exerted 

by the cell ends on polymerising microtubule tips. The behaviour of microtubules 

is independent of cell size, except in very long cells when they may fail to reach 

the cell end (Drummond and Cross, 2000; Tran et al., 2001).

In summary, due to their dynamics properties interphase microtubules can 

explore the space defined by the shape of the cell allowing them to orientate along 

the long axis of the cell and to reach the cell ends.

1.2.4.2.4. Functions o f cytoplasmic microtubules -  Defining the long axis o f
the cell

The function of cytoplasmic microtubules in fission yeast has been studied 

using drugs and mutants in tubulin genes. Microtubules are involved in nuclear 

positioning and mitochondrial segregation (Tran et al., 2000; Tran et al., 2001; 

Yaffe et al., 1996). In morphogenesis microtubules are important for defining the 

long axis of the cell because they are required for maintaining the direction of
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growth (Hiraoka et al., 1984; Sawin and Nurse, 1998; Toda et al., 1983; Umesono 

et al., 1983). Fission yeast grows in a straight line along a single cellular axis due 

to its ability to maintain two growth zones precisely opposed to each other (Figure

1.5.). Upon disruption of the microtubular cytoskeleton fission yeast cells continue 

to grow in a highly polarised manner at distinct growth zones, however, the 

relative position of the growth zones to each other changes. They are not 

maintained precisely opposed to each other anymore and as a consequence their 

direction of growth is altered. This results in bending or, if an additional growth 

axis is established, T-shaped cells.

Microtubules are also involved in defining the long axis of cells in many 

other eukaryotes. In Drosophila, C. elegans, and zebrafish microtubules are 

required for generating the antero-posterior axis during embryonic development 

(Goldstein, 2000; Jesuthasan and Stable, 1997; Riechmann and Ephrussi, 2001; 

Scholey et al., 2001), and in migrating cells microtubules are required to set up the 

cellular axis for directed movement (Wittmann and Waterman-Storer, 2001). 

S. cerevisiae, however, does not use microtubules to polarise growth but only to 

control nuclear and chromosomal movements (Botstein et al., 1997; Winsor and 

Schiebel, 1997).

In conclusion, the fission yeast S. pombe provides a simple eukaryotic model 

system to study the roles of microtubules in defining the long axis of a cell, a 

process which is also important for the spatial organisation of higher eukaryotic 

cells and organisms.
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1.3. Fission yeast cell polarity

1.3.1, Classification o f polarity mutants

The simple and regular shape of fission yeast facilitates the isolation of 

mutants with aberrant cell morphology. Three large-scale visual mutagenesis 

screens aimed specifically at the isolation of cell shape mutants have identified 

several genes important for cell polarity in fission yeast (Radcliffe et al., 1998; 

Snell and Nurse, 1994; Verde et al., 1995). The identified genes can be classified 

into three major groups: loss of polarity (leading to rounded cells), altered growth 

axis (causing bending or branching) and inability to activate bipolar growth. 

Figure 1.6. shows examples for some cell shape mutants.

1.3.1.1. Loss of polarity mutants

Loss of polarity mutants are also called orb mutants. They display different 

degrees of polarity loss, causing a variety of cell shapes: completely round, pear- 

shaped or short and thick cells. Polarity loss is both external, manifested in the 

abnormal cell shape, and internal, as seen by the randomised distributions of 

microtubules and actin (Matsusaka et al., 1995; Miller and Johnson, 1994; Ottilie 

et al., 1995; Snell and Nurse, 1994; Toda et al., 1996; Verde et al., 1995). Many of 

the cloned genes are involved in signalling pathways such as the raslp and rholp 

pathway or MAP-kinase cascades, and belong to the well-established families of 

protein kinases, protein phosphatases, small GTP-binding proteins and regulators
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or modifiers of GTP-binding proteins (for reviews, see (Arellano et al., 1999; 

Banuett, 1998; Davey, 1998; Hughes, 1995; Yamamoto et al., 1997)).

I.3.I.2. Monopolar growth mutants

The switch from monopolar to bipolar growth occurs at NETO and several 

genes are known to be required for this growth transition. Mutations in some of the 

genes also cause other phenotypes in addition to monopolar growth. Orb2 mutants 

are round and orb2 is allelic to pakl, encoding an essential protein required for 

raslp- and cdc42p-dependent signalling cascades (Gilbreth et al., 1996; Ottilie et 

al., 1995; Verde et al., 1995). Teal and ban! mutants are defective in bipolar 

growth and have a bent morphology (Verde et ah, 1995). The banl gene has not 

been cloned yet and the teal gene encodes a microtubule-dependent marker of cell 

ends (Mata and Nurse, 1997). Sspl mutants block in G2 before activation of 

bipolar growth (Rupes et al., 1999). Ssplp is ser/thr protein kinase of the ELM 

kinase family that is responsible for the transient re-direction of actin patches 

during osmotic stress from cell ends to an isotropic distribution all over the cell 

wall, it may determine actin localisation under normal conditions (Matsusaka et 

al., 1995; Rupes et al., 1999). Mutants in the pom l gene have a defect in proper 

positioning of the division septum and the switch to bipolar growth suggesting that 

the pom Ip ser/thr protein kinases of the Dyrk family provides positional 

information during growth and division (Bahler and Nurse, 2001; Bahler and 

Pringle, 1998). The product encoded by bud6 gene is specifically required for 

NETO and interacts with the actin cytoskeleton (Glynn et al., 2001).
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1.3.1.3. Altered growth axis mutants

Altered growth axis mutants mainly belong to the groups of ban (for 

bamxvdi), tea (rips elongation aberrant) and alp (a/tered polarity) mutants 

(Radcliffe et ah, 1998; Snell and Nurse, 1994; Verde et al., 1995). These mutants 

are still polarised but have lost the ability to maintain the orientation of their 

growth axis resulting in bent and branched cells. The microtubular cytoskeleton 

plays an essential role in maintaining growth in a straight line along a single, 

central axis (see Functions of cytoplasmic microtubules -  Defining the long axis of 

the cell). Correspondingly, many of the altered growth axis mutants have defects 

in the organisation of the microtubular cytoskeleton.

Some of the altered growth axis mutants define genes involved in 

microtubule biogenesis and thus contribute more indirectly to the generation of 

positional information and to the definition of the long axis in the cell. In ban5 and 

alp2 mutants interphase microtubules are short and ban5 and alp2 are allelic to the 

atb2 (a2-tubulin) (Radcliffe et al., 1998; Yaffe et al., 1996). Alpl and a lp ll 

mutants also have short interphase microtubules and define cofactors for tubulin 

folding (Radcliffe et al., 2000; Radcliffe et al., 1999). Alp4 and alp6 encode 

components of the y-tubulin complex important for microtubule nucléation (Vardy 

and Toda, 2000). In alp4 and alp6 mutants microtubules remain attached to the 

SPB and fail to stop growing when they reach the cell ends and are therefore 

longer than in wild-type cells.

Other altered growth axis mutants define genes which are required more 

directly for generating cellular positional information and for setting up the long
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axis of the cell. They encode microtubule-associated proteins which are important 

for the organisation of the microtubular cytoskeleton. In tipi, tea2 and mal3 

mutants microtubules are short (Beinhauer et al., 1997; Browning et al., 2000; 

Brunner and Nurse, 2000a), while moel mutants have more and longer 

microtubules than wild-type cells (Chen et al., 2000). Teal mutants also have 

some longer microtubules (Mata and Nurse, 1997). These genes encode important 

morphogenetic factors and their roles in maintaining the long axis of the cell are 

introduced in the following chapter.

L3,2, Factors required fo r  maintaining growth in a straight line

Several microtubule-associated factors influence the organisation of the 

microtubular cytoskeleton and they are involved in the generation of positional 

information in the cell, which is important for maintaining the growth axis of 

fission yeast in a straight line.

Tealp: During the entire cell cycle the tealp protein is localised to both 

ends of the cell (Mata and Nurse, 1997). Thus, tealp is a marker of cell geometry 

defining the ends of the cell independently whether they are growing or not. Tealp 

is also localised to the tips of microtubules and experiments using microtubule- 

disrupting drugs demonstrated that tealp is delivered to the cell ends by the 

interphase microtubule cytoskeleton. Furthermore, tealp influences the behaviour 

of microtubules at the cell ends. Instead of stopping growth at the cell ends some 

microtubules in teal A cells continue to grow and curl around the cell ends.
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Tea2p: Like tealp, the kinesin-like protein tealp is localised at the cell ends 

and at the tips of microtubules (Browning et al., 2000; Kim and Endow, 2000). 

Tealp is important for tealp delivery to the cell ends because in tea2ls. cells tealp 

is absent from the cell ends and distributed along the microtubules. Some kinesins 

are microtubule-based motor proteins suggesting tealp may function as a tealp 

transporter. Alternatively, tealp may be indirectly involved in tealp transport by 

stabilising microtubules and allowing them to deliver tealp to the cell ends. 

Evidence for this comes from the significantly shorter microtubules in tealà, cells 

(Browning et al., 1000; Verde et al., 1995), and several members of the kinesin 

superfamily are known to play a role in the regulation of microtubular dynamics 

(Desai et al., 1999).

Tipi: Tipi (rea mducing protein) is a CLIP 170-like protein which is 

localised at the tips of microtubules and at the cell ends (Brunner and Nurse, 

2000a; Pierre et al., 1992; Rickard and Kreis, 1990). Similar to tea2âi cells, tipl^, 

cells have short microtubules and tealp is absent from the cell ends and is 

distributed along the microtubules. Tip Ip has been suggested to be part of a 

microtubule guidance system which is located on the tips of the microtubules and 

regulates microtubule catastrophe so that it only occurs at the ends and not at sides 

of the cell, allowing the microtubules to find the cell poles and to deliver tealp to 

the cell ends (Brunner and Nurse, 2000a).

Mal3p: During mitosis mal3p has a role in spindle dynamics but it also 

affects the stability of interphase microtubules, which are short in mal3A cells 

(Beinhauer et al., 1997; Chen et al., 2000). Mal3p is a homologue of the
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mammalian microtubule-binding protein EBl. EBl is localised to the tips of 

growing microtubules and interacts with the APC protein responsible for the 

disease familial ^Adenomatous Polyposis Coli (Timauer and Bierer, 2000).

Moelp: Moelp regulates the length, stability and number of microtubules in 

the cell (Chen et al., 2000; Chen et al., 1999). M oel mutants have twice as many 

microtubule bundles as wild type, which are abnormally long and hyperstable to 

depolymerisation. Moelp interacts with the polarity factor scdlp/cdc24p and with 

mal3p, but how these interactions regulate microtubule dynamics at the cell tip is 

not yet clear.

13,3, Microtubules, positional information and spatial organisation

The current view of how microtubules contribute to the spatial organisation 

of fission yeast can be summarised as follows. Microtubules have the ability to 

explore the space defined by the shape of the cell, which allows them to reach the 

cell ends. Polarised transport of polarity determinants along the microtubules to 

the cell ends results in the generation of positional information within the cell, as 

the levels of the polarity determinants are high at the cell ends and low in other 

regions of the cell. Positional information is a prerequisite for the spatial 

organisation of a cell. This means in the case of fission yeast that 

defining / maintaining the long cellular axis is essential for the cell to adopt a 

straight, cylindrical shape. Thus, microtubules, microtubule-associated factors and 

other polarity determinants are part of a system which allows a cell to organise 

itself in space.
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1,3,4, How do microtubules identify the ends o f  the cell ?

An important requirement for maintaining the long axis of fission yeast is 

that microtubules recognise the cell ends as such and stop growing there. If this 

was not the case polarity determinants would not be deposited at precisely opposed 

position in the cell and cell ends could not be kept precisely opposed to each other. 

Three general models have been proposed to explain how microtubules can 

recognise cell ends (Figure 1.7.) (Hayles and Nurse, 2001).

Historical marker model: In this model the stop signal for microtubular 

growth comes from an inherited marker located on the cortex at the cell ends. The 

microtubules grow through the cytoplasm to the cell ends where they encounter 

the marker and stop growth. The marker at the old end originates from the mother 

cells while the marker at the new end is generated during septation. An advantage 

of this mechanism is that an inherited marker is extremely reliable. A disadvantage 

is the inflexibility of the system meaning that an error in marker positioning would 

effect the entire progeny emanating from a single cell. A historical marker 

mechanism appears to be at least partly responsible for the formation of a long 

axis in fission yeast (Sawin and Nurse, 1998).

Marker pick-up model: In this model the stop signal for microtubular

growth comes from a marker deposited at the cell ends by the microtubules

themselves. The idea is that microtubules continuously pick up the marker from

the cytoplasm while growing towards the cell ends. The marker is transported to

the tips of the microtubules by motor proteins so that the amount of marker on a

microtubule tip is a measure of the microtubule length and the distance travelled
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by this individual microtubule. Microtubules reaching the cell ends deposit the 

marker on the cortex which has two consequences. First, the region of the cortex 

the farthest away from the nucleus, i.e. the very ends of the cell, accumulates the 

highest quantity of marker, as the longest microtubules carry and deposit the 

largest amount of marker. Second, at the cell ends the growth of the longest 

microtubules is inhibited most efficiently as the deposited marker acts as a stop 

signal for microtubular growth. Thus, this model is based on negative feedback 

control of microtubular growth. With this mechanism individual microtubules may 

stop growth at the cell ends but not necessarily at the very ends of a cell. However, 

as many microtubules reach the cell ends the behaviour of individual microtubules 

should be averaged, and the highest amount of marker should be present at the 

very ends of a cell (Brunner and Nurse, 2000b; Mata and Nurse, 1998). An 

advantage of this mechanism is that cell ends can be identified in the absence of 

pre-existing markers. In addition, the long axis of the cell is constantly re

evaluated meaning that errors can be corrected. A disadvantage is that this 

mechanism may be less accurate and reliable than a historical marker.

Microtubule pressure model: In this model microtubules stop growth at the 

cell ends due to physical limits of the microtubule polymer. Microtubules reaching 

the cell ends often curve as if under pressure (Drummond and Cross, 2000; Tran et 

al., 2001), suggesting that they try to continue elongation but are blocked by the 

cell ends. The idea in this model is that high compression forces stop microtubular 

growth and that longer microtubules are less able to withstand these forces. Thus, 

short microtubules withstand pressure upon membrane contact in the cell middle
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and continue to grow towards the cell ends while long microtubules stop growth 

when being subjected to pressure after reaching the cell ends. Similar to the 

previous model, the longest microtubules will be the farthest away from the 

nucleus and they will have the weakest ability to withstand any pressure. Upon 

catastrophe microtubules deposit a marker which will accumulate at the very ends 

of the cell as a consequence of this mechanism. Advantages and disadvantages of 

this mechanism are similar to those discussed for the second model.

The potential roles of known components such as tealp and tip Ip in these 

possible mechanisms is currently not clear. Cell end marker proteins such as tealp 

may be recognised by microtubule tips and may cause microtubules to stop 

growing (Model 2). Factors influencing microtubular growth such as tip Ip may 

detect historical cell end markers (Model 1) or may modulate the ability of the 

microtubules to withstand compression forces at the cell ends (Model 3). As the 

models are not mutually exclusive the long axis of fission yeast may also be 

defined by a combination of these mechanisms (Hayles and Nurse, 2001).

1,3,5, Generation o f positional information in other organisms

Besides fission yeast, regional variation of microtubular dynamics is 

important for the generation of positional information and for the spatial 

organisation of many other eukaryotic cells. For example, in hepatocyte growth 

factor-treated motile cells microtubules extending into newly formed protrusions 

at the leading edge show persistent growth when compared with microtubules in 

non-leading, lateral edges (Wadsworth, 1999). CLIP-associated proteins
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(CLASPs) have been proposed to regulate microtubular dynamics locally in 

response to positional cues because asymmetric CLASP distribution leads to the 

orientation of stabilised microtubules toward the leading edge of motile fibroblasts 

(Akhmanova et al., 2001). CLIP 170 localises to specialised cell-cell junctions 

which are formed during the establishment of cell polarity in epithelial cells. 

During this process the microtubule cytoskeleton is rearranged into longitudinal 

bundles along the apical-basal axis and this is thought to be controlled by CLIP 170 

(Wacker et al., 1992). Kinesin-like proteins are in involved in the control of cell 

shape and the generation of asymmetry by functioning as transporters or by 

influencing the organisation of the microtubule cytoskeleton (Kobayashi et al., 

1998; Rodionov et al., 1993).

1.4. Objective of this work
Fission yeast has a single growth axis running through the middle of the 

cylindrical cell. The orientation of the growth axis is maintained during the cell 

cycle independently of whether the cell elongates in a monopolar or bipolar 

manner. For growth in a straight line coordination is required between the two 

growing ends, which must be maintained precisely opposed to each other, and the 

cellular axis, whose orientation must remain constant during growth. The general 

objective of the work described in this thesis was to study the mechanism by 

which the flssion yeast cell maintains a single, linear growth axis. A transposable 

element was characterised with regard to its suitability for tagged mutagenesis, a 

useful method for the identification of new genes required for linear cell growth. A
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structural and functional characterisation of the tealp end marker was carried out 

to characterise its roles in maintaining the cylindrical shape of the fission yeast 

cell.
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Figure 1.1. The fission yeast Schizosaccharomyces pombe. 

Scanning electron micrograph of fission yeast cells.
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Figure 1.2. Fission yeast morphogenesis is coordinated 
with the cell cyle.

Fission yeast undergoes three morphological transitions which are closely 
linked to the cell cycle. After cell division only the old ends of the two 
daughter cells start growing (old end take off, OETO). Later in G2 the 
new ends also start growing (new end take off, NETO) and cells extend 
in a bipolar fashion. At mitosis the cell ends stop growing and in S-phase 
a septum is formed to generate to equal daughter cells. Grey arrows indi
cate the direction of growth and cytokinesis ,
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Figure 1.3. Actin distribution through the cell cycic.

A fission yeast cell is shown proceeding through the cell cycle with actin 
illustrated as small dots and nuclei as big dots. Cells in (A) and (B) at 
the beginning of the cell cycle are growing at the old end end only. In 
(C) the cell undergoes NETO and grows at both old and new ends to  pro
duce the cell shown in (D). In (E) the nucleus divides and actin relocates 
to the cell centre where the cell divides as shown in (F). Adpated from 
(Nurse, 1994).
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Figure 1.4. Microtubule distribution during cell cycle progression.

Interphase microtubules form 3-4 microtubule bundles extending along 
the long axis of the cell and are entirely cytoplasmic. In late G2 the SPB 
duplicates and upon commitment to mitosis the duplicated SPBs nucleate 
microtubules which interdigitate to form a short bipolar spindle in pro
phase. The interphase array breaks down as the spindle elongates to 
span the nucleus at metaphase. Astral microtubule bundles extend tan- 
gentially from the SPB into the cytoplasm. Once the nuclei reach the ends 
of the cell microtubules arise from the cell equator forming a tubulin ring 
and extending towards the cell ends. Coincident with spindle breakdown, 
several microtubules are nucleated from the outer face of the SPB and 
the nuclei are subsequently led back towards the cell centre by their 
SPBs. Colour code: microtubules (red), chromatin (blue) and SPBs 

(black ovals).
Adapted from (Hagan, 1998). 43
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Figure 1.5. Fission yeast grows along a single straight axis.

Wild-cells have one straight growth axis which is maintained during the 
cell cycle (A). In tubulin mutants or upon disruption of the microtubule 
cytoskeleton cells cannot maintain the direction of growth and bent cells
(B) or, if an additional growth axis is established, T-shaped cells are 
formed (C). Arrows indicate axes of growth.
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Figure 1.6. Phenotypic classes of cell shape mutants.

(A) Wild type. (B) orb mutants. (C) tea mutant. (D) ban mutants. Cells 
were stained with the fluorescent dye Calcofluor which marks growth 
zones light blue. Arrows indicate axes of growth.
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Figure 1.7. Models of how microtubules stop growth at the cell ends.

(A) Historical marker model: Inherited cell-end markers (green) stop 
microtubular growth at the cell ends. The marker at the old end is inherit
ed from the mother cell while a marker is localised to the new end during 
septation. Microtubules (blue) grow until they encounter these markers 
and then stop growing.
(B) Marker pick-up model: A marker (green) is picked up from the cyto
plasm by growing microtubules and functions as stop signal for 
microtubular growth when deposited at the cell ends. Longer 
microtubules carry more marker resulting in (1) the highest amounts of 
marker being deposited the farthest away from the cell centre, (2) the 
growth of the longest microtubules being most efficiently inhibited at the 
cell ends. The blue, red and mauve microtubules grow and pick up mar ker 
proteins until they touch the cell membrane and then undergo catastro
phe. The cyan microtubule grows without picking up marker proteins and 
therefore does not undergo catastrophe when it touches the cell mem
brane but continues to grow along the long axis until it touches the mark
er protein nearer the end of the cell.
(C) Microtubule pressure model: Microtubular growth is stopped at the 
cell ends due to pressure exerted from the cell ends on polymerising 
microtubules (mauve microtubule). As shorter microtubules are more 
resistant to pressure than longer microtubules short microtubules are not 
stopped when contacting the membrane in the cell middle (for example, 
red and blue microtubules). A marker proteins (green) is deposited at the 
cell ends when microtubules stop growth.
Arrowheads pointing inwards indicate shrinking microtubular bundles, 
whereas arrowheads pointing outwards indicate growing microtubular 
bundles. Adapted from (Hayles and Nurse, 2001).
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2.1. Introduction

Many of the genes involved in regulating the cell cycle are essential. As a 

consequence, these genes can be easily identified in chemical mutagenesis screens 

for temperature-sensitive mutants (Figure 2.1.). At the restrictive temperature the 

mutations are lethal and this means that the corresponding genes can be cloned by 

complementation using a genomic or cDNA library. In contrast, many of the genes 

implicated in cell polarity are non-essential. Cells with temperature-sensitive 

mutations in these genes are viable at the restrictive temperature and continue to 

grow and divide although they have a morphological defect. Consequently, 

cloning these genes by complementation is not straight forward and often requires 

methods like positional cloning (Browning et al., 2000; Mata and Nurse, 1997) 

and visually screening of minicolonies for rescue of the morphogenetic defect. An 

overexpression screen for morphogenetic mutants using a genomic or cDNA 

library can overcome the cloning problem (Brunner and Nurse, 2000; Hirata et al., 

1998), however, very high protein levels can also result in phenotypic artefacts.

A tagged mutagenesis protocol in combination with the fully sequenced 

S. pombe genome would provide a powerful approach to identify new genes 

involved in morphogenesis. In this approach, a selectable marker is inserted 

randomly throughout the genome. Cells are then screened for morphogenetic 

defects which result from disruption of a particular gene by the inserted tag. The 

location of the tag in the genome can be determined and the disrupted gene
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identified immediately using the annotated fission yeast genome database at the 

Sanger Centre.

Transposons are mobile genetic elements, that can alter the regulation and 

expression of genes when inserted into the genome and thus can be used for tagged 

mutagenesis (Craig, 1997). Transposon mutagenesis is directly applicable in 

organisms for which endogenous transposons can be controlled. Examples include 

P elements in D. melanogaster (Spradling et al., 1999), Tel elements in C  elegans 

(Zwaal et al., 1993), and Ac elements in Z  maize (Walbot, 2000). The major 

disadvantage of using transposon mutagenesis is that transposition is often biased. 

Larger ORFs are typically targeted more often than smaller ones, and the 

transposon itself may not insert randomly.

Fission yeast has two transposable elements, Tfl and Tf2, which belong to 

the group of long terminal repeat (LTR) retrotransposons (Levin et al., 1990) 

(Figure 2.2.). When expressed from a plasmid, Tfl integration into the genome 

occurs as a result of true transposition events (Hoff et al., 1998). In contrast, Tf2 

integration is primarily due to homologous recombination events and its 

mobilisation frequency is 10- to 20-fold lower than that of Tfl. Thus, Tfl, but not 

Tf2, could have a potential application for tagged mutagenesis.

Tfl is a member of the gypsy family of transposable elements which contain 

a single open reading frame (ORF) encoding all functions required during the 

transposition cycle (Levin and Boeke, 1992; Levin et al., 1990; Levin et al., 1993) 

(Figure 2.3.). The transposition activity of Tfl is independent of temperature,
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which could be useful if transposon mutagenesis is carried out in temperature- 

sensitive strains (Levin and Boeke, 1992). Further, no Tfl copies are present in the 

common lab strains 972 and 975, so that Tfl transposition events occurring from a 

plasmid into the genome of these strains could be easily identified (Levin et al., 

1990).

In this chapter I describe the analysis of the target site specificity of Tfl with 

regard to its suitability for tagged mutagenesis in fission yeast.
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2.2. Results

2,2,1, The transposition assay

To investigate the target site preference of the Tfl retrotransposon I used a 

transposition assay which has been established previously (Levin et al., 1993). In 

this assay a transposition plasmid pHL414 was used, which allowed selection of 

cells that have undergone a Tfl transposition event (Figure 2.4.).

The pHL414 plasmid encodes an engineered version of the Tfl 

retrotransposon that contains the neo gene (Tfl-neo), thus allowing insertional 

events to be selected on the basis of stable G418 resistance. Tfl expression is 

controlled through the nmtl promotor which is repressed in the presence of 

thiamine and derepessed in its absence. pHL414 also contains the ura3 gene from 

S. cerevisiae serving as transformation marker complementing mutations in the 

fission yeast ura4 gene, and a replication origin ars required for plasmid 

propagation.

In the transposition assay plasmid pHL414 was transformed into ura4-D18 

cells and uracil prototrophs were selected for. A strain isogenic to the common lab 

strain 972 was used which has been reported not to contain any Tfl copies in the 

genome (Levin et al., 1990). Transposition was induced by depleting cells of 

thiamine in order to derepress the nmt promoter. Cells were then selected for loss 

of the transposition plasmid on medium containing 5-fluoroorotic acid (5F0A), a 

drug lethal for cell expressing the ura3 gene. Plasmid loss occurs at high
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frequency because the plasmid is inherited unstably. In the final step of the 

transposition assay, G418 resistance was used to select uracil auxtrophs containing 

Tfl-neo. Usually, G418 resistance can only occur if a Tfl transposition event from 

the plasmid to the chromosome has taken place.

2.2.2. Southern blot analysis o f  Tfl distribution

To investigate the distribution of Tfl insertions within the genome, 

transposition clones were generated using the transposition assay described above 

and forty putative transposition events were analysed by Southern blotting (Figure 

2.5.). Genomic DNA from G418 resistant transposition clones was cut with 

different sets of restriction enzymes and the restriction pattern analysed using a 

Tfl-specific probe.

Of these forty transposition clones, 34 (85%) showed unique restriction 

patterns indicating that insertions occurred at sites distributed throughout the 

genome. The remaining six insertions (15%) consisted of three pairs with each pair 

having an identical restriction pattern which differed from the other two pairs. The 

two insertions of each of these three pairs could have occurred on the same 

genomic fragment. However, they could also have coincidentally occurred on 

different fragments of similar size as it was the case with clone 31 and 33 which 

showed a similar restriction pattern but mapped to different locations on 

chromosome 1 (Table 2.1.). These results indicate that Tfl insertion occurs at sites 

distributed throughout the genome.

52



_________________ Chapter 2: Insertional mutagenesis and the Tfl retrotransposon

Probing the blots with a wrai-specific probe gave no signal showing that the 

pHL414 plasmid was not present in the clones, either as free plasmid or integrated 

in the genome. The integrity of the integrated transposon was also confirmed by 

reprobing the blots for the neo gene.

2,2,3, Mapping o f Tfl insertion sites

In S. pomhe 60% of the genome consists of coding sequences (Wood et al., 

2002), and based on comparison with the S. cerevisiae genome 83% of these 

coding sequences should be non-essential (Winzeler et al., 1999). Thus, if 

transposition occurs randomly throughout the genome, 50% (= 0.83 x 0.6 x 100) 

of the transposition clones should have a Tfl insertion in a non-essential ORF. I 

used inverse PCR (IPCR) and the S. pornbe genome database to determine the 

genomic location of 27 Tfl insertion sites (Figure 2.6.).

All mapped 27 insertions occurred in intergenic regions showing that Tfl 

does not integrate randomly throughout the genome (Figure 2.7A. and Table 2.1.). 

The Tfl copies were flanked by 5bp duplications of the insertion site indicating 

that they were the result of a true transposition event and not due to recombination 

(Levin and Boeke, 1992). 1 conclude that Tfl integration is significantly biased 

towards intergenic regions of the genome.
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2,2,4, Screen fo r  the disruption o f the weel gene in a cdc25-22 
mutant strain

Tfl integration is significantly biased towards intergenic regions but it may 

also insert into coding sequences, though with much lower frequency. To 

investigate with what frequency Tfl inserts into a particular gene, in this case 

weel, I carried out the Tfl transposition assay in a cdc25-22 mutant strain and 

screened for revertants.

The cell cycle mutant cdc25-22 has a temperature-sensitive mutation in the 

cdc25p phosphatase resulting in a block at the G2-M transition at the restrictive 

temperature of 36°C. The cdc25-22 mutation is lethal but can be suppressed 

through inactivation of another cell cycle regulator, the wee Ip kinase (Fantes, 

1981). Thus, cdc25-22 cells can survive at 36°C if Tfl insertion occurs in the weel 

ORF (Figure 2.8A.).

A cdc25-22 strain was transformed with the pHL414 plasmid, transposition 

was induced and a screen was carried out for revertants at the non-permissive 

temperature in the presence of 5F0A (Figure 2.8A.). All revertants were checked 

for G418 resistance and analysed by Southern blotting for a Tfl insertion at the 

weel locus (Figure 2.8B.). More than 8x10^ cells with a transposition event were 

screened and, based on the size of the weel ORF compared with the S. pombe 

genome, >1600 insertions should have occurred in the ORF if transposition were 

completely random. However, no Tfl insertion was obtained in weel indicating 

that Tfl efficiently avoids insertion into the gene.
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Considering the possibility that the weel locus may be particular resistant to 

Tfl insertion, I also carried a preliminary screen for auxotrophic mutants which 

can arise from inactivation of many different genes. Transposition clones were 

tested for their ability to grow in the absence of glutamate, adenine, histidine or 

lysine, but no auxotrophic mutants with a transposon insertion were found. I 

conclude that Tfl efficiently avoids insertion into coding sequences and that Tfl 

transposition is not a useful method for tagged mutagenesis.

2,2,5, Physiological stress and Tfl transposition

As its integration is biased towards intergenic regions Tfl transposition 

appears not to be a useful tool for tagged mutagenesis. For Tyl elements in 

budding yeast different treatments have been reported to increase the transposition 

frequency (Bradshaw and McEntee, 1989; Ribeiro-dos-Santos et al., 1997; Rolfe 

et al., 1986), and I investigated whether some of these treatments can also alter Tfl 

transposition in fission yeast.

