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Abstract

Mitosis is a highly coordinated process in all eukaryotes, and is crucial for 

maintaining genetic stability. During mitosis of Saccharomyces cerevisiae, the cell 

division site is pre-determined by the bud, so that the mitotic spindle needs to be aligned 

along the mother-bud axis, and the nucleus has to be inserted into the neck prior to 

cytokinesis.

Two partially redundant pathways (Kar9 and dynein) are involved in nuclear 

positioning. These two pathways act in a sequential manner during mitosis, and each of 

them presumably serves as a back-up mechanism when the other one is disrupted. In this 

study, the LDB18 (low dye binding) gene, whose role for nuclear positioning had not 

been reported before, was identified to be part of the dynein pathway. Further 

characterization of the gene product supported the hypothesis that Ldbl8 is the yeast 

ortholog of the dynactin (the dynein activator) subunit p24/22 in animals.
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1. Introduction
1.1 The mitotic cycle in Saccharomyces cerevisiae

Mitosis, the asexual cell reproduction process in eukaryotes, generates two genetically 

identical daughter cells from a single parent cell. In a full mitotic cycle, the cell first 

duplicates its DNA, and then segregates one copy of each duplicated chromosome to each 

of the daughter cell. To ensure genetic stability, these processes need to be precisely 

coordinated, both temporally and spatially. Regulation of the cell cycle is critical for the 

normal development of multicellular organisms. In humans, loss of cell cycle control can 

be associated with cancer (reviewed in Soto and Sonnenschein, 2004).

The molecular processes that regulate chromosome replication and cell division are 

fundamentally similar for all eukaryotic cells. In the late 1980s, it became clear that 

many of the key actors in the cell cycle perform similar functions in all eukaryotes, from 

yeast to flies, frogs to humans (reviewed in De Clercq and Inze, 2006; Pines, 1999; King 

et al., 1996; Peters, 1998; Ohi and Gould, 1999; Sherr and Roberts, 1999; Kaldis, 1999; 

Nasmyth, 1996; Dunphy, 1994). The ascomycete Saccharomyces cerevisiae, commonly 

referred to as “baker’s yeast” or “budding yeast”, is a unicellular eukaryote that 

undergoes a mitotic cell-division cycle in asexual phases. Besides this reproductive 

similarity to more complex eukaryotes, S. cerevisiae has many of the experimentally 

convenient features of bacteria, such as a short reproduction time (approximately 90 

minutes), the ability to form colonies on plates, and a relatively simple and compact 

genome. Thus, S. cerevisiae provides a convenient system for the study of mitosis.

1.1.1 Overview of the cell cycle in S. cerevisiae
In eukaryotes, the cell cycle is often divided into two general phases: a relatively long 

period of interphase (I phase) that precedes and makes preparations for mitosis, and a 

shorter period of actual division (mitosis or M phase). Cell contents are duplicated in 

interphase and segregated in M phase. Interphase is further subdivided into S phase, 

during which DNA replication occurs, and G1 and G2 phases, which refer to the two 

“Gap” phases that precede and follow S phase, respectively. M phase is divided into 

prophase (nuclear membrane breakdown, DNA condensation and spindle assembly),
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metaphase (chromosome alignment at the mid-plate of the cell), anaphase (chromosome 

segregation) and telophase (decondensation of chromosomes and reformation of the 

nuclear membrane), followed by cytokinesis (division of the cell cytoplasm).

Mitosis by the budding mode in S. cerevisiae differs somewhat from the cell cycle of 

other eukaryotic cells. For many types of eukaryotic cells, the site of cytokinesis is 

determined by the orientation of the mitotic spindle. However, the site of cell division in 

S. cerevisiae is pre-determined by the site of bud formation, which occurs early in the cell 

cycle (Gl/S transition). The spindle, therefore, has to be properly aligned along the 

mother-bud axis, allowing one set of chromosomes to be deposited into the bud before 

cytokinesis. In addition, as in most fungi, the nuclear membrane does not break down 

during mitosis in S. cerevisiae, so the migration of DNA into the bud occurs via the 

migration of the nucleus into the mother-bud neck, a process often termed “nuclear 

migration”. The conventional concepts for the different stages of mitosis, therefore, may 

not always apply to S. cerevisiae. However, despite these differences, the fundamental 

cellular biochemical mechanisms regulating major cell cycle events, such as DNA 

replication and chromosome segregation in S. cerevisiae, do not differ markedly from 

those in other eukaryotes (reviewed in Nasmyth, 1996; Pringle and Hartwell, 1981; 

Pringle et al., 1997).

To commit to a full mitotic cycle, S. cerevisiae cells have to pass a regulatory point 

called “Start”, which is positioned in late G1 (Pringle and Hartwell, 1981). Before 

“Start”, cells in early G1 could potentially be directed into different developmental 

directions: to sporulate (diploids), to initiate mating (haploids), or to proceed with the 

mitotic cycle. However, once a cell passes “Start”, it must commit to the mitotic cycle 

even if the environment provides signals for mating or sporulation. Following “Start”, 

DNA replication, bud emergence, and duplication of the microtubule-organizing center 

will be initiated almost simultaneously.

In all eukaryotes, the key cell cycle events —  such as DNA replication, and 

chromosomal segregation —  are induced by cyclin-dependent kinases (Cdks) (reviewed 

in Morgan, 1997). Cdks associate with different cyclin subunits, which confer various 

substrate specificities on the Cdk, and thus trigger different cell cycle events. S. 

cerevisiae has one main Cdk, Cdc28, for governing progression through the cell cycle

2
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(Andrews and Measday, 1998). “Start” is triggered by the association of Cdc28 with G1 

cyclins, whereas the onset of M phase and mitotic exit depend on the activation and 

inactivation, respectively, of Cdc28-cyclin B complexes.

As the cell cycle clock (controlled by Cdk activity) progresses, cells undergo dramatic 

yet precisely coordinated changes. Besides DNA replication and segregation, an S. 

cerevisiae cell also experiences other cell cycle-regulated events, such as movement of 

the nucleus, re-organization of cytoskeletal filaments, cell wall synthesis, and re

distribution of organelles.

1.1.2 The spindle pole and nuclear movements during mitosis
The spindle pole body (SPB), embedded in the nuclear envelope, is the microtubule- 

organizing center (MTOC) in the S. cerevisiae cell, and nucleates growth of both astral 

and spindle (kinetochore and interpolar) microtubules (MT). Because the nuclear 

envelope does not break down during mitosis, the spindle microtubules are often referred 

to as intranuclear microtubules, and the astral microtubules as cytoplasmic microtubules 

(cMTs).

The spindle pole and nuclear movements during the cell cycle are illustrated in 

Fig.l.lA . In Gl/S phase, a bud is formed at a pre-determined site on the mother cell. At 

about the same time, the SPB duplicates itself in a conservative manner, with the new 

SPB located adjacent to the old SPB in the nuclear envelope. The duplication depends on 

activation of Cdc28 kinase by G1 cyclins (Winey et al., 1991). The two SPBs are 

connected by a molecular “bridge”, and remain side-by-side until DNA replication is 

completed. By now, the old SPB is oriented towards the bud site, a position that requires 

interaction of its cytoplasmic microtubules with the cell cortex and bud neck.

After DNA replication, and typically when the bud is approximately 0.4 times the 

diameter of the mother cell, the new SPB migrates away to the other side of the nucleus, 

resulting in the generation of a short nuclear spindle (~1 pm) connecting the two SPBs 

(Yeh et al., 1995). SPB separation requires B cyclin-Cdk activity (Lim et al., 1996). At 

the end of S phase or the beginning of G2, formation of the short spindle is already 

complete. Formation of the bipolar spindle involves the kinesin-related proteins Cin8 

and Kipl. At 37 °C, the cin8A mutant can duplicate SPBs but fails to form a bipolar 

spindle, and this defect can be suppressed by overexpression of Kipl (Hoyt et al., 1992).

3
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At lower temperatures, cinSA kipl A double mutants are inviable and fail to form a bipolar 

spindle, suggesting that Cin8 and Kipl are redundant for spindle formation (Hoyt et al., 

1992).

After formation of the mitotic spindle, Cin8 and Kipl, both of which are plus-end 

directed MT motors, are also required for maintenance of the spindle prior to the onset of 

anaphase. During this time, the spindle elongates steadily and achieves a length of 

approximately 2.5 pm (McAinsh et al., 2003). In a kipl A cin8-ts double mutant strain, 

spindles that are already formed collapse when cells are shifted to the nonpermissive 

temperature. This collapse is partially rescued by deletion of KAR3, which encodes a 

minus-end directed kinesin, suggesting that the integrity of the pre-anaphase spindle is 

controlled by the balance between forces generated by Cin8/Kipl (that push the SPBs 

apart) and those by Kar3 (that pull them together) (Saunders and Hoyt, 1992).

Following SPB separation, the nucleus can move either toward or away from the neck 

(Yeh et al., 1995). However, once arriving near the neck, the position of the nucleus 

remains relatively stable, and the short (pre-anaphase) spindle tends to be aligned along 

the mother-bud axis (Yeh et al., 1995). Nuclear movement toward the mother-bud neck 

and the pre-anaphase spindle orientation require the activity of the Kar9 pathway, which 

involves Kar9 (a protein first discovered as being required for karyogamy), the actin 

cytoskeleton, the actin-based motor Myo2, cytoplasmic microtubules, and several 

microtubule- or actin- interacting proteins (for a more detailed description refer to section 

1.2.1; Pearson and Bloom, 2004).

In metaphase, chromosomes do not undergo congression (chromosome movement 

toward the mid-plane), and a conventional metaphase plate is absent in S. cerevisiae. 

This is probably because there are only 32 kinetochore MTs and 8 interpolar MTs in the 

nucleus, which is not enough to generate polar ejection forces (that drive the 

chromosomes toward the mid-plane of the cell) (O’Toole et al., 1999). However, 

chromosomes are attached to both poles, and GFP-tagging of chromosomes has revealed 

a bilobed metaphase configuration analogous to the metaphase plate in animal cells —  

kinetochores form two lobes that lie on either side of the spindle mid-zone and are 

separated by roughly half the distance between the SPBs (Goshima and Yanagida, 2000; 

He et al., 2000). This configuration is a consequence of chromosome oscillation, and

4
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transient stretching of kinetochores by polymerization/depolymerization of MTs prior to 

sister chromatid separation in anaphase (McAinsh et al., 2003).

The ubiquitin-protein ligase APC/C (anaphase promoting complex/cyclosome) is 

crucial for entry into anaphase (reviewed in Nasmyth, 2005; Nasmyth, 2002). At the 

metaphase-to-anaphase transition, the APC is activated by Cdc20, and this activation 

mediates proteolysis of the anaphase inhibitor Pdsl (securin). Removal of the securin 

allows the protease Espl (separase) to cleave cohesin, thus inducing sister chromatid 

separation. Subsequently, pulling of chromatids by kinetochore microtubules leads to 

chromosome segregation in anaphase (Nasmyth, 2005; Nasmyth, 2002).

In animal cells, anaphase is usually divided into two parts: anaphase A, during which 

sister kinetochores move toward opposite poles of the spindle; and anaphase B, in which 

spindle elongation results in further separation of the poles and the attached 

chromosomes. In S. cerevisiae, the small size of the metaphase spindle (~2 pm) means 

that chromosomes at the onset of anaphase are already close to the spindle poles. 

Elongation of the spindle during anaphase (from -2  pm to -8-12 pm) is dramatic and 

results in significant separation of sister chromatids. Therefore, anaphase B is the 

primary mechanism responsible for chromosome segregation (Peterson and Ris, 1976). 

However, anaphase A does occur, as supported by the observation of shortening of the 

kinetochore microtubules in the nucleus (Peterson and Ris, 1976; Straight et al., 1997).

The force-generating mechanism for chromosome movement during anaphase A 

(toward the poles) in S. cerevisiae is unclear, although it is thought that motor-driven 

sliding (of kinetochores) along microtubules and MT depolymerization at the plus-end of 

kinetochore microtubules are both responsible (Maddox et al., 2000). In anaphase B, the 

spindle experiences an initial rapid elongation (0.54 pm/min and spindle extends to -6-8 

pm), followed by a period of relatively slower elongation (0.21 pm/min and spindle 

extends to -8-12 pm) (Yeh et al., 1995; Kahana et al., 1995). The fast elongation results 

from the sliding of antiparallel MTs, and the slower phase is due to midzone MT 

polymerization as well as antiparallel MT sliding (Straight et al., 1997, 1998; Maddox et 

al., 2000). Cin8 and Kipl are involved in different phases: cin8A mutants are defective 

for the fast elongation, whereas in kipl A. mutants, the slow elongation phase is affected 

(Straight et al., 1998). In addition, the microtubule-associated protein (MAP) Asel,
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which is localized within the spindle midzone during spindle elongation, is required for 

the slower phase. Loss of Asel leads to premature spindle disassembly in mid-anaphase 

(immediately after fast elongation), and Asel overexpression induces premature spindle 

elongation (Schuyler et al., 2003). It is speculated that Asel bundles antiparallel MTs 

and promotes their polymerization at the midzone as the spindle elongates (Schuyler et 

al., 2003).

During fast elongation of the spindle, the nucleus inserts into the mother-bud neck 

(Yeh et al., 1995; Kahana et al., 1995). At this stage, the elongated "sausage-shaped" 

nucleus oscillates within the neck, parallel to the mother-bud axis, over a range of 1-2 pm 

(Yeh et al., 1995). This oscillation is presumably due to balance of pulling forces from 

the mother and the bud, which cooperatively keeps the spindle in the neck (Adames and 

Cooper, 2000). Both the nuclear positioning (into the neck) and oscillations require the 

dynein pathway (refer to section 1.2.2, Adames and Cooper, 2000; Bloom, 2001; 

Hildebrandt and Hoyt, 2000). Following fast elongation, spindle activity pauses briefly, 

and then elongation resumes at a slower rate until both poles reach the distal ends of the 

mother and daughter cells. As a result of this slower elongation, the nucleus assumes an 

“hour-glass” shape (two lobes interconnected by a narrow stem) (Yeh et al., 1995; 

Kahana et al., 1995).

After proper spindle orientation and elongation brings a complete set of chromosomes 

to the daughter cell, cells can exit mitosis. Mitotic exit requires destruction of the B-type 

cyclins by the APC (now activated by Cdhl), and inhibition of Cdk by its inhibitor Sicl 

(King et al., 1995; Mendenhall, 1998; Zachariae and Nasmyth, 1999). The spindle is 

disassembled, and each of the nuclear lobes moves away from the distal site, becoming 

approximately centered in the mother and bud (Yeh et al., 1995). Subsequently, 

cytokinesis occurs at the mother-bud neck, yielding two genetically identical progeny. In 

the next cell cycle, the SPB in the new cell moves toward the site of the incipient bud, 

and assumes a relatively stable position near the bud site before the emergence of the new 

bud (Lee et al., 1999).

6
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Start S G2 Anaphase
Mitotic exit / 
cytokinesis G1

nucleus ■  SPB —  MT •  actin patch  actin cable / "  \  septins

Figure 1.1. M ajor events of the S. cerevisiae cell cycle. See text for more details.
(A) The spindle pole body (SPB) and microtubule (MT) movements during the 
mitotic cycle. (B) Rearrangements of the actin cytoskeleton and septins. During late 
G l, both the septins and actin patches assemble in a ring at the pre-bud site. 
However, the assembly of the actin and the assembly of the septins are mutually 
independent (Ayscough et al., 1997).

1.1.3 The cytoskeleton
All eukaryotes contain a cytoskeleton consisting of a network of protein polymer 

filaments. These filaments not only experience remarkable alterations during mitosis, but 

also contribute to cell cycle regulation in S. cerevisiae (Carminati and Stearns, 1999; 

Schott et al., 2002; Cau and Hall, 2005; Keaton and Lew, 2006). There are three types of 

cytoskeletal filaments: microfilaments (5-7 nm in diameter, polymers of actin), 

microtubules (hollow tubes 25 nm in diameter, polymers of tubulin), and intermediate 

filaments (~10 nm in diameter, polymers of any of a number of related fibrous proteins) 

(Pringle et al., 1997). Extensive studies have been conducted on both microfilaments and 

microtubules in S. cerevisiae (reviwed in Winsor and Schiebel, 1997).

Only a couple of proteins have been indicated to form intermediate filaments: Finl 

contains putative coiled-coil regions and assembles into a ~10 nm filament between the 

SPBs in dividing cells, whereas Mdml localizes to punctate structures throughout the
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cytoplasm, and is required for nuclear and mitochochrial transmission to the bud during 

mitosis (Fisk and Yaffe, 1997; van Hemert et al., 2002). The functions of these 

intermediate filaments and the molecular mechanisms of their regulation are poorly 

understood.

In addition, a group of related proteins (Cdc3, CdclO, Cdcl 1, Cdcl2 and Shsl) called 

septins form a set of filaments approximately 10 nm in diameter (Kozubowski et al., 

2005). Septins are not related to intermediate filaments, but they experience cell cycle 

regulated changes, just as microfilaments and MTs do.

1.1.3.1 Rearrangement of the actin cytoskeleton

The major component of microfilaments is actin, which interacts with a large number 

of actin-binding proteins (ABPs) and other associated proteins. In S. cerevisiae, actin is 

encoded by a single essential gene, ACT1, and exists as monomers (G-actin) or polymers 

(F-actin), but mostly as polymers in the cell (Karpova et al., 1995). By fluorescent 

phalloidin staining, microfilaments in S. cerevisiae can be observed as two types of 

polymerized structures: cytoplasmic cables, which are bundles of long actin filaments; 

and cortical patches, which lie beneath the plasma membrane, and are small discs rich in 

F-actin. Actin filaments have structurally distinct ends: the barbed end (faster growing) 

and the pointed end (slower growing), and most of new filament assembly takes place at 

the barbed end. In S. cerevisiae, formins (Bnil and Bnrl) stimulate assembly of actin 

cables, and loss of formin activity leads to loss of actin cables. Formins are activated 

when bound to Cdc42, a highly conserved Rho-type small GTPase required for polarized 

growth (Pruyne et al., 2002).

Rearrangement of the actin cytoskeleton during mitosis is illustrated in Fig. 1.1B. The 

dynamics of the actin cytoskeleton are cell cycle-regulated, and depend on Cdk activity 

(Ayscough et al., 1997). Regulation of actin distribution is crucial for establishment and 

maintenance of cell polarity, as well as the controlling of cell surface growth (for 

example, it directs localized secretion to the new bud).

Before “Start”, cortical patches are often evenly distributed at the cell surface and 

cables are randomly oriented in the cytoplasm. After the cell passes “Start”, patches 

gather at the incipient bud site to form a ring, and cables are oriented toward this area. 

This process requires Cdc42, which concentrates at the pre-bud site in response to cell
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cycle signals in late G1 (Gulli et al., 2000; Ziman et al., 1993). As a visible bud is 

formed and enlarges, cortical actin patches are concentrated in the bud at areas of cell 

surface growth. In S phase, as DNA replication occurs, cell wall expansion mostly 

occurs at the bud tip (“apical” growth). Somewhere in G2 phase, when the bud reaches a 

critical size, cell wall expansion switches to “isotropic” growth (all over the bud). 

Subsequently, as the bud continues to grow, chromosome segregation takes place. In late 

anaphase, the actin patches and cables then become evenly dispersed in both the mother 

and bud, but only for a very brief period. At the end of the cell cycle, the cortical patches 

are concentrated in rings on both sides of the neck, and the cables orient toward the neck 

(Ayscough et al., 1997).

Cytokinesis in S. cerevisiae also requires an actomyosin ring, which seems to be a 

conserved mechanism for eukaryotes (reviewed in Tolliday et al., 2001). At the Gl/S 

transition, the actomyosin proteins assemble at the incipient bud site. During late 

anaphase, actin filaments are recruited to the actomyosin ring, which is now at the 

mother-bud neck due to bud growth. A primary septum composed of chitin is desposited 

to the neck. After that, secondary septum is synthesized at the same site, followed by 

digestion of the primary septum. At this time, the actomyosin ring constricts, and directs 

the exocytic machinery to the division site. Septum membrane and cell wall is then 

generated (Tolliday et al., 2001).

After cytokinesis, the actin cytoskeleton redistributes evenly (Ayscough et al., 1997). 

At the onset of the next cell cycle, the site of bud formation depends on the cell ploidy 

and requires upstream regulators of actin such as Cdc42 (Casamayor and Snyder, 2002). 

Haploid cells form buds adjacent to their previous bud site (axial pattern), whereas for 

diploid cells, daughter cells initially bud opposite to their previous birth pole and mother 

cells bud at either pole (bipolar pattern). Bud selection is mediated by a series of BUD 

proteins, and deletion of BUD genes result in altered bud site selection. Cdc42 is the 

effector o f the bud site selection proteins, and is essential for bud formation, as loss o f 

Cdc42 results in isotopic growth of the mother cell without bud formation (Casamayor 

and Snyder, 2002).
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1.1.3.2 Septin assembly and regulation

In S. cerevisiae, a family of evolutionarily-conserved proteins called septins (Cdc3, 

CdclO, C dcll, Cdcl2 and Shsl) forms a set of filaments (~10 nm) that assemble as a 

ring (Cid et al., 2001; Gladfelter et al., 2001). Septins belong to a conserved GTP- 

binding protein family (reviewed in Longtine and Bi, 2003).

The septin ring marks the cytokinetic plane in S. cerevisiae (Cid et al., 2001; 

Gladfelter et al., 2001). In late G1 (after “Start”), the septins assemble at the pre-bud site 

and directs the actomyosin ring (Tolliday et al., 2001). The cell is polarized so that the 

bud emerges from inside the septin ring. Following bud emergence, more septin 

filaments assemble in the neck, and the ring broadens into an hourglass-shaped zone, 

which remains at the neck. At the end of the cell cycle, the septin “collar” divides into 

two, one on each side of the neck. After cytokinesis, the mother and daughter cell each 

inherits a septin ring, which subsequently disassembles after a new ring forms at the bud 

site for the next cell cycle (Cid et al., 2001; Gladfelter et al., 2001). The dynamics of 

septin behavior are depicted in Fig. 1.1B.

Septin organization is cell cycle regulated. The assembly of the septin ring is 

dependent on G1 cyclin/Cdc28-mediated cell cycle signals. Cdc42 is also directly 

involved in guiding the formation of septin rings (Cid et al., 2001; Gladfelter et al., 

2002). Transition of the septin ring into the hourglass shape may require several protein 

kinases such as Cla4, and splitting of the septin hourglass late in the cell cycle depends 

on the mitotic exit network (as described ̂ in section 1.1.4) (Longtine and Bi, 2003). 

Following cytokinesis, G1 cyclins/Cdc28 may promote the disassembly of the old septin 

rings through phosphorylation of Cdc3 (Longtine and Bi, 2003).

As well as being cell cycle regulated, septins can help coordinate progression of the 

cell cycle. Septins are important for a feedback signal called the morphogenesis 

checkpoint, which monitors bud growth and prevents entry into mitosis if  bud growth is 

insufficient (Gladfelter et al., 2005). In this checkpoint pathway, a critical bud size is 

necessary for conformational change in the septin ring, which then serves as a scaffold 

for protein kinases that cause the degradation of the Cdk inhibitor Swel (Weel ortholog), 

thus promoting entry into mitosis (Sakchaisri et al., 2004). The scaffold function of 

septins can also direct localization of other proteins involved in various processes, such
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as bud site selection, and cytokinesis. In addition, septins can function as a diffusion 

barrier for a number of proteins. For example, in late anaphase, septins sequester the 

mitotic exit activator Ltel in the bud, thus ensuring that cells do not exit mitosis until the 

spindle has delivered one SPB into the bud (as described in section 1.1.4) (Castillon et 

al., 2003).

Septins are found widely in animal cells, and may generally organize cortical domains 

important for cytokinesis or secretion (Spiliotis and Nelson, 2006).

1.1.3.3 The microtubule system

The microtubule system in S. cerevisiae consists of MTs, microtubule-associated 

proteins (MAPs), and the SPBs. Microtubules are composed of polymerized heterodimers 

of a  and (3 tubulins (1:1 proportion). (3 tubulin is encoded by a single gene, TUB2 (Neff 

et al., 1983), whereas a  tubulin is encoded by TUB! and TUB3, which are nearly 

identical (90% identity) but with different expression levels (TUB1 makes most of the 

protein) (Schatz et al., 1986). Correspondingly, disruption of TUB2 or TUB1 results in 

lethality of the cell, whereas disruption of TUB3 does not lead to significant phenotypic 

changes under most conditions (Pringle et al., 1997).

MAPs include motor proteins (kinesins and dynein) that translocate along 

microtubules, and non-motor proteins that regulate MT dynamics or crosslink MTs, such 

as Asel described above (in section 1.1.2) and Bikl described later (in section 1.2.2).

As yeast microtubules are sensitive to benzimidazole drugs such as benomyl and 

nocodazole, treatment with these drugs has been very useful in assessing microtubule 

functions. Application of high concentrations of nocodazole or benomyl to growing 

wild-type yeast cells leads to depolymerization of microtubules (Steams et al., 1990). 

Interestingly, the sensitivity of yeast cells to benomyl and nocodazole is strongly 

temperature-dependent: as the growth temperature increases, the sensitivity decreases. 

This reflects the intrinsic cold sensitivity of the microtubule polymer (Modig et al., 

1994).

In yeast, unlike higher organisms, microtubules are not required for vesicular transport 

or the movement of organelles other than the nucleus. When yeast cells are treated with 

anti-microtubule drugs, polarized secretion and bud growth are not affected (Jacobs et al., 

1988; Huffaker et al., 1988). Nevertheless, the mechanisms for moving the nucleus
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during mitosis and karyogamy (nuclear fusion during mating) in S. cerevisiae are 

conserved in metazoans.

During the cell cycle, cytoplasmic and intranuclear microtubules appear to have 

distinct functions. Intranuclear microtubules are required for nuclear division (spindle 

assembly and chromosome segregation), whereas cytoplasmic microtubules are needed 

for nuclear positioning. Early in the cell cycle, cytoplasmic microtubules enter the bud 

and apparently make contact with the bud cortex (Carminati and Stearns, 1997; Miller 

and Rose, 1998). Interactions between cortical proteins and the cytoplasmic 

microtubules are crucial, since the absence of microtubule-cortex interactions results in 

spindle misorientation and elongation occurring entirely within the mother (Carminati 

and Stearns, 1997; Miller and Rose, 1998). Experiments with various tub2 mutants have 

also revealed the importance of cytoplasmic microtubules for spindle orientation and 

positioning (Huffaker et al., 1988). At semipermissive temperatures, tub2-401 mutants 

have intact spindles but diminished levels of cytoplasmic microtubules. These cells 

experience normal spindle elongation and chromosome segregation, but these processes 

occur entirely within the mother, as the nucleus is not inserted into the neck (Sullivan and 

Huffaker, 1992).

1.1.4 Mitotic exit and the spindle position checkpoint
The timing of mitotic exit is critical for the maintenance of genetic stability. In S. 

cerevisiae, exit should only occur after the completion of nuclear division and migration. 

Mitotic exit is characterized by spindle disassembly and chromosomal decondensation, 

followed by cytokinesis. Its molecular basis is the inactivation of the mitotic Cdks 

(mainly B-cyclin/Cdc28), achieved in two ways: proteolysis of Clb cyclins, and direct 

binding of Sicl (Cdk inhibitor) to Cdk. The Cdcl4 phosphatase plays a crucial role in 

triggering mitotic exit, contributing to both Clb2 proteolysis and Sicl accumulation.

