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The mitotic spindle is essential for the segregation of chromosomes 

during cell division.  A combination of microtubule motor and non-motor 

proteins is involved in generating the forces required for mitotic spindle 

formation and orientation.  Loss of Stu1, the Saccharomyces cerevisiae 

member of the CLASP family of microtubule plus-end-tracking proteins, results 

in spindle collapse, indicating Stu1 provides an outward spindle-pole-

separating force.  Similar to Drosophila CLASP, I find that Stu1 contributes an 

outward force by promoting kinetochore microtubule length either through 

tubulin subunit incorporation or stabilization.  In stu1-5 cells at the restrictive 

temperature, spindle poles initially separate prior to collapse, indicating that 

the subsequent establishment of kinetochore-microtubule attachments pulls 

the poles inward as a result of shortening kinetochore microtubules.  Removal 

of this inward force by disruption of microtubule attachment with the outer 

kinetochore mutant ndc80-1 restores pole separation.  However, pole 

separation in stu1-5 ndc80-1 is unstable and fails to reach separation 

distances observed in ndc80-1 alone, indicating that Stu1 may also have a 

stabilization role at the plus ends of polar microtubules.   

A genome-wide screen for gene deletions that are lethal in combination 

with the temperature-sensitive stu1-5 allele identified ldb18!.  ldb18! cells 

exhibit defects in spindle orientation similar to those caused by a block in the 



 

dynein pathway.  I show that Ldb18 is a component of dynactin, a complex 

required for dynein activity in yeast and mammalian cells.  Ldb18 shares 

modest sequence and structural homology with the mammalian dynactin 

component p24.  It interacts with dynactin proteins in two-hybrid and co-

immunoprecipitation assays.  In ldb18! cells, the interaction between Nip100 

(p150Glued) and Jnm1 (dynamitin) is diminished while the interaction between 

Jmn1 and Arp1 is not affected.  These results indicate that p24 is required for 

attachment of the p150Glued arm to dynamitin and the remainder of the 

dynactin complex.  A modified Ldb18 species specifically co-migrates with 

dynactin complex proteins in sucrose gradients, suggesting regulation is 

involved in final complex assembly.  The genetic interaction of ldb18! with 

stu1-5 also supports the notion that dynein/dynactin helps to generate a 

spindle pole separating force. 
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CHAPTER ONE 

 

Introduction 

 

GENERAL INTRODUCTION 

From unicellular species to multicellular organisms, life is sustained by 

cell division.  This elaborate process culminates in mitosis, which involves 

segregation of replicated DNA and organelles to each daughter cell.  Cells 

spend only a fraction of their total lifetime undergoing mitosis, yet even minor 

defects at this stage can be deleterious for the cell.  Aneuploidy in cells can 

affect viability, promote disease, or contribute to cancer.  Early scientists 

studying division in eukaryotic cells observed distinct morphological changes, 

including the condensation of chromatin into higher order structures and the 

presence of the spindle fibers (reviewed in Mitchison and Salmon, 2001).  

Electron microscopy provided the first insights into how these fibers were 

organized into the spindle structure, the different morphological stages of the 

spindle, and the interplay with replicated chromatin (Brinkley and Stubblefield, 

1966).  The mitotic spindle, composed of microtubules and microtubule-

associated proteins, is the main vehicle for aligning and separating sister 

chromatids in each round of cell division.   

The spindle is a dynamic structure that changes throughout mitosis.  In 

fact, the stages of mitosis are defined by the morphological state of the spindle 

and chromosomes (Historical perspective in Rieder and Khodjakov, 2003).  

Mitosis in higher eukaryotes begins with the disassembly of the nuclear 

envelope to expose the already condensed and duplicated sister chromatids at 

the end of prophase.  Microtubules emanating from each of the duplicated 
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centrosomes, which serves as the microtubule organizing center (MTOC), 

search the cytoplasm to make contact and subsequent attachment with the 

chromosomes.  At metaphase, the spindle poles are oriented opposite each 

other, while chromosomes attached to microtubule fibers through the 

kinetochore protein complex are aligned along the metaphase plate.  The 

cohesin joining sister chromatids is then degraded, allowing progression into 

anaphase where coordinated spindle forces pull the chromatids apart.  