Transposition was induced under the following conditions: (1) whilst 

damaging DNA with 20pg/ml bleomycin or 4.2mM 4-nitroquinoline-l-oxide, (2) 

whilst subjecting cells to osmotic stress with lOOmM P-mercaptoethanol or 10% 

dimethylsulphoxide, (3) whilst changing the chromatin structure by 

depolymerising microtubules with lOOpg/ml thiabendazole (TBZ) or 25p,g/ml 

methyl-(3-cyclodextrin (MBC), (4) in cells undergoing meiosis, (5) during nitrogen 

starvation, and (6) during a cell cycle block and release using hydroxyurea and 

temperature shifts. Changes in the frequency of Tfl integration events were
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monitored by determining the transposition efficiency (number of transposition 

events per cells carrying the pHL414 plasmid) (Levin and Boeke, 1992), while 

changes in T fl’s preference for intergenic regions were monitored using the screen 

for cdc25-22 revertants. However, none of these treatments resulted in significant 

changes in Tfl transposition indicating that they are not suitable for converting 

Tfl into a tool for tagged mutagenesis.

2,2.6, Analysis o f  the Tfl insertion pattern

Tfl preferably inserts into intergenic regions suggesting that Tfl is 

specifically targeted to these regions of the genome. To try and elucidate the 

molecular basis of Tfl targeting I examined the integration pattern of Tfl in more 

detail using the 27 identified Tfl insertion sites.

2.2.6.I. Distribution of Tfl insertion sites in intergenic regions

An analysis of Tfl integration was carried out to see whether it had occurred 

randomly within intergenic regions or if it had a preference for the 5’ or 3’ region 

of the nearest gene.

The targeted intergenic regions were divided in half and Tfl insertions were 

allocated to the 5’ or 3’ region of the closest ORF. On this basis, 10 of 15 

insertions between tandem ORFs and all 12 Tfl insertions between divergent 

ORFs mapped closer to the 5’ than to the 3’ end of an ORF. Correspondingly, 

Figure 2.7B. shows 22 Tfl insertions in the 5’ region and 5 insertions in the 3’ 

region of an representative ORF. The 5’ region of Tfl -targeted genes had a mean
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size of 980bp as determined by calculating the mean size of Tfl-targeted 

intergenic regions flanked by ORFs in divergent orientation (2.0kb±l.lkb, n=12). 

Thus, if transposition into the 5’ region of genes was completely random, 33% of 

the insertions would have been found in a region of 320bp. However, this analysis 

revealed that 82% (18/22) of the insertions were in a band 100-420 nucleotides 

upstream of the translation start site of an ORF. I conclude that Tfl integration is 

significantly biased towards a 320bp band close to the 5’ end of ORFs.

This bias of Tfl integration was supported by the lack of any insertion 

between convergent ORFs. Taking into account the frequency and the average size 

of the different intergenic regions in the genome (Wood et al., 2002), I would have 

expected to find 10-11 Tfl insertions in intergenic regions flanked by divergent 

ORFs (27%, 1.3kb±l.lkb), 12-13 insertions in regions flanked by tandem ORFs 

(45%, 1.0±0.8kb), and 4-5 insertions in regions between convergent ORFs (28%, 

0.5±0.5kb). However, 12 insertions were found to be located between divergent 

ORFs and 15 insertions between tandem ORFs, but no insertion occurred between 

convergent ORFs (Table 2.1.). This suggests that Tfl avoids convergent intergenic 

regions entirely, presumably because of its preference for 5’ ends of ORFs.

2.2.6.2. Analysis of the size of Tfl-targeted intergenic regions

An investigation of whether Tfl targeting was influenced by the size of 

intergenic regions was carried out.

If Tfl simply had a preference for 5’ ends of ORFs the expected mean size 

of Tfl-targeted intergenic regions would have been equivalent to the mean size of
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the corresponding regions in the genome. However, I found that the mean size of 

Tfl-targeted intergenic regions flanked by divergent (2.0kb±l.lkb, n=12) and 

tandem (2.1kb±1.5kb, n=15) ORFs was larger than the mean size of these regions 

in the genome (1.34kb±l.lkb for divergent ORFs; 0.97±0.8kb for tandem ORFs). 

This difference was highly significant for regions flanked by tandem ORFs 

(p<0.01, two-tailed paired T  test), and showed a good significance for regions 

flanked by divergent ORFs (p=0.06). I conclude that Tfl integrates preferentially 

into particularly large intergenic regions, and that this is not directly related to its 

preference for the 5’ ends of ORFs.

2.2.6.3. Tfl integration sites and DNA consensus sequences

I next examined whether Tfl inserted at 5’ ends of ORFs by targeting 

directly or indirectly a particular DNA sequence.

The Tfl retroelement did not show a preference for AT-rich regions as has 

been reported for Tyl elements in budding yeast (Oyen and Gabrielsen, 1983). 

The AT content in the S. pombe genome is 64% (Wood et al., 2002), and regions 

comprising SOObp, lOObp and 20bp on either side of the insertion sites were found 

to contain an average AT content of 67%±2%, 68%±5% and 67%±9%, 

respectively.

The molecular mechanism employed by transposable elements to insert into 

the host genome results in a duplication of the targeted genomic site. In the case of 

Tfl this duplication consists of 5bp present at the 5’ and 3’ end of the integrated 

retroelement (Levin and Boeke, 1992). Analysis of the duplicated Tfl insertion
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site revealed no consensus sequence, but suggested that the four bases were not 

used equally (Figure 2.7C.). The second position was found to be enriched for T 

and depleted for G, the third position was depleted for G and C and the fourth 

position was depleted for C. Further, the target site showed an elevated AT content 

at the second (74%), third (84%) and fourth (74%) position when compared to the 

64% AT content of the S. pomhe genome (Wood et al., 2002).

To consider the possibility that Tfl is targeted by a host DNA binding factor, 

a search for potential binding sites SOObp upstream and downstream of the 

different insertion sites was performed. The MACAW software as well as multiple 

alignment and PROFILE searches were used, but no consensus sequences could be 

identified.

An integrated LTR-retrotransposon can be eliminated from the genome due 

to a homologous recombination event occurring between the two identical LTRs 

of the same retroelement. This “looping out” results in a single (solo) LTR 

sequence remaining in the host genome, and budding yeast Tyl elements have 

been reported to insert with high frequency within these solo LTRs (Ji et al., 

1993). The genome of S. pombe strain 972 used in this study contains no full 

length Tfl copy (Levin et al., 1990), but has several Tfl solo LTRs which are 

distributed throughout the genome and occur at a frequency of 1.5 LTRs every 27 

intergenic regions, as determined by genome analysis. The Tfl insertions in clone 

5, 15 and 40 were at a distance of 27bp, 473bp and 2.6kb to a LTR, respectively, 

and thereby closer to a LTR than to at least one of the two adjacent ORFs. In clone 

12, Tfl was inserted within a LTR. These findings suggest a possible preference of
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Tfl for LTRs, with Tfl being targeted either directly by the LTR sequences or by 

a chromatin feature which targeted ancient retroelements to these regions.

Budding yeast Tyl and Ty3 elements have been reported to have a 

preference for 5’ ends of tRNA genes (Chalker and Sandmeyer, 1992; Devine and 

Boeke, 1996) but this preference was not observed for T fl. Further, Tfl 

integration was not biased towards a particular chromosome or a region on a 

chromosome (Table 2.1.), with the exception of two Tfl insertion events which 

occurred within a distance of 3kb of each other (clones 21 and 39). In this region 

there was no evidence for a local recombination event or the presence of particular 

sequences, like LTRs or rRNA and tRNA genes.

2.2.7. Northern blot analysis o f  genes adjacent to Tfl insertions

The analysis of Tfl insertion sites showed that Tfl integration is targeted 

towards the 5’ end of ORFs. This is also the region of a gene which contains the 

promoter and other regulatory elements required for transcription, suggesting that 

Tfl may interfere with transcription of at least some of the targeted genes. To 

analyse the effects of Tfl insertion on transcription of adjacent genes, I examined 

eight transposition clones by Northern blot analysis (Table 2.2.).

The closest investigated insertions were 169bp and 541 bp from the 5’ end 

and 3’ end of an ORF, respectively. As shown in Figure 2.9., the transcription 

level of 15 genes was not changed significantly when compared to the control 

strain although in some clones transcription of the examined genes was slightly
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decreased (clones 13, 15) or increased (clone 28, 37). The transcript of ORF 

SPCC777.07 was not detected at all. I conclude that Tfl has the ability to insert 

close to ORFs without interfering with transcription.
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2.3. Discussion

2,3A. Tfl and insertional mutagenesis

Transposons are mobile genetic elements which integrate into the genome of 

their host. This property has been exploited in the past by using transposons as 

insertional mutagens to tag genes (Kleckner et al., 1977). I investigated whether 

the fission yeast retrotransposon Tfl can be used for insertional mutagenesis. 

However, the results demonstrate that Tfl is not a useful tool for this application 

because its integration is highly biased towards intergenic regions. If transposition 

was random 50% of all insertions sites should have occurred in ORFs, however, 

all 27 identified Tfl insertions were found to map to intergenic regions. In a screen 

for cdc25-22 revertants >1600 mutants were expected to have a Tfl insertions in 

the weel ORF, but no such insertion was obtained. Similarly, a screen for Tfl- 

induced auxotrophic mutants was also unsuccessful, suggesting that the results of 

the weel gene disruption screen are not due to Tfl avoiding this particular ORF.

Tfl is targeted preferentially to a narrow band of 100-420 nucleotides 

upstream of the start codon suggesting that insertion might interfere with 

transcription of some genes. However, Northern blot analysis demonstrated that 

the transcription levels of 15 genes adjacent to Tfl insertions were not 

significantly altered. Thus, Tfl appears to avoid insertion into both ORFs and 

elements involved in the regulation of transcription, making it unsuitable as tool to 

inactivate genes in mutagenesis screens.
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2,3.2, Targeting mechanisms o f  Tfl and other transposable elements

Tfl appears to avoid efficiently the disruption of ORFs by inserting 

preferably into intergenic regions, and the most obvious explanation for this 

phenomenon is that Tfl has evolved to avoid deleterious effects for the host. 

Various mechanisms have been suggested to explain how transposons preferably 

target intergenic regions.

Some transposons have a high target site preference, probably due to target 

sequence specificity of the transposase. Examples of this are the well-studied 

bacterial TnlO and IS 10 elements inserting with high frequency at a consensus 

sequence (Hailing and Kleckner, 1982; Lee et al., 1987). Tfl does not appear to 

have high sequence specificity as there are considerable variations in its 5bp target 

sequence.

Other transposable elements target DNA binding factors of the host, a 

particular chromatin structure, or factors associated with these structures. In 

budding yeast Ty5 elements target the telomere and mating type loci probably by 

interacting with host factors associated with silent chromatin (Zou and Voytas, 

1997). It was not possible to determine whether Tfl has a preference for silent 

chromatin because the experimental approach required the expression of the neo 

gene. Budding yeast Ty3 element integrations are almost always site-specific, 

though not sequence-specific. They occur within a few base pairs of the 

transcription start site of Pol Ill-transcribed genes by targeting transcription factors 

of the Pol III transcription complex (Chalker and Sandmeyer, 1992). Such a 

correlation between insertion sites and the location of Pol Ill-transcribed genes
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was not observed for Tfl. Tyl in S. cerevisiae integrates 70-700bp upstream of the 

transcription start site of Pol Ill-transcribed genes and it has been demonstrated 

that this is due to interactions between the retrotransposon and a component of the 

RNA Pol III transcriptional apparatus and / or through its recognition of chromatin 

structures associated with RNA Pol III transcription (Bryk et al., 1997; Devine and 

Boeke, 1996; Smith and Boeke, 1997; Weinstock et al., 1990). Furthermore, 

region-specific Tyl integration also occurs upstream or within a variety of Pol II- 

transcribed genes (Boeke and Sandmeyer, 1990; Natsoulis et al., 1989; Wilke et 

al., 1989). In Drosophila P element insertion within a gene occurs preferably at the 

5’ end but with no selectivity for Pol III transcribed genes (Spradling et al., 1995). 

Similar to Tyl and P elements Tfl integrates region-specific close to the 5’ ends of 

ORFs. Tfl insertions were found primarily in a narrow band of 100-420 

nucleotides upstream of the start codon and I propose that a DNA binding host 

factor associated with 5’ ends of ORFs targets Tfl integration to these regions.

This host factor may be associated with specific chromatin structures, as Tfl 

transposition is decreased in the presence of the histone deacetylase inhibitor 

Trichostatin A (Dang et al., 1999). Consistent with this possibility Tfl encodes a 

chromo motif (chromatin organisation modifier) (Malik and Eickbush, 1999) 

which could mediate interactions with chromatin-associated factors or directly 

allow Tfl to associate with chromatin (Koonin et al., 1995; Paro and Hogness, 

1991). Alternatively, or in addition, a transcription-related factor could target Tfl 

to 5’ ends of ORFs, as has been described for Tyl elements (Devine and Boeke,

1996). In the case of Tfl, however, this factor is more likely to be associated with
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the Pol II transcription complex because, unlike Tyl, Tfl insertion is not biased 

towards Pol Ill-transcribed genes. I failed to detect any DNA binding factor sites 

but these may have been too degenerate or short to be detected. As well as its 

preference for 5’ ends of ORFs, Tfl insertion occurs preferably in particularly 

large intergenic regions. A possible explanation for this is that a Tfl-targeting host 

factor is more likely to be present in large than in small intergenic regions. Given 

that the S. pomhe genome is densely packed with ORFs (Wood et al., 2002), the 

space provided by intergenic regions for DNA elements involved in the regulation 

of transcription or chromatin is limited. Thus larger intergenic regions are more 

likely to contain a target sequence for a host factor which directs Tfl integration to 

specific regions in the genome.

2.3.3, Tfl insertions and transcriptional activity adjacent genes

Budding yeast Tyl elements are reported to insert preferably into 5 ’- 

untranslated regions (5’-UTR) of genes and can activate, inactivate or confer 

constitutive expression or mating-type regulation on neighbouring transcriptional 

units (Boeke and Sandmeyer, 1990). P elements in Drosophila can mutate genes in 

a similar way by preferably inserting into the 5’-UTR as well as in a region 100- 

200bp upstream of the transcription start site (Spradling et al., 1995). Tfl in fission 

yeast also integrated close to the 5’ end of ORFs but did not significantly change 

the transcription level of the investigated genes.

Little is known about the position of regulatory elements, or the size of 

promoters and UTRs in S. pombe. Tfl may not have inserted into these sequences,
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or may have only weakly affected their function upon insertion, as suggested by 

slight changes in the transcription level of some of the examined genes. It is also 

possible that the function of some elements is destroyed upon Tfl insertion, but 

that Tfl controls the expression of adjacent genes with its own LTR-located 

promoter and enhancer elements which have been shown to be active in genomic 

copies of Tfl (Levin et ah, 1990). This mechanism would again help to avoid 

deleterious effects and ensure the coexistence of transposon and host. Tyl 

elements have been exploited this way in a screen to identity factors influencing 

retroelement transposition (Qian et al., 1998), and P elements have been used in 

misexpression screens by cloning an inducible promoter and an enhancer into the 

element to drive the expression of adjacent genes (Rorth, 1996; Rorth et al., 1998).
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A chem ical m utagen esis

example: Cytosine adenine

ORF

+ cloning of essential genes
cloning of non-essential genes

B tagged mutagenesis

+ cloning of non-essential genes 
cloning of essential genes

Figure 2.1. Comparison of tagged and chemical mutagenesis.

The nature of chemical (A) and tagged mutagenesis (B) are shown. For 
their application in screens the main advantages (-f) and disadvantages (-) 
are given.
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L1 (H.s.)
I factor (D.m.)

Figure 2.2. General classification o f transposable elements.

Generally transposable elements are classified into two groups depending 
whether they use a RNA intermediate structure during the event of integra
tion (retrotransposition) or a DNA intermediate (transposition). For each 
subgroup examples are given. D.m.: Drosophila melanogaster, S.p. 
Schizosaccharomyces pombe; S.c.: Saccharomyces cerevisiae; Fl.s.: Homo 
sapiens; C.e.; Caenorhabditis elegans; Z.m.: Zea maize
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Figure 2.3. Replication cycle of a retrotransposon.

A typical retrotransposon contains a single open reading frame encoding all 
functions required for the transposition cycle. The protease (PR) is impor
tant for processing the translation product into mature proteins. Reverse 
transcriptase (RT) converts the transposon RNA into a cDNA which is 
incorporated into virus-like particles containing Gag proteins as structural 
components of the envelope. The integrase (IN) mediates integration of 
the viral cDNA into the host genome. Triangles within green boxes repre
sent the long terminal repeats (LTRs).

69
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pHL414 (Tfl-neo)
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select for cells with a T fl insertion
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Figure 2.4. pHL414 plasmid and transposition assay.

(A) The transposition assay plasmid pHL414 contains the uraS gene of 
S. cerevisiae and the Tfl-neo element fused to the inducible nmt promot
er. The neo gene inserted in T fl confers G418 resistance (G418R). The 
blue large box represents the single, full-length ORF of T f l . The positions of 
the protein domains Gag, protease (PR), reverse transcriptase (RT), and 
integrase (IN) are indicated. Triangles within green boxes represent LTRs. 
The plasmid contains an autonomous replication sequence (ars) of 
S. pombe (ars). (B) Flow scheme of transposition assay. 5-FOA: 5- 
fluoroorotic acid. G418: geneticin.
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Tfl-specific probe (EcoRI fragment)

Figure 2.5. Southern blot analysis of T fl transposition clones.

DNA from G418 resistant clones was cut with restriction enzymes as indi
cated, blotted, and hybridised to a Tfl-specific probe shown in the sche
matic presentation of the nmt-Tfl-neo fusion construct. As controls, DNA 
from an isogenic strain without T fl insertion (wt) and from the same strain 
carrying the pHL414 plasmid (pHL414) in the presence of thiamine were 
used. Of 40 analysed transposition clones, 10 representative clones are 
shown here. Molecular weights are shown to the left of the gel in kb.
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Figure 2.6. Determination of genomic T fl-neo insertion sites.

The genomic locations of induced Tfl-neo insertion events were deter
mined using inverse PCR (IPCR) and the S. pombe genome database. IPCR 
primers (RB30, RB32: primer set 1 ; RB20, RB39: primer set 2) and 
sequencing primers (SQ) are shown as arrows. H/ndlll restriction sites are 
indicated, and genes are represented as black boxes.
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Figure 2.7. Analysis of T fl integration sites within intergenic regions.

(A) Distribution of T fl insertion sites between coding and non-coding 
regions. (B) The location of all mapped T fl insertion sites with regard to 
the closest ORF (5 ’ or 3’ end) is shown. Bars indicate single T fl insertions. 
Long bars are used to represent two T fl insertions which occurred at 
about the same distance to the closest ORF (clone 8, 141 bp and clone 39, 
144bp; cloneZ, 258bp and clone 29, 261 bp; clone 21, 307bp and clone 
26, 308bp). The arrow indicates the 5’ end of an ORF (grey box). (C) Com
position of 5bp T fl target site duplication. The total and average base 
usage at the 5bp duplicated target site is indicated. The total number of 
analysed target sites was 27 and the orientation of the target site is 5’ to 
3’ and parallel to the T fl element.
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Figure 2.8. Screen for T f l insertion into the wee 7 gene.

(A) Outline of weel disruption screen. (B) Southern blot analysis of 
revertants. Genomic DNA from two revertants ( m l , m2) was digested 
with A/wNI and analysed by Southern blotting using wee 7- and T f l -  
specific probes. The blot shows that the T fl insertions were not on the 
same genomic fragment as the wee 7 gene. As control, DNA from a 
strain without T fl insertion was included (wt). Molecular weights are 
shown to the left of the gel in kb. The wee 7 ORF is presented as box 
with an arrow indicating the translation start site, and the A/wNI restric
tion sites in the vicinity of the wee 7 gene are indicated.
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Figure 2.9. Northern blot analysis of genes adjacent to T fl insertions.

The transcription level and the size of the transcript of the two genes 
adjacent to a T fl insertion were analysed by Northern blot. The names 
of the gene transcripts detected from transposition (m) and control 
clones (wt) are shown to the right of the gels. No transcript was detect
ed for SPCC777.07 (clone 21 ). As a loading control, rRNA was stained 
with methylene blue for the S.Skb and 1.8kb bands, or the his3 tran
script level was monitored using a specific probe.
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Table 2.1. Location of 27 Tfl insertion sites.

insertion
clone

chromo
some

S'-Tfl " 
to ORF

name
ORF

3'-Tf1 " 
to ORF

name
ORF

intergenic
region

“ orientation  ̂
gene Tf1 gene

1 3 1093 SPCC794.10 394 SPCC794.09 1487 <r- <-

2 2 980 SPBC119.01 2S8 ubc4 1238 -> -> —>

S 2 3S82 SPBC18H10.19 346 SPBC18H10.18 3928 <- <- ->

8 1 141 SPAC23G3.12 14S8 SPAC23G3.13 1S99 <r-

9 1 273 SPAC22G7.09 221 SPAC22G7.10 494 -4

12 3 2089 SPCC188.09 1124 SPCC188.10 3213 <— -4 <-

13 2 S34 SPBC649.0S 789 uvi15 1323 -> <- —>

14 2 3476 SPBP4H10.1S 421 SPBP4H10.14 3897 <— <- ->

IS 3 1008 SPCC1223.10 900 ptc2 1908 <r- ->

16 2 1007 SPBC14FS.03 S71 pgk1 1S78 <-

17 1 101 SPAC11H11.0S 681 SPAC11H11.06 782 <r- -> ->

20 2 874 SPBC29A3.01 S3S SPBP23A10.16 1409 <— —> ir-

21 3 1771 SPCC777.07 307 SPCC777.06 2078 <— f -

24 1 238 ypt3 1718 SPAC18G6.02 19S6 <— <- —>

25 3 1S76 SPCC1672.01 287 SPCC962.06 1863 <— <- ->

26 2 308 his5 978 SPBC21H7.08 1286 —>

27 1 191 SPAC20G8.09 13S SPAC20G8.10 326 <—

28 1 S41 SPAC4F8.13 211 SPAC4F8.12 7S2 <— <- <—

29 2 261 SPBC26H8.12 2S3S SPBC26H8.11 2796 <— <—

30 3 176 SPCC70.04 4493 SPCC70.0 S 4669 <r- <-

31 1 2194 SPAC1639.02 898 SPAC1639.01 30921 <- <- <—

32 1 272 ckb1 600 SPAC18S1.02 872 —> <-

33 1 2427 SPAC29B12.08 1012 SPAC29B12.07 3439 —> <—

37 3 1S14 SPCC14G10.04 169 SPCC14G10.0S 1683 —> -> —>

38 1 330 SPAC2G11.09 S76 SPAC2G11.08 906 <— <- —>

39 3 144 SPCC777.0S 469 SPCC777.04 613 —> <-

40 3 4296 SPCC1884.01 770 SPCC1884.02 S066 —>

distance in base pairs to the closest ORF (S' or 3' end)
arrows indicate S' to 3' orientation; the arrows representing Tfl are printed in bold and are shown 
between the arrows representing the two genes adjacent to each insertion site
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Table 2.2. Transposition ciones used in Northern blot analysis.

clone closest genes * encoded protein distance "

2 5’- Ubc4 

3’- SPBC119.01
ubiquitin-conjugating enzyme 
putative proteosome subunit

258
980

9 5’- SPAC22G7.09 
5’- SPAC22G7.10

similar to nucleoporin nup49/nsp49 
hypothetical protein

273
221

13 5’- SPBC649.05 
3’- uvi15

hypothetical protein 
UV-induced protein uvi15

534
789

15 5 ’- SPGC1223.10 
5’- ptc2

hypothetical protein
protein phospatase 20 homolog 2

1008
900

21 5 - SPCC777.07 
5'- SPCC777.06

similar to alpha-1,2 mannosyltransferase ktrl 
similar to metal dependent hydrolase

1771
307

25 5’- SPCC1672.01 
5’- SPCC962.06

similar to histidinol-phosphatase 
similar to Mammalian splicing factor SF1

1576
287

28 5’- SPAC4F8.12 
3’- SPAC4F8.13

similar to splicing factor prp8 
similar to rasgap-related protein

211
541

37 5’- SPCC14G10.05 
3’-SPCC14G10.04

similar to phospholipase
similar to extensin-like protein precursor

169
1514

* 5’ and 3’ indicate that Tf1 inserted close to the 5’ end or 3' end of the ORF, respectively 

in bp to the closest ORF
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Chapter 3: Cell polarity and the end marker tealp

3. Introduction

An important biological question is how eukaryotic cells become spatially 

organised to create specific cell shapes. The shape of the fission yeast 

Schizosaccharomyces pombe provides a simple case of spatial organisation. It has 

two growing ends located at the poles of the cylindrical cell which grow apart in a 

precisely opposed manner (Snell and Nurse, 1993). Thus fission yeast is a good 

model to study how a cell identifies and maintains domains at its extremities that 

are directly opposite each other.

In order to understand how a fission yeast cell can identify its ends and 

maintain them growing in a precisely opposed fashion, mutants have been isolated 

in which the ends do not grow away from each other in a straight line (Snell and 

Nurse, 1994; Verde et al., 1995). Bent cells are generated when the orientation of 

the growth axis is altered during growth and the ends become offset by a small 

angle. T-shaped cells are produced when an additional growth axis is set up and a 

new third end growing out of the side of the cell body is established. It is 

important to understand that these cells still form properly organised growth zones 

but fail to position them at the correct place. A mutant behaving in this manner 

defines the teal gene (for rip elongation aberrant).

Cloning of the teal gene and characterisation of the encoded gene product 

revealed that tealp is tightly located at the ends of the cell (Mata and Nurse,

1997). Tealp is found at both cell ends of mono- or bipolarly growing cells, and so 

appears to be a marker of cell geometry rather than of cell growth. This makes
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tealp a potential marker for identifying cellular ends and tealp may thus be 

important for ensuring that the cell elongates along a single, straight axis of 

growth. Tealp is also present on the tips of microtubules and the microtubular 

cytoskeleton is required for locating and maintaining tealp at the cell ends. Tealp 

disappears from the cell tips within minutes of disrupting the microtubular 

cytoskeleton with the drug TBZ (Walker, 1982), and is instead found distributed 

throughout the cytoplasm. Upon removal of TBZ, tealp is found at the distal tips 

of the microtubules, which are growing back towards the cell tips. As soon as the 

micro tubules reach the cell ends tealp is observed to accumulate once again on the 

cortex.

There is also some evidence that tealp affects the organisation of the 

microtubular cytoskeleton (Mata and Nurse, 1997). When teal is deleted 10-20% 

of the microtubules do not stop at the cell ends as it is the case in wild-type cells, 

but continue to grow to form U-shape structures extending back into the body of 

the cell. This observation suggests that if tealp is not present on the microtubules 

and / or at the cell ends, microtubules can grow beyond these regions.

The current model is that the microtubule-dependent transport of the cell end 

marker tealp underlies the spatial organisation that precisely opposes cell ends in 

fission yeast (Brunner and Nurse, 2000b; Hayles and Nurse, 2001). The 

microtubules identify the cell ends at the extremes of the cellular long axis while 

expanding through the length of the cell. Tealp is transported along the 

microtubules and accumulates in the cell ends where most microtubules terminate 

growth. At the cell ends tealp is involved in placing locally organised growth
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zones correctly with respect to the overall spatial geometry of the cell so that they 

are precisely opposed to each other.

Cells deleted for the two genes tea2 and tipi also have a bent and branched 

phenotype and the analysis of the corresponding gene products has shown that 

they are important for tealp delivery to the cell ends (Browning et al., 2000; 

Brunner and Nurse, 2000a). The CLIP 170-like protein tip Ip and the kinesin-like 

protein tea2p are microtubule-associated morphogenetic factors which regulate the 

organisation of the microtubular cytoskeleton. In tip là. and tealà  mutants, tealp is 

mislocalised along short microtubules and is absent from the cell ends. Tip Ip 

regulates microtubule catastrophe ensuring that microtubules find the cell end and 

deliver tealp to these locations. Tea2p may function as a tealp transporter or 

influence microtubular dynamics to allow microtubules to reach the cell ends. 

Tip Ip and tea2p localise to the cortex at the cell ends and this localisation is 

dependent on tealp.

Tealp is also important for the activation of bipolar cell growth, as a 

majority of teal à  cells grow only at one cell end (Glynn et al., 2001; Verde et al., 

1995). Two other factors required for bipolar growth are pom Ip and bud6p, and 

their localisation to the cell ends is dependent on tealp (Bahler and Pringle, 1998; 

Glynn et al., 2001). Bud6p is important for NETO and interacts physically with 

tealp, whilst pom Ip is a member of the Dyrk family of protein kinases and 

functions in the switch to bipolar growth and in the proper selection of the cell 

division site. Further, tealp appears to be involved in rholp localisation to the cell 

ends (Arellano et al., 1997), a rho-type multifunctional GTP-binding protein which
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is required for actin localisation and directly activates |3-l,3-glucan synthase 

involved in cell wall synthesis.

The teal gene consists of a single exon encoding a protein of 1147 amino 

acids which exists in several forms of 130 to 135kDa molecular weight (Mata and 

Nurse, 1997). Tealp belongs to the family of Kelch proteins because it has a Kelch 

domain predicted in the amino-terminal half of the protein, a protein-protein 

interaction domain found in a large number of proteins of diverse function (Adams 

et al., 2000). The carboxy-terminal half of tealp contains a large domain of coiled 

coils which are oligomerisation motifs not limited to any specific group of proteins 

(Burkhard et al., 2001).

Given that tealp has only two predicted domains which are present in many 

different proteins of diverse function, it is not surprising that a database search for 

homologues reveals many candidates which share no functional similarities with 

tealp. A partial exception to this are the Kel proteins from budding yeast as Kell 

is involved in cell morphology and cell fusion during mating (Philips and 

Herskowitz, 1998). Kel2 is functionally redundant with Kell and has no essential 

role in cell morphology or cell fusion while Kel3 is an uncharacterised protein. In 

fission yeast tea3p (SPAC6G10.02) has a domain structure similar to tealp and is 

involved in the regulation of NETO (M. Arellano, personal communication). 