For most of the cell cycle, Cdcl4 is bound to an inhibitor Netl, which sequesters it in 

the nucleolus and keeps it inactive (Visintin et al., 1999). Cdcl4 experiences two stages 

of release in anaphase. At the metaphase-to-anaphase transition, Cdcl4 is transiently 

released into the nucleus by a network of proteins named the FEAR (Cdc fourteen early 

anaphase release) (Stegmeier et al., 2002; Saunders, 2002; reviewed in D’amours and 

Amon, 2004). The FEAR network includes the Separase Espl, the kinetochore/spindle
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protein Slkl 9, Spol2 and its homolog Bnsl, the polo kinase Cdc5, the Securin Pdsl, and 

the nucleolar protein Fobl, which inhibits Separase. It is noteworthy that the function of 

Espl in the FEAR is independent of its cohesin cleavage activity. The FEAR network 

promotes Cdcl4 release from its inhibitor possibly by promoting its phosphorylation 

(Stegmeier et al., 2002; Saunders, 2002). However, this transient release of Cdcl4 is 

restricted to the nucleus and cannot trigger mitotic exit. Partially released Cdcl4 can act 

in a feed-forward amplification to activate itself by activating the mitotic exit network 

(MEN), which in turn triggers the full and sustained release of Cdcl4 into the nucleus 

and the cytoplasm during late anaphase (Lee et al., 2001).

The MEN resembles a Ras-like signaling cascade, and involves the GTPase Teml, 

Cdcl4 itself, and several protein kinases such as Cdc5 (the yeast homologue of 

Drosophila polo kinase), Cdcl5 (a MAP-kinase-like kinase), Dbf2 (Ser/Thr kinase), and 

Mobl, which forms a heterodimer with Dbf2 and is required for Dbf2 activity (reviewed 

in Bosl and Li, 2005). The Ras-like GTPase Teml functions at the top of the MEN 

(Shirayama et al., 1994a). All the MEN proteins are required to maintain Cdcl4 in its 

released state: in mutants that lack MEN activity, Cdcl4 released during early anaphase 

returns to the nucleolus later without triggering mitotic exit (Lee et al., 2001).

When Cdcl4 is fully released into the cytoplasm, it activates (by dephosphorylation) 

the APC activator Cdhl, thus triggering proteolysis of mitotic cyclins by the APC. 

Cdcl4 also stabilizes the Cdk inhibitor Sicl by removing the phosphate group, which 

would otherwise target Sicl for proteolysis. Furthermore, Cdcl4 induces Sicl 

transcription by dephosphorylating and allowing nuclear entry of Swi5, which is the 

transcriptional activator of Sicl (Visintin et al., 1998).

When the mitotic spindle is misaligned and spindle elongation occurs entirely in the 

mother cell, full release of Cdcl4 from the nucleolus and mitotic exit are delayed until 

the spindle has been repositioned properly (Pereira et al., 2000). This surveillance 

mechanism is called the spindle position checkpoint (Adames et al., 2001; Pereira et al., 

2000; Bardin et al., 2000). Fig.l .2 illustrates models for this surveillance mechanism.

Cell cycle checkpoints are highly conserved eukaryotic mechanisms that prevent each 

step of the cell cycle- from occurring unless the previous step has been properly 

accomplished (Alberts et al., 2002). In response to aberration, checkpoints arrest the cell
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cycle to provide time for correction, and induce transcription of genes responsible for 

correction/repair. Misregulation of the cell cycle due to checkpoint loss can be associated 

with chromosomal instability and tumorigenesis (Damelin and Bestor, 2007; Malumbres 

and Barbacid, 2007; Li and Li, 2006; Baker et al., 2005; Kops et al., 2005). In S. 

cerevisiae, when deviation from the coordination of the cell cycle occurs, cell cycle 

processes are arrested and allowed sufficient time for correcting errors before 

proceedings of the subsequent events (Pringle et al., 1997).

There are at least two mitotic checkpoints in yeast —  the spindle assembly checkpoint 

and the spindle position checkpoint. When yeast cells are treated with anti-microtubule 

drugs, the cells proceed through the cell cycle until they reach mitosis, where they arrest 

with a large bud and an undivided nucleus located randomly in the mother cell. The cells 

have duplicated their DNA and SPB, but SPB separation, chromosome segregation, and 

nuclear migration cannot occur (Jacobs et al., 1988). This cell cycle arrest in the absence 

of microtubules is mediated by a mechanism called the spindle assembly checkpoint, 

which delays the onset of anaphase until each and every chromosome has established a 

bipolar orientation. The function of this checkpoint requires multiple protein kinases 

(including Mpsl, Bubl, and BubRl) and checkpoint phosphoproteins (including Madl).

The existence of the spindle position checkpoint was first suggested by observation of 

dynein mutants. With misaligned spindles, these cells exhibit significantly prolonged 

waiting times before mitotic exit, eventually allowing the misaligned spindle to deliver 

one SPB into the bud (Yeh et al., 1995). This checkpoint is sensitive to spindle 

positioning, as even transient penetration of one SPB into the bud (without subsequent 

movement of the nucleus into the neck) will trigger mitotic exit with normal kinetics 

(Adames et al., 2001).

Research has shed light on how spindle positioning controls mitotic exit. It is thought 

that the regulation of Teml activity by the Bub2-Bfal complex (a GTPase activating 

protein /GAP) and Ltel (a putative guanine nucleotide exchange factor /GEF) controls 

mitotic exit (reviewed in reviewed in Lew and Burke, 2003; Fig.l.2A and B). During 

formation of the mitotic spindle, Teml localizes preferentially to the cytoplasmic face of 

the old SPB, which is destined to move into the bud (Pereira et al., 2000). The 

Bub2/Bfal complex colocalizes with Teml on the outer plaque of the SPB, keeping
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Teml in its inactive form (GDP bound) (Pereira et al., 2000; Geymonat et al., 2002). 

Ltel is sequestered at the bud cortex concomitant with bud formation in a process 

involving Cdc42, and is restricted to the bud by septins (Jensen et al., 2002; Shirayama et 

al., 1994b; Castillon et al., 2003). When the spindle moves into the neck, bringing Teml 

into contact with Ltel, Teml becomes activated (GTP bound), which in turn activates 

other components of the MEN and triggers the full release of Cdcl4. In cases of spindle 

mispositioning, because Ltel is not present in the mother cell, Bub2/Bfal keeps Teml 

inactive (GDP bound), and Cdcl4 is retained in the nucleolus, preventing mitotic exit. 

Consistent with this model, cells exit mitosis pre-maturely when overexpression of Ltel 

causes some of the protein to mislocalize in the mother, or when Ltel is mislocalized due 

to septin defects (Bardin et al., 2000; Castillon et al., 2003).

However, Ltel is only essential for mitotic exit at low temperatures, suggesting 

alternative mechanisms for the regulation of MEN activity by spindle positioning 

(Adames et al., 2001). Several lines of evidences point to a role for cytoplasmic MTs in 

regulating the MEN. For example, tub2-401 mutants at semi-permissive temperatures 

have diminished cytoplasmic microtubules, and these cells with mispositioned spindles 

proceed with mitotic exit to produce binucleate mothers and anucleate daughters 

(Sullivan and Huffaker, 1992).

One model postulates the spindle position checkpoint monitors contact between the 

cytoplasmic microtubules and the cortex at the neck (Adames et al., 2001). When an 

SPB moves into the bud, the cytoplasmic microtubules lose their contact with the neck, 

allowing the cell to proceed with mitotic exit (Fig. 1.2). Experiments with several mutant 

strains affecting cMTs have revealed that many cells with mispositioned spindles exit 

mitosis pre-maturely. In these cells, either a SPB transiently inserts into the neck then 

falls back into the mother, or cytoplasmic microtubules transiently lose interactions with

the neck, while both SPBs are still within the mother (Adames et al., 2001). This 

inappropriate mitotic exit does not require the presence of Ltel. In addition, mitotic exit 

can occur at normal time upon loss of Bub2/Bfal activity in dynein mutants (spindle 

misaligned and the SPB does not enter the neck). Thus, it is speculated that interactions 

of cytoplasmic microtubules with the neck provide an inhibitory signal through 

Bub2/Bfal that prevents exit from mitosis (Adames et al., 2001).

15

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



•  Cdc14 in nucleolus
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(dynein mutant)
□  Bub2/Bfa1
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► Teml (GDP-bound)

► Teml (GTP-bound) 

C I Ltel in the bud
mitotic exit

septinsw
(dynein mutant with cMT defects)

Figure 1.2. The spindle position checkpoint couples spindle positioning with mitotic 
exit. Full release of Cdcl4 from the nucleolus into the cytoplasm is a crucial event for 
mitotic exit, and Cdcl4 release requires the mitotic exit network (MEN) proteins. 
Teml, which is at the top of the MEN pathway, is localized at the old SPB. (A) During 
a normal cell cycle, when the spindle is inserted into the neck, Teml is activated by 
Ltel, which is sequestered in the bud. Active Teml (GTP bound) activates the MEN 
and the cell exits from mitosis. (B) When the spindle is mispositioned and cytoplamic 
MTs extend into the neck, Bub2/Bfal (which also localizes at the old SPB) keeps Teml 
inactive (GDP bound). Cdcl4 remains in the nucleolus and the cell arrests in late 
anaphase. Septins at the neck prevent Ltel from leaking into the mother cell. (C) When 
the spindle is mispositioned but cytoplamic MTs do not extend into the neck, Cdcl4 is 
released, and leads to pre-mature mitotic exit.
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1.2 The Kar9 and dynein pathways are involved in 
nuclear positioning

This study focuses on identifying biomolecular players that are possibly involved in 

spindle orientation and/or nuclear positioning. Two pathways (the Kar9 pathway and the 

dynein pathway) are known to participate in spindle orientation and nuclear positioning, 

but have slightly different roles and function in a sequential manner (reviewed in Pearson 

and Bloom, 2004; Bloom, 2001). The Kar9 pathway functions before the onset of 

anaphase and depends on the actin cytoskeleton: it moves the nucleus into the vicinity of 

the neck, and ensures correct orientation of the short pre-anaphase spindle. The dynein 

pathway functions after the onset of anaphase, and is actin-independent: it moves the 

nucleus into the neck during anaphase, at about the time of spindle elongation (Adames 

and Cooper, 2000).

The Kar9 pathway involves Kar9, the microtubule-interacting protein Biml, the 

formin protein Bnil, actin, the actin-based motor Myo2, and the kinesin-related protein 

Kip3 (reviewed in Huisman and Segal, 2005). This pathway moves the nucleus by 

capture/shrinkage and sweeping motions of cytoplasmic microtubules at the bud cortex. 

In mutants of the Kar9 pathway, the nucleus does not move close to the neck and the pre

anaphase spindle is often misaligned (Adames and Cooper, 2000). Misalignment of 

spindles and failure of capture of cytoplasmic microtubules at the bud cortex can result in 

spindle elongation entirely in the mother cell (Miller and Rose, 1999; Lee et al., 1999; 

Miller et al., 1999).

The dynein pathway involves the dynein multisubunit complex, the dynactin 

multisubunit complex (the dynein regulator), several microtubule plus-end tracking 

proteins (P ad , Ndll, Bikl), the kinesin-related protein Kip2, and the cortical anchor 

protein Numl (Bloom, 2001; Li et al., 2005; Lee et al., 2005). During anaphase, this 

pathway is responsible for the sliding of cytoplamic microtubules along the bud cortex, 

which pulls the nucleus into the neck (Adames and Cooper, 2000). In dynein heavy 

chain mutants (dynlA), SPB separation and assembly of the bipolar spindle are normal, 

and the nucleus is correctly positioned close to the neck (Yeh et al., 1995). However, 

spindle elongation proceeds mainly within the mother cell, and the SPB proximal to the
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neck does not efficiently migrate into the bud. Thus, spindle elongation is no longer 

coupled with nuclear migration into the neck (Li et al., 1993; Eshel et al, 1993).

The Kar9 and dynein pathways are partially redundant, as neither is essential. Double 

mutations in one pathway do not result in more severe nuclear positioning defects than 

those observed in single mutants. In mutants of the Kar9 pathway, microtubule capture at 

the bud cortex is absent, and spindle movement into the neck is delayed (Adames and 

Cooper, 2000). However, microtubule sliding corrects the nuclear movement defect 

(Adames and Cooper, 2000; Tirnauer et al., 1999). In dynein/dynactin mutants, spindle 

movement into the neck is also delayed, but not absent (Yeh et al., 1995; Muhua et al., 

1998). The backup mechanism in these mutants is mainly microtubule capture/shrinkage 

events, which in normal cells are responsible for moving the nucleus close to the neck 

before anaphase (Adames and Cooper, 2000). In this backup mechanism, the Kar9 

pathway proteins probably contribute by maintaining proper spindle and cytoplasmic 

microtubule orientation, which allows spindle elongation to eventually penetrate the neck 

as the spindle length exceeds the length of the mother (Miller et al., 1998; Cottingham 

and Hoyt, 1997; DeZwaan et al., 1997).

However, simultaneous disruption or loss of both the Kar9 and the dynein pathways 

leads to cell death or slow growth (referred to as synthetic lethality or growth defect) 

(Tong et al., 2004). Therefore, if loss of a gene product leads to nuclear postioning 

defects, and mutations in this gene combined with dynein mutations cause synthetic 

lethality or growth defect, then this gene product may be involved in the Kar9 pathway, 

and vice versa.

1.2.1 The Kar9 pathway

Kar9 was first identified in the mating process of S. cerevisiae (Kurihara et al., 1994). 

In response to the mating pheromone produced by another haploid cell of the opposite 

mating type, the yeast haploid cell is briefly arrested in G1 phase. Each cell then 

“shmoos”, forming a mating projection toward the pheromone, and the nucleus moves 

toward the shmoo projection, with cytoplasmic microtubules extending to the shmoo tip. 

The cell wall between the two mating cells breaks down, and their plasma membranes 

fuse, allowing the two nuclei to migrate toward each other and fuse (termed karyogamy, 

Rose 1996; Read et al., 1992). This process results in a diploid zygote. In contrast, in
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zygotes of kar9 mutants, the cytoplasmic microtubules are misoriented, and the nuclei 

fail to fuse but remain widely separated.

The Kar9 pathway (refer to Fig. 1.3) is required for microtubule capture at the bud 

cortex. Early in the cell cycle, before bud emergence, microtubules are captured at the 

incipient bud site (Adames and Cooper, 2000). Shrinkage of the captured microtubules is 

often associated with nuclear movement towards the neck. Cytoplasmic microtubules in 

the bud also pivot at their minus end at the SPB, with the plus end maintaining contact 

with the bud cortex. This motion is referred to as microtubule “sweeping”, and 

contributes to spindle rotation until proper alignment along the mother-bud cortex is 

achieved (Adames and Cooper, 2000).

The Kar9 protein plays key roles for the microtubule capture process. Cells 

expressing Kar9-YFP at its endogenous level localizes the protein along microtubules 

and to microtubule plus ends, as well as to spindle poles (Liakopoulos et al., 2003). In 

metaphase, Kar9 is found only on one spindle pole (the daughter bound) and along the 

cytoplasmic MTs extending from it. It seems that asymmetric Kar9 distribution directs 

the cMTs toward the bud site, because upon deletion of KAR9 or loss of Kar9 asymmetry, 

alignment of the pre-anaphase spindle becomes random.

Flow the asymmetry of Kar9 distribution is achieved remains to be elucidated. The 

polarized actin cytoskeleton is involved (as described next). In addition, Clb4/Cdc28 

may regulate Kar9 localization by phosphorylating the protein (Liakopoulos et al., 2003).

The actin cytoskeleton is involved in targeting cMTs (daughter-bound) to the bud 

cortex. Latrunculin (an actin-depolymerizing drug) treatment of living cells leads to 

mispositioning and misorientation of the pre-anaphase spindle, suggesting that 

cytoplasmic microtubules are tethered to the actin cytoskeleton in the bud (Miller et al., 

1998). The actin-based type V myosin Myo2 is required for Kar9 asymmetry. In myo2 

mutants (with mutations in the motor domain or in the Kar9-interacting domain), Kar9 

localization becomes diffuse throughout the mother and bud, and spindles tend to be 

misorientated (Beach et al., 2000; Yin et al., 2000; Liakopoulos et al., 2003). Myo2 

presumably confines Kar9 in the bud through an actomyosin transport system along 

polarized actin cables.

As the formin protein Bnil regulates actin cytoskeleton and cell polarization, it is not
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surprising that Bnil is also involved in the Kar9 pathway (Kohno et al., 1996; 

Evangelista et al., 1997; Zahner et al., 1996; Fujiwara et al., 1999). Bnil forms a cap at 

the incipient bud site in late G l, and remains at the bud tip through the cell cycle (Miller 

et al. 1999). Upon loss of BN11, the mutants show nuclear positioning defects similar to 

kar9 mutants, although not as severe. Genetic analysis has placed Bnil in the Kar9 

pathway, as loss of both BNI1 and KAR9 does not lead to a more severe phenotype than 

single kar9 mutants, whereas loss of BNI1 and dynein pathway components is 

synthetically lethal (Lee et al., 1999; Miller et ah, 1999).

An actin-interacting protein Bud6 is also involved in the Kar9 pathway. Bud6 

interacts with Bnil in a two-hybrid assay, and associates biochemically with Myo2. 

Bud6 was initially characterized as required for bud site selection in diploid cells 

(Amberg et al., 1997). bud6 mutants have similar but even milder nuclear positioning 

defects than bnil mutants (Miller et al. 1999). Bud6 is recruited to the pre-bud site and 

remains at the bud tip after bud emergence through regulation by Cdc42. It is speculated 

that Bud6 may serve as the cortical protein that captures cytoplasmic microtubules, 

because studies show that MT capture/shrinkage occurs almost exclusively at Bud6 sites. 

However, there must be alternative capture mechanisms, since deletion of BUD6 does not 

completely perturb the cortical capture (Segal et al., 2002).

Interestingly, Kar9 is thought to be the functional counterpart of the mammalian 

tumour suppressor protein adenomatous polyposis coli (APC) (Bloom, 2000). In 

humans, APC associates with the microtubule plus-end-tracking protein (+TIP) EB1, and 

can be regulated by Cdk phosphorylation (Nakamura et al., 2001). Kar9 shares sequence 

similarity with APC within the domain that mediates its binding to EB1.

Does Kar9 in S. cerevisiae also bind to +TIP proteins? Biml, the yeast homologue of 

the human EB1, interacts with Kar9 in a two-hybrid screen, and the interaction is 

confirmed by co-immunoprecipitation (Miller et al., 2000). Biml has been reported to 

regulate microtubule dynamics in S. cerevisiae: biml mutants contain shorter and less- 

dynamic cytoplasmic microtubules (Adames and Cooper, 2000; Tirnauer et al., 1999). 

During mitosis, biml mutant cells are inefficient in moving the nucleus close to the neck, 

and spindles are misoriented (Adames and Cooper, 2000). In these cells, shorter or less- 

dynamic microtubules may reduce the probability of a microtubule end being captured at
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the bud cortex. The “sweeping” motion is also noticeably reduced, as the spindle is not 

as motile (Adames and Cooper, 2000).

Loss of Biml diminishes Kar9 localization along cytoplasmic microtubules, 

suggesting that Biml mediates interactions between Kar9 and microtubules (Miller et al., 

2000). The current model of the Kar9 pathway proposes that Biml mediates the Kar9- 

MT interaction. Because Myo2 confines Kar9 to the bud by linking Kar9 with actin 

cables (that are polarized towards the bud cortex), the Kar9-Myo2 interaction thus targets 

cytoplasmic plus end (as well as Kar9) toward the bud cortex(Huisman and Segal, 2005). 

An observation in support of this model is that a Biml-Myo2 fusion protein can bypass 

Kar9 requirement for spindle orientation (Hwang et ah, 2003). Once microtubules make 

contact with the bud cortex, Kar9 (possibly with Bud6) provides a platform for capture at 

the cortex. Microtubule shrinkage moves the nucleus to the neck, and the “sweeping” 

motion of microtubules helps align the spindle along the mother-bud axis (Beach et al., 

2000; Huisman and Segal, 2005). This model is illustrated in Fig. 1.3.

Genetic analysis has implied that the kinesin-related protein Kip3 (a kinesin-14 family 

member, minus-end motor) also functions in the Kar9 pathway, although the connection 

between Kip3 and Kar9 had not been clearly defined until lately (Gupta et al., 2006). 

Loss of Kip3 function leads to nuclear positioning defects similar to those seen in kar9 

mutants, whereas anaphase B spindle elongation kinetics is not affected (Miller et al., 

1998). In these cells, the nucleus is capable of moving towards the neck, but fails to 

maintain its position there and drifts away (DeZwaan et a l, 1997). In addition, kip3 

mutants show very long cytoplasmic microtubules at lower temperatures, so Kip3 may 

act by destabilizing cytoplasmic microtubules (Cottingham and Hoyt, 1997; Miller et al, 

1998).

A very recent study demonstrates how Kip3 functions in the Kar9 pathway. In this 

study, fluorescent speckle analysis shows that Kip3 moves toward and accumulates on 

the plus ends of growing microtubules (Gupta et al., 2006). Loss of Kip3 does not affect 

microtubule capture at the bud cortex, but produces significant reduction in frequency of 

microtuble catastrophe —switch from growth to shrinkage. So Kip3 affects growth and 

shrinkage rates of MTs, and loss of Kip3 leads to extra long MTs (Gupta et al., 2006). If 

these abnormally long MTs are in contact with the bud cortex, the SPB (daughter-bound)
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is pushed away from the neck. These observations suggest that the spindles are 

mispositioned in kip3 cells because attached microtubules grow inappropriately, pushing 

pre-anaphase spindles away from their normal position near the bud neck (Gupta et al.,

In summary, the Kar9 pathway confines Kar9 localization asymmetrically into the 

bud, and provides a platform for MT capture at the bud cortex. Capture/shrinkage of 

these MTs brings the nucleus up to the neck and aligns the pre-anaphase spindle along 

the mother-bud axis. Kip3 acts as a regulator of the dynamics of microtubules attached to 

the bud tip, ensuring that shrinkage of the cMTs pulls the nucleus toward the neck. These 

two parts (MT capture and the regulation of MT dynamics) are largely independent 

(Gupta et al., 2006).

2006).

Figure 1.3. The current model 
for the Kar9 pathway (Huisman 
and Segal, 2005). Asymmetric 
localization of Kar9 into the bud 
depends on polarized actin cables 
and the actin-based motor Myo2. 
Biml mediates interaction of Kar9 
with cytoplasmic microtubules, 
and keeps Kar9 at the plus end. 
At the microtubule plus ends, in a 
process dependent on Myo2 and 
actin cables, Kar9 interacts with 
the actin formin protein Bnil, 
which leads to the capture of 
cytoplasmic microtubules at the 
bud cortex. Once captured, 
shrinkage of these microtubules 
moves the nucleus close to the 
neck. Cytoplasmic microtubules 
also “sweep” along the bud cortex 
(described in the text), which helps 
align the mitotic spindle along the 
mother-bud axis.

KH nucleus 

•  SPB

actin cable

MT
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1.2.2 The dynein pathway
Cytoplasmic dynein is a multisubunit, minus end-directed microtubule motor protein. 

In vertebrates, cytoplasmic dynein contains two heavy chains (HCs), two intermediate 

chains (ICs), two to four light intermediate chains (LICs), and various numbers of light 

chains (LCs) (King et al., 2002). The heavy chain contains the motor domain, and the 

accessory chains mediate the functions performed by the HC. In animal cells, 

cytoplasmic dynein has been implicated in various subcellular activities, such as vesicle 

trafficking, retrograde axonal transport, organization and orientation of the mitotic 

spindle (Holzbaur and Vallee, 1994; Vallee et al., 2004; Hirokawa et al., 1998; Yale,

2003). Dynein-driven movement of organelles along microtubules requires the presence 

of dynactin (Gill et al., 1991). Studies show that dynactin may promote dynein-based 

movements by increasing the processivity of the motor (King and Schroer, 2000).

In 1993, two groups identified the gene encoding the heavy chain of cytoplasmic 

dynein in S. cerevisiae: DYN1/DHC1 (Li et al., 1993; Eshel et al., 1993). DAPI-staining 

of the dynlA  mutants showed nuclear positioning defects. At 30°C, 3-14% of the cells 

are large, budded cells in which two or more nuclei are located in the mother and no 

nuclei are found in the bud. The fraction of this type of cells increases as the growth 

temperature decreases (14-38% at 11°C) (Li et al., 1993; Eshel et al., 1993).

In dynl mutants, chromosome segregation is unimpeded, and the speed and length of 

the fast spindle elongation stage appears normal, although elongation is confined 

primarily in the mother cell (Yeh et a l, 1995). However, oscillation of the nucleus, 

which occurs in normal cells during nuclear insertion into the neck, is diminished. 

Anaphase spindles appear to be oriented randomly, and cells with mispositioned spindles 

arrest before mitotic exit. Nevertheless, over varying lengths of time, the nuclear lobe 

proximal to the neck eventually moves into the daughter cell. The length of the delay in 

correcting the spindle position depends on the orientation of the spindle at the time of 

elongation. If the spindle happens to be orientated along the mother-bud axis, the delay 

is not noticeable, whereas if the spindle happens to be oriented obliquely to the axis, an 

obvious delay is observed (Yeh et al., 1995; Adames and Cooper, 2000).
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Research later revealed the mechanistic roles of dynein in nuclear positioning. During 

anaphase, as the spindle elongates, cytoplasmic microtubules associate laterally and slide 

along the bud cortex, in an actin-independent manner (Adames and Cooper, 2000; Heil- 

Chapdelaine et al., 2000b). Interactions with the cortex are along the complete length of 

the microtubules rather than at the end, and the sliding exerts considerable force, pulling 

the nucleus into the neck. After insertion of the nucleus into the bud, microtubules also 

slide along the mother cortex, so the nucleus is kept in the neck by a balance of pulling 

forces from both sides, which may explain its oscillation (Adames and Cooper, 2000).

In dynein mutants, the nucleus moves up to the neck normally, and the pre-anaphase 

spindle orientation is also normal (Adames and Cooper, 2000). It is during anaphase, 

when the spindle fails to enter the bud, that it becomes misaligned. In these cells, 

cytoplasmic microtubules often grow much longer than those in wild type cells. 

However, even when these long microtubules have the opportunity to interact with the 

bud cortex, sliding along the bud cortex does not occur (Adames and Cooper, 2000). 

This suggests a model in which dynein/dynactin is anchored at the cortex, where it binds 

cytoplasmic microtubules, and walks toward the minus-end (Carminati and Stearns,

1997).

In S. cerevisiae, the dynein intermediate chain is Pacll, and Dyn3 is the light 

intermediate chain (Geiser et al., 1997; Lee et al., 2005). Dyn2, the dynein light chain, 

was the first LC identified in fungi (Dick et al., 1996; Ho et al., 2002; Tong et al., 2004). 

For a list of dynein subunits in S. cerevisiae and their orthologs in humans, refer to Table 

1. 1.

For mechanism of the dynein pathway, an off-loading model of dynein at the cell 

cortex has been proposed (Lee et al., 2005). In this model, the microtubule plus-end 

tracking proteins (such as Bikl) assist recruitment of dynein to microtubule plus ends. 