Surveillance systems monitor each step in this process for any defects.  

Checkpoint mechanisms ensure that cell cycle progression will not proceed if 

the DNA is not properly duplicated, chromosomes are not properly attached 

and bioriented, or chromosomes lag behind during segregation in anaphase.  

This singular cellular process has captivated scientists since the 1880!s, and 

while advances in imaging, genomics, mathematical modeling, and protein 

biochemistry have answered some of the original questions, even more 

continue to be raised.  In this thesis, I highlight two processes essential for 

mitosis: spindle stability and spindle positioning.  The formation and 

maintenance of the spindle is a coordinated effort between microtubules, 

microtubule-associated proteins, motor proteins, and the chromosomes.  In 

particular, the microtubule plus-end-tracking protein CLASP is involved in 

spindle maintenance.  Following spindle formation in certain cases, namely in 

early development, in neuronal growth, and in the budding yeast, the minus-

end directed motor dynein is involved in positioning the spindle within the cell.   
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PART I.  MICROTUBULE DYNAMICS AND THE +TIP CLASP 

Microtubule Structure and Dynamics 

 Together with actin and intermediate filaments, microtubules comprise 

the cytoskeleton of eukaryotic cells.  Microtubules are composed of !/" tubulin 

heterodimers arranged in a head-to-tail manner into protofilaments that 

associate laterally to form a hollow tube (Figure 1.1)  (reviewed in Desai and 

Mitchison, 1997).  Following incorporation, tubulin subunits can undergo a 

number of post-translational modifications, which give the microtubule polymer 

different functional properties (reviewed in Hammond et al., 2008).  As a 

consequence of the specific orientation of the tubulin heterodimers, the 

microtubule is a polar structure with rapid polymerization at the plus end and 

slower polymerization at the minus end.   

While both !- and "- tubulin subunits bind GTP, only the "-subunit 

hydrolyzes the GTP to GDP following incorporation.  GDP-tubulin has a curved 

conformation, which introduces strain in the protofilaments thereby producing 

a source of stored energy.  This strain is contained by a “GTP cap” that arises 

from hydrolysis lagging behind active polymerization.  The GTP-cap promotes 

polymerization by its conformation, which is suited for subunit binding and can 

be identified in vivo using antibodies (Wang and Nogales, 2005; Dimitrov et 

al., 2008).  As incorporation of subunits slows, the cap is diminished, and the 

strain from GDP-tubulin curvature is released, leading to rapid 

deploymerization.   

Microtubules both in vitro and in vivo are inherently dynamic structures 

with periods of sustained growth (polymerization) and shrinkage 

(depolymerization).  These two states differ structurally, with an open-sheet 

configuration characteristic of growing microtubules, as opposed to the peeling  
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Figure 1.1 Microtubules are dynamic polymers.  !/" tubulin heterodimers 

assemble in a head-to-tail manner to form protofilaments that associate 

laterally to form a hollow tube.  Microtubules are dynamic structures that 

switch stochastically between periods of growth and shrinkage.  GTP 
hydrolysis occurs on the "-tubulin subunit shortly after incorporation.  Adapted 

from Ahkmanova (2008).   
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protofilaments observed in shrinking microtubules by electron microscopy.  

Microtubules transition between these two states, with transitions between 

polymerization and depolymerization known as a catastrophe, while the 

opposite is termed a rescue (Figure 1.1) (Walker et al., 1988).  Periods of 

“pause”, where no microtubule growth or shrinkage occurs, also can be 

observed in living cells.   

Microtubules have multiple functions in the cell.  In mitosis, 

microtubules comprise the spindle where dynamic microtubules search the 

cytoplasmic space to capture and later separate chromosomes in mitosis.  

Microtubules serve as tracks for motor proteins involved in vesicle transport.  