Members of ezrin/moesin/radixin (ERM) family contain no Kelch or coiled-coil 

domains but have been reported to share some weak homology to tealp (Vega and 

Solomon, 1997). ERM proteins function as cytoskeletal linker between the plasma 

membrane and the actin cytoskeleton (Louvet-Vallee, 2000; Mangeat et al., 1999).
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In this chapter I present (1) the in vivo characterisation of tealp transport in 

wild-type cells and in different morphogenetic mutants; (2) a structural analysis of 

tealp and the implications for tealp  functions at a subcellular level and in 

polarised cell growth; (3) the identification of tealp interacting partners using two- 

hybrid screening.
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3.1.1. Introduction

Immunofluorescence analysis of tealp has shown that tealp is a tightly 

localised marker which is present at both cell ends and on the tips of microtubules 

(Mata and Nurse, 1997). The localisation and maintenance of tealp at the cell ends 

is dependent o n  an intact microtubule cytoskeleton suggesting that tealp  is 

continuously delivered to the cell ends by the microtubules. While these 

conclusions are all based on observations in fixed cells nothing is known about 

how the microtubule-based tealp delivery system works in the living cell. 

Important questions are: Where is tealp loaded on the microtubules? Does 

movement only occur in the direction of the cell ends? Is tealp only moving on the 

tips of microtubules? How much tealp is delivered to the cell ends during 

interphase? Is tealp also present on shrinking microtubules or the micro tubules of 

the PA A? To address these questions I present the characterisation of tealp  

transport in living cells in the first half of this chapter.

Another important question is whether tealp transport on the micro tubules is 

mediated through another morphogenetic factor. Possible candidates are the 

micro tubule-associated factors tip Ip and tea2p as in tip 11:̂ and cells tealp is 

absent from the cell ends (Browning et al., 2000; Brunner and Nurse, 2000a). 

Tiplp belongs to the family of CLIPl70-like proteins which bind directly to 

microtubules and advance on the tips of growing microtubules using a treadmilling 

mechanism (Perez et al., 1999). Tea2p belongs to the family of kinesin 

microtubule motor proteins and some kinesins transport cargo along microtubule 

tracks (Goldstein and Philp, 1999). The EBl homologue mal3p is another
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microtubule-associated factor required for linear growth in fission yeast which 

may be important for tealp transport (Beinhauer et al., 1997). In the second half of 

this chapter I present the analysis of tealp behaviour in tip Ils., tea2ls and malSls 

cells and discuss their role in tealp transport and microtubule association.
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3.1.2. Results

3,1.2,1, Construction o f  a GFP-tagged version o f tealp

Fusion of the green fluorescence protein (GFP) tag to a protein of interest 

allows examination of its localisation and dynamics in living cells. Using a PCR- 

based method (Bahler et ah, 1998) I tagged the endogenous teal gene with GFP. 

To investigate whether the GFP-tagged version of tealp is functionally identical to 

untagged tealp I compared the cell morphology and the microtubule cytoskeleton 

of teal-^ and teal GFP cells as well as the expression level and the localisation of 

tealp and teal GFP.

Experiments showed that the tag fused to the carboxy terminus of the protein 

did not interfere with tealp functions. First, cells had wild-type morphology even 

when coming out of stationary phase at 36°C, growth conditions under which 

nearly all teal A cells bend or branch (Figure 3.1.1 A.). Second, the organisation of 

the microtubular cytoskeleton was similar to wild-type cells and microtubules 

were not observed to curl around the cell ends as it was observed in teal A cells 

(Figure 3.1.IB.). Third, the fusion protein localised like the untagged protein to the 

cell ends (Figure 3.1.2A.) and to the tips of microtubules (Figure 3.1.2B.). Fourth, 

teal GFP was expressed at wild-type levels (Figure 3.1.3.).

Teal GFP localisation in living cells showed one difference compared to the 

localisation of teal GFP and untagged tealp in fixed cells. Unlike in fixed cells 

teal GFP in living cells localised to the forming and completed division septum
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(Figure 3.1.2A.). I conclude that during fixation some of the septum staining is lost 

in cells undergoing cytokinesis.

3.1,2,2, Localisation and movement o f  tealGFP in the living cell

In fixed cells tealp has been shown to localise to the tips of microtubules 

and to accumulate at the cell ends in a microtubule-dependent manner (Mata and 

Nurse, 1997). To characterise the transport of teal GFP to the cell ends in vivo I 

used the teal GFP construct in live time imaging (Figure 3.1.4A.).

All teal GFP dots appeared first in the vicinity of the nucleus and then 

moved towards the ends of the cell. Only within the region of the nucleus did dots 

frequently change direction of movement; less than 5% of the dots (n=92 dots) 

changed their direction once they were outside the region. Such dots were 

distinguishable from dots on shrinking microtubules (see below) because the dots 

in the vicinity of the nucleus moved at a slower speed. I conclude that tealp is 

loaded on microtubules in the vicinity of the nucleus and that it generally only 

changes direction of movement within the limits of this loading zone.

To investigate the behaviour of tealp on the microtubules in live cells I 

tagged the teal gene with yellow fluorescence protein (YFP) and performed two 

colour-imaging with tubulinCFP (cyan fluorescence protein) expressed from a 

plasmid (Glynn et al., 2001). In the vicinity of the nucleus, changes in the direction 

of teal YFP movement were usually confined to bright regions of the microtubules 

which have been reported to contain overlapping ends of antiparallel microtubule
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bundles (Drummond and Cross, 2000; Tran et al., 2001). Teal YFP dots were 

found to be present on the tips of microtubules and the dots remained colocalised 

with the tips of polymerising microtubules while moving from the nucleus to the 

cell ends (Figure 3.1.4B.). The analysis of the kinetics of teal GFP allowed to 

quantify these observations. The speed at which teal GFP dots moved towards the 

cell ends was determined to be 3.6±1.0pm/min (n=37 dots), similar to the rate of 

polymerisation of GFP-labelled microtubules (Figure 3.1.6A.). Large dots were 

sometimes followed by smaller dots which moved at a similar speed. The 

frequency with which teal GFP dots were delivered to cell ends was also measured 

and found to be 0.86±0.63min'^ end'^ (n=86 dots). This means that during the 

duration of an average interphase (at 23-25°C in minimal medium, approx. 250min 

(Moreno et al., 1991)) at least 215 (250 x 0.86) teal GFP dots are delivered to each 

cell end. The frequency of teal GFP delivery to the cell ends is in the same order as 

that observed for GFP-labelled microtubules at 0.50±0.24min‘  ̂ end ' (n=169 

microtubules), indicating that virtually every microtubule bundle carries on its tips 

teal GFP to the cell ends (Figure 3.1.6B.). I conclude that tealp travels from the 

nucleus towards the cell ends and that polymerising microtubules usually have 

tealp on their tips.

The majority of teal YFP was deposited at the cell ends, but some dots (see 

later) were found to reverse direction once they had reached the cell ends and to 

move backwards towards the cell centre while colocalising with the tips of 

shrinking microtubules. The kinetics of the backward movement of teal GFP were 

analysed (Figure 3.1.6A.). TealGFP dots moved backwards with an average speed
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of 17.0±2.0|am/min (n=14 dots), and moved smoothly at constant speed, although 

often became fainter usually disappearing after retreating for 2-3 pm. This speed of 

backward movement was similar to that of GFP-labelled microtubules undergoing 

catastrophe. The frequency with which tealGFP dots retreated from the cell ends 

was determined to be 0.06±0.16min'^ end'^ (n=20 dots) while the frequency of 

GFP-labelled microtubules retreating from the cell ends was 0.55±0.26min’  ̂end'^ 

(n=167 microtubules). This indicates that around 11% of the dots that reach the 

cell ends on the tips of microtubular bundles leave the cell ends on shrinking 

microtubules (Figure 3.1.6C.). I conclude that a small fraction of tealp fails to be 

deposited at the cell ends and remains associated with the tips of microtubules 

undergoing shrinkage away from the ends.

TealGFP dots were also observed on the tips of the microtubules of the 

PA A. The dots moved towards the cell ends and to the (forming) septum. The 

division septum was often observed to be outlined by two parallel fluorescent 

tealGFP lines which became the new ends of the two daughter cells at the end of 

cytokinesis. TealGFP dots on the septum were dynamic suggesting that they move 

along the septum. I conclude that tealGFP is present on interphase microtubules 

and on the microtubules of the PAA.

3,1.2.3. L oca lisa tion  and m ovem ent o f  te a lG F P  in 
morphogenetic mutants

Teal p ’s delivery to the cell ends depends on an intact microtubular 

cytoskeleton but may also require specific microtubule-associated proteins
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functioning as tealp transporter. The three microtubule-associated factors tea2p, 

tiplp, mal3p are required for linear growth because cells bend and branch in their 

absence. I examined the role of these proteins in tealp delivery to the cell ends.

3.I.2.3.I. Analysis of tealGFP in tealt^ cells

In >95% of tealbs. cells tealGFP was absent from the cell ends, or present 

only at one end but at reduced levels (Figure 3.1.7A. and 3.1.7C.). This 

observation and previous data (Browning et al., 2000) suggested that the kinesin- 

like protein tea2p is involved in tealp’s transport to the ends of the cell, acting 

either directly as a tealp transporter, or indirectly by allowing the microtubules to 

reach the cell ends. In order to distinguish between these possibilities I analysed 

the dynamics of tealGFP in a tealts. strain.

Live time imaging showed that tealGFP still moved in the absence of tea2p 

(Figure 3.1.8A.). Its movement was processive (Figure 3.1.9A.) and its speed 

(3.0±0.8pm/min, n=36 dots) was similar to tea2^ cells (3.6± 1.0pm) (p>0.05, two- 

tailed T-test) (Figure 3.1.6A.). Colocalisation studies of YFP-tagged tealp and 

CFP-labeiled tubulin in live tealts. cells showed that teal YFP moves on the tips of 

polymerising micro tubules (Figure 3.1.8B.). These observations indicate that tealp 

movement occurs normally on the tips of microtubules in tea2b, cells.

In tea2l^ cells microtubules are significantly shorter than in wild-type cells 

(Browning et al., 2000; Verde et al., 1995) and I observed that tealGFP dots often 

failed to move away from the vicinity of the nucleus. Short lines of tealGFP dots 

extended and shrunk, with some dots changing direction and others disappearing.
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In tea2bs. cells the number of tealGFP dots (6.7±2.3dots/cell, n=30 cells) was 

significantly higher (p<0.01, two-tailed T-test) than in tea2^  ce lls  

(3.8±1.5dots/cell, n=21 cells) (Figure 3.1.6D.). Dots were evenly distributed 

throughout tea2-^ cells, but in tea2ts. cells >80% of the dots were clustered within 

2|im of the nucleus centre (Figure 3.1.10.) leading to tealGFP densities on the 

microtubules being significantly higher in tea2^ cells compared to tea2^ cells. In 

both strains the dot size and the tealp protein levels were similar (Figure 3.1.11.). I 

conclude that in tea2ts. cells it is the short microtubules which prevent the 

accumulation of tealp molecules at the cell ends, and that the absence of tealp 

from the cell ends in tea2b^ cells may result in a higher abundance of tealp  

molecules on the microtubules.

3.1.2.3.2. Analysis of tealGFP in tiplbs. cells

Similar to tea2ts, cells, cells lacking the microtubule guidance factor tiplp 

have short microtubules, and tealp is highly reduced at the cell ends but found to 

be distributed along the microtubules (Figure 3.1.7B.) (Brunner and Nurse, 

2000a). To distinguish whether tiplp is directly implicated in tealp delivery by 

functioning as transporter or indirectly by allowing the microtubules to reach the 

cell ends I analysed tealGFP dynamics in tiplb^ cells (Figure 3.1.8C.).

I found that the behaviour of tealGFP in tiplt^ cells was very similar to its 

behaviour in tea2ts. cells. The movement was processive (Figure 3.1.9B.) and the 

speed in tiplùs. cells (3.2±0.5pm, n=12 dots) was similar to tipl+ cells (3.6±1.0pm) 

(Figure 3.1.6A). The tealGFP dots formed dynamic lines presumably being on
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short microtubules. The number of cytoplasmic tealGFP dots was significantly

higher in tiplà, cells (6.2±1.9dots/cell, n=12 cells) than in tipl+  cells

(3.8±1.5dots/cell) (Figure 3.1.6D.), and tealGFP dots were clustered within 2pm 

of the nucleus centre (Figure 3.1.10.). TealGFP protein levels were at wild-type 

levels in tipl^. cells (Figure 3.1.11.). I conclude that tiplp has no direct role in 

tealp transport but is indirectly implicated in tealp  delivery to the cell ends, 

enabling the microtubules to reach the cell ends.

3.1.2 3.3. Analysis of tealGFP in mal3A cells

Next, I analysed tealGFP in mal3A cells. Microtubules in mal3à cells have 

been reported to be short (Beinhauer et al., 1997) and I observed reduced tealGFP 

levels at the cell ends (Figure 3.1.12.). Unlike tealGFP in tea2A and tipi A cells no 

tealGFP lines were visible in the vicinity of the nucleus and no movement of 

tealGFP dots through the cytoplasm was detected by live time imaging. Some 

tealGFP dots were visible at the cell periphery but these dots did not move. I 

conclude that the presence of tealp on the microtubules is dependent on mal3p.

3.I.2.3.4. Analysis of tealGFP localisation in morphogenetic mutants
during cytokinesis

I found that during cytokinesis tealGFP localises to the division septum in 

wild-type cells. To investigate whether this localisation is dependent on the 

presence of the three morphogenetic factors mal3p, tiplp and tea2p, I analysed 

tealGFP localisation to the septum in the absence of these three factors.
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TealGFP was found to be localised to the septum in mal3à  cells and, like 

tealGFP at the cell ends, the levels were very reduced. Similarly, in tea2A and 

tip l^  cells tealGFP septum staining was often considerably reduced, correlating 

with the reduced tealGFP levels at the cell ends in these strains. In summary, 

tea2p, tiplp and mal3p are also required for tealp to accumulate on the division 

septum as well as at the cell ends.

3.1.2,4, Stability studies o f  tealp

Previous work has shown that tealp is a highly dynamic end marker which 

in the absence of microtubules disappears within 15 minutes from the cell ends 

(Mata and Nurse, 1997). In addition, a significant amount of protein is usually 

found to be degraded in boiled protein extracts, suggesting that tealp levels at the 

cell ends may be regulated by proteolysis. To test this hypothesis I performed 

protein stability studies using the drug cycloheximide and a mts3-l mutant strain 

which is defective in a component of the proteasome.

Cycloheximide, which is a potent inhibitor of protein synthesis (Ayscough 

and Warren, 1994), was added to wild-type and to cdclO-129 cells blocked at 

36°C. (Figure 3.1.13.). While S. pombe cells in a non-synchronous culture are 

mostly in G2, cdclO-129 cells have a temperature-sensitive mutation in the cell 

cycle regulator cdclO and become arrested in G1 at the restrictive temperature 

(Nurse and Bissett, 1981). This allows investigation of changes in protein stability 

which may occur in the early stages of the cell cycle. In both experiments tealp
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levels remained unchanged during a period of 120min after addition of 

cycloheximide suggesting that tealp has a half-life of >120min.

Next, I tested whether tealp is degraded by the 26S proteasome. A mts3-l 

strain carries a temperature-sensitive mutation in the “lid” subunit of the 19S 

regulatory complex of the 26S proteasome which is required for ubiquitin- 

conjugated protein degradation (Gordon et al., 1996). In this strain ubiquitin- 

mediated protein degradation is inactivated at 36°C. I monitored tealp levels after 

the shift to the restrictive temperature and found that tealp levels did not increase 

significantly in the presence or absence of mts3 (Figure 3.1.14). Thus, it is not 

degraded through the proteasome-dependent proteolytic pathway. Interestingly, 

tealp levels were reduced in both mts+ and mts3-l cells six hours after the shift to 

36°C suggesting that the tealp protein may be more labile at higher temperature.
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3.1.3. Discussion

3.1.3,L Microtubule-based tealp transport in living cells

The localisation of tealp at the cell ends is dependent on the microtubule 

cytoskeleton, and maintenance of tealp levels at the cell ends requires constant 

delivery of tealp (Mata and Nurse, 1997). I have examined the microtubule-based 

tealp delivery system in vivo and found that it has the following characteristics: 

(1) loading of tealp occurs in the vicinity of the nucleus; (2) tealp moves towards 

the cell ends primarily on the tips of polymerising microtubules and, to a lesser 

extent, along the microtubules; (3) tealp is present on the tips of virtually all 

growing microtubules; (4) tealp movement is unidirectional except in the loading 

zone around the nucleus where it changes direction of movement frequently; (5) 

the speed of movement is similar to growing microtubules; (6) sometimes tealp 

remains associated with the tips of microtubules undergoing catastrophe; (7) the 

kinesin-like protein tea2p and the CLIP 170-like protein tiplp are not required for 

tealp movement; (8) tealp association with microtubules requires the EBl 

homologue mal3p (Beinhauer et al., 1997).

Large tealGFP dots are only found at the tips of microtubule bundles 

suggesting that tealp is transported on the plus ends of microtubules to the cell 

ends. Dots appear first at the nucleus, suggesting that they are formed during the 

process of loading. Tealp loading and changes in the direction of movement are 

limited to the vicinity of the nucleus where the minus ends of antiparallel-
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orientated microtubule bundles are reported to overlap (Drummond and Cross, 

2000; Tran et al., 2001). One possibility is that tealp may be loaded specifically 

onto antiparallel microtubule structures, and because movement is restricted to the 

plus-end direction of the microtubules, the switching in direction of movement 

may be limited to within the borders of these structures. Another possibility is that 

tealp loading occurs when microtubules are nucleated at the MTOCs. In addition 

to particular microtubule structures, specific loading factors may be required for 

tealp to become associated with microtubules in the vicinity of the nucleus. I 

speculate that mal3p functions as tealp loading factor because tealp is not found 

on microtubules in mal3A cells.

A model has been proposed whereby microtubules continuously pick up 

polarity markers such as tealp while growing through the cytoplasm to the cell 

ends (“marker pick-up” model, see chapter 1) (Hayles and Nurse, 2001). This 

would result in “sweeping” all cytoplasmic tealp to the cell ends and has been 

suggested as mechanism for finding the long axis in fission yeast. If the “marker 

pick-up” model applies to tealp two predictions should be true; (1) very few tealp 

molecules will be in the cell middle; (2) the concentration of tealp at the tip of a 

microtubule would increase the closer the microtubule gets to the cell ends. 

Conversely, I always observed dot movement starting at the nucleus and dots 

closer to the cell ends were not bigger. Although these data argue that the “marker 

pick-up” model does not apply to tealp, the conclusions are possibly limited by 

the threshold of detection and bleaching in my experiments.
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During interphase at least 215 tealGFP dots are delivered to the cell ends. 

The number of tealGFP molecules in each of these large dots and the nature of the 

dots is unclear. However, they may represent some sort of tealGFP containing 

vesicles and / or they may be very large protein complexes. Tealp has been shown 

to be part of a high molecular mass complex of around lOOOkDa by gel filtration 

analysis (Mata and Nurse, 1997). Given that tealp has a molecular mass of around 

130kDa this complex should contain less than eight tealp molecules. However, 

currently it is unclear whether this complex is composed only of tealp molecules, 

whether it is only a subunit of a larger complex and whether the complex is 

located on the tips of microtubules or at the cell ends. More biochemical studies 

and comparison of tealGFP fluorescence intensity with a standard should allow to 

estimate the number of molecules in the tealGFP dots. Vesicle markers and drugs 

could be used to investigate whether tealp is transported in vesicles to the cell 

ends.

Tealp transfer to the cell ends is usually completed by the time microtubules 

undergo the transition to catastrophe. This conclusion is based on the observation 

that virtually all microtubules reaching the cell ends carry tealp whereas only 

-11%  of the shrinking microtubules retain tealp during catastrophe. As tealp 

accumulation at the cell ends is important for its function in polar cell growth (see 

chapter 3.2.) a mechanism may exist which safeguards tealp removal from the 

microtubules before they undergo catastrophe. One possibility is that after arriving 

at the cell ends tealp transiently connects the microtubules with the cortex. It may 

then be released from the microtubules upon catastrophe and may remain
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associated with the cortex. Another possibility is that removal of tealp from the 

microtubules triggers catastrophe but thus far no experimental evidence has been 

found for such a role of tealp (see chapter 3.2.).

More investigations will be required to determine how tealp is transported 

on the microtubules to the cell ends. Generally, tealp could either be delivered to 

the cell ends by a transporter or it could remain associated with growing 

microtubules using a treadmilling-like mechanism, as it has been suggested for 

CLIP 170-like proteins (Perez et al., 1999). The speed of tealp movement does not 

allow a distinction between these two possibilities because it corresponds to the 

average microtubule growth rate in fission yeast and a transporter may move tealp 

along the microtubule tracks with a speed similar to the microtubule growth rate. 

My findings suggest that tea2p is not a tealp transporter, but other kinesin-like 

proteins may carry tealp to the cell ends (see below). A treadmilling-like 

mechanism would require tealp to bind directly, or indirectly through another 

microtubule-associated protein, to the tips of microtubules. Direct binding of tealp 

to microtubules remains to be demonstrated and I have shown that the CLIP 170 

family-member tiplp is not required for tealp movement. A better candidate for 

mediating microtubule-based tealp movement is the EBl homologue mal3p which 

is required for tealp to become associated with microtubules. Although a physical 

interaction between tealp and mal3p has not been shown yet, mal3p may function 

as an adapter for tealp binding to microtubules and may position tealp at the tips 

of microtubules. Interesting parallels exist in other organisms. EBl has been found 

to target adenomatous polyposis coli (APC) to the tips of microtubules facilitating
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interaction of APC with specific sites at the cell membrane (Askham et ah, 2000), 

Similarly, the EBl homologue Biml in budding yeast recruits Kar9 to the tips of 

microtubules (Miller et al., 2000), which allows Kar9 to establish the connection 

between the astral microtubules and the cell cortex required for mitosis (Korinek et 

ah, 2000; Lee et ah, 2000). Thus EBl appears to perform a very similar function in 

different organisms, which is to position cortex-associated factors at the tips of 

microtubules growing towards the cell membrane. So far no homologues have 

been identified for tea Ip and Kar9 in higher eukaryotes and no APC homologue 

exists in either of the two yeasts suggesting that different EB1 interacting factors 

reflect a different functional context. While Kar9 is important for the orientation of 

the mitotic spindle, APC is required for proper chromosome segregation and tealp 

plays are role in linear cell growth. Further investigations are required to ascertain 

whether tealp moves through treadmilling to the cell ends. One argument against 

such a transport mechanism is the observation that large tealp dots on the tips of 

microtubules are often followed by smaller dots of similar speed. Individual 

microtubules have been suggested to be synchronised within a bundle (Drummond 

and Cross, 2000), implying that treadmilling proteins should be located only at the 

tips of microtubule bundles.

It is also unclear how tealp can remain associated with microtubules 

undergoing catastrophe. During catastrophe, tubulin protofilaments are thought to 

peel off rapidly from the tip of a microtubule followed by depolymerisation (Desai 

and Mitchison, 1997). Tealp is able to remain associated with at least some of the 

disintegrating microtubules moving from the cell ends towards the nucleus at a
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speed similar to shrinking microtubules. I speculate that under these conditions the 

organisation of individual microtubules in bundles may stabilise tea 1 p-microtubule 

interaction. Alternatively, the separating tubulin protofilaments may transfer tealp 

backwards towards the nucleus as has been suggested for some kinesin-like 

proteins (Lombillo et al., 1995). I conclude from these observations that the kind 

of mechanism tealp employs to adhere to shrinking microtubules remains unclear. 

I can only speculate about the involvement of motor proteins or other microtubule- 

associated factors. Alternatively, inherent properties of tealp may allow it to bind 

and to remain associated with growing and shrinking microtubules.

In summary, for linear growth of the fission yeast tealp levels must be 

maintained at the cell ends. This requires a reliable tealp delivery system, which is 

microtubule-based and has three important features. First, nucléation of 

micro tubules and tealp loading always occur at the same place in the cell, at the 

nucleus, which helps to ensure that virtually all microtubules carry some tealp to 

the cell ends. Second, after loading, tealp appears to remain tightly associated 

with the growing microtubules thus ensuring that tealp reaches the cell ends. 

Third, most of the microtubules appear not to undergo catastrophe at the cell ends 

before tealp transfer to the cortex is completed; this secures that most of tealp is 

unloaded from the microtubules at the ends of the cell.

3,1,3.2, The role o f tea2p in fission yeast morphogenesis

Kinesins are microtubule motors and given that tealp is delocalised from the 

cell ends and distributed along the microtubules in tea2^ cells it has been
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proposed that tealp may be a cargo of tea2p (Browning et al., 2000). Surprisingly,

I found that tealGFP still moves on the tips of polymersing microtubules in the 

absence of tea2p, which demonstrates that tea2p is not, or at least not the sole, 

tealp transporter. It remains a possibility that tea2p does transport tealp, and that 

another kinesin substitutes for tealp in its absence. The S. pombe genome project 

has discovered a total of eight kinesin-like proteins, some of which could function 

in such a redundant fashion (Wood et al., 2002).

Tealp is at least indirectly important for tealp delivery to the cell ends 

because it is involved in stabilising microtubules (Browning et al., 2000). In tea2à 

cells microtubules are short and this may prevent accumulation of moving tealp at 

the cell ends. Several other kinesins are thought to regulate microtubular dynamics 

either by directly affecting tubulin addition or dissociation (Desai et al., 1999), or 

indirectly, perhaps, by transporting other factors that control microtubular 

dynamics (Goldstein and Philp, 1999). With this view the microtubule anti

catastrophe factor tip Ip, rather than tealp, may be a tea2p cargo. Both tipi A and 

tea2A cells have short microtubules and they show very similar tealGFP dynamics 

giving support to a model in which tea2p locates the stabilising factor tip Ip to the 

tips of microtubules which in turn allows the microtubules to reach the ends of the 

cell. Thus, the primary role of tea2p in cell polarity may be to regulate 

microtubular dynamics.

Tea2p may also be required for tealp to accumulate equally at both cell 

ends. I found that >65% of tea2A cells do not have the same (reduced) amount of 

tealp at both cell ends but have some tealp at one end and no tealp at the other
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end. An intriguing possibility is that this bias in distribution reflects different 

properties of the two cell ends. For example, tealp may associate preferentially 

with old ends in tealà. cells and tealp may be required to associate efficiently with 

new ends. Another possibility is that tealp is generally more efficiently retained at 

the septum than at the cell ends and that this difference is visible in tea2S. cells 

after cytokinesis as levels remain transiently higher at new ends than at old ends. 

Further experiments should investigate such possible correlations. Another 

possibility is that the microtubule cytoskeleton is polarised in tea2^ cells with 

microtubules being more likely to reach one end than the other end. A defect in 

nuclear positioning could explain such a bias but I found that the nucleus is usually 

centred in tea2ls. cells.

3,13,3, Tealp and microtubule-independent localisation to the 
cell ends

Tealp accumulation at the cell ends depends on an intact microtubule 

cytoskeleton and I showed that in living cells tealp is constantly delivered to the 

cell ends by the microtubules. In mal3à  cells no tealp transport was observed 

through the cytoplasm towards the cell ends but paradoxically tealp was still 

present, though at much reduced levels, at the cell end cortex and on the division 

septum.

One explanation for this paradox is that tealp transport on the microtubules 

is highly reduced in mal3A. cells and beyond detection limits. A more intriguing 

possibility is that an additional, less efficient tealp transport system may exist
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which localises tealp to the cell ends in the absence of microtubules. Evidence for 

such a secondary tealp delivery system also comes from observations in cells 

grown in the presence of the microtubule depolymerising drug TBZ (Sawin and 

Nurse, 1998). In these cells, tealp first delocalised from the cell ends but later 

returned with levels lower than in wild-type cells. The biological significance of a 

secondary tealp transport system is not clear. It can not substitute for the role of 

microtubules in accumulating enough tealp at the cell ends to let the cell grow in a 

straight line because mal3A cells are also bent and branched. The molecular basis 

of the secondary transport system is also unclear. I speculate that in the absence of 

micro tubules the actin cytoskeleton may deliver some tealp to the cell ends. In 

budding yeast the actin-based motor Myo2 is thought to transport Kar9, a factor 

essential for microtubule capture at the bud cortex, along F-actin cables to the bud 

tip (Yin et al., 2000). Actin motors such as myo52p may perform a similar 

function in fission yeast (Motegi et al., 2001; Win et al., 2001).

3,1.3,4, Proteolysis and tealp turnover at the cell ends

An important characteristic of tealp is that it is a highly dynamic end 

marker. It is constantly delivered and removed from the cell ends which could 

provide the cell with a mean to evaluate continuously the direction of growth (see 

chapter 1) (Brunner and Nurse, 2000b; Hayles and Nurse, 2001; Mata and Nurse, 

1998). In this respect constant delivery of tealp to the cell ends is important 

because it allows to maintain or correct the direction of growth. Equally important, 

however, is its removal whereby incorrectly placed tealp can be eliminated from
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the cell ends. While tealp is delivered to the cell ends by the microtubular 

cytoskeleton it is not clear how it is removed from the cell ends. Tealp may be 

degraded soon after reaching the ends, a possibility supported by the observation 

that tealp protein is rather labile and becomes degraded in boiled and native 

protein extracts (Mata and Nurse, 1997). Conversely, two findings argue against a 

regulation of tealp activity at the cell ends by proteolysis. First, tea2A, tipi A and 

mal3A cells have significantly less tealp located at the cell ends than wild-type 

cells but the level and pattern of degradation is similar in all strains (Figure 

3.1.11.). Thus, no correlation exists between the amount of tealp being present at 

the cell ends and the level of tealp degradation in the cell. Second, while tealp has 

been shown to disappear within 15min from the cell ends in the absence of 

microtubules (Mata and Nurse, 1997), tealp protein levels remained constant for 

at least 120min after addition of cycloheximide or in a proteasome mutant. Thus, 

the rate of tealp turnover at the cell ends is not correlated with its rate of 

degradation. Additional protein stability experiments, such as pulse-chase or nmt- 

promotor switch-off experiments, may be carried out to determine the half-life of 

tealp and to verify my findings. I conclude that proteolysis appears not to regulate 

tealp levels at the ends of the cell. Instead posttranslational modifications such as 

phosphorylation may induce tealp dissociation from the cell ends. Western blot 

analysis has shown (Mata and Nurse, 1997), that tealp exists in different forms of 

similar molecular weight which could be due to such modifications. Alternatively, 

interactions with other polarity factors may regulate tealp affinity for the cell 

ends. For example, an “anti-tealp” factor may exist which is responsible for 

dissociating tealp from the cell ends. If this anti-tea Ip factor is also delivered to
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the cell ends by microtubules interaction between tealp and anti-tealp would 

establish a steady-state concentration of tealp at the cell ends which would depend 

on the functional properties of anti-tea Ip and the ratio of delivery of tealp to anti

teal p. As tealp disappears from the cell ends in the absence of microtubules (Mata 

and Nurse, 1997), however, the anti-tea Ip system alone can not be responsible for 

tealp removal from the cell ends.
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Figure 3.1.1. Analysis of morphology and microtubule 
cytoskeleton in tea 7 GFP cells.