The plus ends are quite dynamic and probe for the bud cortex. Once the plus end 

interacts with the cortical anchor N um l, dynein is delivered to the cortex. A t the cortex, 

the dynein motor is activated (by its regulator dynactin) and produces force for 

microtubule sliding. This model is illustrated in Fig. 1.4.

Activity of the dynein motor can be regulated by its accessory proteins, and different 

subunits may mediate the interaction between the motor and diverse cellular components

24

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



(refer to section 1.3.1). Dynl-3GFP localizes at the distal plus ends of cytoplasmic 

microtubules and in stationary dots at the mother or bud cortex (Lee et al., 2003; 

Sheeman et al., 2003). Before late anaphase, Dynl localization at the mother cortex is 

predominant, whereas in cells with a long spindle, localization to the bud cortex is more 

common. The localization of Pacll(IC) is virtually identical to Dynl, whereas Dyn3 

(LIC) appears to be fairly motile and often colocalizes with Dynl at the plus ends of 

cytoplasmic microtubules but not at the cell cortex (Lee et al., 2003; Lee et al., 2005). 

Pacll and Dyn3 localization are dependent on Dynl. Conversely, Dynl localization at 

the microtubule plus ends requires P acll, while its localization at the cell cortex is 

supported by Dyn3, suggesting that P ad  1 (IC) is necessary for Dynl (HC) stability along 

microtubules, whereas Dyn3 (LIC) may mediate interaction between Dynl and proteins 

at the cortex (Lee et al., 2005).

Dynactin also regulates dynein activity. Several dynactin components are known in S. 

cerevisiae'. Arpl, the actin-related protein; Jnml, the ortholog of p50/dynamitin 

(DCTN2) from vertebrates; and NiplOO, the ortholog of pl50GW (DCTN1) (McMillan 

and Tatchell, 1994; Clark and Meyer, 1994; Geiser et a l, 1997; Kahana et al., 1998). For 

a list of these subunits and their orthologs in human, refer to Table 1.1. Loss of function 

of any of these dynactin components leads to dynl-like nuclear positioning defects, and 

microtubule sliding along the bud cortex is absent in these mutants (Adames and Cooper, 

2000). Loss of dynactin leads to dynein accumulation at the plus ends of microtubules 

during anaphase, and the cortical localization is diminished (Lee et al., 2005). This 

accumulation of Dynl is also observed in dyn3 mutants, or when the Dynl protein itself 

is mutated (for example, in the motor domain) (Lee et al., 2005). Thus, dynactin activity 

is required for the off-loading of dynein to the cortex, where the motor protein functions 

to pull microtubules. It can be speculated that Dyn3, as the dynein accessory subunit, 

may help link the dynein complex to dynactin.

Dynactin localization studies, however, have not been very successful (possibly due 

to low protein abundance) —  none of these proteins have been localized directly at 

endogenous levels. In the off-loading model, when and how dynactin is recruited to the 

plus end (or cell cortex) remains unknown. In addition, the mechanism for activation of 

dynein by dynactin is not clearly understood, although it has been demonstrated that
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dynactin can increase the processivity of dynein in vitro (King and Schroer, 2000).

In cultured mammalian cells and filamentous fungi (Aspergillus and Neurospora), 

dynein and dynactin are found as small punctae at microtubule plus ends (Valetti et al., 

1999; Vaughan et al., 1999; Morris et al., 2003; Ozeki et al., 2003; Brandon et al., 2004; 

Liang et al., 2004). These plus ends are often tethered to either chromosome 

kinetochores or to the cell cortex, in order to organize and orient the mitotic spindle (for a 

detailed description of this process, refer to section 1.3.3). In either case, dynein/dynactin 

recruitment to microtubule plus ends requires LIS1 (Lissencephaly 1), NudE/Nudel 

(nuclear distribution), and DISCI (Disrupted-In-Schizophrenia-1) (Dujardin and Vallee, 

2002). Notably, all these proteins are mutated in different neuronal diseases in human 

(Reiner et al., 1993; Pilz et al., 1998). Studies have been done in order to find the 

counterparts for dynein/dynactin recruitment in S. cerevisiae. As expected, P ad  (a 

homologue of LIS1) and Ndll (the yeast orthologue of NUDE), are both required for 

Dynl localization at microtubule plus ends in S. cerevisiae (Lee et al., 2003; Li et al., 

2005).

So how is dynein recruited to the plus ends? Besides the above-mentioned P ad  and 

Ndll, the microtubule-associated protein Bikl (an ortholog of the mammalian 

microtubule plus-end tracking protein CLIP 170), and Kip2 (a kinesin-related protein), 

have also been implicated in this process. In any of these four mutants, Dynl localization 

at the plus ends is significantly reduced (Lee et al., 2003). P ad  and Ndll proteins are 

found to colocalize at the plus-ends, while Bikl and Kip2 are located along cytoplasmic 

microtubules (Tong et al., 2004; Lee et al., 2003; Li et a l, 2005; Carvalho et al., 2004; 

Sheeman et al., 2003). Because Ndll and P ad  co-localize and interact biochemically, 

while Bikl biochemically interacts with Kip2 and co-migrates with Kip2 along 

microtubles, it is suggested that Ndll/Pacl and Bikl/Kip2 are in two pathways that are 

largely independent for recruiting dynein to the plus ends. However, inactivation of 

either pathway leads to an almost complete absence of dynein localization at the plus end, 

so the two pathways are not redundant but may function cooperatively (Li et ah, 2005).

How these two pathways connect with each other is unknown. In the Pad/N dll 

pathway, Ndll may act upstream of P a d , as P ad  overexpression suppresses an ndll 

mutation, but not vice versa (Li et al., 2005). It is speculated that Ndll stabilizes or
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activates P ad  at the plus end. In the Bikl/Kip2 pathway, both proteins may stabilize 

MTs, since mutations in BIKl destabilize the cytoplasmic microtubules, and kip2 mutants 

also have very short or absent cytoplasmic microtubules (in contrast to kip3 mutants). 

One possible role for Kip2 is as a transporter that moves dynein from the SPB back 

toward the plus ends of the microtubules, during which Bikl is needed as the MAP 

(Carvalho et al., 2004). In addition, Kip2 may stabilize microtubules by targeting Bikl to 

the plus end. In the absence of Bikl, Pacl/Ndll localization at the plus ends are reduced, 

suggesting that Bikl may mediate the interaction between MT and Pacl/Ndll. 

Alternatively, Bikl affects the interaction (between MT and Pacl/Ndll) by acting as the 

MT stabilizer.

Interestingly, it has been suggested that Bikl may also be involved in the Kar9 

pathway, and contributs to the asymmetric localization of Kar9 by promoting Kar9 

phosphorylation (Moore et al., 2006). This mechanism is not fully elucidated. 

Nevertheless, it seems that the MAPs play multiple roles during mitosis, by regulating 

MT dynamics or mediating the interaction between MT and other proteins.

Following recruitment to MT plus ends, dynein needs to be offloaded to the cell 

cortex, where it can be anchored and activated, and move toward the minus-end (the 

SPB). So what proteins at the cortex may anchor or activate the dynein motor? The 

cortical protein Numl appears to be a cortical anchor for dynein (Kormanec et al., 1991; 

Farkasovsky and Kuntzel, 1995; Geiser et al., 1997; Schwartz et al., 1997). Numl is 

localized at the cortex, and this localization is not dependent on microtubules, dynein, or 

dynactin (Heil-Chapdelaine et al., 2000a). Loss of Numl leads to absence of the MT 

sliding motion along the cortex (Fleil-Chapdelaine et al., 2000a). What is more, Numl 

contains a domain capable of directly binding to membrane lipids, which might help 

anchor Numl (and dynein) to the plasma membrane (Farkasovsky and Kuntzel, 1995).

In cells lacking Numl, dynein accumulates at the plus ends of microtubules during 

anaphase, and the cortical localization is diminished. This is in sharp contrast to what is 

observed in bikl, ndll, p a d  or kip2 mutants, in which Dynl localization at the plus ends 

is significantly reduced (Lee et al., 2003). Therefore, Numl is proposed to be required 

for the delivery of dynein to the cortex. Considering that this accumulation (of dynein) at 

the microtubule plus ends is also observed in dynactin mutants, it is tempting to speculate
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that dynactin actually mediates the interaction between dynein and the cortical protein 

Numl.

In summary of the dynein pathway for nuclear positioning: dynein is recruited to the 

microtubule plus ends (by Pacl/Ndll and Kip2/Bikl), then delivered to the cortex, where 

it becomes activated and drives the microtubule sliding behavior, generating the force to 

pull the nucleus into the neck. Both dynein off-loading and activation may require 

dynactin and the cortical protein Numl. This model is illustrated in Fig. 1.4.
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H U  nucleus •  SPB —  MT 4  Bikl O  Kip2 

dynein ^  dynactin ^  Pac1/Ndl1 Numl

Figure 1.4 The current model for dynein-dependent spindle positioning (Sheeman et al., 
2003; Lee et al., 2003; Li et al., 2005). (A/ B) Dynein is delivered to the microtubule plus ends 
cooperatively by P ad  (which interacts with Ndll), and Bikl (which is presumably targeted to 
the plus end by Kip2). (C/D) At the cell cortex, dynein is offloaded, which requires both the 
cortical anchor Numl and the dynactin activity. The detail of how dynactin is delivered is not 
fully understood. (E/F) Once dynein is offloaded to the cortex and becomes anchored, its motor 
activity is activated. The motor then moves towards the minus end of the cytoplasmic 
microtubule, producing the force for microtubule sliding, which in turn pulls the nucleus into the 
neck.
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1.3 Composition and structure of dynein/dynactin
1.3.1 The structure of cytoplasmic dynein

In the early 1960s, axonemal dynein was identified as the major force-producing 

ATPase of cilia and flagella (Gibbons and Rowe, 1965). Two decades later, cytoplasmic 

dynein was first isolated from rat brain tissue (Paschal and Vallee, 1987). This group 

found that a microtubule-associated protein, MAP 1C, is a microtubule-activated ATPase 

that produces force along microtubules in a retrograde direction (Bloom et al., 1984). 

They found that the MAP 1C protein is related to the axonemal form of dynein by 

sequence analysis, and therefore, referred to this protein as cytoplasmic dynein. In higher 

organisms, cytoplasmic dynein is involved in multiple cellular processes, such as 

retrograde axonal transport, transportation of intracellular organelles, organization and 

orientation of the mitotic spindle, and chromosome separation during mitosis (Holzbaur 

and Vallee, 1994; Vallee et al., 2004; Hirokawa et al., 1998; Vale, 2003).

The structure of dynein is important for its motor function, as it has to interact with 

diverse cellular components during various cellular activities. However, despite our 

knowledge of its functions, the ultrastructure of the dynein complex remains to be 

elucidated, as all forms of dynein are very large proteins and attempts to crystallize even 

the heavy chain alone have failed thus far. In electron microscope studies, cytoplasmic 

dynein is observed to have two globular “heads” with a slender extension called the 

“stalk”. Dynein "walks" along MTs by way of repeated cycles of detachment and 

reattachment (Johnson and Wall, 1983; Goodenough and Heuser, 1985; Vallee et al.,

1998). Each of the two “heads” actually consists of the C-terminal region of one heavy 

chain, which possesses an active ATPase site and generates force for movement. Besides 

the two heavy chains (HC, each -500-530 kDa), cytoplasmic dynein (1.2 MDa) also 

contains multiple intermediate chains (IC, -70-74 kDa each), light intermediate chains 

(LIC, -53-59 kDa), and light chains (IC, -8-22 kDa) (Hughes et al., 1995; King et al., 

1996a; King et al., 1996b).

Analysis of the dynein heavy chain sequence has revealed the presence of multiple 

highly conserved P-loop elements (GXXGXGKT/S, also called the Walker A motif, a 

feature of the AAA+ protein superfamily: ATPase associated with various cellular
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activites) involved in phosphate binding and ATPase hydrolysis (Ogawa, 1991; Mikami 

et al., 1993; Walker et al., 1982). The first P-loop is functionally essential for ATP 

binding and hydrolysis, but further evidence suggests that the other P-loop elements are 

also important, and may contribute to ATP binding (Kon et al., 2004; Silvanovich et al., 

2003; Gibbons et al., 1987).

The “stalk” has a microtubule-binding motif, and is spatially isolated from the ATPase 

domain at the tip of a projecting coiled-coil (mapped to a site of 340 amino acid residues 

downstream from the fourth P-loop element) (Gee et al., 1997). The N-terminus of the 

heavy chain makes a “stem” that contains a cargo-binding domain (Oiwa and Sakakibara,

2005). The stem can also mediate self-dimerization of the HC, and can interact with 

intermediate chains, which in turn bind dynactin (Sakato and King, 2003; King, 2000).

Many organisms have only one isoform for cytoplasmic dynein heavy chain, yet, 

dynein-driven movement is found in a wide variety of cellular activities. This functional 

diversity is achieved in multiple ways: via the association of the HC with various 

accessory proteins or dynactin (both of which can target dynein for different sites and 

regulate its activity), or through post-translational modifications (such as 

phosphorylation) (Barton and Goldstein, 1996; Karki and Holzbaur, 1999).

Isoform diversity has been described for the intermediate chains, which tend to have a 

conserved C-terminal region and a divergent N-terminus. This suggests a common 

function for the C-terminus (such as heavy chain binding), and more specific roles for the 

N-terminus (such as directing the complex to an organelle surface or microtubules, or for 

interaction with dynactin) (King and Witman, 1990; King et al., 1991; Karki and 

Holzbaur, 1995). The intermediate chains can regulate dynein activity, as separation of 

intermediate chains from the remainder of the dynein complex leads to enhancement of 

ATP hydrolysis (Kini and Collins, 2001). In addition, removal of different isoforms of 

intermediate chains (from brain or testes) leads to the elimination of the difference in 

ATPase activities of dynein (Kini and Collins, 2001).

Direct phosphorylation of the heavy chain can also regulate dynein-based motility 

(Dillman and Pfister, 1994). In an in vivo experiment, labeling of cytoplasmic dynein in 

rat nerves shows that the HC derived from the total cellular pool and that from vesicles 

moving in the anterograde direction (where dynein is presumably inactive) have different

31

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



extents of phosphorylation (Dillman and Pfister, 1994). Dynein phosphorylation may be 

regulated by dynactin, as its ATPase activity is dramatically reduced when produced in 

dynactin mutants (as compared to those isolated from wild-type), and can be restored by 

treatment with phosphatase (Kumar et al., 2000). Radiolabeling experiments show that it 

is the light chains that are dephosphorylated upon phosphatase treatment, suggesting that 

dynactin regulates phosphorylation of the dynein light chains (Kumar et al., 2000). So 

phosphorylation of different subunits can directly or indirectly modulate the motor 

activity of dynein.

1.3.2 The structure of the dynactin complex
The existence of dynactin as a dynein regulator was first suggested by experiments 

that used an assay developed from chick embryo fibroblasts (Schroer et al., 1989). 

Cytoplasmic dynein present in the cytosol caused the retrograde movement of purified 

organelles on microtubules. However, purified cytoplasmic dynein itself was not enough 

to support such movement, indicating that the cytosol contains additional factors required 

for organelle motility (Schroer et al., 1989).

Several other research groups observed that cytoplasmic dynein co-purifies with 

additional poplypeptides (Collins and Vallee, 1989; Steuer et ah, 1990; Holzbaur et al.,

1991). One of these co-purified polypeptides is approximately 150 kDa in size, and 

homologous to the product of the Drosophila gene Glued. In flies, Glued is expressed in 

all cells, and its null mutation is lethal during development (Harte and Kankel, 1982). 

The first identified allele of Glued causes aberrant development of the compound eye and 

optic lobe, a dominant phenotype in heterozygous flies, suggesting the importance of this 

protein during neuronal development (Plough and Ives, 1935).

In vitro studies reveal that the 150 kDa polypeptide and other polypeptides co-purified 

with dynein are indeed the factors required for dynein-mediated vesicular transport along 

microtubules (Gill et al., 1991; Schroer and Sheetz, 1991). The 150 kDa polypeptide is 

one component of a heteromeric microtubule-associated complex that consists of at least 

seven distinct poplypeptides (Paschal et al., 1993). The complex is referred to as 

“dynactin” (dynein activator), with each subunit named after its molecular mass —  for 

example, p 15 0Glued.
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As dynein interacts with various cellular components, and often these interactions are 

mediated by dynactin, the structure of dynactin has to accommodate its ability to interact 

with diverse partners. Extensive studies have been conducted on the dynactin complex, 

and its ultrastructure has been revealed (illustrated in Fig. 1.5, reviewed in Schroer, 2004).

Dynactin is a 1200 kDa complex. Under the electron microscope, the dynactin 

molecule appears to be asymmetric and consists of a rod (~10x 40nm) with a projecting 

arm (25-50 nm) (Schafer et al., 1994a). The arm terminates with two globular heads that 

point upward. The current view of dynactin organization postulates that each of the 

globular heads binds microtubules. Dynein (presumably the IC) binds to dynactin along 

or near the base of the arm. The rod may bind to the membrane of organelles.

The arm projecting from the rod contains pl50GW (DCTN1), p50 (dynamitin or 

DCTN2), and p24/p22 (DCTN3). A stable “side-arm” complex of these three proteins 

can be isolated from the “rod” (Eckley et al. 1999).

pl50c w , a highly conserved polypeptide, is the largest dynactin subunit. Although 

usually encoded by a single gene, pl50GW is often expressed as a doublet of 150 and 

135 kDa, resulting from alternative splicing (Tokito and Holzbaur, 1996). In humans, the 

pl50GW primary transcript has been reported to generate 32 exons (Tokito and 

Holzbaur, 1998). Alternative splicing generates functionally distinct isoforms of the 

polypeptide.

The pl50GW polypeptide is highly a-helical, and possesses extended regions of 

heptad repeat sequences that form coiled-coiled motifs. The a-helical coiled-coils 

mediate protein-protein interactions within the complex, and possibly facilitate its self- 

dimerization. The N-terminus of the polypeptide forms the globular heads of the 

dynactin arm, and contains a conserved motif (CAP-Gly) that binds microtubules (Li et 

al., 2002; Waterman-Storer et al., 1995; Vaughan et al., 2002). Interestingly, this domain 

is also capable of binding microtubule-binding proteins, such as EB1 and CLIP-170, in 

mammalian cells (Berrueta et al., 1999; Askham et al., 2002; Bu and Su, 2003; Ligon et 

al., 2003). The C-terminal region contains a conserved actin-binding motif that may be 

involved in binding to the rod, which consists largely of Arpl, an actin-related protein 

(Waterman-Storer et al., 1995). In Drosophila mutants that lack the C-terminus of 

p!50GW, the protein is not incorporated into dynactin (McGrail et al., 1995). In
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addition, interactions exist between pl50GW and the dynein intermediate chain at 

multiple sites in the central region of pl50Gterf (King et al., 2003; Vaughan et al., 2002). 

In S. cerevisiae, NiplOO is the pl50GW ortholog (Kahana et al., 1998).

The p50 subunit, referred to as dynamitin or DCTN2, contains three coiled-coil 

regions that mediate protein-protein interactions (McMillan and Tatchell, 1994, Echeverri 

et a l, 1996). One molecule of dynactin has four subunits of dynamitin (Eckley et a l,

1999). The N-terminal region of dynamitin is highly conserved and may bind a variety of 

proteins, including cortical, kinetochore and organelle-associated proteins (Starr et al., 

1998; Yue et al., 2000; Jin et al., 2001; Hoogenraad et a l, 2001). In S. cerevisiae, the 

dynamitin ortholog is Jnml (/ust for nuclear migration) (McMillan and Tatchell, 1994).

The p24/22 (DCTN3) polypeptide, one of dynactin's smallest subunits (the molecular 

weight turns out to be approximately 21 kDa upon closer investigation), is also predicted 

to adopt a-helical structures (Karki et al. 1998, Pfister et al. 1998). p24/22 can be 

isolated from dynactin in a 1:2 complex with dynamitin; thus, it is believed to bind to 

dynamitin directly (Karki et al. 1998). In this thesis, I identified a possible p24/p22 

ortholog in S. cerevisiae for the first time, and this protein was found to be involved in 

nuclear positioning during mitosis.

The projecting arm of the dynactin structure endows the complex with a large surface 

area relative to its mass, exposing multiple sites for interaction with various partners, 

such as dynein, microtubules, and proteins on the cargo membrane (Schroer, 2004). It is 

also noteworthy that these proteins are highly a-helical, and contain multiple coiled-coil 

structures. These structures are capable of mediating protein-protein interactions that can 

stabilize the complex. Furthermore, because specific amino acids are not required for the 

formation of these a-helical and coiled-coil structures, the proteins are able to 

accommodate considerable sequence variation. Correspondingly, between yeast and 

animals, sequence identity of these proteins is relatively low. Secondary structures of 

these proteins, however, appear to be largely conserved (Schroer, 2004).

Of all the subunits of the dynactin complex, the 45 kDa polypeptide is the most 

abundant. It is a novel form of actin described as centractin (because of its prominent 

localization to the centrosome) or actin-RPV (Lees-Miller et a l, 1992; Clark and Meyer,

1992). This centractin/actin-RPV is less conserved than conventional forms of actin, but
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shares many of the binding sites for actin-binding proteins such as myosin and spectrin 

(Schroer, 1994; Mullins et al., 1996; Holleran et al., 1996). For this reason, it is referred 

to as actin-related protein, Arpl. Arpl possesses the ATP-hydrolyzing and 

polymerization capabilities of conventional actin, and assembles as a polymer similar to 

conventional actin, which comprises the rod structure of the dynactin complex (Schafer et 

al., 1994a; Bingham and Schroer, 1999). Despite its similarity to conventional actin, 

Arpl does not copolymerize with actin, and only exists in the dynactin complex in vivo 

(Holleran et al., 1996; Paschal et al., 1993). The size of the rod (37 nm filament) 

resembles that of a short actin filament, and contains eight to thirteen Arpl monomers. 

The rod can interact with proteins on the cargo membrane, as interactions between Arpl 

and the Golgi-associated |3III spectrin isoform from rat brain cytosol have been observed 

using co-purification and co-immunoprecipitation assays (Holleran et al., 2001). Arpl in 

S. cerevisiae is also involved in nuclear positioning (Clark and Meyer, 1994; Geiser et 

al., 1997).

The conventional actin filament has two ends —  a fast growing end, referred to as the 

barbed end, and a slower-growing pointed end. Capping protein (CP), a heterodimer, 

binds to the barbed end of actin filaments, and stabilizes the filament (Karpova et al., 

1995; Sizonenk et al., 1996). Correspondingly, the barbed end of the Arpl rod 

terminates with the conventional actin-capping protein CapZ (Paschal et al., 1993; 

Schafer et al., 1994a,b). CapZ is not only found as a subunit of dynactin, but also in a 

free form in the cytosol and in association with the conventional actin cytoskeleton 

(Shafer et al., 1994b).

Biochemical analysis of bovine brain cytosol revealed another actin-related protein, 

A rpll, at the other end (pointed end) of the Arpl rod. A rpll is less related to 

conventional actin than Arpl, and is also found only in dynactin. Arpl 1 does not form a 

filament itself; instead, it serves as a cap to prevent further polymerization at this minus 

end of the Arpl filament (Eckley et al. 1999).

The remaining three subunits of the dynactin complex—  p62, p27, and p25—  are 

predicted to localize at the pointed end of Arpl rod, yet their functions remain largely 

unknown. p62 is homologous to the nuclear migration protein Ropy-2 from Neurospora 

(Garces et al., 1999; Vierula and Mais, 1997). Affinity chromatography experiments
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demonstrate that p62 binds directly to Arpl (Karki et al., 2000). In addition, p62 

contains a RING domain, which is often involved in protein-protein interactions, hinting 

at a possible role in interacting with cargo membranes. No p62, p27, and p25 have been 

discovered in S. cerevisiae yet.

In summary, in the dynactin complex, pl50G/"erf (DCTN1), dynamitin (DCTN2), and 

p22/p24 (DCTN3) form an arm structure, which projects from a rod structure mainly 

made of Arpl filament. The pl50GWprotein contains a microtubule-binding motif at the 

N-terminus, and can interact with dynein (presumably the intermediate chain) at the 

central region. Arpl may interact with proteins on the cargo membrane. Thus, the 

structure of dynactin provides great advantages to link dynein, microtubules, and cargos 

together, and facilitates dynein-driven movements in various cellular activities.
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Figure 1.5. The current model of dynactin ultrastructure (based on the figure in Schroer, 
2004). Counterparts of the subunits from S. cerevisiae are indicated in brackets. In this 
model, the dynactin complex resembles a rod with a projecting arm (Schafer et al., 1994a). 
The Arpl polymer forms a filament: one end is capped by capping proteins, and the other end 
by Arpl 1. Three uncharacterized proteins, p62, p27, and p25, are also predicted to be at the 
pointed end. The arm is composed of pl50G/"erf, dynamitin (p50), and p24/p22, and has one or 
two globular heads. The globular head is the N-terminal region of pl50G/"erf, and contains the 
microtubule-binding domain. Dynamitin (p50) and p24/p22 link the arm to the rod. It is 
predicted that dynein may bind to dynactin along or near the base of the arm, and the rod can 
interact with cargos.
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1.3.3 Dynein and dynactin mostly function together
Dynein and dynactin are difficult to co-purify, and large proportions of each of the two 

complexes do not appear to be tightly associated, suggesting that they interact weakly 

(Karki and Holzbaur, 1999). When alone, each complex sediments at 20S on sucrose 

density gradients. However, in preparations containing both complexes, no obvious shift 

toward a higher S-value is observed. Cytoplasmic dynein does not co-immunoprecipitate 

with dynactin from bovine brain extracts (Paschal et al., 1993). In the original 

purification of dynactin from chick brain extracts, dynein was separated from the whole 

dynactin complex by ion-exchange chromatography (Bingham et al., 1988).

Dynactin can function in non-motile cellular processes, independent of dynein (Suzuki 

et al., 2004; Quintyne and Schroer, 2002). Cytoplasmic dynein is also involved in 

intraflagellar transport, by wich protein complexes are transported between the flagellar 

membrane and the outer doublet tubule of flagella or cilia (reviewed in Rosenbaum and 

Witman, 2002; Pazour and Rosenbaum, 2002). This intraflagellar transport function of 

dynein seems to be independent of dynactin.