In migrating cells, stabilized microtubules are reoriented toward the leading 

edge and associate with cortical proteins and actin filaments to promote 

movement.  Microtubule doublets arranged in a circle around a central pair of 

microtubules provide the primary structure for cilia and flagella.  Flagella are 

hair-like projections that emanate from eukaryotic and prokaryotic cells that 

generate force for propulsion.  Cilia found on eukaryotic cells, which have a 

structure similar to flagella, are found on cells in the respiratory, female 

reproductive, and digestive tract where they aid in fluid movement (Silverman 

and Leroux, 2009).  A specialized organelle termed the primary cilium has 

been further characterized in eukaryotic cells.  This cilium grows out of the 

older centriole and is organized similar to cilia and flagella, with the exception 

that the central microtubule pair is absent.  It is now clear that the primary 

cilium is involved in integrating signaling cascades in cells involved in sensory 

organs (Berbari et al., 2009).   
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Microtubule Associating Proteins 

 Microtubules observed in vivo are more dynamic than those assembled 

in vitro, with polymerization rates five-ten fold faster in cells (reviewed in 

Cassimeris, 1993).  Microtubules in cells undergo dramatic rearrangements in 

response to extracellular and cell cycle cues.  Migrating cells respond to 

external stimulus by orienting microtubules toward the leading edge and 

repositioning the Golgi and MTOC (reviewed in Watanabe et al., 2005).  When 

cells transition from interphase to early mitosis, microtubule turnover and the 

growth rate increase as the microtubules form the mitotic spindle (Zhai et al., 

1996).  Microtubules in both mammalian and yeast cells become more stable 

and dynamics are reduced in response to anaphase signals (Zhai et al., 1995; 

Higuchi and Uhlmann, 2005).  These changes all reflect regulation in space 

and time of microtubules by cellular factors.  Below is a brief overview of 

proteins that serve to either stabilize or destabilize microtubules.    

 The classical microtubule-associated proteins (MAPs) were first 

identified in neuronal cells.  MAP1, MAP2, Tau, and MAP4, which is also 

expressed in non-neuronal cells, bind along the microtubule lattice to promote 

stabilization and polymerization (reviewed in Desai and Mitchison, 1997).  Tau 

has emerged as an important factor in neuronal diseases such as Alzheimer!s 

Disease, where hyperphosphorylated Tau is a component of the neurofibrillary 

tangles found in the brain tissue of patients (Robert and Mathuranath, 2007).  

The severing protein katanin promotes quick turn over of microtubule arrays to 

increase the amount of short polymers needed for cytoskeletal 

rearrangements (Baas et al., 2005).  Motor proteins from the kinesin-8 and 

kinesin-13 class exhibit depolymerase activity by destabilizing the GTP-cap 

(Gupta et al., 2006; Varga et al., 2006; Howard and Hyman, 2007).    
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 Relatively recently, a special class of MAPs that bind preferentially to 

the growing microtubule end play a major role in influencing dynamics 

(reviewed in Galjart, 2005; Akhmanova and Steinmetz, 2008).  The plus-end 

tracking proteins (+TIPs) include both motor and non-motor proteins and are 

conserved throughout eukaryotes.  In live-cell imaging, CLIP-170, the founding 

member, follows the growing end of the microtubules, which gives the 

appearance of “comets” throughout the cell (Perez et al., 1999).  CLIP-170 

binds microtubules through an amino-terminal CAP-Gly domain that is only 

available when protein autoinhibition with the carboxyl terminus is relieved 

(Lansbergen et al., 2004).  End Binding (EB) protein not only binds the plus 

end, but is required for the plus-end binding of the +TIPs CLASP and CLIP-

170 (Tirnauer and Bierer, 2000; Mimori-Kiyosue et al., 2005; Bieling et al., 

2008).  EB activity in mammalian cells and yeast has been investigated both in 

vivo and in vitro with conflicting results concerning the ability of EB family 

members to promote or suppress MT catastrophes (Komarova et al., 2009; 

Wolyniak et al., 2006; Bieling et al., 2007; Blake-Hodek, 2009).  Purified S. 

pombe Mal3/EB1 binds along the microtubule seam, possibly stabilizing lateral 

protofilaments to achieve overall stability (Sandblad et al., 2006).  The +TIP 

ch-TOG family promotes microtubule polymerization while binding both 

growing and shrinking microtubule ends (Gard and Kirschner, 1987; Brouhard 

et al., 2008).  Other +TIPs include APC (reviewed in Nathke, 2004), Lis1, and 

the dynactin protein p150Glued (reviewed in Akhmanova and Steinmetz, 2008).  