(A) The morphology was aniysed in cells expressing the endogenous 
teal gene tagged with GPP. Cells coming out of stationary phase were 
grown in YES at 32'C. (B) The organisation of the microtubule 
cytoskeleton was examined in tealGFP cells. Fixed cells were stained 
with (x-tubulin antibody and were analysed by fluorescence microscopy. 
Error bars give the standard deviation. Abbreviations: tea1+ (RBI 0), 
teal GFP (RBI 0546, teal A (RBI 4).
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Figure 3.1.2. Localisation of tealGFP.

(A) Living cells expressing endogenous teal  tagged with GFP. Arrows point 
at tealGFP localising to the septum. Scale bars: 3pm. (B) TealGFP 
localises to the tips of microtubules. Cells of untagged and GFP-tagged 
teal  strains were fixed and stained with a-tea1 (green) and a-tubulin (red) 
antibodies. Single optical sections (0.45pm) obtained by confocal m icros
copy are shown. The arrowheads show te a lp  on the tips of microtubules. 
Scale bar: 5pm. Abbreviations: tea1+ (RB10), tealGFP (RB10546).
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Figure 3.1.3. Western blot analysis of tealGFP.

Boiled extracts were prepared from strain RBI 0 (teal +) and RBI 0546 
(tealGFP) and separated by SDS-PAGE. Equal amounts of total protein 
was loaded in each lane as verified by Ponceau staining. Teal GFP pro
tein was detected using an a-teal antibody. Molecular weights are 
shown in kDa to the left of the gel.
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Figure 3.1.4. Analysis of te a lp  movement In the living cell.

(A) Life-time imaging of tealGFP movement (strain RB10546). Arrows 
follow the movement of a selected tealGFP dot. (B) Two-color live imag
ing of tealYFP and tubulinCFP (strain RB134). Arrowheads follow a 
selected tealYFP dot colocalising with the tip of a polymerising m icrotu
bule. The time is indicated in seconds (s). Scale bars: 3pm.
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Figure 3.1.5. Processivity of tealGFP movement.

The displacement over time of five selected teal GFP dots is shown. 
Analysed teal GFP strain: RBI 0546.
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(A) Rates of movement.

strain_______________forward [i/m/min]^______ backward [/ym/min]̂ ^

tealGFP 3.6±1.0 17.0±2.0

tea1(A200)GFP 4.2±1.1 ND

tealGFP tea2A 3.0±0.8 ND

tealGFP tip1 A 3.2±0.5 ND

microtubules 3.9±0.7 12.1 ±3.9

= movement from nucleus towards cell ends 
movement from cell ends towards nucleus 

ND not determined

(B ) F requency  of te a lG F P  d o ts  on  grow ing m icro tubules.

Frequency of tealGFP dots reaching cell ends; f=1.72 dots celM min'^ 

Frequency of microtubules reaching cell ends: f=1.00 microtubules celM min*  ̂

=> Frequency of tealGFP dots on growing microtubules: 100%

(C ) Frequency  of te a lG F P  d o ts  on shrinking m icro tubules.

Frequency of tealGFP dots leaving cell ends: f=0.12 dots celM min'^ 

Frequency of microtubules leaving cell ends: f=1.11 microtubules celM min^ 

=> Frequency of tealGFP dots on shrinking microtubules: 11 %

strain fdots/cell] ®

tealGFP 3.8±1.5

tea1(A200)GFP 3.5±2.3

tealGFP tea2A 6.7±2.3

tealGFP t ip i A 6.2±1.9

dots counted in single optical plane

Figure 3.1.6. Summary of quantitative tealG FP data.

Abbreviations: tea lG FP (RB10546), tea l(A200)G FP  (RB101), tealG FP 
tea2A (RB112), tea lG FP t ip i A (RB111).
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Figure 3.1.7. Localisation of tealGFP in tea2A and tip1A cells.

Living cells expressing tealGFP (labelled tea2+ and tip1+) were mixed with 
tea2A (A) and tip1A (B) cells expressing tealGFP, respectively. Scale bars: 
4pm. (C) Quantification of tealGFP localisation at the ends of tea2A cells 
(n=40 cells). Abbreviations: tealGFP (RB10546), tealGFP tea2A (RB112), 
tealGFP tip1A (RB111).
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Figure 3.1.8. Movement of te a lp  in tea2A and tip1A cells.

Life time imaging of tealGFP movement in a tea2A (A) and tiplA (C) 
strain, and of tealYFP and tubulin GFP in a tea2A strain (B). Arrows follow 
the movement of selected tealGFP/YFP dots. The time is indicated in sec
onds (s). Scale bars: 4pm. Abbreviations: tealGFP tea2A (RB112), tealGFP 
tip1A (RB111), tealYFP tea2A (RB136).
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Figure 3.1.9. Processivity of tealGFP in tea2A and tiplA  strains.

The displacement of teal GFP over time was tracked in tea2A (A) and 
tipi A cells (B). Abbreviations: tealGFP teaZA (RB112), tealGFP 
tip lA  (RBI 11).
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Figure 3.1.10. Statistics of cytoplasmic tealGFP distribution 
in morphogenetic mutants.

The distribution of tealGFP dots in different strains is shown. The average 
number of dots per cell was determined, and the distribution of dots within 
4^m distance from the nucleus centre analysed. Error bars give the stan
dard. The total number of analysed dots and cells were (dots, cells): 
teal GFP (75, 21 ) teal GFP tip i A (74, 12), teal GFP teaZA (202,30). The 
following strains were used: teal GFP (RBI 0546), tea l GFP teaZA (RB11 2), 
teal GFP tip i A (RB111).
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Figure 3.1.11. TealGFP protein levels in morphogenetic mutants.

Boiled protein extracts were prepared from strain RBI 0546 (teal -t), 
RBI 4 (teal A), RBI 12(tea2A), RBI 11 (tip i A) and RB42 (malSA) and 
separated by SDS-PAGE. After Western blotting tealGFP protein and 
tubulin (loading control) were detected using specific antibodies. 
Molecular weights are shown in kDa to the left of the gel.
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Figure 3.1.12. Localisation of tea l GFP in mal3A cells.

Teal GFP localisation in mal3A cells was visualised in vivo by fluorescence 
microscopy. Note that tealGFP staining was weak and that it was neces
sary to use an exposure time >2x longer than necessary to visualise 
tealGFP in mal3+ cells. Scale bars: 4/vm.
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Figure 3.1.1 3. Teal p protein stability assay with cycloheximide.

After incubating wild-type cells and cdcW -129 cells at 36°C for 4h (- 
4h), cycloheximide was added to inhibit protein synthesis. Samples were 
taken at the indicated time points, boiled-protein extracts prepared and 
separated by SDS-PAGE, and Western blots were probed with an a-teal 
antibodies. As a positive control, srwl p was detected using a-srw1 anti
bodies. As reported previously (Yamaguchi et al., 2000), the srwl p sig
nal disappears in wild-type cells but remains stable in blocked cdcW -129  
cells (not shown). The temperature profile of the experiments is shown 
at the top of the panel. The time after adding cycloheximide is given in 
minutes C).

119



mts3-1 m ts+

Oh 2h 4h 6h Oh 2h 4h 6h

a - t e a l

a - c d t l

a-tubulin

36'C-

25"C

Figure 3.1.14. Teal p protein stability assay in m ts3-l cells.

Wild-type cells (mts+) and mts-3-1 cells (mts3-1) were shifted to 36 °C 
for 6 hours (h). Samples were taken at the indicated time points, and 
boiled protein extracts were separated by SDS-PAGE. After Western 
blotting teal p, cd tl p (positive control) (D’Urso et al., 1995) and tubulin 
(loading control) were detected on the same blot using specific antibod
ies. The temperature profile of the experiments is shown in the bottom 
panel.
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3.2.1. Introduction

In the previous chapter 3.2.1. I described the delivery of tealp to the cell 

ends. In order to accumulate at the cell ends tealp needs to engage with different 

subcellular structures during the delivery process, and tealp should have the 

ability to interact with several different cytoskeleton-associated factors. So far, 

however, little is known about factors required for tealp  loading onto the 

microtubules, for tealp transport on the tips of microtubules, and for its transfer to, 

and accumulation on, the cell ends. To identify tealp interacting factors it would 

be useful to know which domains of tealp are involved at each step of the delivery 

process, and in the first part of this chapter 1 present the results of structure- 

function studies of tealp.

Previous work has demonstrated that tealp is required for linear growth and 

for the organisation of the microtubule cytoskeleton, as teal A cells bend and 

branch and micro tubules curl around the end of the cell (Mata and Nurse, 1997). 

However, from this data it is not clear whether tealp is essential for linear cell 

growth because it influences the organisation of the microtubular cytoskeleton, or 

because it has some role at the cell ends in regulating the growth machinery. As a 

consequence, various roles have been attributed to tealp in models explaining the 

regulation of linear growth in fission yeast. These roles include tealp as marker for 

the growth machinery at the cell ends and tealp as attractor for microtubules 

reaching the cell ends (Brunner and Nurse, 2000b; Mata and Nurse, 1997). 

Distinguishing between these possibilities is important for our understanding of 

how global polarity is organised in fission yeast and other organisms, and in the
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second part of this chapter I present the analysis of the functions of tealp on the 

microtubules and at the cell end cortex.
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3.2.2. Results

3.2,2,1 Preliminary analysis o f  teal mutant alleles

The teal gene was identified in a chemical-mutagenesis screen for 

temperature-sensitive morphology mutants and several teal mutant alleles have 

been isolated (Babler and Pringle, 1998; Snell and Nurse, 1994; Verde et ah, 

1995). In general, analysis of mutant alleles can help to identify functional 

domains in little characterised proteins. However, mutated genes generated by 

chemical mutagenesis may contain multiple missense mutations making it a 

laborious task to link a single mutation in a gene to the loss of a particular function 

of the encoded protein. Non sense mutations may be of greater interest for 

structure-function analysis because they are more likely to allow conclusions 

regarding the borders of protein domains. To evaluate the usefulness of 13 

previously isolated teal mutant alleles for structure-function analysis (Bahler and 

Pringle, 1998; Verde et ah, 1995), I analysed the expression level and the size of 

the encoded proteins by Western blotting (Figure 3.2.1.).

In 11 mutants tealp was expressed at wild-type levels and was similar in size 

to the wild-type protein, suggesting that these mutants contained missense 

mutations in the teal gene. In the mutant strain FV2, tealp expression was not 

detectable, indicating the possibility of a non sense mutation close to the start 

codon. Tealp expression level was normal in mutant FV4 but the molecular 

weight was reduced and two bands of 70-80kDa were detected. I speculated that a 

non sense mutation may have occurred resulting in a truncation of the protein and
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that the two bands present two differently modified forms of the mutant. Given 

that only one putative deletion mutant was identified in this analysis, and that the 

analysis of missense mutations is less likely to provide information about 

functional domains as explained above, I decided not to continue the analysis of 

the teal mutants and to initiate a systematic structure-function analysis of tealp.

3.2.2.2, Construction o f teal partial deletion strains

3.2.2 2.1. Structure of teal partial deletion mutants

To investigate the role of the predicted protein domains in tealp -several 

coiled coils in the carboxy-terminal half and a Kelch domain in the amino-terminal 

half of the protein-1 constructed different teal partial deletion strains.

Using a PCR-based gene targeting method (Figure 3.2.2.) (Bahler et al., 

1998), all constructs were generated at the chromosomal teal locus and were 

under the control of the endogenous teal promotor. In construct teal(AKel) 396 

amino acids from the amino-terminus of tealp were removed resulting in the 

deletion of the entire Kelch domain (Figure 3.2.3.). Systematic deletion from the 

carboxy terminus into the coiled coils were generated in five other strains 

removing 100 amino acids {teal 100)), 150 amino acids {teal (Is. 150)), 200 amino 

acids {teal(/5200)), 300 amino acids {teal(A300)) and 400 amino acids 

{teal (MOO)), respectively. Untagged and GFP-tagged strains were constructed for 

the teal (5s. 100) and teal (MOO) constructs with the GFP-tag being fused to the 

carboxy terminus of the truncated teal genes. For teal (M el) and teal (/Si50) only
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imtagged strains were constructed while for teal(ls.300) and teal (MOO) only GFP- 

tagged strains were generated. A summary of all constructed strains is given in 

Figure 3.2,4..

3.2.2.2.2. Analysis of the expression level of tealp  partial deletion 
constructs

To investigate whether the partial deletion constructs were expressed at 

wild-type levels Western blot analysis was performed.

Untagged teal(AKel)p, teal(A100)p, teal(A150)p and teal(A200)p were 

expressed at wild-type levels (Figure 3.2.5A. and 3.2.5C.). Similarly, full length 

tealGFP, teal(A100)GFP, teal(A200)GFP, teal(A300)GFP and teal(A400)GFP 

were expressed at levels similar to the untagged, full-length tealp (Figure 3.2.5B.). 

I conclude that the constructed truncated versions of tealp are expressed at wild- 

type levels and that the fusion of the GFP tag to the carboxy terminus of the 

mutant proteins does not alter their expression level.

Full length tealp appears to exist in different forms as several bands of 

similar molecular weights are visible on Western blots. Whilst one band may be a 

truncated version of tealp due to a second start codon located at position 135 in 

the teal ORF (Mata and Nurse, 1997), most of the other bands may present 

differently modified forms of tealp. The majority of these bands disappear upon 

deletion of the Kelch domain suggesting that the modification sites are present in 

this region of the protein (Figure 3.2.5C.).

126



_________________________ Chapter 3.2: Structural and functional analysis o f  tealp

When 470 amino acids {tealA677), corresponding to the entire coiled coil 

region, or 736 amino acids {tealA411) from the carboxy terminus of tealp were 

removed the truncated proteins became unstable and only very low levels were 

detected by Western blot analysis. These deletion mutants were not used in 

subsequent analyses.

3,2,2.3, Analysis o f  the phenotype o f  tea l partia l deletion 
mutants

In the absence of tealp, cells bend and branch and microtubules curl around 

the cell ends indicating that tealp is required for linear polar growth and for the 

organisation of the microtubular cytoskeleton of the fission yeast cell (Mata and 

Nurse, 1997). To investigate which regions of the tealp protein are required for 

growth in a straight line and microtubule organisation I analysed the microtubular 

cytoskeleton and the cell shape of the /‘ea7partial deletion mutants.

3.2.2.31. Analysis of the cell shape

At 32°C, 30% to 55% of teal A cells have been reported to bend and branch 

(Mata and Nurse, 1997). I used bright-field microscopy to analyse the cell shape of 

the teal partial deletion mutants.

Teal (A 100) cells showed no branching or bending and looked like wild-type 

cells (Figure 3.2.6. and Figure 3.2.7.). Strain teal(A150) showed a lower level of 

branching / bending than tea l A cells but higher compared to wild-type cells. 

Deletions of the Kelch domain or of 200 amino acids from the carboxy terminus of
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the teal gene resulted in bending and branching similar to teal A cells. Strains 

teal(A300)GFP and teal(A400)GFP also showed a level of branching similar to 

teal A cells. Fusion of the GFP tag to the deletion constructs tea l (AlOO) and 

teal(A200), or to full length tealp, did not alter the morphogenetic phenotype. I 

conclude that deletion of more than 150 amino acids from the carboxy terminus of 

tealp or deletion of the Kelch domain results in bending and branching similar to 

teal A cells. The relationship between the cell shape of the mutants and the 

localisation of the truncated tealp proteins will be analysed in the discussion of 

this chapter.

3.2.2.3.2. Analysis of the organisation of the microtubule cytoskeleton

In wild-type cells the microtubule cytoskeleton extends in linear structures 

throughout the cell and microtubules reaching the cell ends stop growing and do 

not curl around the cell ends (Hagan, 1998). In contrast, in about 10-15% of teal A 

cells microtubules have been reported to curl around the cells ends (Mata and 

Nurse, 1997), and I quantified this microtubule defect in the partial deletion strains 

by indirect immunofluorescence using a-tubulin antibodies.

Around 8% of the cells of strains teal(AKel) and teal(A400)GFP had 

microtubules curling around the cell ends while in the other strains less than 1% of 

the cells showed curling microtubules (Figure 3.2.8.). Comparison of the levels of 

microtubule curling in tagged and untagged strains of constructs teal (AlOO) and 

teal(A200) showed that fusion of the GFP tag to the truncated proteins did not 

affect the microtubule cytoskeleton. I conclude that deletion of 400 amino acids
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from the carboxy terminus or deletion of the Kelch domain of tealp causes 

microtubules to curl around the cell ends; this phenotype is very similar to teal A 

cells. The relationship between the organisation of the microtubule cytoskeleton 

and the localisation of tealp in the mutants will be considered further in the 

discussion of this chapter.

3.2.2,4, Analysis o f  the localisation o f tealp mutants

3.2.2.4.I. Localisation of tealp mutants in fixed cells

To investigate the relationship between tealp localisation, protein structure, 

organisation of the microtubule cytoskeleton and cell shape I analysed the 

localisation of the different tealp mutants by indirect immunofluorescence 

microscopy using a-tea l and a-tubulin antibodies (Figure 3.2.9. and Figure 

3.2.10.).

In wild-type cells tealp  localises to the cell ends and to the tips of 

microtubules (Mata and Nurse, 1997), and this localisation pattern was 

undisturbed in teal(AlOO) cells. Teal(A150)p also localised to the cell ends but 

staining was usually slightly weaker. Teal(A200)p and teal(A300)GFP still 

localised to the microtubules but only very few dots were present at the cell ends. 

Teal(A400)GFP and teal(AKel)p were completely delocalised both from the cell 

ends and from the micro tubules. The localisation pattern of full length tealp and 

teal(A200)p was not altered by the fusion of the GFP tag to the truncated proteins. 

Teal(A100)GFP localised, like its untagged version, to the cell ends and to the

129



_________________________ Chapter 3.2: Structural and functional analysis o f tealp

microtubules but I also observed teal(A100)GFP at the sides of cells; this was not 

the case for teal(A100)p.

Next, I used confocal microscopy to examine whether the tealp mutants still 

co-localise with the tips of microtubules. Like full length tealp, teal(A100)p, 

teal(A150)p and teal(A200)p all localised to the tips of microtubule filaments 

(Figure 3.2.11.) and the fusion of the GFP tag to teal(A100)p and teal(A200)p did 

not disturb this localisation (Figure 3.2.12.). Teal(A300)GFP also localised to the 

tips of microtubules but no co-localisation of teal(A400)GFP with microtubules 

was observed. I conclude that deletion of 200-300 amino acids from the carboxy 

terminus eliminates tealp localisation to cell ends but does not affect its presence 

on the microtubules. Deletion of 400 amino acids from the carboxy terminus or 

deletion of the Kelch domain eliminates both tealp microtubule and cell end 

association. How tealp localisation to the microtubules and cell ends affects cell 

shape and organisation of the microtubule cytoskeleton will be considered in the 

discussion of this chapter.

3.2.2.4.2. Localisation of tealp mutants in living cells

During interphase teal GFP is present on both cell ends and at cytokinesis it 

also locates to the division septum (see chapter 3.1.). Live imaging showed that 

cytoplasmic microtubules deliver tealp to the cell ends during interphase and that 

the microtubules of the PAA transport tealp to the old end and to the forming 

septum during cytokinesis. To examine the localisation of the tealp mutants in live
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cells I visualised GFP-tagged versions of the deletion constructs by fluorescence 

microscopy (Figure 3.2.13.).

The localisation pattern and dynamics of teal GFP were generally maintained 

by teal(A100)GFP but I also observed frequently teal(A100)GFP dots at the sides 

of the cells which did not move. These dots at the sides of the cells were also 

observed in fixed teal(A100)GFP  cells but not in teal (AlOO) cells (see above) 

suggesting that they may result from the fusion of the GFP tag to the carboxy 

terminus of teal(A100)p. I conclude that fusion of the GFP tag to the carboxy 

terminus alters teal(A100)p localisation. A similar artefact has been observed for 

cor-Cp, a cortex marker identified in a screen using random polypeptide fusions 

with GFP (Sawin and Nurse, 1996). Cor-Cp localises to cortical regions of the cell 

but is absent from the cell ends (Sawin et al., 1999), and the fusion of the 

polypeptide with GFP is required for this localisation, as the polypeptide alone is 

absent from the cortex. A possibility is that some polypeptide fusions with GFP 

induce structural changes in the GFP molecule whereby it acquires affinity for the 

cortex at the sides of a cell.

Teal(A200)GFP and teal(A300)GFP were virtually absent from the cell ends 

but were still present on the division septum and formed lines in the cytoplasm. 

Live time imaging showed that teal(A200)GFP and teal(A300)GFP dots moved 

normally during interphase and cytokinesis (Figure 3.2.14. and see below). 

Teal(A400)GFP was completely delocalised from the cell ends and from the 

division septum and no movement was observed. This was also the case for a 

GFP-tagged version of the teal(AKel) strain. I conclude that deletion of 200 or 300
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amino acids from the carboxy terminus eliminates tealp association with the cell 

ends but does not interfere with tealp localisation to the division septum nor with 

its interaction with microtubules and its movement towards the cell ends. Removal 

of 400 amino acids from the carboxy terminus or deletion of the Kelch domain 

eliminates tealp association with the septum.

5.2.2.5. Analysis o f  teal (A200)p

3.2.2.5.1 Analysis of teal(A200)p delivery to the cell ends

Teal(A200)p still has the ability to associate with the microtubules but is 

unable to accumulate at the cell ends. The absence of teal(A200)p from the cell 

ends could be the result of inefficient transport or inefficient retention at the cell 

ends. To investigate the first possibility I carried out live imaging with 

teal(A200)GFP cells.

The fusion of GFP to the carboxy terminus of teal(A200)p did not alter the 

properties of the truncated protein. Expression level and localisation pattern of 

teal(A200)p and teal(A200)GFP were similar, and cells had a similar microtubule 

cytoskeleton and morphogenetic phenotype (Figure 3.2.5, 3.2.7. -  3.2.12.). 

Teal(A200)GFP dots appeared first in the vicinity of the nucleus and were 

efficiently transported to the cell ends (Figure 3.2.14A.). The movement was 

highly processive with a speed of 4.2±l.lpm /m in (n=23 dots) similar to the 

3.6±1.0pm/min observed for teal GFP (Figure 3.2.15.). The rate of delivery of dots 

to the cell ends at 0.84±0.50dots min  ̂ end'^ (n=107 dots) was also similar to
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teal GFP (0.86±0.63dots min'^ end'*) as was the average number of dots per cell, 

3.5±2.3 dots/cell (n=37 cells) compared with 3 . 1 . 5  dots/cell for teal GFP, and 

their distribution within the cell (Figure 3.2.16. and Figure 3.1.6.). Colocalisation 

experiments in live cells with YFP-tagged teal(A200)p and CFP-labelled 

microtubules showed that teal(A200)YFP moves in a similar way to the wild-type 

protein on the tips of polymerising microtubules to the cell ends (Figure 

3.2.14Ba.). Therefore the transport of teal(A200)p through the cell appears to be 

identical to that of wild-type tealp.

3.2.2.5.2. Analysis of teal(A200)p behaviour at the cell ends

Next, I investigated whether the retention defect of teal(A200)p was a result 

of its inability to disengage from the microtubules or an inability to be retained at 

the cell end cortex. To distinguish between these possibilities it was necessary to 

visualise and follow simultaneously the dynamics of both teal(A200)p and 

microtubules at the cell ends in live cells.

Previously I had observed that in alp4-1891 cells (Vardy and Toda, 2000) 

teal(A200)p is distributed along microtubules as well as located on the tips of 

microtubules (Figure 3.2.17A.), and this was also the case for teal(A200)GFP in 

live alp4-1891 cells (Figure 3.2.17B.). Thus, the alp4-1891 mutant could be used 

as a tool to visualise the behaviour of both microtubules and teal(A200)p at the cell 

ends in live cells. Alp4p is a component of the y-tubulin complex which is 

implicated in microtubule nucléation (Vardy and Toda, 2000). The alp4-1891 

mutation is temperature-sensitive and at the restrictive temperature cells are bent
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and microtubules curl with high frequency around the cell ends. As tealp  is 

delivered to the cell ends on microtubules, it was a potential concern that the 

microtubule defect in alp4-1891 cell could interfere with my analysis of 

teal(A200)p disengagement from the microtubules at the cell ends. However, for 

two reasons this appeared not to have been the case. First, tealp localisation was 

unaffected by the alp4-1891 mutation. Full-length tealp localised normally to the 

cell ends and to the tips of microtubules in alp4-1891 cells (my analysis and 

(Vardy and Toda, 2000)), and correspondingly, the localisation pattern of 

teal(A200)p in an alp4-1891 and alp4+ strain was similar (Figure 3.2.14. and 

3.2.17B.). Second, the ability of teal(A200)GFP to disengage from the 

microtubules at the cell ends was similar in alp4+ and alp4-1891 cells because in 

both strains teal(A200)GFP was present on shrinking microtubules with a 

frequency of around 15%. Thus, the alp4-1891 mutation appeared not to interfere 

with the analysis of teal(A200)p behaviour at the cell ends and the mutant could 

be used to visualise both microtubules and teal(A200)GFP in live cells using time- 

lapse microscopy. In a typical movie, large teal(A200)GFP dots at the tips of 

microtubules reached the cell ends and then stopped moving with the dots 

remaining associated with the tips of the paused microtubules. When the 

microtubules underwent catastrophe, large dots became separated from >85% 

(n=128 microtubules) of the collapsing microtubules and stayed associated with 

the cell cortex (Figure 3.2.17C. & D.). The fluorescence signal then faded over the 

next movie frames.
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To verify the observation made in the alp4-1891 mutant strain I monitored 

the behaviour of CFP-labelled microtubules and of teal(A200)YFP at the cell ends 

in an aîp4+ strain by time-lapse microscopy. A disadvantage of this analysis, 

however, was that the behaviour of teal(A200)YFP and microtubules could not be 

easily tracked with intervals shorter than 30s because tubulinCFP fluorescence 

bleached quickly. When microtubules underwent catastrophe most of the 

teal(A200)YFP dots (89%, n=35 total) disappeared from the cell ends at the same 

time as the microtubules (Figure 3.2.14Ba.). Around 20% of these dots were found 

on the shrinking micro tubules. However, in some cases (11%), a teal(A200)YFP 

dot remained visible at the cell end for the duration of one movie frame (30s) after 

the microtubule had undergone catastrophe and then the dot disappeared from the 

cortex (Figure 3.2.14Bb.). These observations suggest that teal(A200)p generally 

disengages from the microtubular tips but can either not associate with the cell end 

cortex or can persist there for only a short time (Figure 3.2.17E.).

3,2,2,6, Overexpression studies o f tealp fragments

Tealp shows a distinct localisation pattern in the cell being associated with 

the cell ends, the tips of microtubules and the division septum (see chapter 3.1. and 

(Mata and Nurse, 1997)). The deletion analysis suggested that different functional 

domains of tealp are implicated in its association with these cellular structures and 

that these domains can be separated from each other. To test this hypothesis and to 

try and further define functional domains in tealp I did overexpression studies 

with four teal fragments.
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The fragments were expressed from a plasmid under the control of the 

thiamine-inducible, medium-strength nmt41 promotor (Figure 3.2.18A.). Fragment 

1 comprised the first 86 amino-terminal amino acids, fragment 2 encoded the 

entire Kelch domain, fragment 3 contained all coiled coils and fragment 4 encoded 

the carboxy terminus of tealp starting with the 50 carboxy-terminal amino acids of 

the coiled-coil domain. The fragments were tagged with the Pk epitope and with 

EGFP, and expression of the constructs was verified by Western blot analysis and 

fluorescence microscopy, respectively (Figure 3.2.18B.).

In competition studies I overexpressed the Pk-tagged fragments in a 

tea l GFP strain to examine whether the fragments could interfere with the 

localisation of tealp and / or with tealp function. Fragments 1, 2 and 4 showed no 

effect on teal GFP localisation or movement. Overexpression of the coiled coils 

(fragment 3) did not interfere with tealp localisation to the division septum, to the 

cell ends or its movement through the cytoplasm, but resulted in the formation of 

large teal GFP aggregates in the cytoplasm (Figure 3.2.18C.). The cell shape 

remained normal when any of the four fragments were overexpressed.

In teal à, cells, I investigated whether the fragments could rescue some tealp 

functions and / or whether they had the ability to associate with particular cell 

structures. Both EGFP- and Pk-tagged fragments were tested, but no association 

with the microtubules, the cell ends or the division septum was observed for any of 

the four fragments. Similarly to the competition experiment, overexpression of the 

EGFP-tagged coiled coils resulted in the formation of large fluorescent aggregates 

in the cytoplasm. The shape defect of tealA  cells was not rescued by
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overexpression of any of the fragments. I conclude that the overexpressed tealp 

fragments show no specific localisation within the cell, that they can not rescue the 

cell shape defect of tealà. cells, and that they have no transdominant-negative 

effect on tealp function or localisation in wild-type cells. Further, I conclude that 

the coiled coils can form aggregates and that the 50 carboxy-terminal amino acids 

of the coiled coils are not sufficient or may not be required for this interaction, as 

overexpression of fragment 4 did not result in the formation of aggregates.

3,2,2,7, Analysis o f  teu2p, tiplp andpom lp in teal mutants

3.2.2.7.1 Analysis of the cell end localisation tea2p, tiplp and pomlp in
teal mutants

While the morphogenetic factors pomlp, tea2p and tiplp accumulate at the 

cell ends in wild-type cells, all three factors are delocalised from the cell ends in 

tealls cells with tiplp and tea2p still being present on the microtubules (Bahler 

and Pringle, 1998; Browning et al., 2000; Brunner and Nurse, 2000a). From these 

observations it is not clear whether the accumulation of pomlp, tiplp and tea2p at 

the cell end cortex depends on tealp being present on the tips of microtubules or at 

the cell ends. These possibilities can be distinguished in the teal(A200) mutant 

because teal(A200)p is absent from the cell ends but still on the microtubules. 

Using fluorescence microscopy I compared the localisation of the three factors in 

teal partial deletion strains expressing tea2p, tiplp, and pomlp tagged with GFP.

In teal+ and teal (AlOO) cells, tea2GFP, tipi GFP and pomlGFP all 

localised to the ends of the cell (Figures 3.2.19., 3.2.20. and 3.2.21.). In contrast, in
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strain teal (A200) and teal à. the three proteins were found to be absent from the 

cell ends. This localisation pattern was also confirmed by indirect 

immunofluorescence using untagged strains. Live time imaging of tea2GFP and 

tipi GFP demonstrated that both proteins still moved on the microtubules towards 

the cell ends but were not retained there (my analysis; observation also made by H. 