Nevertheless, genetic interactions suggest that dynein and dynactin are mostly, if not 

all, interdependent for their cytoplasmic functions. Direct binding between the two 

complexes has been confirmed both in vitro and in vivo (Karki and Holzbaur, 1995; 

Vaughan and Vallee, 1995). Purified vertebrate cytoplamic dynein is capable of binding 

to microtubules and mOving towards the minus end, but purified dynein can only support 

the transport of purified vesicles to the minus ends of microtubules in the presence of 

dynactin (Paschal and Vallee, 1987; Bingham et al., 1988). In many other subcellular 

activities, such as retrograde axonal transport, organization (and orientation) of the 

mitotic spindle, chromosome capture, and nuclear migration, dynein activity depends on 

the presence of dynactin as well. In Drosophila, Dhc64C (cytoplasmic dynein heavy 

chain) mutations can act as dominant suppressors or enhancers of the Glued phenotype -  

developmental defects in the compound eye and in the neurons of the optic lobe (McGrail 

et al., 1995; Gepner et al., 1996). In filamentous fungi and yeast, disruption of dynactin 

results in nuclear migration defects similar to those seen with disruption of dynein 

(Kahana et al., 1998; Xiang et al., 1994; Plamann et al., 1994).
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In higher organisms, multiple subcellular functions of dynein/dynactin have been 

widely studied. Immunolocalization studies show both dynein and dynactin associate 

with vesicle structures, and various receptors for dynein/dynactin are found on Golgi 

membranes, late endosomes, and lysosomes (Schroer, 2004). Overexpression of the 

dynactin subunit dynamitin disrupts dynein/dynactin function and blocks transport of pre- 

Golgi carrier structures from the endoplasmic reticulum to the Golgi, as well as 

interfering with Golgi distribution throughout the cytoplasm (Presley et al., 1997; 

Holleran et al., 1996; Burkhardt et al., 1997). In the nervous system, dynein/dynactin 

mediates axonal transport in motor neurons, and a single base-pair change resulting in a 

one amino-acid substitution in the pl50G/uerf (DCTN1) protein is linked to human motor 

neuron disease (Puls et al., 2003). During karyogamy (nuclear fusion in zygotes), dynein 

accumulates around and binds to the egg pronucleus on sperm aster microtubules. Here, 

it interacts with dynactin, which in turn interacts with the nuclear pore complex and 

drives the movement of the pronuclei (Payne et al., 2003). In addition, dynein/dynactin 

can drive movements of lipid and protein assemblies that are not enclosed by a 

membrane, such as RNA-protein particles in oocytes, or pathogenic inclusions (Kloc et 

al., 2002; Guignot et al., 2004; Kuhle et al., 2004; Dohner et al., 2002; McDonald et al., 

2002; reviewed in Schroer, 2004).

Dynein/dynactin function is essential for mitosis in higher organisms, and null mutants 

are lethal for embryonic development (Harada et al., 1998). The mitotic function of 

dynein was initially suggested by immunolocalization of dynein to kinetochores, spindle 

poles, and spindle fibers during mitosis (Steuer et al., 1990; Pfarr et al., 1990). Research 

to date has revealed that the function of dynein during mitosis is rather dynamic, as it 

generates forces at multiple sites at various stages of the cell cycle, and often acts 

cooperatively with other microtubule motor proteins, such as kinesins (Gadde and Heald,

2004). In these various processes, dynein may not only act as a motor (that walks along 

the microtubules), but may also modify microtubule dynamics (by destabilizing 

microtubules) (Sharp and Rogers, 2004; Gadde and Heald, 2004). The balancing of 

oppositely-directed forces (by minus end and plus end motors) appears to be a key 

element of spindle dynamics during mitosis (Gadde and Heald, 2004).
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During mitosis, dynein/dynactin is first recruited to the outer nuclear membrane. 

Dynein-powered movement of the nuclear surface results in twisting and stretching of the 

nuclear envelope, which facilitates its breakdown (Salina et al., 2002; Beaudouin et al., 

2002). Subsequently, dynein is involved in formation of the mitotic spindle. 

Microjection of antibodies raised against the motor domain of dynein into mammalian 

PtKl cells causes the separating centrosomes to collapse, suggesting a role for dynein in 

stabilizing the preanaphase spindle (Vaisberg et al., 1993). Disruption of the dynein- 

dynactin complex by overexpression of the dynamitin subunit of dynactin also disrupts 

the spindles of dividing cells, suggesting dynamitin is important for maintaining dynactin 

structure (Echeverri et al., 1996).

Dynein can also direct spindle polarity. In Xenopus or Hela cell extracts, blockage of 

dynein leads to splayed poles and abnormally long spindles, independent of the presence 

or absence of centrosomes. This suggests a role for dynein in cross-linking MTs and 

orienting them in the same polarity (Heald et al., 1997; Merde et al., 1996). Indeed, 

research shows that dynein can drive microtubule bundles to move inward from the cell 

periphery and incorporate into the spindle, a process in which association of 

dynein/dynactin with NuMA (a protein required for spindle assembly) is required (Tulu 

et al., 2003; Rusan et al., 2002; Merdes et al., 1996). In addition, dynein at the cortex 

also orients astral microtubules, thus orienting the spindle (Gadde and Heald, 2004).

Besides spindle organization, dynein/dynactin may also be involved in the initial 

capture of microtubules by kinetochores (Inoue and Salmon, 1995). During anaphase A, 

dynein is seen to localize to kinetochores in Drosophila embryos, and inhibition of 

dynein disrupts kinetochore and chromosome movement toward the poles (Sharp et al.,

2000). In a two-hybrid screen, interaction between the dynactin subunit dynamitin and 

ZW10 (a kinetochore component) is observed, and mutations in ZW10 abolish dynein 

localization to the kinetochores in Drosophila (Starr et al., 1998). In this process, 

dynein/dynactin presumably acts with other motor proteins (such as kinesins) in a 

cooperative manner to ensure chromosome movements toward the spindle poles (Gadde 

and Heald, 2004). Subsequently, during anaphase B, a fraction of dynein contributes to 

spindle elongation by localizing to the cell cortex and pulling on astral microtubules
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(Gonczy, 2002; Sharp et al., 2000). This is observed in both flies and the fungus 

Ustilago maydis (Fink et al., 2006).

At the end of the cell cycle, dynein/dynactin can also participate in cytokinesis. 

Dynein and dynactin has been localized to the developing cleavage furrow during 

telophase (Karki et al, 1998; Campbell et al., 1998; Tai et al., 1998). Later, dynactin is 

found on the midbody, the remnant of the cleavage furrow that contains tightly packed 

microtubules surrounded by plasma membrane (Karki et al., 1998). As interactions 

between the midzone microtubules and the contractile ring play a key role in cytokineisis, 

it can be speculated that dynein/dynactin is involved in these interactions (Wheatley and 

Wang, 1996; Giansanti et al., 1998). Cytokinesis also involves kinesin-related proteins, 

which, once again, may act cooperatively with dynein (Williams et al., 1995; Raich et al.,

1998).

In the cellular functions described above, dynein is localized at multiple sites inside 

the cell, which leads to the question of how dynein can become associated with so many 

different cellular components. Interestingly, dynamitin is important for dynein 

localization at the kinetochores, whereas association of dynein with cargo membranes 

may be mediated by Arpl protein, which contains a conserved motif for spectrin binding 

(Lippincott-Schwartz, 1998; Starr et ah, 1998). In support of this, interactions between 

dynactin and spectrin have been detected (Holleran et al., 1996). In neurons, an antibody 

to ^\50Glued blocks dynein association with vesicles as well as transport of vesicles along 

microtubules in extruded suid axoplasm (Waterman-Storer et al., 1997). Based on these 

observations, it is tempting to speculate that dynactin serves as an adaptor between 

dynein and different cellular components, and that dynactin itself can be differentially 

localized via specific interactions mediated by different subunits.

More intriguingly, microtubule-binding sites are not only found in the dynein HC, but 

also on the pl50G/“erf subunit of dynactin, suggesting that dynactin may also enhance the 

association o f dynein with microtubules (W aterman-Storer et al., 1995). In a very recent 

study, replacement of pl50o w  with a mutant form AN-pl50 that lacks the microtubule- 

binding motif in Drosophila results in the generation of multipolar spindles and free 

microtubule-organizing centers, but has no effect on the rate or processivity of cargo
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transport (Kim et al., 2007). Therefore, the microtubule-binding role of dynactin differs 

with cellular activities, and is especially important during mitosis.

Table 1.1 Sequence identities between S. cerevisiae and Homo sapiens (human) for 
the dynein/dynactin subunits and dynein-interacting proteins. Yeast protein 
sequences were retrieved from SGD (Sacharomyces Genome Database) and human 
protein sequences from NCBI database. Sequences were analyzed using BLAST 
(Tatusova and Madden, 1999) except Jnml, Ldbl8 and NiplOO. For the dynactin 
subunits Jnml, Ldbl8, and NiplOO, sequences were aligned by Jalview based on 
secondary structure conservation, and percentage of identical residues were calculated 
(Cuff and Barton, 1999).

Protein in S. 
cerevisiae

Protein in Homo sapien Protein sequence 
identity

Dynl (dynein 
heavy chain)

Cytoplasmic heavy chain isoform 1 
(Accession No: AAT74625)

36%

Dynl (dynein 
heavy chain)

Cytoplasmic heavy chain isoform 2 
(Accession No: XP 942900)

24%

Pacll (dynein 
intermediate chain)

Cytoplasmic dynein intermediate chain 1 
(Accession No: 014576)

23%

Pacll (dynein 
intermediate chain)

Cytoplasmic dynein intermediate chain 2 
(Accession No: Q13409)

No significant 
similarity

Dyn 3 (dynein light 
intermediate chain)

Cytoplasmic dynein light intermediate 
chain (Acesssion No: NP_057225)

No significant 
similarity

Dyn 2 (dynein light 
cahin)

dynein light chain 1 (Accession No: 
P63167)

49%

Arpl (dynactin 
subunit)

Dynactin subunit Centractin (Acesssion 
No: NP_005727)

51%

Jnml (dynactin 
subunit)

Dynactin subunit Dynamitin (DCTN2) 
(Accession No: NP 006391)

8.9%

NiplOO (dynactin 
subunit)

Dynactin subunit subunit pl50o/aerf 
(DCTN1) (Accession No: NP 004073)

5.6%

Ldbl8 (dynactin 
subunit)

Dynactin subunit p22 (DCTN3) 
(Accesssion No: NP 009165)

10%

Pac 1 (dynein 
offloading protein)

Dynein offloading protein LIS1 
(Accession No: AAL34973)

29%

Ndll (dynein 
offloading protein)

Dynein offloading protein nudEA and B 
(Accession No: NP 001020750 and 
NP_110435)

No significant 
similarity

Bikl (MAP) CLIP 170 (+TIP) 35%
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1.4 Objectives of this study
Many of the main players (such as cyclin-dependent kinases, the anaphase-promoting 

complex) that regulate the cell cycle perform similar functions in all eukaryotes, and the 

mechanisms have been conserved during evolution (De Clercq and Inze, 2006; Pines, 

1999; King et al., 1996; Peters, 1998; Ohi and Gould, 1999; Sherr and Roberts, 1999; 

Kaldis, 1999; Nasmyth, 1996; Dunphy, 1994). Research on cell cycle regulation using 

the genetically tractable model organism S. cerevisiae can therefore contribute to our 

understanding of mitosis in animals.

In specific regards to dynein/dynactin, it is involved in various cellular activities, such 

as mitosis and axonal transport in higher organisms. Up-regulation of dynein light chain 

1 (DLC1) has recently been found to promote tumorigenesis (den Hollander and Kumar,

2006). Additionally, The tumor suppressor protein p53 is known to be transported to the 

nucleus along microtubular tracks by cytoplasmic dynein (Galigniana et al., 2004). 

Studies have also identified potential links between dynein/dynactin and Huntington’s 

disease (HD), a neuromuscular disease called limb-girdle muscular dystrophy type 2B, 

and Alzheimer’s disease (Puls et al., 2003; Li et al., 1998; Engelender et al., 1997; 

Tokito and Holzbaur, 1998; Kopec and Chambers, 1997). In addition, cytoplasmic 

dynein may mediate the infection and spread of viral pathogens, as the viral caspid 

transport of herpes simplex virus 1 (Sodeik et al., 1997).

Intriguingly, despite the lack of identity in primary sequence of dynein/dynactin 

subunits between S. cerevisiae and animals, the secondary structures and organization of 

both complexes has been highly conserved during evolution. Also, yeast has only one 

isoform of most components, and loss of dynein or dynactin is not lethal (in contrast to 

animals). Hence, studies on the dynein and dynactin subunits and interactions among 

them using S. cerevisiae can provide insights into the structure and function of their 

counterparts in animals. Considering that no homologues of the animal dynactin subunits 

p62, p27, p25 and p24 have been reported in S. cerevisiae, and only one dynein light 

chain (Dyn2) has been found in this eukaryote, research in this area can be exciting and 

productive. Analysis of novel mutants exhibiting dynl-like phenotypes can lead to the 

discovery of new dynein or dynactin subunits in yeast.
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The Kar9 and dynein pathways are partially redundant for nuclear positioning during 

mitosis in S. cerevisiae, but disruption of both results in cell death. Synthetic lethality 

screens are, therefore, a powerful tool for identifying new proteins in the dynein or Kar9 

pathway. There are a number of genes identified in previous genetic screens whose null 

mutations show synthetic lethality or growth defects with deletion of either dynein or 

Kar9 pathway components (Tong et al., 2004). However, there have been few reports 

characterizing possible roles for these genes in mitotic spindle orientation or nuclear 

positioning (Fig. 1.6 and Table 2.1). Therefore, I decided to further examine these 

candidates, hoping to find their possible involvements in either the Kar9 or the dynein 

pathway.

I examined deletion strains that showed synthetic lethality with mutation in the Kar9 

or dynein pathway. Deletion of BOI2, CLB4, CPR6, FAB1, HCM1, MON1, SMI1, 

VAM7, VID22, VPS29, or VPS35 shows synthetic lethality or growth defects in 

combination with dynein mutations, whereas deletion of NBP2 and YLL049W (LDB18) 

show synthetic lethality with disruption of the Kar9 pathway (Fig. 1.6). I started by 

observing the positioning of the nuclei in these mutants to determine if the single mutants 

had kar9- or dynl- like nuclear positioning defects.

vid22A, fablA, monlA, and clb4A mutants exhibited nuclear positioning defects of 

varying degrees. These candidates are to be further characterized in other studies. Most 

notably, the yll049wA (ldbl8A), strain demonstrated nuclear positioning defects that are 

strikingly similar in type and severity to dynein pathway mutants. YLL049W encodes a 

21-kDa polypeptide, and further characterization of this polypeptide supported the 

hypothesis that it may be the yeast ortholog of the dynactin subunit p24/p22 in animals.
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Figure 1.6 Genetic interactions between the Kar9 and dynein pathways and 
objectives of this study. The two pathways are partially redundant but disruption of both 
leads to synthetic lethality. Elements of the dynein pathway have been grouped together 
in a way that shows the interactions among them; those contained in the same ellipse form 
stable complexes (such as dynein or dynactin) or act cooperatively in one particular aspect 
(Bikl/Kip2 and Pacl/Ndll deliver dynein to the plus end). Sites of ellipse overlap 
indicate a transient/occasional interaction between complexes. In the representation of the 
Kar9 pathway, overlap between rectangles indicates experimentally observed interaction 
between pathway components. The gene products whose genetic interactions with the 
Kar9 or dynein pathway were assessed in this study are shown in the lower, question 
mark-labelled boxes.
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2. Results
As described previously, the Kar9 and dynein pathways are both involved in nuclear 

positioning in S. cerevisiae (Pearson and Bloom, 2004; Bloom, 2001). The dynein 

pathway includes components of the dynein complex (Dynl, Dyn2, Dyn3, Pacll), the 

dynactin complex (Jnml, NiplOO, Arpl), and several dynein-interacting proteins (Numl, 

Ndll, Pacl, Bikl/Kip2). The Kar9 pathway includes Kar9 itself, several proteins that 

interact with Kar9 (Biml, Bnil, Myo2), the bud-tip protein Bud6, and the kinesin-related 

protein Kip3. The two pathways are largely separate but partially redundant. Disruption 

of two components from the same pathway does not lead to a more severe defect than 

disruption of only one component, whereas simultaneous mutations in both pathways 

lead to synthetic lethality.

Mutants of either pathway demonstrate nuclear positioning defects during mitosis, 

although slightly different from each other. Nuclear mass staining of a dynl A mutant (or 

any other component of the dynein pathway) by DAPI shows a portion of cells 

(approximately 12% at 15°C) with two nuclear masses within the mother cell and none in 

the bud, which is rarely observed in wild type strains (Fig.2.2 and Fig.2.3). For kar9A 

mutants, DAPI staining at 15°C show only ~5% cells with two nuclear masses entirely in 

the mother (Figure 2.2). However, a portion of G2/M cells (-30%) in the kar9A mutant 

had their single nucleus far away from the neck (along the mother-bud axis, distance 

between the nucleus and the neck is more than 1/3 of the mother cell length), in contrast 

to wild type or dynl A cells, in which the nucleus is in vi'cinity to the neck after formation 

of the short spindle (distance between the nucleus and the neck is usually less than 1/3 of 

the mother cell length).

By observing the position of the nucleus in various mutants, we can determine if the 

mutants are defective in the Kar9- or dynein- regulated processes of nuclear positioning.

None of the 13 gene products (listed in Table 2.1) have known roles in nuclear 

positioning during mitosis of S. cerevisiae. Deletion of any of these genes, when 

combined with deletion of a component of either the dynein or Kar9 pathways, however, 

leads to synthetic lethality or growth defects, suggesting that these gene products could 

be involved in nuclear positioning.
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Table 2.1 A list of the 13 candidates that show genetic interactions with the Kar9 or 
dynein pathway, and the nuclear positioning defects in their deletion strains. The
deletion strains were purchased from Open Biosystems (Huntsville, AL). Correct deletion of 
each ORF was confirmed by genomic PCR (Fig.2.1). Each of the mutant strains was then 
grown in YPAD liquid medium at 15 °C until OD600 of the cell culture reached 1.0-1.4. Cells 
were fixed with ethanol and stained with DAPI , then observed under microscope (refer to 
Fig. 2.2).

Gene name Identified function Synthetic lethality 
or growth defect 
(Tong et al., 2004)

Nuclear positioning 
phenotype of the 
deletion strain 
(observed in this 
study)

NBP2 protein involved in the 
HOG (high osmolarity 
glycerol) pathway

synthetic lethal 
with KAR9 
deletion

None;
Similar growth rate to 
the parental strain

LDB18
(YLL049W)

Unknown function synthetic lethal 
with KAR9 
deletion

Similar to dynl A, two 
nuclear masses in the 
mother cell and none 
in the bud;
Similar growth rate to 
the parental strain

BOI2 protein implicated in 
polar growth

synthetic growth 
defect with ARP1 
deletion

None;
Similar growth rate to 
the parental strain

CLB4 B-type cyclin involved 
in cell cycle 
progression; activates 
Cdc28p to promote the 
G2/M transition

synthetic growth 
defect with ARP1 
deletion

Similar to but milder 
than dynl
Similar growth rate to 
the parental strain

CPR6 peptidyl-prolyl cis- 
trans isomerase 
(cyclophilin)

synthetic lethal 
with NIP100 or 
JNM1 deletion

None;
Similar growth rate to 
the parental strain

FAB1 vacuolar membrane 
kinase involved in 
vacuolar sorting and 
homeostasis

synthetic lethal 
with NUM1 or 
PAC1 deletion

A single nuclear 
maass in the bud and 
none in the mother; 
Similar growth rate to 
the parental strain
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HCM1 forkhead transcription 
factor involved in cell 
cycle specific 
transcription of 
SPC110, encoding a 
spindle pole body 
(SPB) calmodulin 
binding protein

synthetic growth 
defect with ARP1 
deletion

Cells stretch very long 
and narrow (not 
similar to either 
dynl A or kar9A 
mutants);
Very slow growth 
(doubling time was 
about 2 times of the 
doubling time for the 
parental strain)

MON1 protein required for 
fusion of cvt-vesicles 
and autophagosomes 
with the vacuole

synthetic growth 
defect with ARPJ 
deletion

Similar to but milder 
than kar9A;
Similar growth rate to 
the parental strain

SMI1 protein involved in the 
regulation of cell wall 
synthesis

synthetic growth 
defect with ARP1 
deletion

None;
Similar growth rate to 
the parental strain

VAM7 involved in vacuolar 
morphogenesis

synthetic growth 
defect with NBP2 
deletion

None;
Similar growth rate to 
the parental strain

VID22 involved in FBPase 
transport from the 
cytosol to Vid (vacuole 
import and 
degradation) vesicles

synthetic growth 
defect with ARP1 
deletion

dynl A-like phenotype, 
but much milder;
Very slow growth 
(doubling time was 
about 3 times of the 
doubling time for the 
parental strain)

VPS29 endosomal protein that 
is a subunit of the 
membrane-associated 
retromer complex 
essential for endosome- 
to-Golgi retrograde 
transport

synthetic growth 
defect with ARP1 
deletion

None;
Similar growth rate to 
the parental strain

VPS35 subunit of the 
membrane-associated 
retromer complex 
essential for endosome- 
to-Golgi retrograde 
transport

synthetic lethal 
with JNMl 
deletion

None;
Similar growth rate to 
the parental strain
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2.1 Examining nuclear positioning defects in deletion 
strains

For all the 13 deletion strains (purchased from Open Biosystems, Huntsville, AL), a 

particular ORF was replaced by the KanMX4 module in a parental haploid (MATa) yeast 

strain. I confirmed correct deletion of the ORF by genomic PCR (Fig. 2.1). All of the 

deletion strains were viable. Most of them (except hcmlA and vid22A) showed growth 

rates similar to the wild-type parental strain (BY4742) in YPAD liquid medium. The 

doubling time of hcmlA was approximately 2 times of the doubling time for the parental 

strain, and vid22A had a doubling time approximately 3 times of the parental strain (at 15 

°C).

DAPI-staining of the mutant cells grown at 15°C revealed that several of them 

demonstrated nuclear positioning defects (Table 2.1, Fig.2.2, and for IdbJSA, refer to Fig 

2.4). The ldbl8A and vid22A mutants showed dynl A-like nuclear positioning defects to 

different extents. The severity of the ldbl8A defect was similar to the dynl A mutant, 

whereas the severity of the vid22A defects was much milder. The monlA mutants 

showed less severe kar9A-like phenotypes. The fab lA  mutant had approximately 3% (as 

compared to less than 0.5% in the wild type strain) of the cells containing a single nuclear 

mass in the bud but not in the mother (Fig. 2.2 and Fig. 2.3). The nuclear positioning 

defects observed clb4A mutant were somewhat different to those of dynl A or kar9A 

mutants, but almost similar to the fablA  mutant. I also found that the monlA cells tended 

to stretch very long and narrow, suggesting a cell morphogenesis defect, which was not 

observed in dynl A or kar9A cells.

The ldbl8A mutant was the only strain that demonstrated nuclear positioning defects 

similar (in type and severity) to the dynl A mutant (Fig. 2.4). No previous report had 

elaborated the role of this gene product, except that the deletion strain was reported to 

exhibit a low dye (alcian blue staining) binding (LDB) phenotype (Corbacho et al., 

2005). I therefore decided to study LDB18 more closely.
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A LDB18 test
WT ldb18A::URA3

boi2A clb4 \ cpr6A fablA
BOI2 KanR CLB4 KanR CRP6 KanR FAB1 KanR

URA3 test
WT ldb18A::URA3

Unsuccessful Deletion- ORF still present

ORF.FTEST prim er

LDB18 test KanMX4 test
WT WT ldb18A WT WT MM8A

ORF.RTEST prim er

Successful Deletion -
-ORF replaced by KanMX4/6 (or URA3)

ORF.FTEST prim er

KanMX4/6 (or URA3)

KAN.RTEST (or URA3.RTEST) prim er

Figure 2.1. Confirmation of correct deletion of each ORF in the deletion strains. (A)
Replacement of LDB18 with URA3. LDB18.FTEST and LDB18.RTEST primers were used to 
test whether the LDB18 open reading frame was still present. LDB18.FTEST and 
URA3.RTEST were used to test whether the URA3 module was inserted at the right place. The 
first two lanes were wild type strains used as controls (Lane 1, BY4742; Lane 2, Y2295), and 
the other three lanes were all MATa deletion strains. (B) Replacement of LDB18 open reading 
frame with KanMX4. The first two lanes were wild type strains, used as controls (Lane 1, 
BY4742; Lane 2, Y2295), and the third lane was a MATa deletion strain. (C) Replacement of 
the BOI2, CLB4, CPR6, FAB1 ORF with KanMX4. For each deletion strain, the first lane was 
a genomic PCR testing if the ORF was still present, and the second lane tested if the KanMX4 
module was interted at the correct place. (D) An illustration of the genomic PCR stragegy.
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normal cells abnormal cells

wild type d y n lA  kar9A  c/WA vid22A  m o n lA  1ab1A

Figure 2.2. Nuclear positioning defects in clb4A, vid22A, monlA, and fablA  mutant 
cells (as compared to wild type, dynl A, and kar9A mutants). For each strain, a single 
colony was inoculated into 5 mL YPAD liquid medium and grown overnight at 30°C. The 
overnight culture was diluted into 5mL fresh YPAD liquid to give an OD60o 0.07, and grown 
at 15 °C until OD6oo reached 1.0-1.4. 0.5 mL culture was fixed by 70% ethanol and stained 
with 100 pL DAPI (1 pg/mL). The stained cells were observed under the microscope with a 
filter for DAPI. For each strain, at least 300 cells were visualized and percentage of each 
type of cells (different morphologies based on the postions of the nuclei, shown above the 
figure) were calculated. Experiments were done in triplicates (n=3) and the average 
percentage and standard deviations were calculated. Percentage of normal cells (which are 
majority of the cells) are not shown in this figure, in order to have a better comparison of the 
abnormal cells.
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Figure 2.3. The nuclear positioning defects in ldbl8A  and fa b lA mutant cells (as
compared to wild type and dynlA cells). Cells were visualized after DAPI-staining. Scale 
bars represent 6 pm. For detailed procedure of cell growth and DAPI-staining, refer to the 
legend for Fig. 2.2.

2.2 The nuclear positioning defects in ldbl8A
The ldbl8A mutant showed an increased percentage of binucleate cells (two nuclear 

masses in the mother and none in the bud) comparing to wild type strain, which is a 

typical nuclear positioning defect seen in dynein mutants. The severity of this defect is 

also very similar to that observed in dynl A mutants (Fig. 2.4.). In addition, the nuclear 

positioning defects of the ldbl8A mutant are also temperature dependent, as IdblSA 

strains grown at a lower temperature (15 °C) showed a higher percentage of binucleate 

cells than strains grown at the optimal temperature (30 °C) (Fig.2.4). The temperature 

dependence of the nuclear positioning deficiency is similar to known dynein or dynactin 

mutants (Li et al., 1993; Kahana et al., 1998).
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Figure 2.4. Nuclear positioning defects of ldbl8A compared to dynlA and wild type 
strains at (A) 30° C or (B) 15° C. Cell growth and DAPI-staining methods were as 
described in the legend for Fig. .2. Experiments were performed in triplicate (n=3). At least 
300 cells were visualized each time for each strain. The average percentage of each type of 
cells (including normal cells) over the total cell numbers and standard errors were 
calculated.
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2.3 Genetic interactions implicate Ldbl8 in the dynein 
pathway

The nuclear positioning defects of the ldbl 8A mutant suggested that Ldbl8 

participates in the dynein pathway. Previous genetic screens showed that deletion of both 

LDB18 and KAR9 (or BIM1, or BN11) were synthetically lethal (Tong et al., 2004; Pan et 

al., 2004). Because these were all large-scaled screens, and errors may have occurred, I 

proceeded to confirm the genetic interactions between Ldbl 8 and the Kar9 pathway. In 

addition, if Ldbl 8 were indeed involved in the dynein pathway, simultaneous deletion of 

LDB18 and any other dynein pathway component should not cause cell death or slow 

growth.

All the deletion strains that we purchased (from Open Biosystems) were of a  mating 

type, with a specific ORF replaced with KanMX4. To make crosses, a MATa ldbl8A 

strain with a different selectable marker (URA3) was constructed. Deletion of the LDB18 

open reading frame with URA3 replacement in a wild-type haploid MATa yeast strain 

was performed using a PCR-based strategy (refer to Fig. 4.1 in Materials and Methods). 

Correct deletion of LDB18 was confirmed by genomic PCR (Fig. 2.1 A).