Understanding the mechanisms for how these different +TIP families alter 

microtubule dynamics is an area of active study.   

 Several models describe how +TIPs bind the dynamic microtubule end 

(reviewed in Carvalho et al., 2003).  XMAP215, a member of the ch-TOG 
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family, “surfs” on the growing end by binding tubulin polymerizing onto 

microtubules followed by dissociation (Brouhard et al., 2008).  The CLIP-170 

homologs in both S. cereviae and S. pombe are physically transported to the 

ends by kinesins (Busch et al., 2004; Carvalho et al., 2004).  Similarly, kinesin 

II transports APC to the end (Jimbo et al., 2002).  As mentioned above, some 

proteins depend on EB1 for localization even though they have their own 

microtubule binding domain.  EB1 proteins rapidly associate and dissociate 

from plus ends (Bieling et al., 2008). 

 

Overview of the +TIP CLASP Family 

The CLASP family of proteins is involved in a number of diverse cellular 

processes.  CLASP proteins are +TIPs and can be visualized as comets on 

growing microtubules in eukaryote cells (Maiato et al., 2005; Sousa et al., 

2007).  Protein homologs exist in a variety of eukaryotes, including the 

founding member Stu1 in S. cerevisiae (Pasqualone and Huffaker, 1994), 

Cls1/Peg1 in S. pombe (Grallert et al., 2006; Bratman and Chang, 2007), 

Orbit/MAST in D. melaogaster (Lemos et al., 2000; Inoue et al., 2000), Cls-2 in 

C. elegans (Cheeseman et al., 2005), XOrbit in Xenopus laevis (Hannak and 

Heald, 2006), CLASP in Arabidopsis thaliana (Ambrose et al., 2007; Kirik et 

al., 2007), and CLASP1 and CLASP2 in mammalian cells (Akhmanova et al., 

2001) (Figure 1.2 A).  CLASP proteins share distinct protein features.  The 

amino terminus of CLASP proteins contains a TOG domain comprised of a 

series of HEAT repeats.  This motif is also found in the ch-TOG family and is 

involved in binding tubulin (Al-Bassam et al., 2007) (Figure 1.2 A).  CLASP 

homologs bind microtubules in vitro (Lemos et al., 2000; Inoue et al., 2000), 

and the regions required for binding in the amino terminus of CLASP have  
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Figure 1.2 The CLASP +TIP family.  (A) Phylogenic tree of chTOG 

containing protein families.  XMAP215 and CLASP (circled) proteins are 

shown from a number of model organisms.  Sc=Saccharomyces cerevisiae; 

Hs=Homo sapiens; Dm=Drosophila melanogaster; Mt=Medicago truncatula; 

At=Arabidopsis thaliana; Os=Oryza sativa.  Image taken from Ambrose 

(2007).  (B and C) CLASP preferentially associates with microtubule plus ends 

near the cell cortex.  (B) CLASP (red) in HeLa cells co-localizes with 

microtubules (green) at the cortex.  Inset is enlargement of cortex.  Taken from 

Mimori-Kiysue (2005).  (C) CLASP (green) localizes to EB1 (red) decorated 

microtubule tips in migrating fibroblasts.  Insets highlight microtubule 

preference for CLASP at the leading edge versus the trailing edge.  Taken 

from Akhmanova (2001). (D-G) Loss of CLASP affects spindle stability in 

mitosis.  Shown are monopolar spindles from CLASP knockout mouse 

embryonic fibroblasts (D), XOrbit-depleted Xenopus extracts (E), Drosophila 

S2 cells following Orbit RNAi knockdown (F), and budding yeast after a shift to 

the restrictive temperature.  Images taken from Pereria (2006), Hannak and 

Heald (2006), Leycock (2006), and Yin (2002).   
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been defined through in vivo and in vitro assays (Mimori-Kiyosue et al., 2005; 