Browning for tea2GFP in tea là. cells). I conclude that the retention of tea2p, tiplp 

and pomlp at the cell ends all require the presence of tealp at the cell end.

3.2.2.T.2. Analysis of septum localisation of pomlp, tea2p and tipi in teal 
mutant strains

The analysis of pomlp, tea2p and tip lp  in different teal mutant strains 

showed that retention of the three factors at the cell ends requires tealp to be 

present on the cell ends. To further analyse the relationship between tealp and the 

three other morphogenetic factors I examined their localisation to the division 

septum in teal mutant strains during cytokinesis.

TealGFP, teal(A100)GFP and teal(A200)GFP all localise to the division 

septum (see chapter 3.1.), and pom 1 GFP showed a similar localisation pattern in 

the teal partial deletion strains. PomlGFP localised to division septum in wild- 

type, teal (AlOO) and teal(A200) cells but its levels on the septum were highly 

reduced in teal A cells (Figure 3.2.21.).

Tipi GFP and tea2GFP were also present on the division septum in wild-type 

and teal (A 100) cells (Figure 3.2.22. and 3.2.23.). However, their localisation 

differed from pomlGFP and teal(A200)GFP in strain teal(A200) because in this
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strain tea2GFP and tipi GFP were delocalised from the division septum. Thus, 

tea2p and tiplp require amino acid 947-1047 for association with the septum. In 

teal à. cells tipi GFP and tea2GFP were also absent from the septum. Live time 

imaging showed that in teal(ts.200) and tealS, cells tipi GFP and tea2GFP were 

still present on the microtubules of the PAA, that they moved towards the septum 

but were not retained there. I conclude that the septum localisation of pomlp, 

tea2p and tiplp is dependent on tealp and that tea2p and tiplp, but not pomlp, 

require amino acids 947-1047 of tealp to be retained on the septum.

3,2.2.8. Study o f microtubular dynamics in teal mutants

3.2.2.8.1 Analysis of microtubule curling in living tealS  cells

In wild-type cells polymerising microtubules terminate growth upon 

reaching the cell ends (Figure 3.2.24.). In contrast, in teal à. cells some 

microtubules curl around the cell ends suggesting that these microtubules do not 

stop but continue to grow towards the sides of the cell after reaching the cell ends 

(this thesis and (Mata and Nurse, 1997)). Microtubule curling is found in 10-20% 

of fixed teal à. cells (Mata and Nurse, 1997), however, from this data it is not clear 

whether each microtubule in each teal A cell has the same probability to curl, or 

whether microtubules in some cells are more likely to curl than others. In the 

second case a particular subpopulation of tea l A cells would exist in which 

microtubules curl with high frequency whereas the remaining cell population 

would have hardly any microtubules curling. I investigated these possibilities by 

analysing tubulinGFP movies of teal A cells (Ding et al., 1998).
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Whilst observing 11 cells for >10min each only two cells were found to have 

microtubules curling around the cell ends (Figure 3.2.25.). However, in these two 

cells >90% of the observed microtubules curled around the cell ends. I conclude 

that microtubule curling does not occur with the same frequency in all feaYA cells. 

In a subpopulation of 10-20% of the cells microtubule curling occurs with high 

frequency whereas little curling occurs in the remaining 80-90% of teal Is. cells.

3.2.2.82. Analysis of microtubular dynamics in teal deletion strains

Tealp is important for microtubule growth to be terminated at the cell ends 

and it could do so by inducing catastrophe of microtubules reaching the cell end 

cortex. Further, on the tips of microtubules tealp may influence their growth rate. 

To test these hypotheses I determined the growth and shrinkage rates as well as the 

dwelling time of GFP-labelled microtubules (Ding et al., 1998) in wild-type, 

teal(A200) and teal A cells.

The growth rate of microtubules was determined as 3.87±0.72pm/min in 

wild-type cells, 5.02±1.06pm/min in teal(A200) cells and 5.15±1.07pm/min in 

teal A cells (Table 3.2.1.). The rates of microtubule shrinkage were 

12.13±3.91pm/min for wild type, 14.38±3.27pm/min for teal(A200) and 

14.41±4.28pm/min for tealA. Thus, in the three strains there were no significant 

differences in the growth and shrinkage rates of microtubules. I conclude that 

tealp on the tips of micro tubules appears not to influence the growth rate of 

microtubules. The dwelling time was defined as the time a microtubule remains in 

contact with the cell end cortex before undergoing catastrophe. Microtubules
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remained at the cell ends 100±54s in wild-type cells, 117s±44s in teal(A200) cells 

and 94±50s in teal A cells. In teal A cells the dwelling time of normal and curling 

microtubules was found to be similar. Thus the dwelling times of microtubules in 

the different strains were similar and I conclude that neither the absence of tealp 

from the cell ends nor its absence from the tips of microtubules increases the 

microtubule dwelling time at the cell ends.
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3.2.3. Discussion

3,2.3,1. Summary o f results

To study structure and function of tealp  several deletion constructs 

{tealAKel, teal(AlOO), teal(A150), teal(A200), teal(A300), teal(A400)) were 

generated. The strains were analysed regarding cell shape, organisation of the 

microtubule cytoskeleton, and expression and localisation of the truncated 

proteins. The following conclusions could be drawn: (1) all deletion constructs 

were expressed at wild-type levels; (2) deletion of more than 150 amino acids 

from the carboxy terminus of tealp or deletion of the Kelch domain results in 

bending and branching; (3) deletion of 400 amino acids from the carboxy terminus 

or deletion of the Kelch domain of tealp results in microtubules curling around the 

cell ends; (4) deletion of 200-300 amino acids from the carboxy terminus 

eliminates tealp localisation to cell ends but does not affect association with 

microtubules and division septum, or movement; (5) deletion of 400 amino acids 

from the carboxy terminus or deletion of the Kelch domain eliminates tealp 

association with microtubules, cell ends and septum; (6) teal(A200)p transport on 

the microtubules and dissociation from the microtubules is normal but it is not 

retained efficiently at the cell ends; (7) retention of tea2p, tiplp and pomlp at the 

cell ends and on the division septum require the presence of tealp at these 

locations; (8) tea2p and tiplp, but not pomlp, depend on amino acids 947-1047 of 

tealp for retention on the septum. In overexpression studies of tealp fragments the 

coiled coils formed aggregates in the cytoplasm. Investigation of microtubule
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behaviour in teal mutants revealed that neither the absence of tealp from the cell 

ends nor its absence from the tips of microtubules increases the microtubule 

dwelling time at the cell ends, and that tealp on the tips of microtubules does not 

influence the growth rate of microtubules. Further, it was found that microtubules 

frequently curl around the cell ends in 10-20% of teal/S. cells whereas little curling 

occurs in the majority of teal à. cells.

3,2.3,2, Tealp protein structure and subcellular localisation

Tealp shows a distinct subcellular localisation pattern which is due to 

association with different structures in the cell. Tealp is loaded on the 

microtubules at loading zones in the vicinity of the nucleus, it is transported on the 

tips of microtubules to the cell ends, and becomes associated with the cortex at the 

cell ends and the division septum. I initiated a structure-function analysis of tealp 

to elucidate which parts of the protein are important for association with the 

different structures in the cell (for summary, see Figure 3.2.26.).

3.2.3.2.I. Tealp association with the cell ends

Mutants teal(A200) and teal(A300) were used to separate tealp’s ability to 

accumulate at the cell ends from its ability to associate with the microtubules and 

the division septum. Teal(A200)p and teal(A300)p are still associated with the 

division septum and with the microtubules, but fail to accumulate at the cell ends. 

A detailed analysis of teal(A200)p behaviour revealed that teal(A200)p is 

normally transported to the cell ends. It dissociates from the microtubules at the
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cell ends and may associate temporarily with the cell cortex, but is not properly 

retained there.

An analysis of the partial deletion mutants was used to determine the 

carboxy-terminal border of a domain important for retention of tealp at the cell 

ends. The border is located between amino acid 947 and 997 as teal(A150)p shows 

no defect in cell end accumulation and teal(A200)p is absent from the cell ends. 

The localisation of teal(A200)p to the septum and to the microtubules is 

undisturbed showing that the deleted amino acids are specifically required for 

localisation to the cell end cortex. Amino acid 949-997 coincides with the carboxy 

terminus of a large coiled-coil domain which has no significant similarities with 

other protein motifs or consensus sites for posttranslational modifications. I 

conclude that at least a part of the coiled coils is required for retaining tealp at the 

cell ends, and may act as a retention signal or anchor for tealp at the cortex in the 

cell ends. Alternatively, the region may be involved in the regulation of tealp 

affinity for the cell ends. The amino-terminal border of this retention domain 

remains unclear. The coiled coils (amino acid 604-997) alone showed no specific 

subcellular localisation when overexpressed suggesting that the cell end retention 

domain of tealp may extend beyond the coiled coils into the amino-terminal half 

of the protein.

Monitoring teal(A200)p behaviour at the cell ends allowed analysis of the 

transfer of tealp from the tips of the microtubules to the cell ends. When 

microtubules pause at the cell ends teal(A200)p dots remain associated with the
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tips of microtubules and connect transiently the microtubules with the cortex. 

Upon catastrophe most of the teal(A200)p dots dissociate from the microtubules 

but remain (temporarily) on the cortex. The dots remaining associated with 

shrinking microtubules, thus leaving the cell end cortex, may not have been in 

proper contact with the cell cortex at the moment of catastrophe. These 

observations suggest that tealp may temporarily interact with both microtubules 

and cortex at the cell ends and that tealp transfer from the microtubules to the 

cortex is accomplished through microtubules undergoing catastrophe. This model 

is based on the behaviour of the teal(A200)GFP mutant at the cell ends and can 

not easily be verified with full-length tealGFP because fluorescent levels at the 

cell ends are too high to follow the behaviour of individual dots.

3.2.3.2.2. Tealp association with the septum

Although being absent from the cell ends, teal(A300)p is still present on the 

septum suggesting that amino acids 847-1147 are not required for accumulation of 

tealp on the septum. I conclude that septum and cell end association occur through 

different regions of the protein. After cytokinesis the division septum becomes the 

new ends of the daughter cells and teal(A200)p septum association is lost. Thus 

interaction between tealp and septum occurs through structures which are present 

on the division septum but not at the cell ends.

3.2.3.2.3. Tealp association with the tips of microtubules

Analysis of the deletion mutants has led to the proposition that two regions 

of the protein may be important for tealp association with microtubules. The first
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region is the amino-terminal Kelch domain as teal(AKel)p is delocalised in the 

cell. The second region encompasses amino acids 747 to 847 located in the coiled- 

coil domain, and this region is defined by teal(A300)p, which is present on the 

microtubules, and teal(A400)p which is delocalised. The coiled-coil or Kelch 

domain alone did not localise to the microtubules when overexpressed suggesting 

that both parts of the protein may be required for tealp  interaction with 

microtubules. Alternatively, the truncations may have interfered with the proper 

folding of teal(AKel)p and teal(A400)p proteins resulting in complete loss of 

function.

3,2.3,3, Tealp protein structure and tealp interacting proteins

3.2.3.3.I. Tealp and oligomerisation

Coiled coils interact specifically with other coiled coils resulting in the 

formation of homo- and / or heteromeric protein complexes (Burkhard et al., 

2001). The tealp  homologue Kell from budding yeast forms homomers 

suggesting that tealp may also be involved in homomeric interactions (Philips and 

Herskowitz, 1998). In corroboration, I found that the coiled coils of tealp form 

aggregates when overexpressed in teal à, and teal+  cells and that the coiled coils 

also recruit endogenous tealp to the aggregates in wild-type cells. I tried to 

demonstrate homomeric tea lp  interactions by co-immunoprecipitation 

experiments using a diploid strain containing the two endogenous teal copies 

tagged with the HA and Myc epitope, respectively, but could not show any 

physical interaction. Tealp was found to be highly degraded and future
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immunoprécipitation studies should be carried out using only the coiled-coil 

domain of tealp expressed at a level similar to endogenous tealp. I also carried 

out a two-hybrid screen using the coiled coils of tealp as bait, but could not 

identify tealp as interacting partner (see discussion chapter 3.3.). I conclude that 

currently it is not clear whether tealp forms homomers.

3.2.3.3.2. Interaction of tealp with pomlp, tiplp and tea2p

The localisation of tealp, tiplp and pomlp to the cell ends and to the 

division septum is dependent on tealp. However, it is not known whether tealp 

interacts directly or indirectly with these three factors. On the septum interaction 

of tiplp and tealp with tealp  requires amino acid 947-1047 of tealp. This 

conclusion is based on the observation that teal(A100)p and teal(A100)p localise 

to the septum while tiplp and tealp are absent from the septum in teal(A200) but 

not in teal (A. 100) cells. It is likely that this part of tealp is also essential for 

retaining tealp and tiplp at the ends of the cell. It is, however, possible that cell 

end location of tealp and tiplp involves a region of tealp different to that required 

for their localisation to the septum. In the tiplp molecule, tealp is likely to interact 

with the carboxy terminus because in a tiplA299 mutant tealp is present on the 

tips of normal microtubules but fails to accumulate at the cell ends (Brunner and 

Nurse, 1000a).

The interaction with pomlp on the division septum involves a different 

region of the tealp protein. Unlike tiplp and tealp, pomlp still localised to the 

division septum in teal(A200) (and teal (AlOO)) cells suggesting that amino acids
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947-1147 of tealp are not required for interaction with pomlp on the division 

septum. I speculate that tealp interacts with pomlp on the septum and at the cell 

ends through the same domain and that amino acid 947-1147 is not required for 

pomlp retention at the cell ends. Another possibility is that, although all three 

proteins interact with the same region of the tealp, pomlp binds stronger to tealp 

than the other two factors. If the interaction domain is partially deleted in strain 

teal (A200) the affinity of pomlp, but not of tealp and tiplp, for tealp may still be 

sufficient for interaction.

3.2.3,4. Implications o f mutant analysis fo r roles o f  tealp in cell 
polarity

3.2.3.41. Tealp and the microtubule cytoskeleton

In teal à. cells 10-20% of the microtubules curl around the cell ends 

demonstrating that tealp has a role in organising the microtubule cytoskeleton 

(Mata and Nurse, 1997). However, it is not clear whether tealp performs this role 

on the tips of the microtubules or from its location at the cell ends. Analysis of the 

microtubule cytoskeleton in teal(A200) cells allowed me to distinguish between 

these two possibilities because teal(A200)p is present on the microtubules but 

absent from the cell ends. The microtubule cytoskeleton is normal in teal(A200) 

cells demonstrating that tealp prevents the curling of microtubules from its 

location on the tips of micro tubules.

I propose that the presence of tealp at the growing microtubule tips is 

required for the tips to efficiently recognise the cell ends as the correct place to
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terminate microtubular growth. This function of tealp appears to be important 

only in a subpopulation of cells as microtubule curling occurs frequently in some 

teal à. cells while the majority of teal à  cells has no curling microtubules (see 

below). Thus, at least two mechanisms may exist to ensure that microtubules 

terminate growth at the cell ends, and the tealp-dependent mechanism may be 

important only under particular conditions in the cell. Further, I propose that the 

prevention of microtubule curling is important for linear growth of the fission 

yeast cell. Given the very regular shape of the fission yeast cell, even few curling 

microtubules or microtubule curling during a limited time of the cell cycle may be 

sufficient to misplace the growth machinery, resulting in bending and branching 

(see also chapter 4).

The cell end localisation of the morphogenetic factors tea2p, tiplp and 

pomlp is not required for proper microtubule organisation because in teal(A200) 

cells these factors are not found at the cell ends and yet microtubules terminate 

growth normally. This suggests that it may be tealp  itself which influences 

microtubular dynamics. Although tealp appears not to influence the growth rate of 

microtubules growing towards the cell ends tealp may directly -or indirectly 

through another microtubule-associated protein- decrease the rate of tubulin 

polymerisation at the ends of the cell. Alternatively, tealp may make the tips of 

microtubules stiffer. Microtubules may still be flexible enough to orient 

themselves along the long axis of the cell but may not be able to navigate out of a 

“dead end”, i.e. the cell ends, anymore. In vitro studies should provide insights 

into the ability of tealp to influence microtubular dynamics. Although the role of
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tea lp  in influencing microtubular dynamics appears to be limited to a 

subpopolation of cells (see below), fine tuning structural flexibility (stiffness) of 

microtubules could provide a general mechanism to define the growth axis in 

fission yeast (see chapter 1). The idea is that microtubules are sufficiently flexible 

to explore the cellular space, however, upon reaching the cell ends, microtubules 

stop growth because they are not flexible enough to continue growth towards the 

sides of the cell.

Although microtubules fail to recognise efficiently the cell ends in the 

absence of tealp, microtubules in wild-type and teal/S. cells have the same 

dwelling time. I defined the dwelling time as the time a microtubule spends at the 

cell ends before undergoing catastrophe. With this definition a microtubule which 

stops at the cell ends, pauses and then undergoes catastrophe can have the same 

dwelling time as a microtubule which continues to grow to the sides of the cell 

after reaching the cell ends and then undergoes catastrophe without pausing. As 

the dwelling time of microtubules in teal A and wild-type cells were found to be 

similar I conclude that the time a microtubule spends at a cell end before 

undergoing catastrophe appears not to be correlated with the time a microtubule 

pauses at the cell ends.

Surprisingly, the organisation of the microtubule cytoskeleton is not equally 

affected in all teal A cells. In some cells almost all microtubules curl around the 

cell ends while the majority of tea l A cells show no microtubule defect. Thus, 

tealp may be important for microtubule cell end recognition only under certain 

cellular conditions, for example at a particular stage of the cell cycle. 1 speculate
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that during the transition from monopolar to bipolar growth (NETO) microtubular 

dynamics are different and that tealp is required during NETO to stop growth of 

microtubules at the cell end. Alternatively, the overhaul of the cytoskeleton at the 

cell ends during NETO may be so extreme that microtubule stop signals present on 

the cortex are temporally damaged so that they need to be functionally replaced by 

tealp. Teal à. cells have a defect in the switch to bipolar growth (Glynn et al., 

2001; Verde et al., 1995) suggesting that these cells can not set up or activate 

growth zones at the new ends. These problems may be associated with curling 

microtubules. Later in the cell cycle, after NETO, microtubules are normal but 

then it may not be anymore possible the activate growth at the new end. Further 

evidence that linear growth relies particularly on an intact microtubule 

cytoskeleton during NETO comes from experiments with the microtubule 

disrupting drug TBZ. Wild-type fission yeast cells can be induced to branch with 

high-frequency if they have not passed through NETO yet, the microtubule 

disrupting drug TBZ is added and the temperature is elevated (Sawin and Nurse, 

1998).

3.2.3.4.2. Tealp and linear growth

In the absence of tealp cells bend and branch but from previous data it has 

not been clear what function tealp performs to allow the cell ends to grow in 

exactly opposite directions (Mata and Nurse, 1997). It could be that it is the tealp 

localised to the cell end that acts as a marker for the growth machinery. 

Alternatively, tealp  may influence microtubule distribution, which in turns 

determines the direction of growth. With the latter view, the tealp bound to the
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microtubule tips may be functionally more important than the accumulation of 

tealp  at the poles of the cell which could simply be a by-product of the 

distribution of micro tubules. The analysis of the teal(A200) mutant allowed these 

possibilities to be distinguished. Teal(A200)p is absent from the cell ends and 

teal(A200) cells bend and branch but the microtubules are normal. Thus tealp has 

to be on the cortex at the cell ends to properly organise linear growth of fission 

yeast. Further, the morphogenetic factors tea2p, tip Ip and pom Ip are absent from 

the ends in teal(A200) cells demonstrating that the presence of tealp at the cell 

ends is required for the retention of tip Ip, tealp, and pom Ip at the cell ends. I 

propose that tealp acts as a scaffold at the cell ends for the retention of other 

morphogenetic factors including tip Ip, tealp, pom Ip and possibly also bud6p and 

rholp (Arellano et al., 1997; Glynn et al., 2001), and that this cell end location for 

tealp is required for the fission yeast cell to be properly organised to grow in a 

straight line.

3.2.3.43. Possible roles in cell polarity of tealp, tiplp, pom Ip located at 
the cell ends

The accumulation of the morphogenetic factors tea2p, tiplp, pom Ip, and 

possibly also budôp and rholp, at the cell ends depends on tealp being present at 

the cell ends, which has led me to propose that tealp functions as a scaffold. The 

tealp scaffold anchors morphogenetic factors acting upstream and downstream at 

the cell ends; this results in organisation of a growth zone at the cell ends.

Pom Ip and budôp are factors downstream of tealp which are involved in 

regulating cell symmetry during the cell cycle (Bahler and Pringle, 1998; Glynn et
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al., 2001). Rholp also functions downstream of tealp; it is required for proper 

actin localisation and activates p-l,3-glucan synthase involved in cell wall 

synthesis (Arellano et al., 1997). Regulators of cell growth are likely to require 

direct interaction with the growth machinery, a role which I speculate is mediated 

through the tealp scaffold.

Tea2p and tiplp are factors upstream of tealp which stabilise microtubules 

and are important for guiding microtubules -and thus indirectly tealp- through the 

cytoplasm to the cell ends. Their role at the cortex of the cell ends is less unclear. 

One possibility is that tiplp and tea2p are found on the cortex as a consequence of 

a role in regulating microtubule catastrophe at the cell ends. Tealp may recruit 

both factors to the cortex thereby destabilising microtubules and triggering 

catastrophe. Arguing against this are the findings that teal(A200) cells have no 

tiplp and tea2p at the cell ends yet the microtubular cytoskeleton is normal, and 

that the microtubule dwelling time is similar in teal+, teal(A200) and teal A cells. 

A second possibility is that tea2p, tiplp and tealp require each other to associate 

with the cortex. Evidence for this mutual dependency comes from tiplA299 cells 

which have tipl(A299)p and tealp on the tips of normal microtubules but not 

present on the cortex (Brunner and Nurse, 2000a). Conversely, I found that in live 

tipi A cells tealGFP is often present at the cell ends, though at reduced levels, 

suggesting that tealp is able to associate with the cortex in the absence of tiplp 

and that short microtubules limit tealp accumulation at the ends of tipi A cells. A 

third possibility is that tiplp and teaZp at the cortex may be involved in tethering
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vesicles to the cell ends as CLIP-170 has been shown to bind to vesicles and some 

kinesins are vesicle transporters (Goldstein and Philp, 1999; Pierre et al., 1992).

3.2.3,5. Tealp and cytokinesis

Cytokinesis occurs shortly after mitosis in fission yeast and the mother cell 

divides into two equal daughter cells. A contractile cytokinesis ring is assembled 

in the cell middle which contracts to close the plasma membrane between the 

daughter cells followed by the deposition of septum material. The microtubule 

cytoskeleton also undergoes changes during cytokinesis. The mitotic spindle 

breaks down and the PAA is established late in mitosis. It consists of microtubules 

nucleated at the SPBs of both nuclei and of a tubulin ring formed in the equator of 

the cell which nucleates micro tubules extending towards the cell ends. At the end 

of cytokinesis the PAA breaks down and interphase microtubules appear.

3.2.3.51. Tealp and the division septum

Tealp localises to the forming and completed division septum (see chapter 

3.1.). As it is not known which structure of the cytokinesis machinery tealp 

associates with (see below), the term “septum” is used here in a broader sense 

referring to structures involved in the division process in the cell middle. The 

septum becomes the new ends of the daughter cells and being on the septum 

means that tealp is on the new ends immediately after cytokinesis. Thus, by 

localising to the septum tealp exerts immediate control of linear growth after cell 

division. The localisation of pom Ip, tea2p and tiplp to the septum is dependent on
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the presence of tealp and I propose that similar to its role at the cell ends tealp 

may function as scaffold for morphogenetic factors on the septum.

The localisation of tealp to the septum is independent of its ability to 

associate with the ends of the cell. Teal(A200)p failed to accumulate at the cell 

ends but was still present on the division septum. Thus, tealp interacts differently 

with the cell ends and the division septum. At the septum tealp may specifically 

associate with structures of the cytokinetic machinery, and one possibility is that 

tealp interacts initially with the cytokinetic ring and then associates with the 

septum after ring contraction. Another possibility is that tealp is present on the 

tubulin ring of the PAA. In this case tealp localisation to the septum would results 

from its ability to associate and move on the microtubules of the PAA. A detailed 

analysis of tealp co-localisation with the tubulin and the cytokinetic ring should 

help to distinguish between these two possibilities.

3.2.3.5.2. Tealp localisation to the septum in tealà.^ tipi A and mal3A cells

Tealp levels in tea2A and tipi A cells are reduced both at the cell ends and 

on the division septum. At the cell ends reduced amounts of tealp are due to short 

interphase microtubules in these mutants (see chapter 3.1.). To explain reduced 

amounts of tealp on the septum three explanations can be considered. First, a 

defect in the organisation of the microtubules of the PAA could interfere with 

tealp accumulation on the septum but such a defect has not been reported for 

tipi A and tea2A mutants in the literature. Second, tealp may accumulate normally 

on the septum during cytokinesis but as soon as the PAA is replaced by short
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interphase microtubules tealp levels may decrease rapidly. In this case, tip IS, and 

tea2S cells with weaker septum staining would be expected to have completed 

cytokinesis. A third possibility is that tealp, tip lp  and tealp  are mutually 

dependent for localisation to the septum as it has been discussed for their 

localisation to the cell ends (see above). I consider this possibility less likely 

because in tip IS  and tea2S cells some tealp is still present on the septum while 

tiplp and tealp are completely absent from the septum in tealS  mutants.

In mal3S cells tealp levels are highly reduced on the septum and at the cell 

ends. Tealp is neither found on the microtubules of the PAA, nor on interphase 

microtubules, and a microtubule-independent mechanism may be responsible for 

locating tealp on the septum and at the cell ends (see discussion chapter 3.1.).

3.I.3.5.3. Possible roles of tealp, tiplp, pomlp in cytokinesis

Tealp, tiplp and pomlp are morphogenetic factors whose localisation to the 

septum is dependent on the tealp scaffold. Pomlp plays an important role during 

cytokinesis as pom IS  cells have tilted and misplaced septa (Bahler and Nurse, 

1001; Bahler and Pringle, 1998), whilst no septation defect has been reported for 

tea2S and tip IS  cells. I discuss briefly possible roles of tiplp, pomlp and tealp on 

the septum and then explore the functional relationship between pomlp and tealp 

during cytokinesis.

On the septum tip lp  and tealp  may have functions similar to those 

suggested at the cell ends (see above). This may include the regulation of
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microtubular dynamics of the PAA and transfer of vesicles from the microtubules 

to the septum. Another possibility is that tiplp and tealp play no role during 

cytokinesis and that they simply locate to the septum because tealp is there. If this 

is the case recruitment of tealp and tiplp may be important to configure the 

septum for its later role as the new ends of the cell. Whatever their function on the 

septum, it is not directly related to cytokinesis because tiplà. and teal^. cells 

divide normally. In contrast, pom lA  cells do not undergo proper cytokinesis. 

Pomlp acts downstream of tealp on the septum and may be involved in anchoring 

or regulating the cytokinesis machinery, similar to its proposed function at the cell 

ends.

The functional relationship between pom lp and tealp on the septum is 

complex and will require further investigation. Pomlp localisation to the septum is 

clearly dependent on tealp, but the phenotypes of the teal and pom l null mutants 

are contradictive because only pom l A but not teal A cells have a cytokinesis defect 

and place the septa closer to the non-growing end. Misplaced septa in pom l A cells 

have been explained by postulating that the division site is marked by the nucleus 

directly after mitosis before monopolar growth starts (Bahler and Pringle, 1998). 

Thus in monopolarly growing cells the division site marker would be translocated 

from the cell middle towards one cell end. However, both teal A and pom l A cells 

grow in a monopolar manner (Bahler and Pringle, 1998; Glynn et al., 2001), and 

would therefore be expected to have a septum placement defect. In addition, 

pom l A cells have also tilted septa, and this defect should also occur in teal A cells 

which have pomlp delocalised. A possible explanation for these contradictory
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observations is that low levels of pomlp in the cell middle are sufficient to prevent 

a cytokinesis defect in teal à, cells; indeed, poml is present on the septum in teal A 

cells although levels are highly reduced (this thesis and (Bahler and Pringle, 

1998)).
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Figure 3.2.1. Western blot of t e a l  mutant strains.

Total protein extracts of teal  mutant strains were prepared and separat
ed by SDS-PAGE. Western blots were probed with a-tea1b polyclonal 
antibodies specific for the amino-terminal half of the protein (see Materi
als and Methods). The teal  mutant alleles were isolated in two indepen
dent screens by Juerg Bahler (31 66-31 71 ) and Fulvia Verde (FVl -5) 
(Verde et al. 1995; Bahler et a!., 1998). As control total protein extracts 
from a wild-type (972) and a teat A strain (1733) were loaded. Equal 
amounts of total protein were loaded as confirmed by Ponceau staining 
after blotting. The molecular weights are shown left of the gel in kDa.
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Figure 3.2.2. Strategy for the construction of teal  partial deletion 
mutants.

Deletion mutants were constructed by homologous recombination using 
a PCR-based gene targeting method (Bahler et al. 1998). (A) Amino- 
terminal deletion mutants were constructed by integrating the ura4+ 
cassette into the teal gene of a ura4-strain. Next, a PCR fragment was 
generated with homology to the borders of the regions to be deleted. 
The fragment was transformed into the ura+ cells and cells were select
ed for deletion of the ura4+ cassette on 5F0A. (B) Carboxy-terminal 
deletion mutants were constructed by integrating the KanR cassette into 
the teal gene. For details see Material and Methods. Abbreviations: P 
(promotor), ura4+ {ura4+ gene), KanR (gene conferring kanamycin 
resistance), Kelch (region encoding a Kelch domain), coiled coil (region 
encoding coiled-coil motifs).
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Figure 3.2.3. Domain structure of tea7 partial deletion mutants.

The program MULTICOILS (p=0.01, window=21 ) was used to predict 
regions of the protein encoding coiled-coil domains. The graph gives 
the probability of predicted coiled-coil motifs implicated in dimeric 
(blue) and trimeric (red) interactions. Coiled-coil (green) and Kelch 
(orange) domains are shown. The amino acid position of the amino- and 
carboxy-terminal borders for each motif are given.
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Untagged strains 

teal (A 100) 

teal(A150) 

teal(A200)

GFP-tagged strains 

teal(A100)GFP

teal(A200)GFP/YFP

teal(A300)GFP

teal(A400)GFP

teal (AKel)

Figure 3.2.4. Summary of constructed teal partial deletion strains
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g   +GFP tag_________________
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Figure 3.2.5. Western blot of tea 7 partial deletion strains.