The ldbl8A. strain was then mated with deletion strains of the Kar9 and dynein 

pathway components. The resulting diploids were selected for both the KanMX4 and the 

URA3 markers (on SD-Ura+G418 plates), then sporulated. Tetrad analysis of the 

tetratype meiotic products showed that ldbl8A mutation was synthetically lethal with 

bimlA, and demonstrated a synthetic growth defect with kar9A and bnilA  (Fig.2.5 B and 

C, and Table 2.2). In contrast, ldbl8A combined with deletion of any other component 

from the dynein pathway did not show any growth defect (Fig. 2.5 A and Table 2.2).
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A ld b 1 8 A  x  arp1  A

ld b 1 8 A  x  b i m l A  C l d b l 8 A  x  k a r 9 A

Figure 2.5. Tetrad analysis of (A) ldbl8Ax arplA, (B) ldbl8Ax bimlA, and (C) ldbl8Ax 
kar9A tetratype meiotic products on the original YPAD plates. Only tetratype spores 
are shown in this figure, Parental Ditype (PD) and Non-parental Ditype (NPD) are not 
included. A rectangle indicates the double deletion progeny with both KanMX4 and LIRA3 
markers (ability to grow on both YPAD+G418 and URA drop-out plates). Single deletion 
strains (MATa ldb!8A::URA3 and MATa xxxA::KanMX4) were mated overnight on YPAD 
plates, diploids were selected on SC-ura+G418 plates, then sporulated in sporulation 
medium for at least 3 days. The ascus cell wall was digested with zymolyase. For each 
tetrad, four spores were separated under dissecting microscope with micromanipulator using 
a glass needle. The four spores from one ascus were placed on a YPAD plate in a row and 
grown for 2-3 days. All the colonies were replica-plated onto SC-ura plates and 
YPAD+G418 plates to determine their genotypes. To test their mating type, the colonies 
were also renlica-nlated onto YPAD elates with Y2081 (MATa) or Y2082 (MATaT
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Table 2.2. Genetic interactions between Ldbl8 and the dynein or Kar9 pathway. Single 
deletion strains (MATa ldbl8A::URA3 and MATaxxxA::KanMX4) were mated, and diploids were 
selected and sporulated. For each diploid, meisois would produce one ascus. The ascus cell wall 
was digested with zymolyase. For each tetrad, the four spores were separated under dissecting 
microscope with an micromanipulator. The four spores from one ascus were placed on a YPAD 
plate in a row and grown for 2-3 days. The progeny grown on YPAD plates were then replica- 
plated onto YPAD+G418 and SC-ura plates to determine genotypes (for example, if one spore 
grew on both YPAD+G418 plates and SC-ura plateas, then the genotype of the spore would be 
ldbl8A::URA3; xxx A ::KanMX4). The mating type was also tested, as described in Fig. 2.5.

ldbl 8A 
crossed 
to:

Number
of
spores
assayed

Number 
of full 
tetrads 
assayed

Number
of
(ldbl 8A::
URA3;
xxxA:: Kan
MX4)
spores
growing

Number
of
(ldbl 8A:: 
URA3; 
xxx A:: Kan 
MX4) 
spores not 
growing

Expected
number
of
(ldbl 8A;
xxxA)
spores

Synthetic 
growth defect/ 
lethality

dynlA 37 2 11 0 9 No
dyn2A 51 11 12 0 13 No
dyn3A 71 9 23 0 18 No

pacllA 95 17 24 0 23 No
paclA 130 20 30 0 32 No
numlA 117 21 32 0 29 No

nip 100A 116 18 29 0 29 No
jnml A 50 5 15 0 12 No
arplA 57 9 15 0 16 No
biklA 57 14 9 0 14 No
bimlA 48 12 0 16 12 Synth. Lethal
kar9A 74 14 14 2 18 Synth. Growth
bnilA 73 18 18 3 18 Synth. Growth
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2.4 Sequence analysis supports that Ldbl8 may be the 
yeast ortholog of the dynactin subunit p24/p22

Sequence analysis of the Ldbl 8 protein predicts a-helical structures with a coiled-coil 

domain at the N-terminus (Fig. 2.6). When compared to the p24/p22 (DCTN3) subunit 

of dynactin from other eukaryotes, Ldbl 8 showed homology and similarities in protein 

structures (Fig. 2.6). A phylogenetic tree was also made based on their sequence 

conservation (Fig. 2.7). A well-conserved Ldbl 8 ortholog was found in a related yeast 

species, Saccharomyces paradoxus.
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Figure 2.6. Homology analysis of Ldbl8 protein sequence comparing to the p24/p22 
orthologs in other eukaryotes. Sequences of p24/p22 protein (or hypothetical proteins 
for some organisms) from several eukaryotes were retreived from the NCBI database by 
BLAST search, and aligned using BOXSHADE program (3.2 version) (Marchler-Bauer 
and Bryant, 2004). Residues conserved in at least half of the species (7 species) are 
shown in black and similar residues are shown in grey. All protein sequences were then 
aligned using Jalview and coiled-coil regions were predicted for each individual protein, 
and the black boxes in the picture show where there is 80-90% possibility of forming 
coiled-coil structures (Clamp et al., 2004; Lupas et al., 1991). With sequences aligned 
with Jalview, the JNet Secondary Strucuture Prediction program was also used, and the 
average of all predicted protein structures is shown below the aligned sequences in the 
picture. There is a well-conserved coiled-coil domain at the N-teminus of the p24/p22 
protein from all species (indicated as “...CCCCCCC...” below the sequence) (Cuff and 
Barton, 1999).
Hsap, homo sapiens (human), Accession NP_009165;
Cfam, canis familiaris (dog), Accession XP 531981;
Btau, Bos Taurus (cow), Accession: NP 001069128;
Mmus, Mus musculus (mouse), Accession NP_058586;
*Ggal, Gallus gallus (chicken), Accession NP 001026616;
Xlae, Xenopus laevis (African clawed frog), Accession: AAH68862;
Drer, Danio rerio (zebrafish), Accession N P 001002220;
*Spur, Strongylocentrotus purpuratus (sea urchin), Accession XP_782749;
*Tcas, Tribolium castaneum (red flour beetle), Accession XP 970242;
*Dmel, Drosophila melanogaster (fruit fly), Accession CAL26841;
Agam, Anopheles gambiae (mosquito), Accession NP_984330;
*Sjap, Schistosoma japonicum (bilharzia), Accession AAW26236;
*Scer, Saccharomyces cerevisiae (budding yeast);
*Spar, Saccharomyces paradoxus (member of the Saccharomyces sensu stricto group). 
The * before the name of an organism suggests that the protein in this organism presented 
here is hypothetical p24/p22 (DCTN3) protein, but its function has not been described in 
detail.
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Figure 2.7. Phylogenetic tree predictions for p l50G,“cd (DCTN1), p50 (dyamitin, or 
DCTN2), and p24/22 (DCTN3). Protein sequences were aligned by topological 
algorithms (unrooted) using TreeTop (Phylogenetic Tree prediction, Chumakov and 
Yushmanov, 1988; Yushmanov and Chumakov,1988; Brodsky et al., 1992, 1995) . The 
distance between two organisms reflects the topological deviation of the protein 
considered. The bootstrap value reflects the possibility of the tree alignment (the 
alignments were resampled 100 times, which means 100 trees were generated, and the 
bootstrap value is the percentage of the tree being aligned in this particular way).
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2.5 Loss of Ldbl8 disrupts microtubule sliding

As described in the introduction, disruption of the dynein or dynactin complex disturbs 

microtubule-sliding behavior along the cortex during anaphase, and nucleus oscillation is 

mostly diminished. However, in these mutants, the nucleus does move close to the neck 

before anaphase, and the orientation of the pre-anaphase spindle is not affected. If Ldbl 8 

were indeed a dynactin subunit in S. cerevisiae, loss of Ldbl8 should show a similar 

phenotype (i.e. affects microtubule sliding).

Live GFP-tublin movies of a ldb!8A. strain showed abolishment of the microtubule 

sliding along the cortex, comparing to the wild type strain. With wild type cells, the 

mitotic spindle is correctly aligned the mother-bud axis prior to anaphase. During 

anaphase, as spindle elongation occurs, the spindle penetrates into the bud and 

translocates into the neck. Microtubule sliding along the bud cortex concurrent with 

spindle entry into the bud was often observed during anaphase, although the exact 

proportion of these cells need to be further quantified. In contrast, in ldbl 8/8 cells, 

cytoplasmic microtubules can grow very long and become curved inside the cell thus 

contact with the cortex, yet no sliding behavior was ever observed in these cells 

(approximately 300 cells observed) (Fig. 2.8). Prior to anaphase, when the bud is small 

(approximately 0.4 times of the mother) and the spindle is relatively short, alignment of 

the spindle along the mother-bud axis appeared to be normal.
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ld b 1 8 A

Figure 2.8. Microtubule misalignment in the ldbl8A mutant cells. Expression of GFP- 
tubulin fusion protein was induced in both strains (wild type and ldbl8A) in methionine- 
drop out medium for 2-3 hrs. An agarase pad slide was made for each strain, and the cells 
were observed under the microscope with a GFP filter. The exposure time was set at 0.2 
seconds. From left to right, the images were taken in the order of time, tracing the 
microtubule movements in a single cell. Scale bar respesents 2 pm.
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2.6 Ldbl8 interacts with Arpl and Jnml

The observations described above suggested that Ldbl 8 is a dynactin subunit in S. 

cerevisiae. In addition, previous report showed that Ldbl8 interacts with Jnml in a two- 

hybrid assay (Ito et al., 2001). So I next proceeded to examine biochemical interactions 

between Ldbl8 and the other dynactin subunits (Arpl, NiplOO, and Jnml) using double 

tagged strains (LDB18-3HA, and NIP100/ARP1 with TAP). Dr. Kelly Tatchell 

(Louisiana State University Medical Center, Shreveport LA) provided rabbit anti-Jnml, 

so I did not need to tag Jnml. As the interaction between dynein and dynactin is fairly 

weak and was not well preserved in standard co-purification essays, I also constructed the 

LDB18-3HA DYN3-TAP strain as one of my negative controls.

The TAP epitope in ARP1-TAP, DYN3-TAP, and NIP 100-TAP (purchased from Open 

Biosystems) strains was confirmed by both genomic PCR and western blot (Fig. 2.9 B 

and C). By integration of a PCR product into the genome, the endogenous copy of 

LDB18 was tagged with 3HA in the TAP strains. Another negative control, an isogenic 

single-tagged LDB18-3HA strain was also constructed, without any TAP-epitoped 

proteins. The HA epitope was confirmed by genomic PCR and western blot (Fig. 2.9 A 

and C).

To test if the epitope tagging affected the stability of the dynactin complex and caused 

nuclear postioning defects, I also performed DAPI-staining on the epitope-tagged strains. 

LDB18-3HA single-tagged strain did not show observable nuclear positioning defects, 

suggesting the 3HA epitope did not affect Ldbl 8 function. DYN3-TAP single-tagged and 

LDB18-3HA DYN3-TAP double-tagged strains also showed normal nuclear postioning 

phenotypes, indicating Dyn3-TAP was fully functional.

Both ARP1-TAP single-tagged and LDB18-3HA ARP1-TAP double-tagged strains 

showed a slight defect (at 15 °C, approximately 2.5% cells had 2 nuclear masses in the 

mother and none in the bud), suggesting that the TAP epitope affected Arpl function. 

However, the nuclear positioning defects were much milder than those caused by loss of 

Arpl (approximately 12% same type of cells at 15 °C), suggesting that Arpl was at least 

partially functional in ARP 1-TAP ox ARP 1-TAP LDB18-3HA strains.
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Both the NIP 100-TAP and LDB18-3HA NIP 100-TAP strains showed approximately 

10% binucleate large-budded cells, suggesting the TAP eptitope may have significantly 

disrupted Nip 100 structure and its interactions with other dynactin subunits, causing the 

observed nuclear postioning defects.

I used human IgG sepharose Fast Flow (Amersham) to bind the protein A domain of 

the TAP epitope. Cell lysates of the LDB18-3HA single-tagged strain and LDB18-3HA 

ARP 1-TAP double-tagged strain were applied to the IgG sepharose column. Arpl-TAP 

specifically bound to the IgG column and was eluted from the sepharose. Both Ldbl 8- 

3HA and Jnml were found in the eluate, indicating that Ldbl8-3HA and Jnml bound to 

the IgG column, together with Arpl-TAP (Fig. 2.10 A). In contrast, when extracts from 

the LDB18-3HA single-tagged strain were applied to the column, no specific binding was 

detected, and neither Ldbl8-3HA nor Jnml was detected in the eluate (Fig.2.10 B). 

These results suggested that A rpl, Ldbl 8 and Jnml interact with each other.

Using the double-tagged strain LDB18-3HA NIP100-TAP, NiplOO-TAP did not bind 

to the column efficiently (Fig.2.11 A and B). Considering that the TAP epitope affected 

NiplOO function in this strain, these results are not completely conclusive.

The same protein affinity-binding method was used to study the LDB18-3HA DYN3- 

TAP double-tagged strain. Dyn3-TAP bound to the IgG column and was eluted 

specifically. However, Ldbl8-3HA was not detected in the eluate (Fig. 2.11 C). These 

results implied that although dynein and dynactin function together, Ldbl 8 does not 

directly bind the dynein LIC, suggesting interactions between dynein and dynactin may 

not be mediated by these two subunits (Ldbl 8 and LIC), or the interactions are too 

weak/transient to be detected by the method described in this study.
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Ldb18-3HA test TAP test
A AL DL NL BL NL BLAL DL

Figure 2.9. Confirmation of TAP and 3HA epitope by (A) anti-HA western blot, (B) 
anti-TAP western blot, (C) genomic PCR test o f  LDB18-3HA, and (D) genmic PCR test 
o f  TAP. For western blot, cells were grown to OD()oo 1.0-1.2 in YPAD medium at 30°C. 3 
mL culture was harvested, washed, re-suspended in 1 OOiiL 0.1M NaOH, and incubated at 
room temperature for 5 minutes. The alkali was washed away and cells were re
suspended in 50uL lxSD S sample buffer, boiled at 100 °C for 5 minutes, and loaded to a 
15% mini SDS-PAGE gel. After electrophoresis, proteins on the gel were transferred to a 
PVDF membrane. Primary goat anti-HA (Bethyl) was used in 1:2500 dilution, and rabbit 
Peroxidase-anti-Peroxidase (Sigma) in 1:4000 diluiton was used to probe TAP epitope. 
Donkey anti-Goat secondary (Bethyl) and Goat anti-Rabbit (Sigma) were used in 1:10000 
dilution. ECL plus kit was used for detection and film was exposed for 30 seconds. For 
PCR, forward primers prime within the ORFs, and reverse primers prime within the 
epitope tag (3HA or TAP) sequence. A, ARPJ-TAP single tagged; AL: ARP I-TAP 
LDB18-3HA double tagged; DL: DYN3-TAP LDB18-3HA double tagged; NL: NIP100- 
TAP LDB18-3HA double tagged; BL: BIK1-TAP LDB18-3HA double tagged strain.
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-3 HA

Figure 2.10. Ldbl8 interacts with Arpl and Jnml. (A) LDB18-3HA ARP1-TAP 
double-tagged strain. (B) LDBJ8-3HA single-tagged strain. Both strains were grown to 
ODeoo 1.0-1.2 in YPAD liquid at 30°C. lOOmL culture was harvested, washed by sterile 
distilled water, re-suspended in 200 pL NP-40 lysis buffer and bead-beaten for 10 rounds. 
The raw lysate was diluted to 2 mL with NP-40 lysis buffer and cleared up by 
centrifugation. H alf o f the clear lysate was applied to 500 p,L IgG speharose Fast Flow 
(Amersham) packed in column. Binding, washing and eluting conditions were as described 
in the manufacturer's instruction book. The flow through, last patch o f wash, and eluate 
were collected. Input (the other half o f  the clear lysate), flow through, and the wash were 
concentrated by aceton precipitation. The eluate was concentrated by TCA precipitation. 
1:2500 goat anti-HA, 1:5000 rabbit PAP, and 1:5000 rabbit anti-Jnml was used. Secondary 
antibodies were all used in 1:10000 dilutions. Before a different detection, the membrane 
was stripped in stripping buffer at room temperature for 30 minutes, then re-blocked and re
probed with the next antibody.
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Figure 2.11. Ldbl8 does not interact with Dyn3. (A) Double tagged NIP100-TAP 
LDB18-3HA strain. (B) Double tagged ARPJ-TAP LDB18-3HA strain. (C) DYN3-TAP 
LDB18-3HA double-tagged strain. All strains were grown to OD600 1.0-1.2 in YPAD 
liquid at 30°C. 100 mL culture was harvested, washed, and re-suspended in 200 pL NP- 
40 lysis buffer, and bead-beaten for 10 rounds. The procedures for affinity binding, gel 
electropheresis, and western blots were as described in Figure 2.10.
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2.7 Ldbl 8 localization study

Correct tagging of LDB18 with GFP and three tandem CFPs was confirmed by 

genomic PCR (Fig. 2.12). However, I was not able to detect any fluorescence signals. 

This may be explained by the low abundance of the Ldbl8 protein. Fig. 2.9 shows 

Ldbl8p abundance compared to Dbf2p, which has an abundance of 3500 molecules /cell 

(Ghaemmaghami et aJ., 2003).

Figure 2.12. Confirmation of LDB18-3CFP fusion by genomic PCR. A plasmid containing 
the truncated LDB18 sequence followed by three CFP sequences in tandem (pl523-LDB18) 
was linearized, then transformed into the parental strain (described in Materials and Methods). 
The forward primer primes in the middle of the LDB18 ORF, and the reverse primer primes in 
the middle of the CFP sequence. P: positive control, using the plasmid pl523-LDB18 DNA as 
template. 1: negative control, using the genomic DNA of the parent strain (BY4742) as the 
template. 2,3,4,5: transformants selected on URA drop-out media.

LDB18-3CFP test 
P 1 2 3 4 5

kb
3 0 -
2 .0 -

1.0
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3. Conclusions and Discussions
Results in this study indicated that LDB18 psossibly encodes the yeast ortholog of the 

vertebrate dynactin subunit p24/p22. Ldbl8 resembles p24/p22 at the primary sequence 

level, especially structurally. Strains lacking the Ldbl 8 protein demonstrated nuclear 

positioning defects similar to other mutants of the dynein pathway, ldbl8k  mutants also 

display genetic interactions typical of dynein and dynactin mutants. Ldbl8 interacts 

biochemically with the dynactin subunits Jnml and Arpl, but not the dynein light 

intermediate chain Dyn3.

3.1 Ldbl8 is a component of the dynein pathway
Mutants of the dynein pathway and of the Kar9 pathway have slightly different 

phenotypes. Disruption of the dynein pathway leads to large-budded cells with two DNA 

masses in the mother and none in the bud. Since the dynein pathway functions after the 

onset of anaphase, movement of the nucleus up close to the neck and orientation of the 

pre-anaphase spindle are not affected in dynein mutants. The Kar9 pathway, however, 

functions before anaphase. In mutants of the Kar9 pathway, the nucleus does not move 

close to the neck, or moves to the neck but cannot maintain its position there, and the pre

anaphase spindle tends to be misaligned. Like dynein mutants, the Kar9 pathway 

mutants show large-budded cells with two nuclear regions completely in the mother (less 

severe than in dynein mutants, Fig. 2.2). However, unique to the Kar9 pathway mutants, 

there are a portion of G2/M cells that fail to move the nucleus close to the neck before 

spindle elongation.

In DAPI-staining assays, loss of Ldbl8 resulted in a phenotype typical of the dynein 

pathway mutants. Loss of Ldbl 8 did not have significant effects on nuclear movement 

up to the neck before spindle elongation, the phenotype uniquely seen in the Kar9 

pathway mutants. In time-lapse movies of GFP-tubulin in ldbl8A mutants, the 

orientation of the pre-anaphase spindle also seemed to be normal. Collectively, these 

results suggest that Ldbl 8 is a component of the dynein pathway involved in nuclear 

positioning during mitosis of S. cerevisiae.
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In GFP-tubulin movies of dynein pathway mutants, the cytoplasmic microtubules fail 

to slide along the bud cortex, even when they are actually in contact with the cortex. In 

addition, in these mutants, cytoplasmic microtubules often grow longer than those in wild 

type cells, a phenomenon whose mechanism remains unknown (Adames and Cooper, 

2000). This was also observed in GFP-tubulin movies of ldbl8A mutants, which, once 

again, suggesting Ldbl 8 is a dynein pathway component.

Why do the MTs grow longer in dynein/dynactin mutants? It can be speculated that 

activation of dynein (or dynein associates with a MT-regulator after the activation) 

change the MT dynamics: before dynein is activated, MT is more stable and the 

catastrophe rate is lower (so it keeps growing); but once dynein is activated, with 

regulation of dynein or the associated proteins (maybe from the cortex, or dynactin), the 

catastrophe rate becomes higher. It is also possible that the cytoplasmic microtubules 

simply continue to grow during anaphase, until the cell sends the signals for mitotic exit. 

Alternatively, there are MT stabilizers (such as Bikl and Kipl) at the MT plus ends, and 

during offloading of dynein, these stabilizers may be redistributed or off-loaded as well. 

Delay of the dynein offloading thus delays redistribution/offloading of these stabilizers, 

resulting in longer MTs. However, these speculations need further investigation.

In this study, genetic interaction assays also were consistent with Ldbl 8 being part of 

the dynein pathway. Simultaneous deletion of both LDB18 and BIM1 resulted in cell 

death, and loss of both Ldbl 8 and Kar9 (or Bnil) led to very slow growth of the 

progenies. This was slightly different from previous studies, as Tong et al. (2004) and 

Pan et al. (2004) reported synthetic lethality of ldbl8A. and kar9A (or bnilA, or bimlA). 

The differences may be due to the strain backgrounds, or the large-scaled genetic screens 

may have missed the slow growth of ldbl8A kar9A and ldbl8A bnilA progenies. In 

contrast, simultaneous loss of Ldbl 8 and any other dynein pathway component (such as 

Arpl, Dynl, Jnml) did not result in observable growth defects.

3.2 Results support that Ldbl8 may be the yeast 
ortholog of the dynactin p24/p22 subunit

Ldbl8 is a very small protein (approximately 21 kDa) of 179 amino acids. The 

primary sequence for the protein resembles the dynactin subunit p24/p22 from other
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eukaryotes, and secondary structure analysis predicted Ldbl 8 to consist largely of helices 

with one coiled-coil domain. The size and secondary structure predictions for this protein 

are strikingly similar to the dynactin subunit p24/p22 (DCTN3) from higher organisms.

Affinity binding of Arpl-TAP from cell extracts to an IgG column also retained the 

dynactin subunits Jnml (dynamitin) and Ldbl8. Whether Ldbl8 was retained together 

with the Nipl00-TAP (p 150ollied) to the IgG column remains unclear. No strong 

interaction was detected between Ldbl 8 and the dynein complex subunit Dyn3, as Ldbl 8 

was not retained by affinity binding of Dyn3-TAP to the IgG column.

The interaction between Ldbl8 and Arpl does not seem to be very strong, as shown 

by the faint detection of Ldbl8-3HA eluted from the IgG column (Fig 2.10 and 2.11). 

This might be partially due to the extremely low abundance of the Ldbl 8 protein. In 

addition, the LDB18-3HA ARP 1-TAP double-tagged strain showed a slight nuclear 

positioning defect (-2.5% binucleate large-budded cells at 15 °C), suggesting that the 

stability of the dynactin complex may be slightly affected by the TAP epitope of A rpl, so 

dynactin is not fully functional in this strain.

Previous reports showed Arpl to be the most abundant protein in the dynactin 

complex, whereas dynamitin was identified as the second most prevalent. It is predicted 

that each dynactin complex might have 8-13 Arpl subunits and two pl50GW subunits 

(Schafer et al., 1994a). Consistently, in this study, Arpl and Jnml seemed to have 

relatively higher level of protein abundance, comparing to Ldbl8 and NiplOO (Fig. 2.11).

If all the subunits of dynactin form a stable complex, one would expect that the whole 

dynactin complex will be retained by the IgG column with either Nipl 00-TAP or Arpl- 

TAP from cell extracts. However, TAP-tagging of NiplOO seemed to affect the stability 

of the dynactin complex (-10% binucleate large-budded cells at 15 °C), so further 

experiments without disruption of dynactin struture need to be performed to test the 

interaction between N ipl00 and Ldbl 8. Anti-Nipl00 antibody would be a great help.

Despite the uncertainty mentioned above, the interaction between Arpl and Ldbl8, 

seemed to be specific and reliable. The co-binding of Ldbl8 and Arpl was detected in 

repeated experiments. Furthermore, the same interaction was not seen between Ldbl8 

and Dyn3, or in a controlled assay done on strains lacking the TAP epitope. 

Nevertheless, more experiments need to be done to fully understand the interaction
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between Ldbl8 and the other dynactin subunits, including Jnml, Arpl, and NiplOO. The 

interaction between Ldbl8 and Arpl also has to be confirmed by reciprocal assays, such 

as detection of Arpl-TAP after the affinity binding of Ldbl8-3HA to HA antibodies, 

using the same strain ARP 1-TAP LDB18-3HA.

It would be interesting to test if dynactin binds to P ad  1 (IC), since it has been shown 

that a recombinant p\50Gltied from rat brain cytosol binds the dynein intermediate chain in 

vitro (Karki and Holzbaur, 1995). However, previous reports showed no direct 

interaction between Pacll(IC) and NiplOO (ortholog of pl50G/uerf) (Kahana et al., 1998). 

Based on the ultrastructure of dynactin (described in section 1.3.2), it can be predicted 

that Ldbl8 should not bind Pacll directly. However, this needs to be confirmed by 

further experiments.

3.3 Protein interactions within the dynactin complex
For mammalian cells, all subunits of the dynactin complex co-sediment at 20S in 

sucrose density gradients, including p22/24, dynamitin, pl50GW, Arpl, CapZ, A rp ll, 

p62, p27, and p25 (Karki et al., 1998). In addition, a more stable complex of pl50G/ua/, 

dynamitin, and p24/22, which comprises the arm projecting from the rod of Arpl 

polymer (Fig. 1.5), can be isolated from dynactin (Eckley et al. 1999).

Dynamitin seems to play important roles in stabilizing interactions between the 

subunits in order to form a functional dynactin complex. Echeverri et al. (1996) found 

that excess dynamitin in mammalian cells disrupted the association of the pl50G/uerf 

sidearm with the remainder of the dynactin complex, and this led to the arrest of the cells 

in a prometaphase-like stage. With excess dynamitin, p24/p22 is not found exclusively at 

20S in sucrose density gradients anymore. Dynein and dynactin localization to 

kinetochores and membranous organelles is also diminished by excessive dynamitin 

(Burkardt et al., 1997; Presley et al., 1997).

Despite the lack of similarities in primary sequence of all subunits in the dynactin 

complex, the organization and structure of these subunits appear to be largely conserved 

from species to species. In S. cerevisiae, biochemical assays show that NiplOO 

(pl50GW), Jnml (dynamitin), and Arpl form a complex, and this co-sedimented 

complex does not include dynein (Kahana et al., 1998).
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It has been shown that affinity precipitation of NiplOO retains both Jnml and Arpl, 

and interaction between NiplOO and Arpl is greatly diminished (but not completely 

absent) upon the loss of Jnml protein, suggesting that the interaction between NiplOO 

(pl50G/“̂ )  and Arpl may be indirect, and mediated partially by Jnml (Kahana et al., 

1998). Additionally, in mammalian cells, a pl50G/Mraf affinity column retains both 

p24/p22 and Arpl(Waterman-Storer et al., 1995; Karki et al., 1998). Therefore, it can be 

speculated that the interaction between the projecting arm pi 50G/uerf (NiplOO) and the 

Arpl rod is mediated by both p24/22 (Ldbl8) and dynamitin (Jnml), in a cooperative 

manner.