Bratman and Chang, 2007; Wittmann and Waterman-Storer, 2005; Yin et al., 

2002).  The carboxyl terminus is involved in kinetochore, cortex, and Golgi 

association, as well as binding to the +TIP CLIP-170 (Mimori-Kiyosue et al., 

2005; Maiato et al., 2005; Akhmanova et al., 2001; Reis et al., 2009).  A 

particular isoform of CLASP2 contains an amino-terminal palmitoylation motif 

for membrane anchoring (Galjart, 2005).  Orbit, XOrbit, and CLASP share 

significant stretches of homology along the protein length (Galjart, 2005; 

Hannak and Heald, 2006), while A. thaliana CLASP shares 23% identity and 

43% similarity with CLASP (Ambrose et al., 2007).   Both fungal CLASPs 

share ~20% homology with mammalian CLASP in three distinct regions, 

namely the HEAT repeats, microtubule binding domain, and carboxyl terminus 

(Bratman and Chang, 2007).  

 Many +TIPs interact physically with each other, and CLASP is no 

exception.  Mammalian CLASP was originally identified in a two-hybrid screen 

with CLIP-170 (CLIP-170 Associating Protein) (Akhmanova et al., 2001).  This 

interaction is mediated between the carboxyl terminus of CLASP and the 

coiled-coil region of CLIP-170.  CLASP also binds the +TIP EB1 (Mimori-

Kiyosue et al., 2005).  These specific interactions, and the regions involved, 

are conserved in a variety of species.  For example, S. pombe Cls1 binds Tip1 

(CLIP-170) and Mal3 (EB1), CLASP in plants binds CLIP-170, Orbit binds 

CLIP-190, and XOrbit pulls down CLIP-170 (Grallert et al., 2006; Hannak and 

Heald, 2006; Ambrose et al., 2007; Mathe et al., 2003).   
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Roles for CLASP in Interphase 

CLASP in interphase cells preferentially binds microtubule plus ends 

near the cell periphery, unlike EB1, which binds all growing microtubule ends 

(Figure 1.2 B) (Mimori-Kiyosue et al., 2005; Akhmanova et al., 2001).  In 

actively migrating epithelial cells, CLASP localization is biased toward 

microtubules in the leading edge, especially those near the cortex (Figure 1.2 

C).  These microtubules are stable and recognized by antibodies against 

tubulin post-translational modifications that accumulate specifically on stable 

microtubules  (Mimori-Kiyosue et al., 2005; Akhmanova et al., 2001).  

Knockdown of CLASP hampers directional migration and alters the 

organization of microtubules at the leading edge (Akhmanova et al., 2001; 

Drabek et al., 2006).  Specifically, the dwell times of microtubule ends at the 

cortex are decreased and angles are altered in the absence of CLASP 

(Mimori-Kiyosue et al., 2005).  CLASP is linked to the cortex via direct 

interaction with the proteins LL5! and ELKS that localize near focal adhesions 

(Lansbergen et al., 2006).  Microtubule binding at the cortex is regulated by 

factors downstream of Rac1 and the GSK3! kinase (Akhmanova et al., 2001; 

Wittmann and Waterman-Storer, 2005).  Activated Rac1 promotes CLASP 

microtubule binding in addition to actin polymerization at the leading edge.  

GSK3! can phosphorylate CLASP in vitro and in vivo resulting in loss of 

microtubule lattice binding.  In migrating cells, the activity of GSK3! is 

inactivated in the leading edge, and this allows CLASP to stabilize 

microtubules (Wittmann and Waterman-Storer, 2005).  

 CLASP cortex localization is in part dependent on the spectraplakin 

protein ACF7 (Drabek et al., 2006).  ACF7 acts as a cross-linking protein 

between actin and microtubule filaments.  There is evidence to suggest that 
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CLASP can mediate interactions between these cytoskeletal structures.  