The expression level of untagged (A, C) and GFP-tagged (B) tea / dele
tion constructs was analysed by Western blotting. Boiled protein 
extracts were prepared and separated by SDS-PAGE. Western blots were 
probed with a-teal antibodies. Equal amounts of total protein were load
ed in each lane as verified by Poceau staining after blotting. The molecu
lar weights are shown in kDa to the left of the gel. Abbreviations: 
untagged strains: teal + (RBI 0), teal A (RBI 4), teal (A l 00) (RBI 1 6), 
teal (A l 50) (RB106), teal (A200) (RBI 20), tea l (AKel) (RBI 23); GFP- 
tagged strains: teal GFP (RBI 0546), teal (A l 00)GFP (RBI 00), 
teal (A200)GFP (RBI 01 ), teal (A300)GFP (RBI02), teal (A400)GFP 
(RBI 04).
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t e a l  + te a1( A 100 ) t e a 1 ( A 1 5 0 ) te a1 (A 20 0 )

tea1 (A 300)G F P  t e a l  (A400)GFP t e a l  (AKel) t e a l  A

Figure 3.2.6. Morphogenetic phenotype of t e a l  mutant cells.

The cell shape of teal  mutant cells was analysed by differential interfer
ence microscopy. The scale bar represents 10pm. Abbreviations: 
untagged strains: tea1+ (RB10), te a l A (RB14), tea l(A IO O ) (RB116), 
tea1(A150) (RB106), tea1(A200) (RB120), te a l (AKel) (RB123); GFP- 
tagged strains: te a l (A300)GFP (RB102), te a l (A400)GFP (RB103).
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Figure 3.2.7. Quantification of bending and branching 
of teal mutant strains.

Differential interference contrast microcopy was used to analyse cell 
shape. Cells were grown in log phase in YES at 32°C. Error bars give the 
standard deviation. Abbreviations: untagged strains: tea1+ (RBI 0), 
teal A (RBI 4), teal (A l 00) (RB116), teal (A l 50) (RBI 06), teal (A200) 
(RBI 20), teal (AKel) (RBI 23); GFP-tagged strains: teal GFP (RBI 0546), 
teal (A l 00)GFP (RBI 00), teal (A200)GFP (RBI 01 ), teal (A300)GFP 
(RBI 02), teal (A400)GFP (RBI 03).
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Figure 3.2.8. Quantification of microtubule curling around 
the cell ends in tea 7 mutant strains.

Fixed cells were stained with a-tubulin antibodies and microtubules 
analysed by fluorescence microscopy. Error bars give the standard devia
tion. Abbreviations: untagged strains: tea l+  (RBIO), teal A (RBI 4), 
teal (A l 00) (RBI 16), teal (A l 50) (RBI 06), tea l (A200) (RBI 20), 
teal (AKel) (RBI 23); GFP-tagged strains: teal GFP (RBI 0546), 
teal(A100)GFP (RBI 00), teal (A200)GFP (RBI 01), teal (A300)GFP 
(RBI 02), teal (A400)GFP (RBI 03).
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t ea l  + teal(AIOO) t ea1(A150)

a-tea1

a-tubulin

tea1(A 200)

y
t e a l  (AKel)

a-tea1

a-tubulin

Figure 3.2.9. Localisation of untagged te a lp  deletion constructs.

Visualisation of untagged te a lp  mutant proteins and of microtubules by 
indirect immunofluorescence microscopy. Fixed cells were stained with a- 
tea1 and a-tubulin antibodies. The scale bar represents 5pm. Abbrevia
tions strains: tea1+ (RB10), tea1A (RB14), te a l (A l  00) (RB116), 
tea1(A150) (RB106), tea1(A200) (RB120), te a l  (AKel) (RB123).
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teal  GFP t e a l  (AI 00)GFP t e a l  (A200)GFP

a - te a 1

a -tubu lin

te a1 (A 300)G F P  te a t (A 4 0 0 )G F P

a-tea1

a-tubu lin

Figure 3.2.10. Localisation of tagged te a lp  partial deletion constructs 
In fixed cells.

Visualisation of GFP-tagged te a lp  mutant proteins and of microtubules 
by indirect immunofluorescence microscopy. Fixed cells were stained 
with a-tea1 and a-tubulin antibodies. The scale bar represents 5pm. 
Abbreviations strains: teal GFP (RB10546), te a l (A1 00)GFP (RB100), 
tea1(A200)GFP (RB101), te a l (A300)GFP (RB102), te a l (A400)GFP 
(RB103).
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t ea1  + t e a l (Al 00)  t e a l (Al 50)  t e a 1 ( A 2 0 0 )

a - t e a1
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m e rg e d

t e a l  A

Figure 3.2.11. Co-localisation studies of tea l p mutants with 
microtubules.

Visualisation of untagged tea lp  mutant proteins and of microtubules by 
indirect immunofluorescence microscopy. Fixed cells were stained for 
tea lp  (green) and microtubules (red) using specific antibodies, and sin
gle optical sections (0.45pm) of mutant cells were obtained by confocal 
microscopy. Arrowheads show tea lp  dots co-localising with the tips of 
microtubules. The asterix (*) indicates a microtubule curling around the 
end of a teal A cell. Scale bar: 5pm. Abbreviations: untagged strains: 
tea1+ (RB10), teal A (RB14), tea1(AlOO) (RB116), tea1(A l50) 
(RB106), tea1(A200) (RB120).
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m e rg e d

Figure 3.2.12. Co-localisation studies of tagged te a lp  mutants 
with microtubules.

Visualisation of GFP-tagged te a lp  mutant proteins and of microtubules 
by indirect immunofluorescence microscopy. Fixed cells were stained for 
te a lp  (green) and microtubules (red) using specific antibodies, and sin
gle optical sections (0.45pm) were obtained by confocal microscopy. 
Arrowheads show te a lp  dots colocalising with the tips of microtubules. 
The scale bar represents 2pm. Abbreviations for GFP-tagged strains: 
teal GFP (RB10546), te a l (A1 00)GFP (RB100), te a l (A200)GFP 
(RB101), tea1(A300)GFP (RB102).
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teal GFP te a l (A1 00)GFP te a l (A200)GFP

te a l (A300)GFP te a l (A400)GFP

Figure 3.2.13. Localisation of GFP-tagged te a lp  deletion constructs.

The localisation of teal  partial deletion constructs tagged with GFP was 
analysed in living cells by fluorescence microscopy. Arrowheads indicate 
septum staining. The scale bars represent 4pm. Strains shown are: 
teat GFP (RB10546), tea t ( A 1 00)GFP (RB101), tea t (A200)GFP 
(RB102), tea1(A300)GFP (RB103), tea t (A400)GFP (RB104) and 
tea1(AKel)GFP(RB124).

171



B

tea1(A 200)Y FP
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Figure 3.2.14. Movement of tea1(A200)p In living cells.

(A ) Live time imaging of tea l (A200)GFP movement (strain RB101). (B) 
Live time imaging of teal (A200)YFP and tubulinCFP (strain RB135). 
Arrowheads follow the movement of selected teal (A200)GFP/YFP dots, 
and time is shown in seconds (s). The asterix (*) in (Bb) highlights a 
tea l (A200)YFP dot present at the cell ends after a microtubule has 
undergone catastrophe. The scale bars represent 5pm.
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Figure 3.2.1 5. Processivity of tea l (A200)GFP movement.

The displacement over time of five selected teal (A200)GFP dots is 

shown. Analysed teal GFP strain: RBI 01.
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Figure 3.2.16. Statistics o f  cytoplasmic te a l GFP and 
te a l (A200)GFP distribution.

The average number of dots per cell was determined, and the distribu
tion of dots within 4^m distance from the nucleus centre analysed. Error 
bars give the standard deviation. The tota l number of analysed dots and 
cells were (dots, cells): tea l (GFP) (75, 21 ); tea l (A200)GFP (92, 37).
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Figure 3.2.17. Dynamics of tea1(A200)p at the cell ends.

( A )  Visualisation of te a l (A200)GFP and of microtubules in an alp4-1891 
ts strain (RB128). Cells were shifted to 36°C for 3h, fixed, stained with 
a-tea1 and a-tubulin antibodies and visualised by indirect immunofluores
cence. ( B )  Localisation of teat (A200)GFP in living alp4-1891 cells.
Tea l(A200)G FP was visualised by fluorescence microscopy 3h after the 
shift to 36°C. (C) and (D) Live time imaging of te a l (A200)GFP dynam
ics in alp4-1891 cells at 36°C. Boxes magnify microtubules at the cell 
ends. The microtubules dissociate from large te a l (A200)GFP dots pres
ent on their tips. The te a l (A200)GFP dots remain at the cortex after 
the microtubules have disappeared from the cell end. ( E )  Cartoon illus
trating the behaviour of tea1(A200)p (green dots) and microtubules 
(red lines) in tea1(A200)  cells. The scale bars represent (A) 3pm, (B) 
3pm, (C) 2pm (left image) and 1pm (time course), (D) 2pm (left image) 
and 1pm (time course).
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Figure 3.2.18. Overexpression of teal  fragments.

(A) Four different fragments ( 1 , 2 ,  3, 4) of the teal  gene were 
cloned into the  vectors pREP41-EGFP and pREP41-3Pk. Vectors 
were transformed into the indicated strains and expression of the 
fragments verified by fluorescence (strain 1 686) (not shown) or 
Western blotting (strain RBI 6) in the  presence (+T) and absence 
(-T) of thiamine (B). Total protein extracts were used and the blot 
was probed with monoclonal a-Pk antibodies. The molecular 
weights are shown to the  left of the gel in kDa. (C) Overexpression 
of teal(604-997)-3Pk in strain RBI 6 resulted in the  formation of 
tealGFP aggregates (arrowheads). The scale bar represents 4pm. 
Abbreviations: MCS (multiple cloning site), nmt41 (thiamine- 
inducible promotor).
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Figure 3.2.19. Localisation of tea2GFP in t e a l  mutant strains.

The in vivo localisation of tea2GFP in tea l  mutant strains was visualised 
by fluorescence microscopy. The scale bar represents 4pm. Strains 
shown are: tea1+ (RB2435), tea1(AlOO) (RB129), tea1(A200) 
(RB130), te a l A (RB2500).
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t ea l  + tea1(A100)

t e a l  ( A 2 0 0 ) t e a l  A

Figure 3.2.20. Localisation of tiplGFP in t e a l  mutant strains.

The in vivo localisation of tiplGFP in teal mutant strains was visualised 
by fluorescence microscopy. The scale bar represents 4pm. Strains 
shown are: tea1+ (RB3643), teal (A1 00) (RB131), tea1(A200) 
(RB132), tea l A (RB133).
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t e a l  + t e a 1 ( A 1 0 0 )

t e a 1 ( A 2 0 0 ) t e a t  A

Figure 3.2.21. Localisation of pomlGFP in t e a l  mutant strains.

The in vivo localisation of pomlGFP in teal mutant strains was visualised 
by fluorescence microscopy. The scale bar represents 4pm. Strains 
shown are: tea1+ (RB3141), tea l (A 1 00) (RB125), 
teal (A200)(RB126), tea l A (RB3172). The arrowhead indicates 
pomlGFP localised to the division septum.
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Figure 3.2.22. Septum localisation of tiplGFP in t e a l  mutants.

The septum localisation in vivo of tiplGFP in teal  mutant strains was 
visualised by fluorescence microscopy. The arrowheads indicate 
localisation to the division septum. The scale bar represents 4pm. Strains 
shown are: tea1+ (RB3643) , teal (A1 00) (RB131), tea1(A200) 
(RB132), tea l A (RB133).
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Figure 3.2.23. Septum localisation of tea2GFP in t e a l  mutants.

The septum localisation in vivo of tea2GFP in teal mutant strains was 
visualised by fluorescence microscopy. The arrowheads indicate 
localisation to the division septum. The scale bar represents 4pm. Strains 
shown are: tea1+ (RB2435), teal (A 1 00) (RB129), tea1(A200)
(RB130), tea1(A200) (RB2500).
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Figure 3.2.24. Live time imaging of microtubules in wild-type cells.

GFP-tubulin was expressed from a plasmid in strain RB22 {tea1+) and 
microtubular dynamics were analysed by time-lapse microscopy. Time is 
given in seconds (s). The scale bar represents 4pm.
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Figure 3.2.25. Live time imaging of microtubules in t e a l  A cells.

GFP-tubulin was expressed from a plasmid in strain RB1686 {tealA) and 
microtubular dynamics were analysed by time-lapse microscopy. The 
asterix (*) indicates microtubules curling around the cell ends. Time is 
given in seconds. The scale bar represents 4pm.
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Conclusions from the structural analysis of tealp:
> Deletion of more than 150 amino acids from the carboxy terminus of tealp  or 

deletion of the Kelch domain results in bending and branching.
> Deletion of 400 amino acids from the carboxy terminus or deletion of the Kelch 

domain of tealp  results in microtubules curling around the cell ends.

> Deletion of 200-300 amino acids from the carboxy terminus eliminates tealp  
localisation to cell ends but does not affect association with microtubules and 
division septum, or movement.

> Deletion of 400 amino acids from the carboxy terminus or deletion of the Kelch 
domain eliminates tealp  association with microtubules, cell ends and septum

> Teal(A200)p transport on the microtubules and dissociation from the 
microtubules is normal but it is not retained efficiently at the cell ends.

> Tea2p and tiplp, but not pom lp, depend on amino acids 947-1047 of tealp  for 
retention on the septum.

Kelch coiled
—I-----
74 7 847

coils
400

microtubule association ?

I I I
947 997 1047 1147

I
maintenance at cell end 

&
interaction with tea2p 

and t ip lp  on the septum

Conclusions from functional analysis:
> T ealp  has to be at the cortex at the cell ends to maintain growth in a straight line. 

It is not sufficient to have tealp on the plus ends of microtubules.

>  T ealp  on the plus ends of microtubules is sufficient to prevent microtubules from 
curling around the cell ends. Tealp  needs not to be on the cortex at the cell ends 
to prevent microtubules curling.

>  The curling of microtubules around the cell ends is retention of tea2p, tip lp  and 
pom lp at the cell ends and on the division septum require the presence of tealp  at 
these locations.

>  Neither the absence of tealp from the cell ends nor its absence from the tips of 
microtubules increases the microtubule dwelling time at the cell ends. T ealp  on 
the tips of microtubules does not influence the growth rate of microtubules.

>  Microtubules frequently curl around the cell ends in 10-20% of teal A cells 
whereas little curling occurs in the majority of teal A cells.

Figure 3 .2 .26 . Summary of structure-function analysis.
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strain growth rate [/ym/min] shrinkage rate [r/m/min] dwelling time $[s]

t e a U  3.87+0.72 (23, 10) 12.1313.91 (4 8 ,1 5 ) 100154 (5 3 ,2 0 )

t e a 1 ( A 2 0 0 )  5.0211.06 (49, 16) 14.3813.27 (45, 16) 117 s l4 4  (25, 1 0)

t ea1A 5.1511.07 (45, 15) 14.4114.28 (56, 20) 94150 (3 9 ,1 3 )

The number of analysed microtubules and cells is given in parenthesis 
(microtubules, cells).

$ Defined as the time a microtubule remains in contact with the cell end cortex 

before undergoing catastrophe.

Table 3.2.1. Microtubular dynamics in t e a l  mutant strains.

Strains were transformed with plasmid pDQ105 {nmt1-GFP-atb2) and 
microtubular dynamics were visualised by fluorescence microscopy. 
Abréviations strains: tea1(A200) (RB120), tea l A (RB1686), tea1 + 
(RB22).
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_________________________ Chapter 3.3: Identification o f tealp interacting partners

3.3.1. Introduction

Tealp contains two predicted protein motifs; a six Kelch repeats containing 

domain is located in the amino-terminal half and several coiled-coil motifs are 

predicted in the carboxy-terminal half of the protein (Mata and Nurse, 1997). 

Since both of these motifs are general protein-protein interaction domains found in 

a large number of proteins of diverse function, prediction of interacting partners is 

difficult (Adams et al., 2000; Wolf et al., 1997). However, the structure-function 

analysis of tealp demonstrated that the carboxy-terminal part of the coiled-coil 

region is important to maintain tealp on the cortex at the cell ends (see chapter

3.2.). I used this information to try and identify factors which interact with teal p’s 

coiled coils in a two-hybrid screen.

The a-helical coiled-coil structural motif mediates subunit oligomerisation 

which leads to homomeric or heteromeric protein complex formation (Wolf et al., 

1997). Coiled coils consist of between two and five amphipathic helices that twist 

around one another to form a supercoil. The helices bundles may run in the same 

(parallel) or in opposite (anti-parallel) directions, and can be left- or right-handed. 

Sequences of parallel left-handed coiled coils are characterised by a seven-residue 

periodicity (heptad repeat), with the occurrence of apolar residues preferentially in 

the first (a) and fourth (d) positions of the “heptad” (Lupas, 1996) (Figure 3.3.1.). 

Similarly, sequences of right-handed coiled coils are characterised by an 11- 

residue periodicity (undecad repeat) (Harbury et al., 1998; Stetefeld et al., 2000). 

A distinctive “knobs-into-holes” packing of the apolar side chains into a 

hydrophobic core achieves stability of coiled coils and was first postulated by
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_________________________ Chapter 3.S: Identification o f tealp interacting partners

Crick (Crick, 1953). Ionic interactions are important for proper alignment, 

orientation and selectivity of coiled coils (Kohn et al., 1995; O'Shea et al., 1992). 

Coiled-coil assembly can be modulated by phosphorylation (Liang et al., 1999; 

Szilak et al., 1997) or by interaction with ions (Farah and Reinach, 1999). These 

characteristics make the coiled-coil system a highly versatile protein folding motif 

found in many different protein families.

Coiled coils are particularly amenable to protein-association studies for 

several reasons. First, computational methods can be used to identify both 

interaction motifs and their candidate ligands because coiled-coil sequences 

generally interact with other coiled-coil sequences. Second, coiled coils are often 

autonomously folding units (i.e., they are capable of folding independently) 

(O'Shea et al., 1989a; O'Shea et al., 1989b; Oakley and Kim, 1997). Third, coiled 

coils interact specifically in vitro, and this specificity corresponds to known 

interactions in vivo (Hai et al., 1989; O'Shea et al., 1989a; O'Shea et al., 1989b; 

Vinson et al., 1993). Fourth, additional protein domains are often not required for 

specific interactions mediated through coiled coils (Carr and Kim, 1993; O'Shea et 

al., 1989b; Sharma et al., 1998).

In recent years two-hybrid screening has been successfully applied to 

identify proteins interacting specifically with particular coiled-coil domains (see, 

for example (Akhmanova et al., 2001)). In a two-hybrid screen with the coiled-coil 

motifs of the budding yeast tealp-homologue, Kell, six interaction candidates 

were discovered (Newman et ah, 2000). One candidate was Kell itself which has 

been shown by co-immunoprecipitation to form homomers (Philips and
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_________________________ Chapter 3.3: Identification o f tealp interacting partners

Herskowitz, 1998). Interaction with the candidates YALOllW, Spc72, Dynl, 

Ends and P ad  has not been confirmed biochemically, and apart from End3 they 

give no hints for potential tealp interacting partners. YALOllW and Spc72 have 

no homologues in fission yeast. The localisation and function of P a d  is unknown 

and its fission yeast homologues pop Ip and poflp are involved in protein 

degradation and metabolic control, respectively. Dhclp encodes the microtubule- 

associated motor dynein required for meiosis in S. pombe and is homologous to 

Dynlp in S. cerevisiae (Yamamoto et al., 1999). End3 shares 31% sequence 

identity with its fission yeast homologue end3p, which may be a potential tealp- 

interacting partner because it is actin associated and required for endocytosis 

(Benedetti et al., 1994).

In this chapter I report the results of a two-hybrid screen with the coiled-coil 

region of tealp. Unlike a previous two-hybrid screen, which was carried out with 

full length tealp (N. Peat, unpublished data), my screen specifically aimed to 

identify proteins interacting with the coiled coils of tealp and to find factors 

required to maintain tealp at the cell ends.

3.3.2. Results

3.3,2,1. A two hybrid screen fo r  proteins interacting with the
coiled-coil domain o f  tealp

To identify proteins interacting with the coiled-coil region of tealp I 

performed a two-hybrid screen (Figure 3.3.2.) (Fields and Song, 1989). Two bait 

vectors pA S2-lteal(601-1099) and pAS2-lteal(A947) were constructed which
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_________________________ Chapter 3.3: Identification o f  tealp interacting partners

expressed amino acid 601-1099 and amino acid 1-947, respectively, fused to the 

DNA binding domain (DBD) of the Gal4 transcription factor. A third vector 

pAS2-lteal+ containing the full length tea l ORF was constructed in the lab 

previously (N. Peat, unpublished construct). The vectors were transformed into 

S. cerevisiae strain Y 190 and reporter experiments showed no activation of the 

his3 or lacZ reporter genes in the absence of an interacting partner. Western blot 

analysis demonstrated that all three constructs were expressed at similar levels 

(Figure 3.3.3.), and cells showed wild-type growth rates and morphology 

suggesting that the overexpressed fragments were not toxic.

In the two-hybrid screen plasmid pAS2-lteal (601-1099) was cotransformed 

with a S. pombe cDNA library fused to the activation domain (AD) of the Gal4 

transcription factor (gift of S. Elledge). Over 10  ̂ clones were screened and 80 

clones were obtained which activated both reporter genes and contained an ORF in 

frame with the AD of Gal4 (Figure 3.3.4.). After a database search for homology 

and protein motifs, positive clones were classified into three groups. Group (I) 

contained eight clones encoding DNA-associated proteins (Table 3.3.1.), and 

group (II) consisted of 18 genes encoding proteins which were not associated with 

DNA and did not have significant predictions for coiled-coil sequences (Table

3.3.2.). Group (III) consisted of nine proteins which did not associate with DNA 

and encoded a coiled-coil motif on the isolated cDNA fragment (Table 3.3.3.).
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3.3,2.2. A preliminary analysis o f  group (III) clones

Given that one coiled-coil domain specifically interacts with another coiled- 

coil domain I focused my analysis on the candidates of group (III). The nine 

candidate vectors when retransformed into strain Y190 showed no autonomous 

activation of the lacZ reporter gene. Next, nine vectors were retested for 

interaction with pAS2-1 tea l(601-1099), pAS2-lteal+ and pAS2-ltealA947 in 

five independent co-transformation experiments. For each two-hybrid pair results 

were highly variable, with the activation levels of the lacZ reporter gene ranging 

from no to strong colony staining. Thus 1 was not able to confirm obtained two- 

hybrid interactions between tealp and candidates of group (111) in retransformation 

experiments.

To examine whether the candidate genes are involved in fission yeast 

morphogenesis 1 constructed heterozygous diploid knock-out strains for seven of 

the nine genes (Table 3.3.4.). The tea3 gene was deleted previously (J. Mata, 

unpublished results) and shown to be involved in NETO (M. Arellano, 

unpublished results). Further, tea3p has been previously identified as tealp- 

interacting candidate in a two-hybrid screen using full length tealp as bait (N. 

Peat, unpublished data). The SPAC1F5.06 gene encodes a member of the HSP70 

family of chaperones, which assist protein folding and which can be involved in 

the assembly of macromolecular complexes (Frydman, 2001; Naylor and Hartl, 

2001). SPAC1F5.06 has not been deleted yet, however, as HSP70 chaperones may 

have a role in interphase microtubule nucléation in fission yeast (P. Tran, personal 

communication), the gene should be tagged and deleted in the future. Sporulation
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of the diploid strains showed that SPCC188.04, nuf2 and SPBC3F6.04 were 

essential genes. The cells died without a cell shape defect one to three divisions 

after germination. Cells deleted for SPCC1620.12, SPBC l6E9.08  and  

SPAC22E12.18 were viable and had wild-type morphology even when coming out 

of stationary phase at 36°C, growth conditions under which nearly all tealA  cells 

bend or branch. Strains SPCC1620.12à. and SPBCl6E9.08A showed wild-type 

growth rates whilst strain SPAC22E12.18A grew slightly slower. Sla2A cells grew 

significantly slower than wild-type cells at 25°C (Figure 3.3.5A.), and died at 

temperatures over 30“C. Cells showed a diversity of irregular cell shapes (Figure 

3.3.5B.), and septa were often misplaced or tilted. To determine whether sla2p is 

involved in localising tealp to the end of the cell I analysed tealGFP localisation 

in a sla2A strain (Figure 3.3.6.). TealGFP was still present at the cell ends 

although its levels appeared to be reduced compared to sla2+ cells. In time-lapse 

microscopy experiments tealGFP movement through the cytoplasm was not 

observed. I conclude that at least two of the tealp-interacting candidates, sla2p and 

tea3p, are implicated in fission yeast cell polarity. Further analysis will be required 

to confirm biochemically their physical interaction with tealp .

3.3.3. Discussion

3.3.3.1. Advantages o f using tealp^s coiled coils as bait

The strategy of limiting the bait sequence to the coiled-coil region of tealp to 

identify protein-protein interactions has several advantages over an approach that 

uses full-length protein. First, the risk that an interaction will be masked by
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another protein region (see, for example (Carr and Novick, 2000; Ito et al., 2000; 

Misura et al., 2000)) or will not be detected because a protein is misfolded is 

limited by the exclusive use of a coiled-coil domain in a screen. Second, the use of 

a discrete oligomerisation motif is likely to increase the specificity of a screen by 

eliminating domains that can interact non specifically. Third, sequences interacting 

with coiled coils should themselves contain coiled coils, which helps to eliminate 

some of the false positive candidates obtained in two-hybrid screens. Finally, I 

found that at least a part of the coiled-coil containing region of tealp is implicated 

in interactions at the cell ends. Therefore candidates predicted not to localise at the 

cell ends or not to have functions related to teal p ’s role at the cell ends may be 

excluded from further studies. A potential problem of using only a part of a protein 

as bait is that it may not fold properly. However, generally coiled coils are capable 

of folding independently (O'Shea et al., 1989a; O'Shea et al., 1989b; Oakley and 

Kim, 1997), and I tried to prevent misfolding by extending the bait beyond the 

borders of the predicted coiled-coil sequences (Figure 3.3.2.).

3.3.3.2. Tealp-tealp  interaction and potential problems in two- 
hybrid screens

Some interactions between coiled-coil domains result in the formation of 

homomers and it is an intriguing possibility that tealp may interact with itself at 

the cell ends. Homomeric interactions have been reported for the tealp homologue 

Kell (Philips and Herskowitz, 1998), and the result of overexpressing the coiled 

coils of tealp gives support for the formation of tealp homomers in vivo (see 

chapter 3.2.). Conversely, in the two-hybrid screen tealp was not identified as an
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interacting partner for the coiled coils of tealp. Although this argues against tealp- 

tealp  interaction, the lack of tealp-tealp  two-hybrid interaction could also 

indicate shortcomings of the experimental system. First, cDNAs from large genes 

such as teal (>3.5kb) are often underrepresented in cDNA libraries. Second, the 

part of the coiled coils involved in tealp-tealp interaction may be buried within 

the full-length tealp activation-domain construct (prey) and not be accessible 

under the experimental conditions. Third, tea lp  may undergo parallel 

homodimeric coiled-coil interactions (see predictions Figure 3.3.2.) which are not 

easily detected by two-hybrid assay. Most likely, this is because the DNA-binding 

domain binds DNA as a dimer (Marmorstein et al., 1992), thereby promoting also 

formation of homodimers of the attached coiled-coil sequences. Consequently, bait 

constructs have a reduced ability to associate, in the two-hybrid assay, with 

activation-domain constructs (prey) to form two-stranded coiled coils and activate 

the reporter gene. To investigate a possible tealp-tealp interaction further more 

experiments, such as co-immunoprecipitation studies with full-length tealp or with 

the coiled-coil domain alone, should be carried out (see discussion chapter 3.2.).

3.3,3.3. Assessm ent o f  candidates showing a two-hybrid  
interaction with tealp

I performed a two-hybrid screen to identify candidates which interact with a 

500 amino acid region of tealp comprising all predicted coiled coils of the protein. 

In particular I aimed to identify the factor(s) involved in retaining tealp at the cells 

ends because the carboxy-terminal part of the coiled-coil region is necessary for 

cell ends localisation (see chapter 3.2.). Only 80 clones with the ability to activate
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both reporter genes were isolated from a screen of more than 10  ̂ clones. This 

suggests that the expressed region of tealp was transported into the nucleus and 

interacted specifically with a limited number of targets.

Plasmids rescued from the 80 clones encoded 35 different ORPs which were 

categorised into three groups. Group (I) contains DNA-associated proteins which 

have no relation to tealp function in the cell and which are common false positives 

in two-hybrid screens. Group (II) consists of proteins not associated with DNA 

and which have no significant prediction for coiled-coil motifs. This group may 

contain true tealp interacting partners because some stretches of the bait are not 

predicted to contain coiled-coil motifs but may still be implicated in other protein- 

protein interactions. Three proteins in this group, SPBC1215.02p, SPBC887.09p 

and SPAC26A3.15p, are of particular interest. SPBC1215.02p shows 23% identity 

to S. cerevisiae Decl which is implicated in mitochondrial inheritance and actin 

cytoskeleton organisation (Hermann et al., 1997). Decl is reported to contain two 

coiled-coil motifs which are not predicted in SPBCl215.02p. SPBC887.09p is a 

leucine-rich protein which has 35% identify to LET413 in C. elegans. The latter 

plays a critical role in organising and positioning adherens junctions, and functions 

possibly as an adapter necessary for the polarisation of protein transport in 

epithelial cells (Legouis et al., 2000). SPAC26A3.15p belongs to the family of 

nucleoporins which are involved in nuclear-cytoplasmic transport, and since tealp 

loading on the microtubules occurs in the vicinity of the nucleus proteins of the 

nuclear envelope are potential loading factors. Further, a tealp loading factor may 

be identified in this screen because the analysis of the teal deletion mutants

1 9 5



_________________________ Chapter 3.3: Identification o f tealp inter actins partners

suggested that the central part of the coiled-coil region may be implicated in tealp 

loading on the microtubules (see chapter 3.2.). Group (III) consists of nine proteins 

which are not associated with DNA and have significant coiled coil predictions, 

and these proteins were considered as the best candidates for true interactions with 

the coiled coils of tealp. The morphogenetic factor teaSp is located at the ends of 

the cell and is involved in the switch from monopolar to bipolar growth during 

NETO (M. Arellano, unpublished results). Localisation and function of tea3p 

support a physical interaction with tealp detected in the two-hybrid screen 

indicating that the coiled-coil region of tealp can be used successfully to identify 

tealp interacting partners. However, tea3p is not responsible for maintaining tealp 

at the cell ends because tealp localisation is undisturbed in teaSà. cells (M. 

Arellano, unpublished results).