If my prediction above were indeed correct, a direct interaction is expected to exist 

between NiplOO and Ldbl8, and between NiplOO and Jnml. However, the TAP epitope 

tagging to NiplOO seemed to affect dynactin structure and caused nuclear postioning 

defects, so whether NiplOO interacts Ldbl8 still needs to be further tested. As deletion of 

JNM1 diminishes but does not fully abolish the interaction between NiplOO and Arpl, it 

would be interesting to test whether deletion of LDB18 has a similar effect on NiplOO 

and Arpl interaction.

3.4 Localization of the dynactin complex
In mammalian cells, dynactin localization has been observed on centrosomes or the 

nuclear envelope, as well as being associated with vesicle structures (reviewed by 

Schroer, 2004). Localization of the complex in S. cerevisiae is poorly understood, one 

reason being the low protein abundance of the subunits. So far, localization studies have 

only appeared in two reports, but one of them overexpressed the protein on a plasmid 

(NiplOO), and the other one immunostained [J-galactosidase in a JNMlr.lacZ  strain 

(McMillan and Tatchell, 1994; Kahana et al., 1998).

Immuno-staining with anti-|3-galactosidase of a strain containing an integrated 

JNM1::lacZ fusion gene (integrated onto the JNM1 locus in the gonome, and transcribed 

from the endogenous JNM1 promoter) has localized Jnml: (3-galactosidase to the SPB 

and along cytoplasmic microtubules (McMillan and Tatchell, 1994). The localization 

seems to be cell cycle regulated. In cells with an unduplicated SPB or short spindle, the 

Jnml: (J-galactosidase fusion protein is often associated with an SPB. In cells at later
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stages of the cell cycle (with longer spindles), it is often seen along cytoplasmic 

microtubules. The localization is asymmetric, as the spot is mostly found in the bud or at 

the SPB nearest the bud (McMillan and Tatchell, 1994). In a different study, NiplOO- 

GFP constitutively expressed from a multicopy 2\x plasmid was found to co-localize with 

both SPBs in dividing cells (Kahana et al., 1998).

The localization pattern shown in these two studies raises questions asking where and 

how dynactin interacts with dynein, as dynein is mostly found at the plus end of 

cytoplasmic microtubules and on the bud cortex. The off-loading model proposes that 

dynactin is required for dynein delivery to the cortex and dynein activation at the cortex. 

If this were correct, then dynactin should mainly be found along cytoplasmic 

microtubules and at the cell cortex, similar to dynein.

Nevertheless, it needs to be noted that early studies on dynein using similar constructs 

(for example, lacZ fusion) showed similar localization pattern of dynein, as compared to 

the dynactin localization studies described above. Also, dynein accumulates at the MT 

plus ends upon loss of dynactin, presumably due to failure of delivery to the cell cortex 

(Sheeman et al., 2003; Lee et al., 2003). Therefore, it can be speculated dynein and 

dynactin may actually co-localize throughout the cell cycle, making it convenient for 

these two complexes to function together. The SPB localization seen in the NiplOO-GFP 

study is probably due to overexpression of the protein. The JnmhlacZ localization 

revealed by immunostaining may be due to disruption of the dynactin complex by 

binding of the antibody, as dynamitin is crucial for stabilizing interactions between the 

subunits and holding the whole complex together.

Localization of Ldbl8 (LDB18-GFP and LDB18-3CFP) in this study was 

unsuccessful, due to the extremely low abundance of this protein. Overexpression of 

Ldbl 8 on a plasmid or under an inducible promoter may allow us to locate it, but could 

produce artifactual accumulation of cellular structures that does not occur in normal cells. 

Nevertheless, it can still be tested if  dynein accumulates at the cytoplasmic MT plus ends 

in ldb!8A mutants.
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3.5 Interactions between dynein and dynactin
In S. cerevisiae, the disruption of either dynein or dynactin produces similar 

phenotypes in terms of microtubule sliding along the cortex, leading to non- 

distinguishable nuclear positioning defects. Also, simultaneous mutations in both dynein 

and dynactin do not result in a more severe phenotype than that observed for single 

mutants of dynein or dynactin alone. So, dynein and dynactin is part of the same nuclear 

positioning control pathway. However, NiplOO does not show biochemical interactions 

with P ad  1, the intermediate chain (Kahana et al., 1998). Immuno-precipitation of Arpl 

or Jnml does not bring down P ad  1 either. And, in this study, interaction between Dyn3 

and Ldbl 8 was not detected, although it remains to be determined whether Ldbl 8 

ineracts with Pacll. These results support the speculation of transient or indirect 

interactions between the two complexes. The transient/indirect interactions, however, 

must be crucial for the microtubule-sliding process, as loss of either completely prevents 

microtubule sliding (along the cortex) and results in extra long cytoplasmic microtubules.

3.6 Evolution of the dynein and dynactin complex
The primary protein sequence identity between dynein/dynactin subunits from S. 

cerevisiae and those from other eukaryotes is very low . NiplOO only has 13.7% overall 

sequence similarity to p 15()Glued (DCTN1) from rat. Primary sequence analysis of Jnml 

did not reveal any homology to p50 (dynamitin or DCTN2) either (refer to Table 1.1).

However, the secondary structures of most subunits are highly conserved. NiplOO N- 

terminal and C-terminal regions are predicted to form coiled-coil structures, similar to 

pl50r;/"^ (Kahana et al., 1998). Jnml is predicted to contain three distinct coiled-coil 

structures, similar to dynamitin. Ldbl 8 is largely composed of a-helices with a coiled- 

coil structure, similar to p24/p22 (Fig. 2.6).

It should be noted that NiplOO (pl50GW), Jnml (dynamitin), and Ldbl8 (p24/p22) are 

highly a-helical. As specific amino acids are not required to form a-helical and coiled- 

coil structures, the proteins are able to accommodate considerable sequence variation 

among species, thus decreasing the evolutionary pressure for primary sequence 

conservation (Schroer, 2004). In addition, a-helical and coiled-coil structures are often
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capable of mediating protein-protein interactions, providing possible links among 

multiple subunits, as well as with dynein or cargos.

Some subunits of dynactin identified in animals are yet to be found in S. cerevisiae, 

such as p62, p27, and p25. The 20S complex of dynactin seems to be conserved 

throughout metazoan evolution. It has been described in chicken, bovine brain, and 

Drosophila extracts (Gill et al., 1991; Paschal et al., 1993; McGrail et al., 1995; 

Waterman-Storer and Holzbaur, 1996). Reports so far suggest that the interactions 

between the main subunits (p 15()G!ued, dynamitin, Arpl, and p24/p22) are similar in all 

species.

The dynein/dynactin complex is involved in multiple processes in animal cells, 

organelle transport being one of its major roles. In S. cerevisiae, dynactin seems to be 

involved only in nuclear positioning. In other words, the nucleus is the only organelle 

that requires dynein for movement. This makes evolutionary sense, considering the cell 

size of S. cerevisiae. In a cell as small as 5-10 pm, vesicles might be able to flow around 

in the cytoplasm and reach their destinations, without requiring a motor-driving system 

that consumes extra energy.

During mitosis of animal cells, dynein/dynactin has multiple functions. Besides 

mitotic spindle orientation, it is also involved in spindle organization and chromsome 

movements. In the budding yeast, absence of dynein function in the process of 

chromosome movement may be due to the small size of the metaphase spindle —  prior to 

elongation (when spindle extends to —8-12 pm), the spindle is only around 2 pm. 

Because the spindle is so small, chromosomes are close both to the mid-plate and to the 

poles. In metaphase, maintainance of chromosomes at the mid-plane may not be as 

crucial, consistent with the observation that a conventional mid-plate is absent in S. 

cerevisiae, and the chromosomes can oscillate in the nucleus. In anaphase A, MT 

polymerization/depolymerization and kinesins may already be enough for chromosome 

movements toward the poles. Considering the budding mode of mitosis in this organism, 

it seems more important to align the spindle along the cell polarity, as the bud site is pre

determined early in the cell cycle.
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3.7 Future directions
In S. cerevisiae, although the terminal phenotypes resulting from disruption of the 

dynein pathway during mitosis are well defined, many questions remain about the details 

of this process of nuclear positioning. What is the real function of dynactin? Does it 

activate the motor activity of dynein, or does it mediate the interaction between dynein 

and other cellular components, such as the cortex and microtubules? How is dynein 

delivered to the plus end and the cortex? How and when is dynactin delivered to its site 

of function? And why do cytoplasmic microtubules grow much longer in 

dynein/dynactin mutants than in normal cells?

The interactions among the dynactin subunits in S. cerevisiae also need to be further 

elucidated. More biochemical assays need to be done to find the interactions between 

Arpl, Jnml, NiplOO, and Ldbl8. These protein interactions can shed some light on 

organization and ultrastructure of the whole complex, and provide insights into how 

dynactin interacts with dynein or the other cellular components (such as the cortex) in 

animal cells. Detailed localization studies on the dynactin subunits and their co

localization with either dynein or microtubules will indicate how dynein-driven 

movements are coordinated during the cell cycle.

The behaviors of the dynactin subunits in S. cerevisiae are largely analogous to their 

vertebrate and insect counterparts, in terms of their organization, and their interactions 

with dynein, or microtubules. S. cerevisiae thus provides a genetically tractable 

eukaryotic system to study this crucial motor system in eukaryotes. In animals, loss of 

dynein/dynactin is lethal due to disruption of mitosis, and overexpression of dynein 

subunit has been implicated in carcinogenesis (den Hollander and Kumar, 2006). A 

single mutation in the dynactin subunit can have severe consequence, such as motor 

neuron disease (Puls et al., 2003). Therefore, studies on dynactin from S. cerevisiae can 

be very helpful, and will provide insight on how the complex assembles and interacts 

with other cellular components in animals.
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4. Materials and Methods

4.1 Growth media and conditions

If not specified, to grow a cell culture, a single colony was inoculated into 5mL of YPAD 
liquid medium, grown overnight at 30 °C with agitation (250rpm), then diluted into fresh 
YPAD (or synthetic media) to an OD600 0.1-0.2. The diluted culture was then grown 
until the specified OD600 was reached.

YPAD: 2% peptone (Merck, Darmstadt, Germany), 1% yeast extract (Difco, Sparks, 
MD), 2% glucose, 0.004% adenine (Q-Biogene, Montreal QC), with or without 2% agar 
(Invitrogen, Carlsbad CA)

Synthetic complete (SC) media: 0.67% Yeast Nitrogen Base with Ammonium Sulfate but 
without Amino Acids (Difco), 2% glucose, 0.082% complete amino acids mix (CSM, Q- 
Biogene), with or without 2% agar (Difco).

Synthetic drop-out media: 0.67% Yeast Nitrogen Base with Ammonium Sulfate but no 
Amino Acids (Difco), 2% glucose, 0.054% CSM-Ade-His-Leu-Lys-Trp-Ura drop out 
mix (Q-Biogene). Drop one of the following: 0.004% Adenine, 0.002% Histidine, 0.01% 
Leucine, 0.005% Lysine, 0.005% Tryptophan, 0.002% Uracil (all amino acids from Q- 
Biogene). 2% agar (Difco) added for plates.

Synthetic drop-out media with G418: 0.17% Yeast Nitrogen Base without Ammonium 
Sulfate (Q-Biogene), 0.1% monosodium glutamate (Sigma-Aldrich, St. Louis MO), 2% 
glucose, 0.054% CSM-Ade-His-Leu-Lys-Trp-Ura drop out mix (Q-Biogene), drop one of 
the following: 0.004% Adenine, 0.002% Histidine, 0.01% Leucine, 0.005% Lysine, 
0.005% Tryptophan, 0.002% Uracil. 2% agar (Difco) added for plates. 200 mg/L G418 
(Q-Biogene) is added when the autoclaved media is cooled below 60°C.

Sporulation media: 1% potassium acetate, and 2% agar (Difco).

4.2 Strains used in this study

A complete list of all the strains used for this study is shown in Table 4.1.
All primers used are described in Section 4.12 and listed in Table 4.2. Plasmids used are 
listed in Table 4.3. Below are description of how specific types of yeast strains were 
constructed.

General Strategy for constructing a deletion strain or epitope-tagging a protein: All 
deletion strains and epitope-tagged strains were constructed by PCR-based strategies, as 
shown by Fig. 4.1 and Fig. 4.3 (Wach et al, 1994 and Winzeler et al., 1999).

For deletion strains of a particular open reading frame (ORF), using plasmid DNA as 
the template, a URA3/KanMX4/KanMX6 PCR cassette was amplified using primer
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0RF.F1 and ORF.R1. The PCR protocol is described in Section 4.3. The amplified 
DNA was concentrated (Section 4.4), transformed (Section 4.5), and integrated into 
chromosomes of competent host cells by homologous recombination. Transformants 
were selected on synthetic medium lacking uracil (SC-ura) or YPAD medium with 
G418 (YPAD+G418), depending on the selectable marker (Section 4.2). Genomic 
DNA was extracted (Section 4.6) from several individual transformants. As shown by 
Fig. 4.2, correct deletion of the ORF was confirmed by genomic PCR (Section 4.7). 
The ORF.FTEST and ORF.RTEST primers test if the ORF is still present, whereas the 
ORF.FTEST and URA3.RTEST/ KAN.RTEST primers test if the ORF is replaced by 
URA3 or KanMX4/6.

To tag a particular ORF-encoded protein with an epitope tag, a Longtine plasmid for 
the epitope was used as the template (Longtine et al., 1998). A PCR cassette for the 
epitope was amplified using primer ORF.F2 and ORF.R1. DNA concentration, 
'transformation, and genomic PCR confirmation were as described above.

Deletion Strains with KanMX4 marker: All deletion strains with the wild type allele 
replaced by KanMX4 are from Open Biosystems (parental strain BY4742, MATa) 
(Winzeler et al., 1999). Correct deletion of each ORF was confirmed by genomic PCR.

Construction of the ldb!8A::URA3 strain: A URA3 PCR cassette was amplified with
primer LDB18.F1 and LDB18.R1, using plasmid p4439 DNA as the template. The
amplified DNA was transformed into competent Y2295 {MATa) cells. Transformants 
were selected on SC-ura plates. Correct deletion of the LDB1% ORF by URA3
replacement was confirmed by genomic PCR, using primer LDB18.FTEST and
LDB18.RTEST (or URA3.RTEST) (Fig.2.2 in Results).

Construction of the ldbl8A::KanMX6 GFP-TUB1 strain: A KanMX6 PCR cassette was 
amplified using the same primers (LDB.F1 and LDB18.R1), and pFA6a-kanMX6 
plasmid DNA as the template (Longtine et al., 1998). The amplified DNA was 
transformed into competent GFP-TUB1 strain (Table 4.1). Deletion of the LDB18 ORF 
was confirmed by genomic PCR, using primer LDB18.FTEST with LDB18.RTEST or 
KAN.RTEST.

Construction of the LDB18-3HA single-tagged strain: Sequence encoding three tandem 
copies of the HA epitope followed by KanMX6 marker was amplified using pFA6a-3HA- 
kanMX6 plasmid DNA as the template (Longtine et al, 1998). The LDB18.F2 and 
LDB18.R1 primers were used. The amplified DNA was transformed into competent 
BY4742 cells. Stable transformants were confirmed by genomic PCR using primer 
LDB18.TAGTEST and KAN.RTEST. Correct tagging of 3HA epitope was also 
confirmed by western blots (Fig. 2.7 in Results).

Tandem Affinity Purification (TAP) strains: TAP tag consists of a calmodulin binding 
peptide, a TEV cleavage site and two IgG binding domains of Staphylococcus aureus 
protein A, as well as a IIIS3 selectable marker. All TAP strains (ARP1-TAP, NIP100- 
TAP, and DYN3-TAP) were purchased from Open Biosystems (Ghaemmaghami et al., 
2003). Each ORF is tagged with the TAP epitope at the C-terminus and expressed from
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its natural chromosomal location. The parental strain is BY4741 {MATa). Correct TAP 
tagging was confirmed by genomic PCR, using the F2CHK reverse primer and a forward 
primer containing sequence homologous to sequence on the ORF (ARP1.TAGTEST, 
NIP100.TAGTEST and DYN3.TAGTEST). The tagging of TAP epitope was also 
confirmed by western blots (Fig. 2.7).

Construction of double epitope-tagged strains: I tagged the LDB18 ORF with a 3 FI A 
epitope using the same strategy, described for creation of the LDB18-3HA single tagged 
strain. Flowever, PCR products were transformed into competent TAP-tagged strains 
(ARP1-TAP, N1P100-TAP, and DYN3-TAP). Correct tagging of 3HA epitope was 
confirmed by genomic PCR and western blots as well (Fig. 2.7).

Construction of the LDB18-GFP strain: The GFP module followed by KanMX6 marker 
was amplified from pFA6a-GFP (S65T)-kanMX6 plasmid DNA through PCR (Longtine 
et al., 1998). PCR products were transformed into competent cells (BY4742). 
Homologous recombination was confirmed by genomic PCR using primer 
LDB18.TAGTEST and KAN.RTEST.

Construction of the LDB18-3CFP strain: A plasmid pi 523 containing three CFP modules 
in tandem followed by a URA3 selectable marker was kindly provided by John Cooper’s 
lab (Lee et al., 2003; Lee et al., 2005). The LDB18 ORF (without the start codon) was 
amplified from BY4742 genomic DNA, using primer LDB18-3CFP.F and LDB 18- 
3CFP.R. Both the amplified DNA and the plasmid pi 523 were digested with BamHI 
restriction enzyme. The two digested products were purified by phenohchloroform, 
ligated at 16°C for two hours, and transformed into competent DH5a E.coli cells. 
Plasmids were extracted from several individual colonies and digested with restriction 
enzymes to ensure correct direction of insertion. After confirmation of the right 
orientation, several plasmids were sequenced to ensure that no mutation had occured. 
One plasmid with correct insertion (p i523-ldbl8) was then linearized with Bgl II  and 
transformed into competent BY4742 cells. Transformants were selected on SC-ura, and 
the integration of 3 CFP into the genome was confirmed by genomic PCR using primer 
LDB18.TAGTEST and GFP.RTEST. The plasmid pi 523-ldbl 8 was used as a positive 
control for PCR.

4.3 PCR Protocols to amplify the desired DNA sequence 
for homologous recombination
The Expand Long Template PCR System (Roche, Mannheim Germany) was used to 
amplify the desired DNA sequence for homologous recombination. For a 50 pL PCR 
reaction, 200-500 ng genomic DNA (or ~50 ng plasmid DNA) was used as template.
Final concentration of 350 pM dNTP, 300 nM of both primers, and 0.75 pL of 5 U/pL 
expand enzyme mix were added. 1 x Expand Long Template Buffer 2 (200 mM Tris-HCl 
pH 8.4, 500 mM KC1, and 2.75 mM MgCL) was used.
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The PCR reactions were set as following:
94 °C 
94 °C 
50-55 °C 
68 °C 
68 °C 
4° C

2 min 
10s
1 min
3 min 
10 min 
hold

35 cycles

4.4 Concentration of PCR products

The amplified DNA was concentrated for transformation into yeast by ethanol 
precipitation. 0.1 volumes of 3M NaOAc and 2 volumes of 95% ethanol was added, 
followed by 20 min incubation on ice. The pellets were then washed by 70% ethanol, 
dried at 37 °C for 20 min, and dissolved in lOpL sterile distilled water or TE buffer (10 
mM Tris-Cl pH 7.5, 1 mM EDTA/NaOH pH 8.0)

4.5 Transformation of S. cerevisiae

Transformation of S. cerevisiae was based on the lithium-acetate method previously 
described (Schiestl and Gietz, 1989; Gietz andWoods, 2002; Wach et al., 1994).

Preparation of competent cells: A small loop of yeast cells was inoculated from 2-3 day 
old colonies on YPAD plates into 5mL YPAD liquid and grown overnight at 30 °C with 
agitaton (250 rpm). The overnight culture was inoculated into 50 mL YPAD liquid 
medium to give an OD600 of 0.1-0.2. The 50 mL culture was grown for 4-6 hrs until the 
final OD600 reached 0.5-0.7 (approximately 1.2xl07 cells/mL). The cells were harvested 
by centrifugation (4000xg, 5min, room temperature), washed once with 0.1-0.5 volumes 
of sterile distilled water, and once with 0.1-0.2 volumes of SORB (100 mM lithium 
acetate, 10 mM Tris-HCl pH 8, 1 mM EDTA/NaOH pH 8, 1 M Sorbitol, adjusted with 
dilute HAc to pH 8 and sterile filtered). SORB was removed and the cells were finally 
resuspended in a total volume of 360 pL SORB (per 50mL of cell culture). 40 pL ice- 
cold carrier DNA (Salmon Sperm sheared single stranded DNA) was added. The cells 
were aliquoted and stored at -80 °C.

Transformation of DNA into competent cells: 50 pL thawed competent cells and 10 pL 
concentrated PCR product (or 10 pL competent cells with 2 pL plasmid DNA) were 
mixed well before 6 volumes of PEG (lOOmM lithium acetate, lOmM Tris-HCl pH 8, 
ImM EDTA/NaOH pH 8, 40% polyethylene glycol 3350, sterile filtered) was added. 
The suspension was mixed well, and incubated at room temperature for approximately 30 
minutes. Dimethyl sulfoxide (DMSO) was added to a final concentration of 5%. The 
mixture was placed in a 42 °C water bath for 5-20 min. The cells were spun down 
(4000xg for 2 min), resuspended in 100-200 pL of sterile water, and plated onto synthetic 
drop-out medium lacking the amino acid corresponding to the auxotophy marker (i.e., 
SD-his plates for HIS3MX6 marker). An exception is KanR marker, for which the cells 
were resuspended in 3 mL YPAD liquid medium after being spun down, to recover from
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42 °C heat shock. The cells were incubated in a shaker at 30 °C for 2-3 hrs, collected and 
spread on YPAD+G418 plates (200 mg/L G418). Transformants were usually visible 
after 2-3 days. For KanR selection, the transformation often resulted in many transient 
transformants, which could be eliminated by replica-plating onto fresh G418 plates. 
Stable transformants were visible after 1 day of incubation.

4.6 Genomic DNA extraction

Preparation of cells: A single colony was inoculated into 5 mL YPAD liquid and grown 
at 30 °C overnight with agitation (-250 rpm). 1.5 mL of the overnight culture was 
pelleted in a 1.5 mL centrifuge tube (13,200xg, 30s). Cells were washed with 0.5 mL 
sterile distilled water, and resuspended in 300pL lysis buffer (2% Triton X-100, 1% SDS, 
0.1M NaCl, 10 mM Tris-HCl pH 8 , 1 mM EDTA/NaOH pH 8 ).

Lysing the cells: 200-300 uL acid washed 0.5mm glass beads (BioSpec, Bartlesvill OK) 
and 200uL phenol/chlorophorm/isoamyl alcohol (25:24:1, Sigma) were added to the cell 
suspension. The mixture was vortexed at maximum speed in a fridge for 6  min followed 
by 5 min centrifugation at 13,200xg.

DNA extracting: 200 pL of the top aqueous layer was removed. 450 pL of 95% ethanol 
was added and mixed with this layer. DNA was precipitated by centrifugation 
(13,200xg, 5 min), followed by addition of 500 pL 70% ethanol to wash the pellet 
(13,200xg, 5 min). Ethanol was removed, the DNA pellet was dried at 37°C then re
suspended in 50pL TE buffer or sterile distilled water.

4.7 Genomic PCR confirmation of transformants

To determine whether PCR products were correctly integrated into yeast chromosomal 
DNA, a 25 pL PCR reaction was set, using recombinant Taq DNA Polymerase 
(Invitrogen). The final mix contained 200-500 ng genomic DNA, 50.2 mM dNTP, 0.5 
pM of both primers, lx  PCR buffer (200 mM Tris-HCl pH 8.4, 500 mM KC1), 1.5mM 
MgCL and 1U Taq DNA Polymerase.

The PCR reactions were 
94 °C 3 min
94 °C 45 s
55-60 °C 30 s 
72 °C 1-2 min
72 °C 10 min
4 °C hold

4.8 Synthetic lethality assay

Crossing of two strains: The MATa ldbl8A::URA3 strain was crossed with each 
xxxA::KanMX4 deletion strains to test for synthetic lethality or synthetic growth defects. 
A loop-ful of cells of both strains were obtained from fresh colonies, mixed well on a
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new YPAD plate, and incubated at 30 °C overnight.

Selecting diploids: Cells from the mixed mass were then streaked onto fresh SD- 
ura+G418 plates, and incubated for 2-3 days to select for diploids.

Sporulation of diploids: Fresh cells from the double selective plates were transferred to 
sporulation plates (1% potassium acetate, 2% agar) to sporulate for at least 3 days. Cells 
could be checked under the microscope to determine if sporulation had occurred.

Tetrad dissection: After around 50% of the cells had sporulated, the asci were digested 
with 0.275 U/mL (or -6,000 Fishman units/mL) fi-Glucuronidase /Arysulfatase (Roche) 
for 10 min, then streaked to YPAD plates. The tetrads were dissected with a 
micromanipulator. The dissected spores were incubated on the original YPAD plates for 
2-3 days.

Determining genotype of each progeny: Colonies from the original YPAD plates were 
then replica-plated to SC-ura and YPAD+G418 plates, to test for the ldbl8A::URA3 and 
xxxA::KanMX4 alleles. Mating type of a colony was determined by replica-plating the 
colony to YPAD plates with lawns of Y2081 (MATa) or Y2082 (MATa) cells. After 1-2 
days, a halo would be seen around a colony if mating occurred between the colony and 
Y2081 or Y2082 cells. A halo therefore indicated that the mating type of the colony was 
opposite to the lawns.

4.9 Use DAPI-staining to determine nuclear positioning 
defects
Growth of cells: A single colony from a fresh plate was inoculated into 5 mL YPAD 
liquid medium and grown at 30°C overnight with agitation (-250 rpm) to a final OD600 

2-3. The overnight culture was inoculated into 5 mL fresh YPAD liquid to give an OD600 

of 0.05-0.1. The new culture was allowed to grow at 30 °C for 6-7 hrs or at 15 °C for -2  
days until their OD600 reached 0.8-1.0.

Fixation of cells: Cell suspensions were collected in a 1.5 mL microfuge tube, fixed by 
adding 2 volumes of 95% ethanol and incubating at 4 °C for at least 10 minutes.

DAPI staining: The ethanol-fixed cells were pelleted down, washed in 0.1 M potassium 
phosphate buffer (pH 7.0), and incubated with 1 pg/mL DAPI (4',6-diamidino-2- 
phenylindole, Sigma) for 5 min. 100 pL DAPI was usually needed for 0.5 mL cell 
culture from above. The DAPI-stained cells were washed with 0.1 M potassium 
phosphate buffer (Tamowski et al., 1991).