Three of the candidates in group (III) are essential. Amongst them are the 

spindle pole body associated protein nufZp (Wigge and Kilmartin, 2001) and the 

nuclear pore complex protein SPBC3F6.04p (Rout et al., 2000) which are both of 

potential interest because they may function as tealp microtubule loading factors 

(see above). Interestingly, in S. cerevisiae Nuf2 has been shown to undergo two- 

hybrid interactions with Kel2 (Ito et al., 2001), a protein homologous to Kell and 

tealp (Philips and Herskowitz, 1998). Amongst the non-essential genes sla2p 

appears to be a promising tealp-interacting candidate. Sla2p is a highly conserved 

protein which colocalises in vivo with actin and binds to actin in vitro through its 

I/LWEQ domain at the carboxy terminus (McCann and Craig, 1997; McCann and 

Craig, 1999). It also contains an epsin amino-terminal homology domain (ENTH
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domain) involved in the regulation of the cytoskeleton and in endocytosis (Kay et 

al., 1999). Interestingly, sla2p shares sequence similarity and biochemical 

characteristics with human HIPl, a protein that interacts with the Huntington 

disease protein huntingtin (Kalchman et al., 1997). Since fission yeast cells deleted 

for sla2 show a cell shape defect typical for actin mutants, it is likely that sla2p 

also interacts with actin in S. pombe. After NETO actin is located at both cell poles 

and tealp and sla2p may colocalise at the cell ends at least during this period of 

the cell cycle. In addition, in 5/a2A cells tealGFP movement and levels at the cell 

ends appeared to be reduced supporting a possible physical interaction between 

sla2p and tealp. I conclude that sla2p is required for the maintenance of the rod

like shape of fission yeast. Whether sla2p is interacting with tealp and whether 

this interaction is involved in maintaining tealp at the cell ends will require further 

analysis.

33,3,4, Future directions to verify identified two-hybrid  
interactions

Future work will require biochemical verification of these two-hybrid 

interactions. The analysis should focus on the eight candidates in group (III) and 

priority should be given to sla2p (see above). Three potentially interesting genes 

from group (II) may also be studied further (see above). Interaction between tealp 

and the other proteins in vivo can be confirmed using co-immunoprecipitation of 

tealp and the putative interactors, whose genes have been tagged at their genomic 

sites. For additional immunoprécipitation studies teal p’s coiled coils can be 

overexpressed in teal A strains containing the tagged candidate genes. Tealp, or
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the coiled coils, may also be expressed in bacteria, purified and then used in Far 

Western experiments with extracts from cell expressing the tagged candidate 

genes. Biochemically confirmed tealp-interacting factors can be tagged with GPP 

and their localisation and dynamics can be analysed in live cells. Deletion strains 

of tealp  interactors can then be (re-) examined for defects in the actin and 

microtubule cytoskeleton, or defects in growth transitions such as NETO. This 

analysis should allow verification of these two-hybrid interactions and should help 

to understand what role these interactions play in polar growth of fission yeast.
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Figure 3.3.1. Two perpendicular views of a parallel two-stranded 
coiled coil.

The seven positions of the heptad repeat are color coded according to 
their position from yellow (a) to orange (g). The residues in positions a 
and d are at the coiled-coil interface and are surrounded by the resi
dues in positions e and g. Adapted from (Burkhard et al., 2001 ).
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MultlCoil score

t o t a l  p r o b  ------

8

0 . 6

0
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Kelch coiled coils 1 teal (A 100)
1 1047

Kelch coiled coils teal (A 150)
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Kelch coiled tea1(A200)
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Kelch 1 coiled tea1(A300)
1 847

Kelch tea1(A400)
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coiled coils

601 1099

two-hybrid
bait

Figure 3.3.2. Coil coils of tea l p were used as bait in a 
two-hybrid screen.

The program MULTICOILS (p=0.01, window=21) was used to predict 
regions of the protein encoding coiled-coil domains. The graph gives 
the probability of predicted coiled-coil motifs implicated in dimeric 
(blue) and trimeric (red) interactions. The position of coiled-coil 
(green) and Kelch repeat (orange) domains in different tea lp  partial 
deletion constructs are shown. The region of tea l p used as bait in the 
two-hybrid screen is shown.
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(-) A947 tea1+ 601-1099

175 —

83

Figure 3.3.3. Expression of bait constructs.

Western blot analysis of boiled protein extracts from strain Y190 con
taining the empty pAS2-1 plasmid (-), plasmid pASZ-lteal-r, plasmid 
pAS2-1 teal (A947) or plasmid pAS2-l teal (601-1099). Expressed con
structs were detected with a-teal antibodies. Equal amounts of protein were 
loaded as determined by Ponceau staining after blotting. The molecular 
weights are shown in kDa to the left of the gel.
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1-3X10^ clones screened

I
307 his+ clones picked between day 6 and 9 after transformation

I
94 of these were p-gal positive

I
84 of these sequenced

I
80 had an ORF fused in frame to the AD of Gal4

^  14 DNA-associated proteins (8 different 
ORFs)

^  44 proteins with no coiled-coil prediction 
(18 different ORFs)

. 22 proteins with predicted coiled coils (and
coiled coils were on isolated fragments)

encoded 9 different ORFs

Figure 3.3.4. Screening results of two-hybrid screen.

Results of each step of the two-hybrid screen are summarised. His3+ 
clones were able to grow in the presence of 30mM 3-AT. p-gal positive 
clones showed a blue color in the p-gal assay detecting expression of 
the lacZ gene. AD: activation domain; Gal4: transcription factor.
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tetrad 1

tetrad 2

tetrad 3

Figure 3.3.5. Phenotype of sla2A cells.

(A) Colonies from dissected tetrads of a diploid heterozygous sla2 
knock-out strain. (B) Differentia l interference contrast micrographs of 
sla2A cells grown on YES plates.

203



Figure 3.3.6. Localisation of tealGFP in sla2A cells.

Live sla2A cells expressing the endogenous teal  gene tagged with GPP 
were imaged by fluorescence microscopy.
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Table 3.3.1. DNA-associated proteins identified in the screen.

total: 14 hits

ORF hits en co d es

SPCC757.04 4 putative transcriptional activator with zinc finger motif

CRB3 4 damage and replication checkpoint control protein

SPAC1071.02 1 putative DNA repair/transcription protein

SPBC530.08 1 zinc finger-containing transcription factor

TIF32 1 probable eukaryotic translation initiation factor-3 110 kDa 
subunit (EIF3 P110)

RES1 1 DNA-binding component of the Mlul-box binding factor (MBF) 
transcriptional activation complex

SPBC902.02 1 similar to S. cerevisiae  Chl12p protein involved in 
recombination and telomere length regulation

SPBP19A11.06 1 putative PHD finger containing transcriptional regulatory protein

Zinc finger domain: DNA-prote\n and protein-protein interaction domain (Klug, 1999). 

PHD finger domain: DHA-proXe\n and protein-protein interaction domain (Klug, 1999).
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Table 3.3.2.

total: 44 hits 

QBE_________

Proteins with no coiled coil prediction identified in 
the screen.

hits en co d es

PCY1 16

TPM 1

SPBP23A10.10 1

SPBC1706.01 1

UCH1 1

SPBC4C3.07 9

SPBC15D4.05 1

SPAC1952.15 1

SPBC1215.02 2

SPBC336.11 1

SPAC17A5.01 1

SPBC887.09 1

SPAC19A8.10 2

SPBC119.17 2

RGS1 1

SPAC26A3.15 1

SPCC1919.15 1

SPAC11E3.07 1

carboxypeptldase Y

triophosphate isomerase

putative serine/threonine protein kinase

SH3 SRC homology domain protein

ubiquitin carboxy-terminal hydrolase isoenzyme

possible cop9/signalosome complex
subunit, putative 26s proteasome regulatory subunit

hypothetical protein with weak similarity to nitrile hydratase 
p-chain

hypothetical protein

similar to S. cerevisiae  Deci mitochondrial inheritance and 
actin cytoskeleton organisation protein

hypothetical protein; putative subunit of the VPS52P-VPS53P- 
VPS54P complex involved in protein sorting in the late golgi

putative peroxin-6, member of AAA-family ATPases

leucine-rich repeat protein, weak similarity to  
adenylate cyclase

hypothetical zinc finger protein with RING domain 

putative zinc metallopeptidase 

regulator of G-protein signalling 

putative nucleosporin =

hypothetical zinc finger and RING domain protein 

V-type ATPase

® MULTICOIL program gives a weak prediction (p=0.35) for a coiled-coil 
domain located in the carboxy-terminal part of the protein.

Zinc finger domain: DNA-protein and protein-protein interaction domain (Klug, 1999).

RING domain: has E3 ubiquitin-protein ligase activity; various RING fingers exhibit binding 
activity towards E2 ubiquitin-conjugating enzymes (Freemont, 2000).

SR C  hom ology 3  (SH3) domain: binds to target proteins through sequences containing proline 
and hydrophobic amino acids.
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Table 3.3.3.

total: 22 hits 

QBE_________

Coiled-coil domain proteins identified in the screen.

Jills encodes
SPAC6G 10.02 6

SPCC188.04 2

NUF2 3

SPCC1620.12 2

SPBC3F6.04 1

SPAC22E12.18 1

SPBC16E9.08 3

SLA2 2

SPAC1 F5.06 2

tea3p (coiled-coil protein with low similarity to te a lp )

putative protein involved in vesicle docking in the late Golgi based 
on weak similarity to Rud3 in S. cerevisiae

spindle pole body component

putative GTPase activating protein of RAB-like GTPase containing 
aTBC domain

conserved nuclear protein with similarity to S, cerevisiae  
YDL148C, which purifies with nuclear pore complex

hypothetical protein with similarity to S. cerevisiae  YLR287C

hypothetical protein

actin binding protein with l/LWEQ and ENTH domain 

HSP 70 family protein

TBC domain: widespread domain which may have GTP-activator activity on Rab-like GTPases 
(Neuwald, 1 997).
//LH/EQ doma/n.-thought to possess an F-actin binding function (McCann e t al., 1997)

ENTH domain: Epsin amino-terminal homology (ENTH) domain; found in putative components 
of the endocytic and cytoskeletal machinery (Kay e t ai., 1999).

207



Table 3 .3 .4 . Knock-out phenotype of coiled-coiis 
containing ORFs.

QBE jstbal phenotype
TEA3 no NETO defect

SPCC188.04 yes germinating spores show no morphology defect

NUF2 yes germinating spores show no morphology defect

SPCC1620.12 no no morphology defect at 25/36'C, normal growth rate at 25 ‘ C

SPBC3F6.04 yes germinating spores show no morphology defect

SPAC22E12.18 no no morphology defect at 25/36'C, 25% reduced growth 
rate at 25°C

SPBC16E9.08 no no morphology defect at 25/36'C, normal growth rate at 25 'C

SLA2 no pleiotropic morphology defect at 25'C, 75% reduced 
growth rate at 25 'C

SPAC1F5.06 not determined
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4.1. Tfl and mutagenesis

4.1.1, Introduction

Insertional mutagenesis provides a convenient tool to identify and clone non- 

essential genes, such as many of the genes involved in cell polarity in fission yeast. 

However, so far an insertional mutagenesis tool has not been available in S. pombe 

and more tedious methods like chemical mutagenesis followed by positional 

cloning have been used to identify novel genes. Transposons are mobile genetic 

elements which have been used as insertional mutagens in many other organisms 

(Spradling et al., 1999; Walbot, 2000; Zwaal et al., 1993), and I have analysed the 

target site specificity of the fission yeast retrotransposon Tfl to evaluate its 

potential for this application. The obtained results showed that Tfl can not easily 

be used for insertional mutagenesis as it inserted preferably in intergenic regions.

4.1.2, Altering the target site specificity o f Tfl

Tfl is not suitable for insertional mutagenesis, however, altering its target 

site specificity might turn it into a useful tool for this application. A Tfl mutant 

with a relaxed target site specificity could be generated by random mutagenesis as 

has been reported for IS 10 in E. coli (Bender and Kleckner, 1992). For some Ty 

elements changes in target site specificity have also been reported in mutants with 

an altered chromatin structure (Devine and Boeke, 1994; Qian et al., 1998; Rinckel 

and Garfinkel, 1996; Zhu et al., 1999). Targeting of Tfl may also be influenced by 

chromatin structure and its target site specificity may be less stringent in some
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chromatin mutants. Evidence for this comes from the observation that Tfl 

transposition is reduced in cells treated with the histone deacetylase inhibitor 

Trichostatin A (Dang et al., 1999). Tfl target site preference could also be 

influenced by treating cells with Trichostatin A or other drugs affecting chromatin 

structure.

4,1,3, Alternative methods fo r insertional mutagenesis

Some transposons of the mariner family have a relaxed target site specificity 

and the ability to transpose in organisms other than their natural host (Bessereau et 

al., 2001; Fischer et al., 2001). Thus, mariner elements could be useful tools for 

insertional mutagenesis in S. pombe. Instead of using an endogenous transposon, 

shuttle mutagenesis has been applied to generate insertion mutants in budding 

yeast (Ross-Macdonald et al., 1999). First yeast DNA is mutagenised with the Tn3 

transposon in E. coli. Then, the mutagenised DNA is transformed into yeast and 

integrated into the genome by homologous recombination. In fission yeast, 

however, this approach may have technical limitations as homologous integration 

of DNA fragments into the genome occurs with much lower frequency than in 

budding yeast. This problem has been solved using high amounts of marker DNA 

in two recently reported insertional mutagenesis systems for S. pombe. The first 

system is based on non-homologous integration of linear PCR-generated cassettes 

into the genome (Chua et al., 2000). The cassettes contain a selectable marker and 

genomic insertion sites are determined using IPCR. The second system involves 

non-homologous integration of a marked plasmid into the yeast genome and its
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subsequent rescue into E. coli, so that genomic DNA at the site of insertion is 

incorporated into the recovered plasmid (Hoffman and Welton, 2000).

4,1,4, Applications fo r Tfl as tool in molecular biology

Apart from insertional mutagenesis, transposons have proven to be very 

useful molecular tools for other applications. Bacterial transposons have been used 

to generate transcriptional and translational fusions (Casadaban and Cohen, 1979), 

and retrotransposons have been suggested as tools to probe and dissect chromatin 

structure in vivo and in vitro (Craig, 1997; Devine and Boeke, 1996; Zhu et al., 

1999). The integrated Tfl retrotransposon could serve as a marker indicating 

changes in the chromatin structure at a particular site under different physiological 

conditions. Alterations in chromatin structure at a Tfl insertion site may occur 

between a haploid and diploid strain, or may be induced by physiological stress, 

drug treatment and ageing, and could be monitored by changes in G418 resistance. 

Further, this approach could be used in a mutagenesis screen to identify new 

chromatin modelling factors.

In addition to providing information about transposition and target site 

selectivity, Tfl could be used as a vector to deliver sequences randomly to 

intergenic regions almost throughout the whole genome. Only silenced chromatin 

would be excluded due to the requirement for expression of the neo gene. The 

inserted sequences could encode markers which are useful for screens, or target 

sequences for DNA binding factors, such as the tandem repeats of the lacO site 

which is used for fluorescence in situ hybridisation by coexpressing a lacI-GFP
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fusion protein (Nabeshima et al., 1998). Similarly, rare restriction sites can be 

integrated randomly in the yeast genome without interfering with host functions.

4.2. Tealp and cell polarity

4,2,1, Introduction

An important biological question is how eukaryotic cells become spatially 

organised to create specific cell shapes. Particular shapes are generated by limiting 

growth to restricted areas of the cell. This requires the proper positioning of 

polarised structures to direct growth within the cell. Examples in budding yeast are 

the cortical landmarks used for bud site selection and the mating type receptors 

required for mating projections (Chant, 1999; Dohlman and Thorner, 2001), and in 

Drosophila the polarised structures which generate asymmetry in neuroblasts and 

apical/basal polarity in epithelial cells (Doe and Bowerman, 2001).

The unicellular fission yeast S. pombe provides a simple eukaryotic model 

system to study spatial organisation of cells (Hayles and Nurse, 2001; Nurse, 

1994). Fission yeast is a cylindrical cell formed by highly polarised growth zones 

located precisely opposed to each other at the ends of the cell (Snell and Nurse, 

1993). The microtubule-dependent cell end maker tealp plays a central role in 

linear polarised growth in fission yeast (Mata and Nurse, 1997), and I have 

investigated the function of tealp in living cells, focusing on its transport, location 

at the polarised cell ends, and its role in microtubular and cellular organisation. 

These results (and (Mata and Nurse, 1997)) indicate that a microtubule-based
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transport system delivers tealp continuously to the cell ends. Tealp contributes to 

the overall organisation of the microtubule cytoskeleton, as it is transported at the 

plus ends of microtubules to the cell ends. When located at the cell ends, it acts as 

a scaffold for other morphogenetic factors and ensures that the cell grows in a 

straight line.

4,2.2, Roles o f tealp in linear cell growth

Tealp is transported continuously to the cell ends on the plus ends of 

microtubules. The microtubule cytoskeleton is a suitable transport system for 

tealp delivery to the cell ends because microtubules have the ability to explore 

space and are guided by the shape of the cell to the cell ends. However, although 

microtubules terminate growth at the cell ends they often fail to deposit tealp in 

the very centre of a cell end. Instead tealp is frequently released from the 

microtubules at the periphery of the growth zone. The inability of an individual 

microtubule to identify the very centre of a cell end could theoretically interfere 

with linear cell growth but may be compensated by the dynamic behaviour of 

microtubules and some sort of integrating mechanism (Brunner and Nurse, 2000; 

Mata and Nurse, 1998). This means that although each individual microtubule 

only imprecisely locates the cell ends, the locations of 100 microtubules will be 

distributed across the entire cell end, and the mean of this distribution will define 

the precisely opposed ends of the cell. Deposition of tealp at the cell ends by the 

microtubules could provide an integration mechanism because it gives an
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“imprint” of the microtubule locations and provides a historical record of the 

microtubule distribution at the cell ends.

While the microtubules distribute tealp evenly at the cortex, tealp itself 

influences this process from its location on the tips of microtubules. Tealp is 

important for terminating microtubular growth at the cell ends thereby preventing 

microtubules to curl and to deposit tealp at the sides of the cell. Thus, tealp 

targets its own delivery to the ends of the cell.

So far, it has only been demonstrated that the tealp scaffold at the cell ends 

is required for linear growth. However, it is likely that prevention of microtubule 

curling is equally important for linear cell growth, given that tealp appears to 

influence its own targeting to the cell ends and that tealp functions as a marker for 

the growth machinery at the cortex. Support for this view also comes from alp4- 

1891 cells which have tealp normally located at the tips of microtubules and at the 

cell ends but microtubules curl and cells are bent (Vardy and Toda, 2000). 

Although microtubule curling is less frequent in tea là  than in alp4-1891 cells, 

bending and branching of teal A cells could still be linked to microtubule curling. 

Microtubule curling in teal A cells appears to be limited to a particular stage in the 

cell cycle or particular conditions in the cell. However, frequent curling of 

microtubules during a limited time period would misplace growth zones, and when 

microtubules stop curling after that period, misplaced growth zones would be used 

to extend the cell body resulting in bent or branched cells. For example, it is 

possible that microtubular dynamics are different during the transition from 

monopolar to bipolar growth (NETO) and that tealp is required to prevent

215



Chapter 4: General discussion

microtubule curling during this period of the cell cycle (see chapter 3.2.). In this 

case curling microtubules alter the growth axis of tealS. cells during the short 

period of NETO (10-20 minutes, (Mitchison and Nurse, 1985)), and elongating 

cells become slightly bent. After NETO cell elongation continues at the misplaced 

cell ends, although microtubules stop curling even in the absence of tealp. This is 

the case because guided by the bent shape of the cell microtubules grow until they 

reach the ends, which are not anymore precisely opposed to each other. Thus, as a 

consequence of the altered cell shape microtubules recognise the misplaced ends 

as the region to stop growth and cell elongation continues in a non-linear, bent 

manner. Importantly, neither a historical nor a dynamic cell end marker system 

(see chapter 1) could prevent non-linear cell growth after misplaced cell ends are 

established during NETO. I propose that two different programs control 

termination of microtubular growth at the cell ends during interphase. The first 

program does not involve tealp and is active for most of the time during 

interphase. At NETO, however, this program is inactivated, or not sufficient to 

terminate microtubular growth, and a second program becomes active which 

requires tealp to terminate microtubular growth at the cell ends. One possibility to 

explain why a second program is needed is that different microtubular dynamics 

are necessary to activate growth at the new end. Alternatively, the overhaul of the 

cytoskeleton at the cell ends during NETO may be so extreme that microtubule 

stop signals present on the cortex are temporally damaged so that they need to be 

functionally replaced by a system involving tealp to terminate microtubular 

growth (see discussion chapter 3.2).
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Consistent with a role as scaffold for morphogenetic factors at the cell ends, 

tealp is required at these locations for linear cell growth. Some of the factors 

associated with the scaffold are involved in tealp delivery to the cell ends. Thus, 

tealp may not only influence its own delivery to the cell ends on the tips of 

microtubules but also at the cell ends by linking microtubule guidance factors to 

growth zones. Other factors associated with the tealp scaffold play a role in 

regulating the growth machinery and tealp may link the growth machinery to 

these growth control factors.

To summarise I propose the following model for the role of tealp in 

maintaining linear cell growth. Microtubules generate positional information in the 

cell due to polarised transport of tealp, resulting in high tealp levels at the cell 

ends and low levels in other regions of the cell. For growth in a straight line tealp 

needs to be deposited at the cell ends at precisely opposed positions. This is 

accomplished by tealp (and other factors) preventing microtubules from curling 

around the cell ends and by an integrating mechanism which evenly distributes 

tealp at the cell end cortex. At the cortex tealp acts as scaffold and links the 

growth machinery to regulatory factors thereby determining the direction of cell 

end growth. This is arguably the most important function of tealp because it 

allows the positional information transiently generated by the microtubule 

cytoskeleton to be manifested in rigid, polarised cell structures. The tealp system 

for maintaining linear cell growth may be particularly reliable because the same 

molecule is involved in two crucial steps. First, tealp helps to locate an end
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marker (tealp itself) at the correct place in the cell and then, second, directs the 

growth machinery in the proper direction for linear growth.

4,2,3, Roles o f  tealp homologues in cell polarity

Few tealp homologues have been discovered thus far in other organisms and 

they share only some functions with tealp. This suggests that tealp is a specialised 

factor adapted to maintain linear growth in the rod-shaped fission yeast.

The tealp homologue in budding yeast Kell also localises to zones of polar 

cell growth and in its absence cells show heterogeneous cell shape defects 

suggesting that Kell has a general role in the formation of polar growth zones 

rather than in the correct positioning of these zones (Philips and Herskowitz, 

1998). Kell is also important for cell fusion during mating, a function not 

performed by tealp in fission yeast, suggesting that tealp and Kell perform 

different functions in the two yeasts.

Tealp has also been reported to have weak homology to members of the 

ERM family (Vega and Solomon, 1997), which function as structural linkers 

between the plasma membrane and the actin cytoskeleton (Louvet-Vallee, 2000; 

Mangeat et al., 1999), and thus share some of the characteristics of a scaffold with 

tealp. In contrast to tealp, however, ERM proteins generally perform a structural 

role in polarised growth zones, thus do not affect the organisation of the 

microtubule cytoskeleton and are not delivered by the microtubules to the cell 

ends.
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4.2 3.1. Proteins with scaffold-like functions in other organisms

Several proteins have been identified in other eukaryotes which function at 

the cell cortex in a manner related to that discussed here for tealp.

In budding yeast the Gpy heterodimer functions as scaffold for polarised cell 

growth during mating (Dohlman and Thomer, 2001). Pheromone stimulation of G- 

protein-coupled receptors generates free GPy (Ste4-Stel8), which in turn recruits a 

polarity determinant Farl to the plasma membrane. Together, GPy and Farl recruit 

Beml, Cdc24 and the p21-activated kinase (PAK) Ste20 to assemble a Cdc42- 

dependent signalling complex. External pheromone gradients lead to a higher 

concentration of Cdc42 associated with the plasma membrane to one side of the 

cell. Actin-dependent clustering of pheromone receptors further tightens these 

signalling complexes into a patch directed toward the pheromone source. This 

patch then orients the actin cytoskeleton and directs shmooing growth towards a 

mating partner.

The selection of bud sites in S. cerevisiae is determined by the location of 

two scaffolds on the cortex, the axial landmark (Bud3, Bud4, Bud 10) in haploid 

and bipolar landmark (Bud8, Bud9) in diploid cells (Arkowitz, 2001; Chant, 1999; 

Pruyne and Bretscher, 2000a; Pruyne and Bretscher, 2000b). These landmarks 

direct the growth machinery towards the bud site using a pathway which includes 

the Budl GTPase module (Budl, Bud2, Bud5) and the Cdc42 GTPase module 

(Cdc42, Cdc24).

In Drosophila, three proteins Baz, Par-6 and aPKC form an apical complex 

that polarises protein localisation to the opposite sides of neuroblasts and epithelial
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cells (Petronczki and Knoblich, 2001; Wodarz et al., 2000). These three proteins 

perform a similar function in the C. elegans zygote and in mammals, where they 

are localised to apical tight junctions in epithelia (Hung and Kemphues, 1999; 

Joberty et al., 2000; Kim, 2000; Rose and Kemphues, 1998).

These factors are present in different cell types and organisms but like tealp 

all direct polarised growth by having a scaffold-like function on the cortex. 

Different proteins are known to interact with these factors in each cell- 

type/organism, and this may allow a common cell polarity system to regulate cell- 

type-/organism-specific properties such as maintaining different membrane 

domains in yeast or regulating spindle orientation and the generation of cell 

diversity in neuroblasts and zygotes.

4.2.3.2. M icrotubule plus end associated proteins in other organism s with  
functions similar to tea lp

Some microtubule plus end associated factors in other organisms share no 

sequence homology with tealp but perform similar functions.

In budding yeast Kar9 plays a central role in microtubule capture at the bud 

cortex (Korinek et al., 2000; Lee et al., 2000). In a specialised cortical complex it 

interacts with the E B l-homologue, Bim l, located on the tips of the astral 

microtubules, and this results in correct orientation of cytoplasmic microtubules 

for nuclear migration. Kar9 is also present along and on the tips of the 

microtubules (Miller et al., 2000). In kar9A cells microtubules are elongated, and 

transient binding of microtubules to the cortical complex stimulates Kar9-
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dependent depolymerisation of microtubules suggesting some role of Kar9 in 

microtubule organisation (Yeh et al., 2 0 0 0 ).

In higher eukaryotes, the tumour suppressor adenomatous polyposis coli 

(APC) is implicated in the regulation of the microtubule cytoskeleton and shows 

similarities to tealp (Dikovskaya et al., 2001). APC moves along the microtubules 

and is located at the tips of microtubules. In epithelial cells it influences 

microtubular dynamics by stabilising microtubules in areas of cell migration. 

Dissociation of APC from growing microtubules correlates with their subsequent 

depolymerisation. APC also interacts with EB1 and there is evidence that APC can 

associate with the actin cytoskeleton providing attachment sites for microtubules 

to cortical sites during interphase.

Fibroblasts at the edge of a wound form a motile leading edge oriented 

toward the wound. CLIP-associated proteins (CLASPs) are only found to be 

associated with the tips of microtubules which are polarised towards this region, 

and they play a direct role in the stabilisation of these microtubules (Akhmanova 

et al., 2001). CLASPs bind to CLIP 170 but can also bind to microtubules 

independently. At least one of the CLASP isoforms can bind to both microtubules 

and membranes suggesting a function as linker between the cortex and 

micro tubules.

Like tealp all of these proteins are located at the plus ends of microtubules, 

are associated with specific regions of the cellular cortex, and have effects on 

microtubular dynamics. The general principle that emerges is that the location of
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regulatory proteins at microtubule tips have roles in modifying microtubular 

dynamics at specialised regions of the cellular cortex, and that these properties 

contribute to the overall positional information within the cell. This may be an 

important common mechanism for ensuring the proper spatial organisation of 

eukaryotic cells.
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5 . 1 .  F i s s i o n  y e a s t  p h y s i o l o g y  a n d  g e n e t i c s

5.7.7. Nomenclature

I have followed the rules summarised below, which are generally based on 

the guidelines proposed by (Kohli, 1987).

a) Genes are designated by three lower case letters followed by an arabic 

number (e.g. leu l). Alleles are designated by a number or a combination of 

numbers and letters, separated from the gene name by a hyphen (e.g. leul-32). 

Both the gene and the allele number are written in italics. Uncharacterised, 

predicted genes are designated by the name assigned to them by the S. pombe 

genome project fwww.sanger.ac.uk). They consist of a cosmid number and are 

italicised (e.g. SPAC1F5.06). If a gene is fused to another DNA sequences (tag, 

see below) the name of the tag is designated in upper case (e.g. tealGFP).

a) Wild-type alleles are designated by a plus symbol following the gene 

name (e.g. teal+). Deletions are indicated by the symbol delta “A” (e.g. teal à). If 

the deleted gene has been replaced by another gene, this has been indicated by 

followed by the name of the replacing gene (e.g. tealà.::ura4+). If the gene has 

been fused to another DNA sequence (tag), this is indicated by between the 

name of the fusion product and the marker used to select for the fusion product 

(e.g. teaIGFP:kanR). If the encoded fusion protein is tagged at the amino terminus 

the name of the tag appears before the gene name (e.g. GFPteal). If the encoded
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fusion product is tagged at the carboxy terminus the name of the tag appears after 

the gene name (e.g. tealGFP).

c) Proteins are not italicised and are designated by the name of the 

corresponding gene with a “p” added to the name (e.g. tea Ip, SPAClF5.06p). If a 

gene name ends with the letter “p”, no additional “p” is added to the name (e.g. 

tealGFP).

d) S. cerevisiae genes are named as S. pombe genes, except capital letters 

are used (e.g. ACTl). Proteins are designated by the gene name, are not italicised, 

with only the first letter in upper case (e.g. Actl) and no “p” is added to the name.

e) Genes of metazoa are named as S. cerevisiae genes in capital letters and 

italicised (e.g. LET413). Proteins are designated by the gene name and are not 

italicised (e.g. LET413).

5.7.2. Strain growth and maintenance

All strains were derived from the wild types 972 h- and 975 h+. Media and 

growth conditions were used as described previously (Moreno et al., 1991). 

Techniques used to grow and maintain fission yeast strains, to store and revive 

frozen cultures, to check phenotypes, to perform and analyse genetic crosses by 

tetrad analysis or random spore analysis were performed as previously described 

(MacNeill and F antes, 1993; Moreno and Nurse, 1994). When required 5- 

fluoroorotic acid (5F0A) (Milford Laboratories) at 1 mg/ml, geneticin (G418,
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Gibco) at 0.5mg/ml (corrected for purity) or thiamine (vitamin B l) at 15pM was 

added.

Table 5.1. Strains used in this work

strain genotype reference

972 h- CCL

RBIO ade6-M210 ura4-D18 h- CCL

RBIOO teal(AlOO)GFP:kanR ade6-M216 ura4-D18 h- this study

RBlOl teal(A200)GFP:kanR ade6-M216 ura4-D18 h- this study

RB135 teal(A200)YFP:kanR leuJ-32 ade6-M210 ura4-D18 h- this study

RB102 teal (ASOO)GFP:kanR ade6-M216 ura4-D18 h- this study

RB103 teal (A400)GFP:kanR ade6-M216 ura4-D18 h- this study

RB10546 tealGFP.kanR ura4-D18 ade6-M210 h- this study

RB134 tealYFP:kanR leul-32 ade6-M210 ura4-D18 h- this study

RB106 teal(Al50):kanR ade6-M210 leul-32 ura4-DI8 h- this study

RB112 tealGFP.kanR tea2A::his3+ his3-Dl ura4-D18 ade6-M210 h- this study

RB136 tealYFP:kanR tea2A::his3+ leul-32 ade6-M210 ura4-D18 h- this study

RB114 teal(D37/D38)::ura4+ ura4-D18 leul-32 ade6-M210 h- this study

RB116 teal (AlOO):kanR leul-32 ade6-M210 ura4-D18 h- this study

RB120 teal(A200):kanR leul-32 ade6-M216 ura4-D18 h- this study

RB123 teal(AKel) ura4-D18 leul-32 ade6-M210 h- this study

RBI 24 teal((AKel):GFPkanR ura4-D18 leul-32 ade6-M210 h- this study

RB125 pomlGFP. kanR teal(AlOO):kanR ade6-210 h- this study

RB126 pomlGFP.kanR teal(A200):kanR leul-32 ade6-210 ura4D18 h- this study

RBI 29 tea2GFP:kanR teal(AlOO):kanR leul-32 ura4-D18 ade6-M216 h- this study

RB130 tea2GFP:kanR teal(A200):kanR leul-32 ura4-D18 ade6-M216 h- this study

RB131 tiplGFP:kanR teal(A100):kanR leul-32 ura4-D18 ade6-M210 h- this study

RB132 tiplGFP:kanR teal(A200):kanR leul-32 ura4-D18 ade6-M210 h- this study

RB133 tiplGFP-.kanR tealA::ura4-D18 ura4-D18 ade6-M210 h- this study

RB14 tealA::ura4+ ura4-D18 ade6-M210 h- CCL

RB16 teal-GFP:kanR leul-32 h+ CCL

RB1686 tealA::ura4+ ura4-D18 leul-32 h- CCL

RB17 cdclO-129 h- CCL

RB22 leul-32 h- CCL

RB2435 tea2GFP:kanR ade6-M210 leul-32 ura4-D18 h- CCL

RB2500 tea2GFP:kanR tealA::ura4+ ura4-D18 h- CCL

RB2586 cdc25-22 ura4-297 leul-32 h- CCL

RB3141 pomlGFP.kanR h- CCL

RB3172 pomlGFP. kanR tealA::ura4 ura4-D18 h- CCL
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RB3643 tiplGFP:kanRura4-D18 leul-32 ade6-M216 h+ CCL

RB4196 mts3-l cdtl-TAP IcanR ade6 ura4-D18 leul-32 h- CCL

RB42 tealGFP:kanRmal3^::his3+ leul-32 h- this study

RB44 nuf2A::kanR/+ leu l-32 /” ura4-D18” ade6-M210/ade6-M216h-/h+ this study

RB47 SPCC188.04A::kanR/+ leu l-32 /” ura4-D18/” ade6-M216/ade6-M210 h-/h+ this study

RB50 SPBC3F6.04CA::kanR/+ leu l-32 /” ura4-D18/” ade6-M216/ade6-M210 h-/h+ this study

RB513 ura4-D 18 leul-32 h- CCL

RB52 sla2A: : IcanR leul-32 ura4-D 18 ade6-M h- this study

RB53 SPCC1620.12cA::kanRleul-32 ura4-D18 ade6-M h- this study

RB54 SPBC16E9.08A::kanR leul-32 ura4-Dl8 ade6-M h- this study

RB55 SPAC22E12.18A::kanR leul-32 ura4-D18 ade6-M h- this study

RB56 sla2A::kanRteal:GFPkanRura4-D18 h- this study

(“) indicates that a diploid strain is homozygous for this marker 

CCL: cell cycle lab

5,1,3. Strain construction

All double mutant strains were generated by crossing two single mutant 

strains of opposed mating type followed by tetrad dissection. To generate mutant 

strains with additional markers, random spore analysis was used. To generate 

knock out, partial deletion or tagged strains a PCR-based gene targeting method 

was used (Bahler et al., 1998). A heterozygous diploid strain was constructed first, 

and then haploid constructs were obtained by sporolation followed by dissection of 

tetrads. Expression of all constructs was verified by Western blot analysis (see 

below) and all experiments were carried out with several independent clones in 

order to avoid artefacts due to PCR induced mutations.

5.1.3.1. Primers used for strain construction

RB116 forward

AATGGCGTCAAACGTGGTTTTGGCATTTTCGAAAAGAAATTTACGGACTACCATAAATTTTTAGAGAATTAAA

TAAATAACGGATCCCCGGGTTAATTAA

RBI 20 forward
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AAGGTCTCAAATTTGGAATTTTCAAACTTTAATCTCAAAGAAGAAAACAGCAACATGCAGTTGCAATTATAAA

TAAATAACGGATCCCCGGGTTAATTAA

RBI 06 forward
CTAGACATGCTCAAACTCAAACTTCGAACTACTGCTTTAGCGTTGGAAGAGTCACCCGATGATTATTCCTAAA

TAAATAACGGATCCCCGGGTTAATTAA

RBIOO forward
GCGTCAAACGTGGTTTTGGCATTTTCGAAAAGAAATTTACGGACTACCATAAATTTTTAGAGAATGGTGGTGG

TGGTGGTCGGATCCCCGGGTTAATTAA

RBlOl, 135 forward
TCTCAAATTTGGAATTTTCAAACTTTAATCTCAAAGAAGAAAACAGCAACATGCAGTTGCAATTAGGTGGTGG

TGGTGGTCGGATCCCCGGGTTAATTAA

RB102 forward

TTAAGGCAGAACTTGTTAAAAAGCAGGCTATAATAGATGCAAACGCTAATATCTACGACAAGTTAGGTGGTG

GTGGTGGTCGGATCCCCGGGTTAATTAA

RBI03 forward primer

TGGAAGAACGAGAACGGCACAATGCTATATCGAAAAGGTTGCAAGAAATCGAGTCATTGTATCGTGGTGGTG

GTGGTGGTCGGATCCCCGGGTTAATTAA

RB104, RB105, RBI06. RBIOO, RBlOl, R BI02, RB103, R B I35 backward

AGATGTCATCGTCGAATATTTACACTATGTACAGTCCTTTCAACTAGTAAAGGAGATGCTTTCAAAATAGTTC

CAAAGAGGAATTCGAGCTCGTTTAAAC

RBI0546, RBI34 forward

AGTTATTGGTTAAAAGCGGCCTCTCAAATCCTCCAGCTAAAGAACCAGTCCATGACAACGAAAATGGTGGTG 

GTGGTGGTCGG ATCCCCGGGTT A ATTAA 

RBI0546, R BI34 backward
TAATTTGGTATGTTCGTTTATTAAGTAACTATTAAATAGCATAGAGATTGAGGGCTACCAGTTTAAAATGTAA

TTTATTTGAATTCGAGCTCGTTTAAAC

RBI 14 forward (D37)

TGCGCCAGGGTTTTCCCAGTCACGAC 

RBI 14 backward (D38)

GGGTGGTTGAAGTTTTTGAAAAATTTGGTTTGGTCGGTTTATGCGCAGATCCTTTATTCCTTTTAAATAAAAAA

GAAGCGGATAACAATTTCACACAGGA

RB123 forward (PI85)

ACCCAAAAAATTAACTCATAGGCCCTTTTACCTGAATATCCAAGGTTTTTTACAACCAATTTCTCTTTAAAGGA

GTAATGTTTTTCTCAAACTCTACTGG

R BI23 backward (P146)

CCCTTGTTCCATTGAGTGTG 

RB44 Forward

TTTATTATATTTATAATTAAATTCACAATCAAAGCAGATTAAATACGTAAAATCCAGTTGTTCAGTTAACCATC

AACTTTCGGATCCCCGGGTTAATTAA

RB44 Backward

TTAATAATTACCAAGATTTACCTATATACATTTACTGTAAAATCTAAAATTCTGGCTTCGAAGTCCAACCAAC

GTTCTTAGAATTCGAGCTCGTTTAAAC

RB52 forward

GATTTGAATTGGCAAATTTTTAATTACCAAAAGTGAGAAATCGAAAAGTACACGATGAGTTCGTTTCGACTGC

AATCCGACGGATCCCCGGGTTAATTAA

RB52 backward

ATATACTAATACTGCCTATTGGTCGGAAAAGAACGCAATGTATTTATCATCCCGTATCGACCTAGCAAAAATA

GAAGCACGAATTCGAGCTCGTTTAAAC

RB55 forward

TGACTAAAATATATAATCTTACAGAGTATCCACTTAAAGCTTAGGTAGAGTGAGCAAGTTGCTTTTTGCCAAT

ATACTTTCGGATCCCCGGGTTAATTAA

RB55 backward
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CCAACTAGTTACAAAAAACTCTGGTTAAACTAAGATGTTTTAACTACACTTTCCAAGGAATCCCCTTCATTTCC

AAAATAGAATTCGAGCTCGTTTAAAC

RB 53 forward

AGAAATCTGTAAACGCTTCCCTATCTAGCGCAATTAATAGCGTTACATTGGTGAAACAAGAAAACTTAAAGG

AGAACCTTCGGATCCCCGGGTTAATTAA

RB 53 backward

GTCCTAATTATCCATCATTAAAAAAGTGTTGAATGCACTAGTCTTCATGTTAATAATAATAGCAATAAAGAGT

GATCTTTGAATTCGAGCTCGTTTAAAC

RB54 forward

TTAAAAAAAGATGATATAAAATAATTCTAAAGAATACCGAAGTTAATTAATTTTTAAATCTGCATTCTGGGAT

TGATTACCGGATCCCCGGGTTAATTAA

RB54 backward

ATTGATTGTTTTGAAAGGTAACCCGTTAAAATCATGCTTGAACAGAGCTTTTAAAAACTATTTCATCCCAAAA

TATAGGAGAATTCGAGCTCGTTTAAAC

RB47 forward

TATATTCTGGTTTTATTAACACACATCTTTCGATTAGCATAACATTGAGCACTCTACTTTAGAGAAAATCATTT

TCTTCTCGGATCCCCGGGTTAATTAA

RB47 backward

GGCGAAATTATTCCTGATACAGTGGAAGCCAACATGGAAGACGAGGAGGAAGTTTATGTTAAACAAGAAGA

AGATCTTTAGAATTCGAGCTCGTTTAAAC

RB50 forward

ATTTTAGTGTGAGTACTCACAATATTAACTTTTTATCATATACCAAACATTTTCTTCCAGAAGGTAATTTCTTC

ATCAAACGGATCCCCGGGTTAATTAA

RB50 backward

TTGATATAATAGTAATAGTGGACTTTGGCTGGAAGTATTAAGCTAAAATCATCAATTACCTATAAATTTTCCC

CTAATGAGAATTCGAGCTCGTTTAAAC

The name of each primer refers to the name of the constructed strain.

5.1.3.2. Construction of strain teal(AKel)

Strain tea l(A K el)  was constructed as follows. A strain RBI 14 was 

engineered by inserting the ura4+ gene in the teal gene immediately downstream 

of the promoter using the method of (Bahler et al., 1998) (primers: D37 and D38). 

Then, a PCR product was amplified which consisted of 80bp of the teal promoter 

including the start codon, fused in frame to 417bp encoding amino acid 397 to 535 

of tealp. The forward primer (P I85) consisted of nucleotide -77 to +3 fused to 

nucleotide +1188 to +1207 of the teal gene. The reverse primer (PI46) consisted 

of nucleotide 1604 to 1585. The product was amplified for 20 cycles with a proof 

reading PCR system (Expand High Fidelity PCR system, Boehringer Mannheim).
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The teal gene cloned into a plasmid (ARC747, Cell Cycle Lab) served as 

template. The PCR product was phenol extracted, precipitated, transformed into 

strain RBI 14, and cells were plated onto EMM+uracil+leucine+adenine. After 3 

days at 32°C, cells were replica plated onto YEA+5F0A to select for replacement 

of ura4+  by the PCR fragment. Growing colonies were re-isolated on 

YEA+5F0A and checked by colony PCR for the presence of the truncated teal 

sequence. The resulting strain was named RBI23.

5 . 2 .  M o l e c u l a r  B i o l o g y  T e c h n i q u e s

5.2.7. DNA manipulation techniques

Standard techniques were used for DNA preparation and cloning (Sambrook 

et al., 1989). To amplify DNA sequences by PCR a proof reading DNA- 

polymerase was used (Expand High Fidelity PCR system, Boehringer Mannheim). 

Sequencing was carried out using Big Dye Terminator cycle sequencing (Perkin- 

Elmer).

5.2.2. Transformation and integration o f plasmids

Cells were transformed with plasmid DNA or PCR products by a modified 

lithium acetate method (Bahler et al., 1998).
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5,2,3, Analysis o f  the Tfl retrotransposon

5.2.3.1. T fl transposition assay

The transposition assay was described previously (Levin et al., 1993). Strain 

RB513 carrying the pHL414 plasmid was first streaked out to single colonies on 

EMM+leucine+thiamine plates. Individual colonies were picked and used to 

inoculate the growth of patches on EMM+leucine plates. After two days at 32°C, 

the patches were used to inoculate a culture of EMM+leucine at an optical density 

at 595nm (OD 5 9 5 ) of 0.1. These cultures were grovm for another two days at 32°C 

before plating on EMM+5FOA+uracil+leucine at a density of 500 cells per plate. 

After 3 days at 32°C, 5F0A-resistant colonies were replica plated onto 

YES+5FOA+G418 plates and incubated for 2 more days to obtain colonies that 

had undergone a transposition event. From each of 4 independent transposition 

assays 10 G418-resistent colonies were picked and analysed by Southern blotting. 

Small and large colonies were selected in order to take into account that Tfl 

integration could have affected the growth rate of some clones.

5.2.3.2. Southern blot analysis of T fl insertions sites

Southern blots (Southern, 1992) of genomic DNA of putative transposition 

clones were hybridised to a ^^P-labelled EcoRI fragment (Levin et al., 1990) of 

Tfl (see Figure 2.5). DNA extracted from strain RB513 did not hybridise to this 

probe because this strain was isogenic to strain 972 which does not contain a Tfl 

copy (Levin et al., 1990). The uraS probe used was a 1040bp //mfl fragment of the
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ura3 gene (Bach et al., 1979). A 673bp probe of the neo gene was obtained by 

PCR using the pFA6 -kanMX6  plasmid as template (Wacb et al., 1994).

S.2.3.3. Determination of Tfl insertion sites by IPCR

To isolate regions flanking the insertion sites of the retrotransposon, 2p.g of 

DNA from clones shown by Southern blotting to have undergone a transposition 

event were digested with Hindlll which cuts within the neo gene of Tfl-neo. DNA 

was diluted to lng/p.1, T4 ligase (NEB) was added at lU/jil and the mix was 

incubated at 16°C overnight. After phenol-chloroform extraction and ethanol 

precipitation, lOOng of self-ligated DNA was used as template for IPCR. Self

ligated fragments were amplified during 35 cycles in a 5 0 |l i 1 reaction using either 

of two inverse primer sets (see also Figure 2.7). Primer set 1 (annealing at 55°C, 

30s) was RB30 (5'-GGAGTACGGATAAAATGCTTGATGG-3') and RB32 (5'- 

CGGTTTGGTTGATGCGAGTG-3') corresponding to sequences in the neo gene 

downstream of the Ffmdlll site. Primer set 2 (annealing at 53°C, 30s) was RB20 

(5 '-T G T C C C A G T A A G A A T C A C C T C T C T G -3 ') and RB39 (5 ’- 

AGGAGAAAACTCACCGAGGCAG-3') corresponding to a sequence in the 

unique EcoRl fragment of Tfl and to a sequence in the neo gene upstream of the 

Hindlll site in Tfl-neo, respectively. The extension reaction was carried out at 

6 8 °C with extension times chosen according to the size of the fragments, as 

predicted by Southern blot analysis. PCR products were gel-purified (Qiagen) and 

sequenced. Oligonucleotides derived from the LTR and the neo gene were used as
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primers. From the sequencing data, the Tfl genomic insertion site was determined 

using the S. pombe genome database of the Sanger Centre (www.sanger.ac.uk).

5.2.3.4. Screen for Tfl insertion in weel

Strain RB2586 was transformed with plasmid pHL414 and transformants 

were streaked out to single colonies on EMM+leucine+thiamine plates at 25°C. 

An individual colony was inoculated into 10ml EMM+leucine+thiamine and 

grown at 25°C overnight. After washing the cells twice with water, 100ml of 

EMM+leucine was inoculated at a cell density of OD595 0.1 and incubated at the 

permissive temperature of 25°C for 24h. Cells were then plated on 

EMM+leucine+uracil +5F0A at a density of 10  ̂ cells per plate and incubated at 

the restrictive temperature of 36°C for 4 days. 5F0A resistant colonies were 

replica plated onto YES+5FOA+G418 and incubated for 2 days at 36°C. G418- 

re si stant revertants were examined for the weel phenotype by light microscopy 

and then analysed for disruption of the weel gene by Southern blotting. Genomic 

DNA from revertants was digested with ^f/wNI, blotted, and hybridised to Tfl- 

specific and -specific probes (2086bp Kpnl-Bglll fragment of the weel ORE, 

see Figure 2.6).

5.2.3.5. Northern blot analysis of Tfl insertions

Northern blots of RNA (Baum et al., 1997) were hybridised to ^^P-labelled 

probes prepared by random oligo priming using a Prime-It kit (Stratagene, La 

Jolla, CA). As a loading control, blots were either stained with methylene blue for 

the 1.8kb and 3.5kb rRNAs, or hybridised to a probe of the his3 ORE (Dral-
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EcoRV fragment). Probes for the following (predicted) ORFs were obtained by 

PCR using genomic DNA from strain RB513 as template: ubc4, SPBCl 19.01, 

SPAC22G7.09, SPAC22G7.10, SPBC649.05, uvil5, SPCC1223.10, ptc2, 

5"RCC777.07, ^fCC777.0d, 6"fCC7d7Z07,

SPAC4F8.12, SPCC14G10.05, SPCC14G10.04. The size of the probes ranged 

from 230bp to 1038bp, and they did not contain intronic sequences.

5.2.4. Overexpression experiments with teal fragments

5.2.41. Constructions of overexpression vectors

Four different fragments (1, 2, 3, 4) of the teal gene (see Figure 3.2.18.) 

were cloned by PCR into the overexpression vectors pREP41-EGFP and pREP41- 

3Pk containing the leu2 gene from S. cerevisiae as transformation marker (Craven 

et al., 1998). The fragments were amplified during 20 cycles using plasmid 

ARC747 (Cell Cycle Lab), which contains the full length teal gene, as template. 

Forward and reverse primers contained a BglW and a Ram HI site, respectively, 

which allowed directional cloning of the amplified fragments into both vectors, in 

frame with both the amino-terminal nmt41 promoter and carboxy-terminal EGFP- 

or 3Pk-tag. Cloned fragments were verified by sequencing.

S.2.4.2. Overexpression experiments

EGFP-tagged fragments were transformed into strain RBI6 8 6 , cells were 

grown in EMM in the presence of thiamine and the expression of the constructs 

was verified by fluorescence microscopy 24 hours after depleting thiamine from

234



Chapter 5: Materials and Methods

the media. Fragments tagged with the Pk epitope were transformed into strain 

RJB16 and expression was verified by Western blotting using monoclonal anti-3Pk 

antibodies (Serotec). Cell shape, localisation of the tagged constructs and 

localisation of endogenous tealp (strain RE 16 only) were analysed by bright-field 

and fluorescence microscopy.

5.2.5. Two-hybrid screen

5.2.5.1 Construction of bait constructs

Vector pAS2-lteal(601-1099) was constructed as follows: a fragment 

encoding amino acid 601-1099 of tealp was generated by PCR using genomic S. 

pombe DNA as template. Primers contained sites which allowed directional 

cloning in frame with the Gal4 DBD of pAS2-l. Correspondingly, vector pAS2- 

lteal(A947) was constructed by cloning a PCR fragment encoding amino acid 2- 

947 into vector pAS2-l. The sequence of the cloned fragments was verified. 

Vector pAS2-lteal+ was constructed in the lab previously (N. Peat, unpublished 

construct).

S.2.5.2. Two-hybrid screen

A MATCHMAKER Two-Hybrid-System 2 kit (Clontech) provided all 

reagents required. The instructions of the manufacturers were followed throughout 

the screen. S. cerevisiae strain Y190 transformed with the constructed pAS2-l 

plasmids showed no autonomous activation of the his3 reporter gene in the 

presence of 30mM 3-amino-l,2,4-triazole (3-AT), or of the lacZ reporter gene. For
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library screening, strain Y190 was sequentially transformed with plasmid pAS2- 

lteal(601-1099) and with lOpg of a cDNA library cloned into vector pACT2 (gift 

of S. Elledge), and >10^ clones were selected for growth in the presence of 30mM 

3-AT. Colonies formed 6-9 days after transformation were picked, re-isolated and 

tested for lacZ activity. From clones activating both reporter genes plasmids were 

rescued, inserts were sequenced and the corresponding gene identified using the S. 

pombe genome database. Group (III) candidate plasmids were verified for their 

ability to activate the lacZ reporter gene by re-transforming them together with 

different pAS2-l vectors into strain Y190.

5.2.S.3. Sequence analysis of candidate genes

Protein motifs were predicted with SMART (Simple Modular Architecture 

Research Tool, http://smart.embl-heidelberg.de/). Homologies were identified in 

BLAST searches and by consulting the PROTEOME S. pombe database 

(Proteome Inc., http : / / w \\^ \ proteome. com/). Coiled-coil domains were predicted 

using the PAIRCOIL algorithm (program MULTICOILS (cut off p=0.01, 

window=21), http://nightingale.lcs.mit.edu/cgi-bin/multicoil) (Berger et al., 1995) 

or the L upas a lg o rith m  (p ro g ram  C O IL S, h ttp ://w w w . 

ch.embnet.org/software/COILS_form.html) (Lupas et al., 1991).

A remark regarding the prediction of coiled-coil domains. Both methods 

(COILS and PAIRCOIL) have their weaknesses (Lupas, 1996). PAIRCOIL is 

quite specific for parallel, two-stranded coiled coils and becomes unreliable if the 

coiled coil either has more helices, is anti-parallel or is shorter than about four
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Western Blot analysis - Supplementary information 

Anti-tealp antibodies.

In this thesis two different polyclonal tealp antibodies were used. Anti-tealb 

antibodies were raised against the amino-terminal half of tealp (amino acids 10-553) 

and anti-teal c antibodies were raised against the carboxy-terminal half of tealp 

(amino acids 554-1147). Anti-teal c antibodies were used in this thesis if not 

otherwise stated. Both antibodies were produced in rabbits using the corresponding 

tealp fragments fused to bxhistidine tags. The 6 xhistidine-tagged teal gene 

fragments were expressed in bacteria and the proteins were purified using Ni-NTA 

beads followed by SDS-PAGE. The tealp antibodies used in this thesis came all from 

the final bleed and were all affinity-purified using strips of nitrocellulose carrying the 

purified tealp protein fragments (see CCL laboratory manual for further information 

on antibody production and purification). The specificity of both anti-teal antibodies 

has been demonstrated in (Mata et a l, 1997).

Preparation of protein extracts.

2x10* cells were collected by centrifugation, washed with STOP buffer (150mM 

NaCl, 50mM NaF, lOmM EDTA, ImM NaN3, pH 8 ) and resuspended in 50 pi of HB 

buffer (60mM 8 -glycerophosphate, 25mM MOPS, 15mM MgC12, 15mM EOT A, 1% 

Triton X-100, ImM DTT, ImM PMSF, 20pg/ml leupeptin, 20pg/ml aprotinin, pH 

7.2). Cells were boiled for 5 minutes, and broken with 1ml of glass beads using a cell 

breaker (Fastprep, Bio 101) (2x 15s bursts at speed 5.5). The extract was recovered 

by washing the glass beads with 500pl of HB. Protein concentrations were 

determined using Bradford method (BioRad).

Western Blot analysis.

Typically 50pg of total protein was separated by SDS-PAGE and Western-blotted 

onto ECL nitrocellulose membranes using standard techniques. Proteins were 

detected using the ECL kit (Amersham), following the manufacturer's protocol.
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heptads. Also, discontinuities are difficult to locate with PAIRCOIL because of its 

large scanning window. COILS, however, is biased towards highly charged 

sequences in its default settings and might sometimes predict a coiled coil even in 

the absence of a heptad repeat. Only after also having scanned a sequence with an 

increased weight for the core residues and having established that the probabilities 

do not decrease can one therefore conclude on the presence of a coiled coil. Both 

method fail to detect buried coiled coils and their reliability strongly decreases 

with window size. Only if a coiled coil is consistently predicted in a family of 

reasonably divergent sequences (<50% identity) can a reliable prediction be made 

even with a 14-residue window.

5.3. Protein Techniques

5,3,1. Western blot analysis

Western blot analysis was carried out as described previously (Hayles et al., 

1994).

Table 5.2. Antibodies used for Western blotting 

antibody______________________concentration

anti-teal (CCL) 1:4000

anti-Pk (Serotec) 1 : 2 0 0

anti-tubulin (Sigma, B512) 1:30000

anti-rabbit HRP (Amersham) 1:5000

anti-mouse HRP (Amersham) 1:5000

HRP: horseradish peroxidase
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5.3,2, Tealp protein stability assays

Wild-type (RB22) and cdclO-129 cells (RBI7) were grown in YES, shifted 

to 36°C for 4h and then cycloheximide (lOOpg/ml) was added to inhibit protein 

synthesis. This concentration of cycloheximide inhibited 95% of protein synthesis 

in fission yeast (Ayscough and Warren, 1994). At different time points, cell 

aliquots were taken and tealp protein levels were analysed by Western blotting 

using anti-teal antibodies. Tealp protein stability in a m ts3-l mutant strain 

(RB4196) was monitored by shifting cells to 36°C for 6 h. Samples were taken at 

different time points and tealp levels were followed by Western blotting.

5.4. Fluorescence microscopy

5.4,1, Image acquisition

Immunofluorescence images were acquired with a chilled video CCD 

camera (model C5985; Hamamatsu) connected to a computer (Apple Power 

Macintosh G3/400) or with a laser scanning confocal microscope LSM510 (Zeiss 

Co.). Live images were taken at room temperature with a Zeiss Axioplan 

microscope equipped with a chilled video CCD camera (C4742-95; Hamamatsu) 

and controlled by Kinetic Imaging AQM software (Kinetic Imaging Ltd). 

Acquired images were processed with Adobe® Photoshop (version 5.5)
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5,4.2, Indirect immunofluorescence microscopy

Standard methods were followed for fixation and staining of cells (Mata and 

Nurse, 1997; Sawin and Nurse, 1998).

Table 5.3. Antibodies used immunofluorescence analysis 

antibody_______________________________ concentration

anti-teal (CCL) 1

anti-Pk (Serotec) 1

anti-tubulin (Sigma, B512) 1

anti-tubulin (TAT-1 (Woods et al., 1989)) 1

Alexa 488 goat anti-rabbit (Molecular Probes) 1 

Alexa 546 anti-mouse (Molecular Probes) 1

1000

200

30000

100

1000

1000

5,4,3, Live imaging

All strains except temperature-sensitive strains were grown to mid-log phase 

in EMM at 25°C and imaged at room temperature (23-25°C). For time-lapse 

microscopy fresh cells were taken for each film series, and cells were imaged in a 

single optical plane. Movies typically consisted of 50 frames (totalling ~4min) 

with images acquired at 5s intervals at varying exposure times (0.5-Is). For 

microtubule live imaging a plasmid pDQ105 {nmtl-GFP-atb2) was used (Ding et 

al., 1998). Cells were grown in the presence of thiamine to repress the nm t 

promoter to a low level and imaged for <15min (<200 frames). For two-color 

YFP/CFP imaging plasmid pRL72 {nmt-CFP-atb2) (Glynn et al., 2001) was 

transformed into strains R B I34, R B I35 and R B I36, respectively, and 

transformants were imaged in the presence of 0.2pM thiamine. Movies of alp4-

239



Chapter 5: Materials and Methods

1891 cells grown in EMM were imaged at room temperature 2-3 hours after the 

shift to 36°C. Each movie lasted <200 frames (<15min total).

5.5. Quantification of data

5.5.7. Quantification o f live imaging data

The speed of movement of tealGFP dots was determined using tracking 

software (Motion Analysis, Kinetic Imaging Ltd). Dots were tracked in >15 cells 

of each strain and movement rates were calculated by linear regression analysis 

over 5-20 displacements for dots moving towards cell ends, and over 4-8 

displacements for dots moving towards the nucleus. Correspondingly, 

microtubular dynamics were determined using GFP-tubulin movies. Distances 

were measured using Lucida software (Kinetic Imaging Ltd). The number of dots 

per cell was determined by analysing randomly selected images obtained using the 

same conditions. The rates of dots reaching and leaving the cell ends were 

determined by analysing >25 cells for each strain for a total time of >3000s. Only 

the first 25 frames of each movie (~2min) were examined to avoid loss of 

information by bleaching. Correspondingly, GFP-tubulin movies were used to 

determine the frequency of microtubules reaching and leaving the cell ends; 15 

cells over -9200s of total movie time were analysed. The microtubule dwelling 

time was determined by watching > 1 0  cells for each strain over a period of 

>10min. The dwelling time was defined as the time a microtubule remains in 

contact with the cell end cortex before undergoing catastrophe. The frequency of

240



Chapter 5: Materials and Methods

changes in the direction of dot movement outside the region of the nucleus 

(2.3±0.3|am, n=13 cells) was determined by tracking a total of 92 dots in 18 cells.

5.5.2. Quantification o f  morphology defects and microtubule curling

The level of bending / branching was determined by scoring 200 interphase 

cells for each strain in three independent experiments. For quantification of 

microtubule curling around cell ends fixed cells were stained for tubulin and 

analysed by fluorescence microscopy. For each strain, microtubules were 

examined in 300 interphase cells and the analysis was repeated in three 

independent experiments. All strains were grown in log phase in YE5S at 32°C.
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