Couting cell numbers of each morphology under microscope: Cells were observed under 
microscope with a DAPI filter (exciter: D360/40, emitter: D460/50, Olympus). Cell 
numbers were counted and placed into one of the following categories: a) unbudded cell 
with a single nuclear mass; b) budded cell with a single nuclear mass in the mother; c) 
budded cell two nuclear masses, one in the mother and one in the bud; d) budded cell 
with two nuclear masses in the mother but none in the bud; and e) unbudded cell with 
two or more nuclear masses. At least 300 cells were counted for each strain.
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Experiments were performed in triplicate. Average percentage of cell numbers for each 
category and standard errors were calculated.

4.10 Time-lapse movies of spindle movements

Growth of cells: 2-3 colonies from a fresh plate were inoculated into 5 mL YPAD liquid 
and grown at 30 °C overnight with agitation (-250 rpm). The cells were inoculated into 
new SC complete liquid medium at a 1:1000 dilution. The diluted cultures were then 
grown at 30 °C overnight until the OD600 reached 0.7-0.9.

Induction of GFP-tubulin: Cells were pelleted from SC complete medium and washed in 
sterile water. Cells were then resuspended in SC-met liquid medium and grown for ~3 
hrs (30°C) or 5-6 hrs(15°C).

Making agarose-padded slides: After induction, 1 mL cells were pelleted down and 
resuspended in ~50 uL SC-met liquid medium. An agarose pad in simplified non- 
fluorescent media (1 mM potassium phosphate buffer pH 7.0, 4mM MgSCL, 20mM 
(NH4)2SC>4, 0.84g/L CSM mixture, 2% glucose, and 1-2% agarose added) was made on a 
pre-cleaned slide ( size 3x1”, Thickness 0.93-1.05mm, Becton, Dickinson and Company, 
Portsmouth NH). A cover slip (22x22mm, Fisher Scientific, Ottawa Ontario) was used to 
cover the cells on the pad. The cover slip was sealed with Vaseline.

Taking images under microscope: The cells were visualized and images were taken under 
GFP filter (emitter: 470/40, exciation 525/50, Olympus). The Image-pro program was set 
in such way that images were taken on multiple focus layers with one field of view every 
5 min lasting for a period of time (i.e. 2 hrs).

4.11 Western blot
Growth of cells: A single colony from a fresh plate was inoculated into 5 mL YPAD 
liquid medium and grown at 30 °C overnight with agitation (-250 rpm) to OD600 2~3. 
The overnight culture was inoculated into 5 mL fresh YPAD liquid medium to give an 
OD600 0.1-0.2. The diluted cultures were then grown at 30°C for 4-5 hrs until the OD600 

reached 1 .0 -1 .2 .

Lysis of cells: 2.5-3.0 OD of the cells were pelleted (13,200xg, 2min), and washed by 
sterile water. Cells were resuspended in 200 pL 0.1M NaOH, incubated at room 
temperature for 5 min, pelleted, and resuspended in 50 pL lxSDS sample buffer (60 mM 
Tris-HCl pH 6 .8 , 5% glycerol, 2% SDS, 4% B-mercaptoethanol, 0.0025% bromophenol 
blue). The cell suspension was then boiled at 100 °C for 5 min and pelleted again 
(Kushnirov, 2000).

SDS-PAGE electrophoresis: 7 pL of the supernatant from above was added to a mini 
SDS-PAGE gel (Mini-Protean 3 Cell system, Bio-Rad, Hercules CA). Electrophoresis 
was conducted at 100 volts for 4 hrs.

Western Transfer: The proteins were transferred to a PVDF membrane (Amersham, 
Buckinghamshire UK) using a mini transfer system (Mini Trans-Blot Electrophoretic
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Transfer Cell, Bio-Rad) at 30V in 4 °C fridge overnight, following the manufacturer’s 
instructions.

Membrane blocking and probing: The membrane was blocked with lxTBST buffer (20 
mM Tris-HCl pH 7.6, 125 mM NaCl, and 0.1% Tween 20) mixed with 5% non-fat milk 
for at least 2 hrs at room temperature (or 4 °C overnight). The primary anti-body was 
added to the blocking solution, and incubated at room temperature for at least 2 hrs. The 
membrane was then washed 3 times in lxTBST buffer, each time for 10 min. The 
secondary HRP conjugated antibody was subsequently added in blocking solution, and 
the membrane was incubated in it for 1 hr at room temperature. The membrane was then 
washed in lxTBST (2 brief washes, 15 min washes in large volume, followed by 3 
washes, each for 5 min).

ECL Detection: The antigen was detected using ECL Plus Western Blotting Detection 
Reagents (Amersham) following the manufacturer’s instructions. Chemiluminescence 
BioMax Light Film (Kodark, Rochester NY) was exposed to the membrane for 0.5-3 min 
and developed in a dark room.

Antibodies used in this study:
Goat Anti-HA (Bethyl, Montgomery Texas): 1:3000-1:1000 dilution.
Rabbit PAP (Peroxidase-Anti-Peroxidase Soluble Complex, Sigma): this antiserum is 
developed in rabbit using Horseradish Peroxidase as the immunogen. Because protein A 
domain in the TAP epitope will bind to antibodies raised in rabbit, this PAP antibody 
will increases sensitivity of the detection. Used in 1:4000-1:10000 dilution for this 
study.
Rabbit Anti-Jnml (a generous gift from Dr. Kelly Tatchell, Louisiana State University 
Medical Center, Shreveport LA): 1:5000 dilution.
Secondary antibodies (HRP conjugated goat anti-rabbit, Sigma or donkey anti-goat, 
Bethyl): 1:10000 dilution.

4.12 Affinity chromatography

Growth of cells: A single colony from a fresh plate was inoculated into 5 mL YPAD 
liquid medium, and grown at 30 °C overnight with agitation (-250 rpm) until OD600 2-3. 
The culture was inoculated into 50 mL fresh YPAD liquid to give an OD600 0.1-0.2. The 
diluted cultures were then growing at 30 °C for 5-6 hrs until the OD600 reached 1.0-1.2.

Lysis of cells: 50 mL cell culture were harvested by centrifugation (4000xg, 10 min) and 
washed by sterile water. Cells were then re-suspended in 200 pL NP-40 lysis buffer (pH 
7.2, 15 mM Na2HP04, 10 mM NaH2P 04, 1% NP-40, 150 mM NaCl, 2 mM EDTA, 50 
mM NaF, 0.1 mM Na3V04) with protease inhibitor added (Complete mini protease 
inhibitor tablets, Roche). About 200 pL 0.5 mm acid-treated glass beads (Bio Specs) 
were added to the suspension. The mixture was vortexed at maximum speed for 1 min, 
followed by a 1 min break, 10 rounds. The cells were observed under microscope after 
10 rounds of bead beating. If less than 90% of the cells were lysed, a few additional 
rounds were performed.
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Obtaining cell lysates: All the beads were removed from the suspension. The suspension 
was then diluted by adding 2 mL of NP-40 lysis buffer with protease inhibitor. The 
diluted suspension was cleared by 10 min centrifugation at 4000xg, 4°C.

Loading cell lysates to IgG column: A column (Bio-Rad) was packed with 0.5 mL IgG 
sepharose 6 Fast Flow (Amersham). The gel was washed with at least 5 bed volumes 
TST (50 mM Tris pH7.6, 150 mM NaCl and 0.05% Tween 20) to remove ethanol. The 
column was equilibrated by 0.5 M HAc (pH 3.4) and TST washes, alternatively for 2 
rounds. Half of the cleared lysate was applied to the sepharose column (the other half 
worked as a control for the “input”). The column was rocked at 4 °C for 2 hrs (or 
overnight).

Washing and elution of IgG column: The flow through from the gel by gravity feed was 
collected. The gel was washed with at least 10 bed volumes of TST until A280 was around 
0.0, followed by a wash with2 bed volumes 5 mM NH 4AC (pH 5.0). The bound protein 
was then eluted with 3-4 bed volumes of 0.5 M HAc (pH 3.4).

Concentrating proteins:

The eluted proteins were concentrated by adding TCA to a final concentration of 15%. 
The suspension was incubated on ice for 2 hrs (or overnight) after TCA addition. The 
proteins were pelleted by centrifugation (13,200xg, 4°C, 15 min). The protein pellets 
were washed with 500 pL ice-cold acetone twice, then re-suspended in 10 pL lxSDS 
sample buffer. The suspension was boiled for 5 min then pelleted.
The other half of the cleared lysate (that was not applied to the column) worked as a 
control for the “input”. Proteins in the input and the flow-through (the suspension 
collected after binding) were concentrated by adding 4 volumes of ice-cold acetone and 
incubating at -20 °C for at least 2 hrs). The proteins were pelleted by centrifugation 
(4000xg, 4 °C, 15min), and re-suspended in lxSDS sample buffer.

Gel electrophoresis: Samples of input, flow through, washes, and elutions were then 
loaded to a SDS-PAGE gel. Electrophoresis was conducted at 100 volts for 4 hrs.

Membrane probing: The western blot procedure was described in Section 2.11. If a 
membrane needed multiple detections, it was stripped for 30 min in stripping buffer (62.5 
mM Tris pH 6.7, 100 mm B-mercaptoethanol, 2% SDS) at room temperature, then 
washed 3 times (each time 10 min) with lxTBST buffer before re-blocking and probing.

4.13 Primers used in this study

Table 4.2 provides a complete list of all primers used in this study.

For deletion of the LDB 18 ORF: The LDB18.F1 primer is an 80mer that contains (5'~ 
>3'): 60 bases directly upstream of the LDB18 ORF (not including the start condon), 
followed by 20 bases homologous to the 5’ sequence on the URA3 (or KanMX4/6) 
module. The 80mer LDB18.R1 primer contains 60 bases directly downstream of the 
LDB18 ORF (not including the stop codon), followed by 20 bases homologous to the 3’ 
sequence on the URA3 (or KanMX4/6) module (Longtine et al., 1998).
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For testing correct deletion of an ORF: The ORF.FTEST primers contain 20 bases 
upstream of the open reading frame. The ORF.RTEST primers are 20mer homologous to 
the sequence on the ORF. Primer KAN.RTEST and URA3.RTEST are homologous to 
the sequence on the KanMX4/6 and LIRA3 module, respectively.

For epitope tagging of Ldbl 8 : The LDB18.F2 primer is an 80mer that contain (5'—>3'): 
60 bases directly at the 3’ end of the LDB 18 ORF (right before but not including the stop 
codon), followed by 20 bases homologous to the 5’ sequence of the 3HA-KanMX6 
module on the pFA6a-3HA-kanMX6 plasmid (Longtine et al., 1998). The 80mer 
LDB18.R1 primer contains 60 bases directly downstream of the LDB 18 ORF (right after 
but not including the stop codon), followed by 20 bases homologous to the 3’ sequence of 
the 3HA-KanMX6 module.

For testing whether an ORF is epitope-tagged: The ORF.TAGTEST primers (forward 
primers) are 20mer homologous to the sequence on the ORF. The reverse primers are 
homologous to sequences on the epitope module (3FIA, TAP, or GFP).

For tagging Ldbl8  with three CFP modules in tandem: The LDB18-3CFP.F primer 
contains (from 5’ to 3’): a few random bases, BamH I restriction sequence, and 21 bases 
from the 5’ end of the LDB 18 ORF (right after but not including the start codon). The 
LDB18-3CFP.R primer contains the following: a few random bases, BamH I restriction 
site, sequence for a (Gly-Ala)3 linker, and 24 bases homologous to the 3’ end of the 
LDB 18 ORF (right before but not including the stop codon).
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0RF.F1 primer ORF.R1 primer

KanMX6/4 (or UR A3)

PCR

K anM X m  (or UR A3)

ORF

chromosome Homologous 
Recombination

KanMX&4 (or UR3)

chromosome

Figure 4.1. The PCR-based strategy for making deletion strains. The ORF. FI 80mer primer 
contains 60 bases directly upstream of the LDB18 open reading frame (not including the ATG), 
followed by 20 bases homologous to the 5’ sequence on the KanMX4/6 (or URA3) module. The 
80mer LDB18.R1 primer contains 60 bases directly downstream of the LDB18 open reading 
frame (not including the stop codon) followed by 20 bases homologous to the 3’ sequence on the 
KanMX4/6 (or URA3) module. The template is the DNA of a plasmid. PCR protocol is 
described in Section 2.3. Amplified DNA is concentrated (Section 2.4) and transformed (Section 
2.5) into competent host cells. The ORF is therefore replaced by KanMX4/6 (or URA3) through 
hom ologous recom bination. The transform ants are selected on Y PA D +G 418 (or SC -U ra) plates.
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Unsuccessful Deletion- 
-ORF still present

ORF.FTEST primer
     » ____________________________________B ORF B

4 '..............................

ORF.RTEST primer

Successful Deletion - 
-ORF replaced by KanMX4/6 (or UR A3)

ORF.FTEST primer
 » ________

B  KanMX4/6 (or UR A3) B
4--------

KAN.RTEST (or URA3.RTEST) primer

Figure 4.2. Genomic PCR confirmation to determine whether the ORF is still present. The
ORF.FTEST primers contain 20 bases upstream of the open reading frame. The ORF.RTEST 
primers are 20mer homologous to the sequence on the open reading frame. Primers KAN.RTEST 
and URA3.RTEST contain sequence homologous to the sequence on KanMX4/6 and URA3 
module, respectively. Genomic DNA from the transformants are extracted (Section 2.6) and used 
as template for PCR (Section 2.7). If the ORF is still present, PCR with ORF.FTEST and 
ORF.RTEST (but not KAN.RTEST/URA3.RTEST) primers will produce a specific band, vice 
versa for the case when ORF has been replaced by KanMX4/6 (or URA3).
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ORF.F2 primer ORF.R1 primer

epitope \ selectable marker|

i P C R

ss epitope [selectable markerWM

ORF
chrom osom e

.stop codon

Homologous 
Recombination

ORF
chrom osom e

\epitope | |selectable marker 

|  Protein Expression

NH2- Protein COOH

Figure 4.3. The PCR-based strategy for tagging the ORF with an epitope. The ORF. F2 
80mer primer contains 60 bases homologous to the 3’ sequence of the ORF (right before the stop 
codon), followed by 20 bases homologous to the 5’ sequence on the epitope-selectable marker 
module. The 80mer LDB18.R1 primer contains 60 bases directly downstream of the ORF (right 
after the stop codon) followed by 20 bases homologous to the 3’ sequence on the epitope- 
selectable marker module. The template is the DNA of a plasmid (Longtine et al., 1998). PCR 
protocol is described in Section 2.3. Amplified DNA is concentrated and transformed into 
competent host cells. The ORF is therefore tagged with the epitope through homologous 
recombination. The transformants are selected according to the selectable marker.
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Table 4.1 Strains used in this study

Strain Name Genotype Origin or Source
BY4742 MATa his3Al leu2A0 lys2A0 ura3A0 Open Biosystems, 

Huntsville, AL
BY4741 MATa his3Al leu2A0 met 15AO ura3A0 Open Biosystems

Y2295 MATa ura3-52 lys2-801 Ieu2-Al his3- 
A200 trpl-A63

John Cooper, 
Washington 
Univesity, St 
Louis, MO

Y2296 MATaura3-52 lys2-801 Ieu2-Al his3- 
A200 trpl-A63

John Cooper

Idb 18A:: KanMX4 MATa his3Al leu2A0 lys2A0 ura3A0 
ldbl8A: :KanMX4

Open Biosystems 
Yeast Knockout 
Strains

ldbl8A::URA3 MATa ura3-52 lys2-801 Ieu2-Al his3- 
A200 trpl-A63 ldbl8A::URA3

This study (from 
Y2295)

arplA: :KanMX4 Same as BY4742 except ARP1 deletion Open Biosystems

biklA: :KanMX4 Same as BY4742 except BIK1 deletion Open Biosystems

bimlA: :KanMX4 Same as BY4742 except BIM1 deletion Open Biosystems
bnilA: :KanMX4 Same as BY4742 except BNI1 deletion Open Biosystems
boi2A: :KanMX4 Same as BY4742 except BOI2 deletion Open Biosystems
clb4A: :KanMX4 Same as BY4742 except CLB4 deletion Open Biosystems
cpr6A: :KanMX4 Same as BY4742 except CPR6 deletion Open Biosystems
dynlA: :KanMX4 Same as BY4742 except DYN1 deletion Open Biosystems
dyn2A: :KanMX4 Same as BY4742 except DYN2 deletion Open Biosystems
dyn3A: :KanMX4 Same as BY4742 except DYN3 deletion Open Biosystems
fablA::KanMX4 Same as BY4742 except FAB1 deletion Open Biosystems
hcml A: :KanMX4 Same as BY4742 except HCM1 deletion Open Biosystems
monlA: :KanMX4 Same as BY4742 except MON1 deletion Open Biosystems
nbp2A: :KanMX4 Same as BY4742 except NBP2 deletion Open Biosystems
smilA::KanMX4 Same as BY4742 except SMI1 deletion Open Biosystems

vam 7A: :KanMX4 Same as BY4742 except VAM7 deletion Open Biosystems
vid22A::KanMX4 Same as BY4742 except V1D22 deletion Open Biosystems
vps29A: :KanMX4 Same as BY4742 except VPS29 deletion Open Biosystems
vps35A: :KanMX4 Same as BY4742 except VPS35 deletion Open Biosystems

ARP1-TAP MATa H1S3 leu2A0 metlSAO ura3A0 
ARP1-TAP

Open Biosystems
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DYN3-TAP MATa HIS3 leu2A0 met 15AO ura3A0 
DYN3-TAP

Open Biosystems

NIP 100-TAP MATa HIS3 leu2A0 met 15AO ura3A0 
NIP 100-TAP

Open Biosystems

LDB18-3HA MATa his3Al leu2A0 lys2A0 ura3A0 
LDB18-3HA KanMX6

This study (from 
BY4742)

GFP-TUB1 MATa ade2 ade3 ura3::GFP-TUBl leu2 
trpl LYS2

John Cooper

ldb!8A: :KanMX6 
GFP-TUB1

MATa ade2 ade3 ura3::GFP-TUBl leu2 
trpl LYS2 ldbl8A::KanMX

This study (from 
GFP-TUB1)

ARP1-TAP
LDB18-3HA

MATa HIS3 leu2A0 metl5A0 ura3A0 
ARP1-TAP LDB18-3HA KanMX6

This study (from 
ARP1-TAP)

DYN3-TAP
LDB18-3HA

MATa HIS3 leu2A0 met 15AO ura3A0 
DYN3-TAP LDB18-3HA KanMX6

This study (from 
DYN3-TAP)

NIP 100-TAP 
LDB18-3HA

MATa HIS3 leu2A0 metl5A0 ura3A0 
NIP 100-TAP LDB18-3HA KanMX6

This study (from 
N1P100-TAP)

LDB18-GFP MATa ura3-52 lys2-801 Ieu2-Al his3- 
A200 trpl-A63 KanMX6 LDB18-GFP

This study (from 
2295)

Y2081 MATa sst2A ste3A John Cooper

Y2082 MATa barlA John Cooper

BUB2-CFP Same as Y2295 except BUB2-CFP 
KanR

This study

BFA1-YFP Same as Y2296 except BFA1-YFP HIS5 This study

CSE4-YFP Same as Y2296 except CSE4-YFP HIS5 This study
BUB2-CFP

BFA1-YFP
Cross of BUB2-GFP and BFA1-YFP This study

BFA1-YFP-CFP Same as Y2296 except BFA1-YFP-CFP 
HIS5

This study

BUB2-YFP-CFP Same as Y2296 except BUB2-YFP-CFP 
HIS5

This study

BUB2-CFP
CSE4-YFP

Cross of BUB2-CFP and CSE4-YFP This study
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Table 4.2 Oligos used in this study.

Primer Name Sequence Comments
LDB18.F1 G A ACTT AT AG AAT GTT CT 

CT CGAGCTT CC AAGGCC 
ATT AGCCT CTACC A A AG 
GAAGTTTGCGGATCCCC 
GGGTTA ATT A AG

Forward primer for LDB18 
deletion

LDB18.R1 AAGT AT AT AT AT AT ATAT 
ATATATATATATATATA 
T AT AT AT GT AT AT ACGC 
ACACATGTGAT GAATTC 
G AGCT CGTTT A A AC

Reverse primer for LDB18 
deletion or C-terminal 
epitope tagging

LDB18.F2 CGGATT CTTCC AGTT CCA 
GA A A A AG AGGCT GTT G 
A ATTT AC A A AAGGT A A 
TTT AT AGT ACGCGG AT C 
CCCGGGTT AATT A AG

Forward primer for LDB18 C- 
terminal epitope tagging

LDB18.FTEST TGTCT GGAGACCAAGT GA 
AG

Forward primer for testing 
LDB18 deletion (704 bps 
upstream of Ldb 18)

LDB18.RTEST TCT GG A ACT GG A AG A AT C 
CG

Reverse primer for testing 
LDB 18 deletion (492bps 
after start codon on Ldbl 8 

sequence)
KAN.RTEST CG ATT GT AT GGG A AGCCC 

G
Reverse primer for testing 

KanMX module (600bps 
after start codon)

LDB18.TAGTE
ST

AT GGCT GAAGACATCGAG 
A

Forward primer for testing C- 
terminal epitope tag of 
LDB18 (348bps before stop 
codon)

LDB18-3CFP.F CCAGggatccCCTGGTCTTA 
AGCTT GTT G A A

Forward primer for integration 
of LDB 18 sequence onto the 
3CFP vector plasmid 
(adding a BamH I restriction 
site)

LDB18-3CFP.R CCAGggatccAGCACCAGCA 
CCAGCACCCGTACTATA 
AATT ACCTTTT GT AA

Reverse primer for integration 
of LDB 18 sequence onto the 
3CFP vector plasmid 
(adding a BamH I restriction 
site)
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GFP.RTEST CAT CACC AT CT AATTCAA 
C

Reverse primer for testing C- 
terminal GFP (or CFP, YFP) 
tagging

URA3.RTEST 5'CGCAATGTCAACAGTAC
CCTT-3’

Reverse primer for testing 
URA3 module (495bps after 
start codon)

ARP1.TAGTES
T

TT GTT CGC ACG AT G A A AG 
AG

Forward primer for testing C- 
terminal epitope tag of Arpl 
(503bps before stop codon)

DYN3.TAGTE
ST

CC AA A AGTT GT GGCT G A A 
TG

Forward primer for testing C- 
terminal epitope tag of Dyn3 
(592bps before stop codon)

NIP100.TAGT
EST

T G AGG A A A ATT GT GGC AA 
AAC

Forward primer for testing C- 
terminal epitope tag of 
Nip100 (493bps before stop 
codon)

F2CHK AACCCGGGGAT CCGT CGA 
CC

Reverse primer for testing C- 
terminal TAP tagging

ARP1.FTEST CATCAGGAATTAGCAAGG
GC

Forward primer for testing 
ARP1 deletion

ARP1.RTEST CTGCTCT GT GAT AT CTGCT 
C

Reverse primer for testing 
ARP1 deletion

BIKEFTEST GC AGT A A AAG A AC CTT G A 
CC

Forward primer for testing 
BIK1 deletion

BIKERTEST T C ATT CAT GT GGCCATT G 
TC

Reverse primer for testing 
BIK1 deletion

BIMEFTEST T ACCGGT C A AT CTGCT G A 
TG

Forward primer for testing 
BIM1 deletion

BIMERTEST GCTT GT AT CGCT ACCAAC 
TG

Reverse primer for testing 
BIM1 deletion

BNIEFTEST ACTCCATACCACACACAC
AC

Forward primer for testing 
BNI1 deletion

BNIERTEST G AGGC AGT GGA AGAAG A 
TGT

Reverse primer for testing 
BNI1 deletion

DYNEFTEST GCGAATGGAGTAGGCAAT 
CT

Forward primer for testing 
DYN1 deletion

DYNERTEST GACGAT ACGCCAT GT GT G 
AT

Reverse primer for testing 
DYN1 deletion

DYN2.FTEST GAG A AG AG A AT GCTT GG 
ATGG

Forward primer for testing 
DYN2 deletion

DYN2.RTEST AT CCT CTTT C AGCTT GTCG 
GTC

Reverse primer for testing 
DYN2 deletion

DYN3.FTEST CC AGC C ATT CGTT AC A AC 
CAT

Forward primer for testing 
DYN3 deletion
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DYN3.RTEST ACT GCCAT ACT GT AGT GT 
GTC

Reverse primer for testing 
DYN3 deletion

JNM1.FTEST AT CTT G AC A ACCGT CC AT 
AGG

Forward primer for testing 
JNM1 deletion

JNM1.RTEST GTTT CG AG A AGCTT CTTC 
CTC

Reverse primer for testing 
JNM1 deletion

KAR9.FTEST GT A AGG AGC AT GAT G ACC 
AG

Forward primer for testing 
KAR9 deletion

KAR9.RTEST C AGTT GT CT CCGT AT GCG 
TT

Reverse primer for testing 
KAR9 deletion

NIP100.FTEST CATTACTACTACTCTGTC 
GCC

Forward primer for testing 
NIP 100 deletion

NIP100.RTEST T GTTT CTT GCGCT GC ATT A 
CC

Reverse primer for testing 
NIP 100 deletion

NUM1.FTEST T A AGG ATTT GGC AGCT GC 
AGT

Forward primer for testing 
NUM1 deletion

NUM1.RTEST AGT G AGCT CCT C A AT CTT 
GTC

Reverse primer for testing 
NUM1 deletion

PAC1.FTEST A A ACC ATT C AGGT CTT GC 
GTG

Forward primer for testing 
PAC1 deletion

PAC1.RTEST GT AGTTT G ACGG AAGT G A 
CAG

Reverse primer for testing 
PAC1 deletion

PAC11.FTEST GC AT AT CG AGG A AT CCC A 
TTG

Forward primer for testing 
PAC11 deletion

PAC1 l.RTEST AT CCT GTT GC AT GTT CG A 
TGG

Reverse primer for testing 
PAC11 deletion

BOI2.FTEST AG ATTT G AGAGGT ACC AG 
GTG

Forward primer for testing 
BOI2 deletion

BOI2.RTEST C AGT AGT GC ATT GT CT AT 
GTC

Reverse primer for testing 
BO I2 deletion

CLB4.FTEST TCGCAGGCTTGATATTTC
GC

Forward primer for testing 
CLB4 deletion

CLB4.RTEST CAT C AC A AC AT CAT GGGT 
ATC

Reverse primer for testing 
CLB4 deletion

CPR6 .FTEST AAGGT AGT GAAAGGCACT 
TC

Forward primer for testing 
CPR6 deletion

CPR6 .RTEST AT AGCTTT C A AG ACGGT G 
TCG

Reverse primer for testing 
CPR6 deletion

FAB1.FTEST GT C ATT GT ACT CTTT CGT G 
C

Forward primer for testing 
FAB1 deletion

FAB l.RTEST ATCGAAGAC ACTTC ATCG 
CC

Reverse primer for testing 
FAB1 deletion

HCM1.FTEST CATCTCCAAAGACCTTTA
CG

Forward primer for testing 
HCM1 deletion
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HCM l.RTEST AG AT CAT C ATT GCCTTCT 
CC

Reverse primer for testing 
HCM1 deletion

MON1.FTEST GGT AT C A AGC AGT A AGG A 
AG

Forward primer for testing 
MON1 deletion

MON l.RTEST TT GCCGT GC AT GC A AT AG 
ATC

Reverse primer for testing 
M0N1 deletion

NBP2.FTEST ATCGCCT AG ACG A ATTT C 
CTC

Forward primer for testing 
NBP2 deletion

NBP2.RTEST ATT CTCCACCTCGTT CT CA 
C

Reverse primer for testing 
NBP2 deletion

SMI1.FTEST T A AC AT GC ATT GC ACC AC 
CG

Forward primer for testing 
SMI1 deletion

SMI l.RTEST AGGAATCCAAGCAGGAT
GTG

Reverse primer for testing 
SMI] deletion

VAM7.FTEST TT G ACTT GG AGT CAT AGG 
CG

Forward primer for testing 
VAM7 deletion

VAM7.RTEST ATCCTGTTCTAGTCGCTCT
C

Reverse primer for testing 
VAM7 deletion

VID22.FTEST GT GAAAT GGAACGT GAA 
GGTG

Forward primer for testing 
V1D22 deletion

VID22.RTEST GT G AGTT GGCGTT CT GAT 
TG

Reverse primer for testing 
V1D22 deletion

VPS29.FTEST GTT G AGG A ATT AGG A AT A 
CCG

Forward primer for testing 
VPS29 deletion

VPS29.RTEST GT AC AGCT ACCT GG ATT A 
AC

Reverse primer for testing 
VPS29 deletion

VPS35.FTEST T GG ACG AGT ATT AC AGT G 
AG

Forward primer for testing 
VP S3 5 deletion

VPS35.RTEST AGACGT ACT AGTT GAGAC 
C

Reverse primer for testing 
VPS35 deletion

BUB2.F2 CCT GCT C AA ATTT AT G AC 
CT ATT GGT AG ACC ACTT 
GACCGACCCAGACATA 
TATATACCGCGGATCCC 
CGGGTTAATTAA

Forward primer for BUB2 C- 
terminal epitope tagging

BUB2.R1 AT AC AG AC AT AT A A ACGT 
T GT AG A ATTA A AC GAT 
AA AAT AT AAT ATTTCTT 
CACATAGTGATGAATT C 
GAGCTCGTTTAAAC

Reverse primer for BUB2 
deletion or C-terminal 
epitope tagging

BFA1.F2 AGC A AG AG A A A AT C CT AT 
AT GT AT GA A AT C AGG A 
ACAT GGTAAT CAATTCG 
ACAAAAGATCGGAT CC 
CCGGGTTAATTAA

Forward primer for BFA1 C- 
terminal epitope tagging
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BFA1.R1 TTCT AT CTAATTTT GG A AT 
GT AAGAGAAATGAATG 
T ACT CAAGATAACGGT 
AAAGAAACAGAATT CG 
AGCTCGTTT AAAC

Reverse primer for BFA1 
deletion or C-terminal 
epitope tagging

CSE4.F2 AGAATTACTATAATGAAG 
A A AG AC AT GC A ACT AG 
CAAGAAGAATCAGGGG 
AC AGTTT ATT GGTCGAC 
GGATCCCCGGG

Forward primer for CSE4- 
terminal epitope tagging

CSE4.R1 T ATGCT AAT AT GACCTTA 
T AAT AACCTT ATTT AAA 
ACATTTAAAGTACCTTA 
AGT CAATAATCGATGA 
ATT CGAGCT CG

Reverse primer for CSE4 
deletion or C-terminal 
epitope tagging

BUB2.TAGTE
ST

TCCTCACTCTCTCAACTTC
GCTACC

Forward primer for testing C- 
terminal epitope tag of Bub2

BFA1.TAGTES
T

ACGCAGGAC AC AATTTT G 
GCG

Forward primer for testing C- 
terminal epitope tag of Bfal

CSE4.TAGTES
T

GT GCG A ACT C ATT CAT AT 
GCC

Forward primer for testing C- 
terminal epitope tag of Cse4

HIS5.RTEST CGCTT CT AGAA AG AGCTT 
CGT

Reverse primer for testing 
H1S5 module
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Table 4.3 Plasmids used in this study

Name Comments Origin or Source
4339 URA3 module for 

making deletion strains
Charles Boone, University of 
Toronto, ON

pFA6 a-kanMX6 for making deletion 
strains

Mark Longtine, University of 
North Carolina, NC (Longtine et 
al., 1998)

pFA6a-3HA-
KanMX6

for 3HA tagging Mark Longtine

pFA6a-GFP(S65T)-
KanMX6

for GFP tagging Mark Longtine

pl523 3CFP-URA module John Cooper, Washington 
Univerisy, St Louis, MO

pl523-LDB18 Truncated LDB 18 
sequenc inserted onto 
pl523, to make LDB18- 
3CFP fusion

This study

pDH3 CFP-KANR module Yeast Resource Center, 
University of Washington, 
Seattle, WA

pDH5 YFP-HIS5 module Yeast Resource Center
pDH18 YFP-CFP-HIS5 module Yeast Resource Center
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APPENDIX: 

Using FRET to study protein interactions
I. Background

a. Mitotic exit is controlled by the MEN proteins

Nuclear migration, mitotic exit, and cytokinesis in S. cerevisiae are precisely 

regulated, and are coupled to one another such that cytokinesis cannot be performed until 

the nucleus is properly positioned. The spindle position checkpoint ensures the cell does 

not exit from mitosis before nuclear migration into the neck.

As described previously, the activity of the phosphatase Cdcl4 is crucial for mitotic 

exit (Visintin et al., 1999; Visintin et al., 1998). During most of the cell cycle, Cdcl4 is 

sequestered in the nucleolus by the anchor protein Netl. When released into the 

cytoplasm, Cdcl4 contributes to both Clb2 degradation and accumulation of the Cdk 

inhibitor Sicl (Visintin et al., 1998). Inactivation of the mitotic Cdks leads to spindle 

disassembly, chromosomal decondensation and cytokinesis.

At the point of the metaphase-to-anaphase transition, Cdcl4 is partially released into 

the nucleoplasm by the FEAR pathway (Stegmeier et al., 2002). However, the partial 

release of Cdcl4 is not enough to trigger mitotic exit. In order for the cell to exit mitosis, 

Cdcl4 needs to be fully released into the cytoplasm (during late anaphase), which 

requires the activity of a signal transduction cascade called the mitotic exit network 

(MEN) (Lee et al., 2001). The MEN proteins include the GTPase Teml, Cdcl4, Cdc5 

(the yeast homologue of Drosophila polo kinase), Cdcl5 (a MAP-kinase-like kinase), 

Dbf2 (Ser/Thr kinase), and Mobl, a proposed activator of Dbf2. All the MEN proteins 

are required to maintain the full release Cdcl4, thus are all crucial for mitotic exit. In 

mutants lacking MEN activity, Cdcl4 released during early anaphase returns to the 

nucleolus later, without triggering mitotic exit (Lee et al., 2001).

Although genetic evidence suggests that all the MEN components work in a common 

pathway, little is known about their specific functions. Cdcl4 is thought to be at the 

bottom of this pathway; Cdcl4 liberation by netl (Netl sequesters Cdcl4 in the 

nucleolus) mutations bypasses the essential role of the other MEN proteins for mitotic

118

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



exit. Overexpression of Cdcl4 leads to ectopic Clb2 degradation and Sicl accumulation; 

and this effect does not require Dbf2 or Cdcl5 (although it is a bit delayed in cdc5 

conditional mutants). Cdcl4 overexpression also suppresses the temperature-sensitive 

lethality of teml, cdc5 and dbf2 conditional mutants (Visintin el a l, 1998). Furthermore, 

in conditional mutants of the other MEN proteins, Cdcl4 remains sequestered in the 

nucleolus. All these observations suggest that the other MEN proteins act upstream of 

Cdcl4 to promote its release from the nucleolus.

The Ras-like GTPase Teml functions at the top of the MEN (Shirayama et al., 1994b). 

Overexpression of Cdcl5, Cdc5, Cdcl4 suppresses the temperature sensitivity and 

growth defect of teml conditional mutants. Cdcl5, a homologue to mitogen-activated 

protein kinases, acts downstream of Teml (Lee et a l, 2001). Cdcl5 interacts with Teml 

in a yeast two-hybrid essay and co-immunoprecipitates with Teml (Asakawa et al., 2001; 

Bardin et al., 2000). It is also suggested that the direct interaction between Cdcl5 and 

Teml occurs only when Teml is active (in its GTP-binding state) (Asakawa et a l, 2001).

The protein kinase Dbf2 is presumably downstream of Cdcl5. Dbf2 is believed to 

form a heterodimer with Mobl (Komarnitsky et al., 1998). In vitro studies show that 

Cdcl5 activates Dbf2 by phosphorylating it on two sites and this activation requires the 

presence of Mobl (Mah et a l, 2001). Overexpression of Cdcl5 fails to activate Dbf2 in 

the absence of Mobl, suggesting Mobl is required for Dbf2 activation.

Cdc5, the polo-like kinase, seems to be multifunctional during mitosis, and its role 

within the MEN is complex. It may act at more than one point and regulates the activities 

of several MEN components, one of its roles being to promote the kinase activity of Dbf2 

(Lee et al., 2001). Cdc5 is also a component of the FEAR network, which triggers the 

partial release of Cdcl4 during early anaphase (Vinsintin et al., 2003).

How the MEN proteins promote the full release of Cdcl4 remains to be understood. It 

is suggested that Cdc5 phosphorylates Netl and assists release of Cdcl4 from the 

nucleolus. However, timing of Cdcl4 release is independent of Cdc5, suggesting there 

must be other mechanisms for Cdcl4 release (Yoshida and Toh-e, 2002).
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b. Regulation of the MEN activity

Teml activity is regulated by the Bub2-Bfal complex (GTPase activating protein, or 

GAP) and Ltel (a putative guanine exchange factor, or GEF). Teml localizes 

preferentially to the cytoplasmic face of the old SPB, which is destined to move into the 

bud (Pereira et al., 2000). The Bub2/Bfal complex colocalizes with Teml on the outer 

plaque of SPB, keeping Teml in its inactive form (GDP bound) (Pereira et al., 2000; 

Geymonat et al., 2002). The GEF protein Ltel becomes sequestered in the bud 

concomitant with bud formation (Shirayama et al, 1994b). It is thought that when the 

spindle moves into the neck, bringing Teml into contact with Ltel, Teml is activated 

(GTP bound), which in turn activates other components of the MEN. The nuclear 

position thus controls the activation of Teml and mitotic exit (refer to section 1.1.4 for 

more details).

Cdc5 may phosphorylate Bfal, which inhibits the GAP activity of Bub2/Bfal (Lee et 

al., 2001). However, the timing and regulation of this phosphorylation by Cdc5 remains 

to be understood. Alternatively, Bub2/Bfal activity may be controlled by the presence of 

cytoplasmic microtubules in the bud neck (Adames et al., 2001). How the cell sensers 

the existence of cytoplasmic microtubules in the neck and sends a signal to Bub2/Bfal is 

not clear. It is also possible that there are regulators of Teml that have not been 

discovered yet, or different MEN components other than Teml may count for the Cdcl4 

release from the nucleolus.

c. The links between mitotic exit and cytokinesis

Cytokineis is a process that largely involves the cytoskeleton proteins. At the onset of 

the cell cycle, septins form a cluster of filaments that assembles a ring at the destined bud 

site. Myosin II, the actin-based motor, also forms a ring structure at this site. As the bud 

emerges and enlarges, septin filaments broadens onto both the mother and bud sides of 

the neck. At the end of the cell cycle, a septum made of chitin and other cell wall 

components is deposited at the neck. The actomysoin ring provides contractile force for 

ingression of the plasma membrane. Cell separation is then accomplished by separation 

between the mother and bud, and subsequent degradation of part of the chitin layer 

joining the two cells.
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The MEN pathway is essential for cytokinesis (Bardin and Amon, 2001). MEN 

mutants are deficient both in mitotic exit and cytokinesis, and it has to be noted here that 

the requirement of the MEN for cytokinesis is more than an indirect consequence of cells 

requiring the MEN to exit mitosis. Most of MEN mutants, when grown at the semi- 

permissive temperature, are capable of exiting from mitosis but display a severe 

cytokinesis deficiency (Lim et al., 2003). Overexpression of SIC1 in the mobl-77 mutant 

(this mutant arrests before mitotic exit at non-permissive temperature) enables 

inactivation of mitotic Cdks (Luca et al., 2001). However, these cells cannot undergo 

proper cytokinesis, suggesting a direct role for Mobl in cytokinesis. A cdc5 mutant 

demonstrates the same pattern as mobl-77 (Song and Lee, 2001). In addition, in netl-1 

cells, the mitotic exit function of Teml is bypassed; however, teml netl-1 double 

mutants have cytokinesis deficiency, suggesting Teml is directly required for cytokinesis 

(Shou et al., 1999).

The MEN proteins are often translocated to the mother-bud neck after Cdcl4 full 

release and Cdk inactivation (Frenz et al., 2000). Evidence shows that actomyosin and 

septin dynamics require Teml, and Teml also interacts with actomyosin ring regulators 

in vitro (Lippincott et al., 2001). Therefore, it can be speculated that the MEN proteins 

regulate the assembly of actomyosin ring and its contraction during cytokinesis.

Although the MEN functions in cytokinesis independently of their roles in mitotic exit, 

mitotic Cdk inactivation is still necessary for cytokinesis. So far there has been no report 

about any mutant that undergoes cytokinesis when the mitotic kinase activity is at high 

level. Furthermore, the translocation of Dbf2 to the bud neck requires the inactivation of 

mitotic Cdks.

In summary, it is postulated that at late anaphase, the MEN proteins trigger full relase 

of Cdcl4, which inactivates mitotic Cdk and allows cytokinesis to occur; subsequently, 

Cdk inactivation leads to the translocation of the MEN proteins to the mother-bud neck, 

where they regulate cytokinesis.
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II. Objectives of this study
Most MEN proteins have been shown to localize at the SPBs, at least during some cell 

cycle stages (Bardin and Amon, 2001). Cdcl5 and Dbf2 localize to both SPBs during 

anaphase, whereas Cdc5 localizes to both SPBs during metaphase and anaphase. The 

SPB localization of MEN proteins is very important for their roles in promoting mitotic 

exit. For example, localization of Dbf2 to the SPBs is required for the activation of this 

protein. Nudl, a SPB component, functions as a scaffold for Bub2/Bfal complex and 

other MEN components. Cells carrying a temperature-sensitive allele of NUD1 arrest at 

the end of mitosis, with Teml, Cdcl5, and Dbf2 mislocalized (Gruneberg et al., 2000).

Localization of the MEN proteins is also important for their functions in cytokinesis. 

Some of them are indeed translocated to the mother-bud neck during cytokinesis. 

Therefore, localization of the MEN proteins changes, depending on the cell cycle 

progression. Teml localizes preferentially to the cytoplasmic face of the old SPB during 

anaphase, whereas during late telophase, the asymmetry of Teml localization is lost and 

it is found on both SPBs (Pereira et al., 2000). The Teml regulator Bub2/Bfal, whose 

localization is similar to Teml, is required for the asymmetric localization of Teml 

during an earlier stage, but not for the symmetric localization of Teml to SPBs during 

telophase.

Although numerous genetic or biochemical experiments have been done to identify the 

interactions among the MEN components and their regulators, a clear picture illustrating 

the interactions between them and their relative order of function is lacking. It also has to 

be noted that these protein interactions change as the cell cycle proceeds. Therefore, it 

would be interesting to study protein interactions at a particular point during the cell 

cycle.

There are various ways to study protein interactions, the yeast two-hybrid essay and 

protein co-immunoprecipitation (Co-IP) are possibly the most commonly-used methods. 

However, neither of them can simultaneously demonstrate when and where a protein 

interaction is occurring. In addition, previous studies on these MEN proteins often used 

overexpressed proteins. These studies can be misleading, as over-production of a protein 

may affect its localization and activity, especially in these tightly coordinated, and cell 

cycle-regulated events.
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I decided to use the fluorescence resonance energy transfer (FRET) method to study 

these protein interactions (between the MEN proteins as well as their regulators) during 

mitosis. FRET has been an appealing approach for examining physiologically relevant 

protein-protein interactions. This method involves a donor and an acceptor fluorophore 

attached to the proteins of interest (Fig.Al). The incident light is set such that it excites 

the donor but not the acceptor fluorophore. When the donor is excited, its energy is 

transferred to the acceptor, which then emits light at a longer wavelength (corresponding 

to the excitation spectrum of the acceptor). For the energy transfer to take place, the two 

fluorophores must be in close proximity (usually <10nm or 100A). If one protein of 

interest is fused to the donor fluorophor, and the other protein to be tested is fused with 

the acceptor, energy transfer between the two fluorophores will reflect that these proteins 

are possibly in close proximity and interacting.

The FRET method would have these following benefits: 1) since both proteins are 

fused to a fluorophore, protein localizations can be investigated; 2) the method can help 

determine at what particular time or spatial point a protein interaction is taking place; 3) 

when used on live cells, FRET could provide a dynamic picture of protein interactions as 

a cell is progressing through the cell cycle. In addition, since I attempted to study these 

protein interactions closely resembling the physiological processes in a real cell, the 

fluorophores I used were green fluorescent variants encoded in PCR products integrated 

into the chromosomes in frame with the genes of interest, still under control of their 

natural promoters.

Nevertheless, this method has drawbacks. For example, it will not identify 

interactions between unknown proteins. In addition, previous FRET studies have largely 

been done in vitro or with overexpressed proteins, and there have been few reports on 

FRET done with proteins at their endogenous level in vivo. My trial thus is fairly new 

and can be risky. It is also expensive as a fluorescence microscope with the right filters 

for both donor and acceptor fluorophores is required. A sensitive camera with low 

background is necessary to take fluorescent images, and corresponding software on the 

computer is needed for calculations to determine whether energy transfer has occurred. 

Despite all these shortcomings, if this new method is actually successful, information can
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be obtained about the temporal and spatial coordination of the mitotic events, which will 

be exciting

III. Methods and materials

a. Constructing the strains

As the FRET method is fairly new, it needs to be tested first whether or not the system 

actually works. My first attempt was to determine the interaction between Bub2 and 

Bfal, as they are known to interact with each other and form a complex. A strain 

containing both Bub2-CFP fusion and Bfal-YFP fusion thus served as a tester strain. 

Cse4, a kinetochore component, does not interact with either Bub2 or Bfal, so a BUB2- 

CFP CSE4-YFP strain was used as a negative control. The BUB2-YFP-CFP (Bub2 fused 

to YFP-CFP in tandem) and BUB2-YFP-CFP strains were also constructed as positive 

controls.

The strategy for constructing these strains is illustrated in Fig. A3. CFP integration 

was made in MATa and YFP integration in an isogenic MATa strain. These two strains 

were then mated, and diploids were selected based double selective markers (KanR for 

CFP and IIIS5 for YFP). The diploids were sporulated and tetrad dissection was 

performed on the asci to obtain haploid progeny containing both CFP and YFP 

integration. The primers, strains, and plasmids are included in Table 4.1, 4.2, and Table 

4.3. For the PCR strategy, genome integration, and tetrad dissection, refer to the methods 

described for the Ldbl 8 project.

b. FRET measurements and calculations

Detection of FRET signal — YFP emission (545nm) when the incident light is for CFP 

excitation (440nm) —  will indicate that energy transfer occurs between the two 

fluorophores. However, because the broad emission spectrum of CFP extends beyond 

545nm, CFP emission spectrum spills over into the spectrum of YFP emission, which 

means some of the CFP emission can be detected as the FRET signal even when energy 

transfer has not taken place. In addition, the incident light at 440nm also directly excites 

YFP, although at a minimal extent. This direct excitation will be mistakenly detected as 

FRET signal as well. These two spill-overs are called “overlap factors”, and have to be 

considered for FRET measurements (Fig. A2).
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To take into account the spill-overs, strains containing a single integration of CFP or 

YFP were also constructed. Light emission signals were measured at three “channels”: 

the “FRET channel”, the “CFP channel”, and the “YFP channel” (Table A l). The 

overlap factors were calculated by dividing the “FRET channel” signal by the “CFP 

channel”/“YFP channel” signal in strains with a single integration of CFP/YFP. A 

“FRET ratio” was calculated to determine whether the signal seen in the “FRET channel” 

was due to spill-overs or was a consequence of energy transfer between two fluorophores. 

The calculations are shown below:

CFP overlap factor = FRET channel / CFP channel (in a CFP fusion strain)

YFP overlap factor = FRET channel / YFP channel (in a YFP fusion strain)

FRET ratio = FRET channel / (CFP channel x CFP overlap factor + YFP channel x 

YFP overlap factor) (in the double-fusion strain)

Table A l. The excitation/ emission wavelength for all channels

YFP channel FRET channel CFP channel

Excitation 500nm 440nm 440nm

Emission 545nm 545nm 480nm

Cells were grown to log phase and an agarose-pad slide was made (refer to the method 

described in “making a slide for GFP-tubulin movies” for the Ldbl8 project in the text).

Cells on a slide were visualized and images were taken with different “channels” 

(Table Al). As CFP tends to photo bleach rapidly, images were taken at “YFP channel” 

first, followed by “FRET channel”, and lastly “CFP channel”. The exposure time for each 

channel was 2 s. The Image-Pro program was used for specific settings of each channel, 

and images were saved on a computer (Fig. A5).

Fluorescence measurements were done on images using the Image-Pro program (Fig. 

A6). For each bright spot of fluorescence, the intensity (fi) (of pixels) was measured. 

The background intensity (Io) was determined by averaging the intensities of 3 spots 

adjacent to the fluorescent spot (shown in Fig. A6). The corrected (Ic) intensity of each 

fluorescent spot was obtained by subtracting the background from the overall intensity (Ic
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= Ii- Io). For each strain, fluorescence intensities with every channel were measured for 

at least 300 spots.

CFP overlap factor was calculated for each spot in a strain with single CFP integration, 

and the average was taken. YFP overlap factor was determined in a similar way, except 

in a strain with single YFP integration. FRET ratio was then calculated for each single 

spot in the double fusion strain using the CFP and YFP overlap factors. Because these 

protein interactions may be cell cycle regulated, cells were grouped together according to 

their stages during the cell cycle proceeding. The overall FRET ratio for a particular 

strain was the mean value of all spots that were measured for this strain.

IV. Results and discussions
Construction of the tester strain (BUB2-CFP BFA1-YFP), the positive control strain 

(BUB2-YFP-CFP), and the negative control strain (BUB2-CFP CSE4-YFP) strains were 

all successful (Fig. A4).

If FRET worked, the FRET ratio in the tester strain (BUB2-CFP BFA1-YFP) should 

be larger than the negative control strain (BUB2-CFP CSE4-YFP). However, the FRET 

ratio determined for the test strain was 1.50 (standard deviation 0.32), and 1.68 (standard 

deviation 0.29) for the negative control strain, each with approximately 400 samples. 

The positive control strain (BUB2-YFP-CFP) showed a FRET ratio of 1.53 (standard 

deviation 0.26). Statistical analysis revealed no significant differences for these ratios.

Since cell-cycle progression may make a difference, for the tester strain, I then divided 

the 400 samples into different groups according to their cell-cycle stages. However, no 

significant differences were observed for the FRET ratios of cells in Gl/S, G2/M, 

metaphase, anaphase, or telophase.

It was unfortunate that the method was not successful to examine protein interactions 

in this study. The failure may be attributed to two aspects. Firstly, during the 

experiment, it came to my notice that the CFP overlap factor was relatively high 

(approximately 0.45) comparing to the YFP overlap factor (approximately 0.05). In fact, 

a bright spot can be detected under the “FRET channel” even in a straining containing 

only the CFP fusion, indicating high noise posed by the CFP spillover. Secondly, this
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study was conducted at endogenous level, instead of overexpressing the proteins. As the 

fluorescent signal starts at relatively low intensity (as compared to in vitro studies or 

overexpression of the proteins), the background will have a large impact on the 

measurements. It is noteworthy that in this study, the exposure time was set at two 

seconds, because any shorter exposure time did not provide significant signals under 

these channels. In contrast, in vitro studies have reported exposure time as short as 0.2 

seconds (Hailey et al., manuscript from Yeast Resource Center). Increase of the 

exposure time may not only correspondingly increase the background noise, but also 

leads to photo bleach problem, which then results in deviations of the fluorescence 

intensity measurements.

In summary, this study used FRET to examine the protein interactions at endogenous 

level as a new trial. Yet, protein abundance, spectrum overlap, and camera sensitivity are 

the problems that remain to be addressed for future improvements.
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Figure Al. The principle of FRET (fluorescence resonance energy transfer). (A) Once the 
donor fluorophore is excited, during the lifetime of its excited state, an energy field is created by 
the oscillation of the excited electron. If an acceptor fluorophore is in proximity, it can be excited 
through resonance within this energy field. This is called fluorescence resonance energy 
transfer. The transfer efficiency highly depends on the distance between the two fluorophores. 
(B) CFP and YFP can work in combination, with CFP as the donor and YFP as the acceptor.
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Figure A2. Spectrum overlap of CFP and YFP leads to “overlap factors”. (A) The broad 
emission spectrum of CFP extends into the YFP emission spectrum, so some of the CFP emission 
will be detected as the FRET signal even when FRET is not occuring. In addition, the incident 
light at 440nm also directly excites YFP, because the YFP excitation spectrum spills into the CFP 
excitation spectrum. The blue lines are spectrums for CFP, and the green lines for YFP. “ex” 
represents “exciation” and “em” represents “emission”. (B) When conducting measurements of 
the “FRET channel”, both “spillovers” will be mistakenly detected as FRET signal.
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▼ Crossing 

^  Double selection

Diploid cells containing both X-CFP and Y-YFP

^  Sporulation 

I Tetrad dissection 

Haploid progenies containing both X-GFP and Y-YFP

FRET analysis

Figure A3. Construction of the strains for FRET analysis. CFP integration was made in 
MATa and YFP integration in an isogenic MATa strain. These two strains were then mated, and 
diploids were selected based on double selective markers (KanR for CFP and HIS5 for YFP). 
The diploids were sporulated and tetrad dissection was performed on the asci to obtain haploid 
progeny containing both CFP and YFP integration.

KanR
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Figure A4. Confirmation of CFP/YFP integration into the genome. The PCR strategy can be 
referred to the method part o f  the L dbl8 project in the text. The CFP-KanR module was 
amplified using pDH3 as the template, and pDH5 used for YFP-HIS5, pDH18 used for YFP-CFP- 
HIS5 (Yeast Resource center, University o f  Washington, Seattle, WA). The amplified modules 
were integrated into the genome right before the stop codon o f the ORF o f interest. Transformants 
were selected on YPAD+G418 (or SC-ura) plates, and genomic PCR was performed using the 
BUB2.TAGTEST and KAN.RTEST (or HIS5.RTEST) primers. “ * “ indicates a truncated fusion 
o f  Bub2-YFP-CFP (when observed under microscope, only YFP can be seen for this strain).
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Figure A5. An example of images taken under three different channels. For growth of the 
cells and the method of making an agrose-pad slide, refer to the method used for “making GFP- 
tublin movies” (the method described for the Ldbl8 project in the text), except that the strains 
used here were as indicated. Images were taken under YFP channel first, followed by the FRET 
channel, and the CFP channel. For wavelength settings for each channel, refer to Table Al. 
Exposure time for each channel was 2 seconds. Bar represents 4 pm.
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Figure A6. An example for measuring the fluorescence intensity. Fluorescence measurements 
were done on images using the Image-Pro program. For each bright spot of fluorescence, the 
intensity (Ii) (of pixels) was measured. The background intensity (I0) was determined by 
averaging the intensities of 3 spots adjacent to the fluorescent spot. The corrected (Ic) intensity 
of each fluorescent spot was obtained by subtracting the background from the overall intensity (Ic 
= Ip Io)- Yellow spots on the picture indicate the three spots that were measured for background 
intensity.
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