CLASP1 and CLASP2 in epithelial and neuronal cells co-localize with actin 

fibers, exhibit treadmilling at the cortex, and immunoprecipitate with actin.  The 

TOG and microtubule-binding domain of CLASP are required for actin 

association (Tsvetkov et al., 2007).  CLASP also co-localizes and interacts 

with the actin protein IQGAP (Watanabe et al., 2009).  Current work is focused 

on understanding the interplay between different cytoskeletal components at 

focal adhesions.    

CLASP in mammalian epithelial cells is required for promoting and 

stabilizing de novo nucleation of microtubules from the Golgi.  This microtubule 

population, which requires !-tubulin for nucleation, is asymmetrically directed 

toward the leading edge and contributes to cell motility.  RNAi knockdown of 

CLASP affects the number of Golgi-nucleated microtubules, but not 

microtubules emanating from traditional centrosomes (Akhmanova et al., 

2001; Efimov et al., 2007).  CLASP localizes to the Golgi via an interaction 

with the TGN protein GCC185 (Akhmanova et al., 2001; Efimov et al., 2007).  

The CLASP binding to the Golgi TGN, which orients in the direction of 

migration, sets up the asymmetry of the microtubule array.  CLASP protein 

levels measured on plus ends are higher on microtubules nucleated from the 

Golgi than from centrosomes (Efimov et al., 2007).  This is an additional 

example of CLASP binding a subset of microtubules in migrating cells.  

CLASP-stabilized microtubules are also implicated in normal Golgi 

organization and maintenance (Miller et al., 2009).   

In fungi, no interphase role has come to light for S. cerevisiae Stu1 as it 

has not been localized to astral microtubule plus ends (Yin et al., 2002).  Cls1 

in S. pombe, however, does have a role in stabilization of the interphase 
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microtubule bundle.  Cls1 localizes to the bundle, but not to the plus ends of 

microtubules emanating from the bundle.  When Cls1 is disrupted, 

microtubules shrink back to the bundle and do not grow again.  Conversely, 

when Cls1 is overexpressed, microtubules rarely undergo catastrophe or 

shrink back to the interphase bundle.  Overall, Cls1 prevents disassembly of 

interphase microtubules by promoting rescues (Bratman and Chang, 2007).   

 

CLASP Proteins in Mitosis 

 CLASP proteins are involved in multiple aspects of mitosis.  CLASP 

protein localization is dynamic and highly conserved across eukaryotes.  

CLASP binds kinetochores early in metaphase where it remains until 

anaphase onset, when CLASP concentrates on the region of polar microtubule 

overlap in the spindle, also referred to as the midzone (Bratman and Chang, 

2007; Lemos et al., 2000; Cheeseman et al., 2005; Hannak and Heald, 2006; 

Yin et al., 2002; Maiato et al., 2003).  In higher eukaryotes, CLASP remains 

associated with the midbody during cytokinesis (Lemos et al., 2000; Maiato et 

al., 2003).  Less intense centrosome staining can also be observed in flies, 

mammalian cells, worms, and frog extracts (Lemos et al., 2000; Cheeseman 

et al., 2005; Hannak and Heald, 2006; Maiato et al., 2003).   

 CLASP affects kinetochore-microtubule attachment to varying degrees 

in different organisms.  One report from Drosophila S2 cells reports that 

kinetochore-microtubule attachments are intact and bipolarity is established 

following RNAi knockdown of Orbit (Reis et al., 2009).  However, other reports 

show that chromosomes are unable to congress to the metaphase plate when 

CLASP is disrupted, indicating defects in the microtubule-kinetochore 

attachment (Cheeseman et al., 2005; Hannak and Heald, 2006; Mimori-
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Kiyosue et al., 2006; Maiato et al., 2002).  The checkpoint protein BubRI and 

the kinetochore proteins Zw10 and dynein normally leave the kinetochore 

when attachment is established.  However, after Orbit knockdown, protein 

localization persists (Maiato et al., 2002).  Biorientation defects are also 

observed in C. elegans, where chromosome pairs are both near one spindle 

pole (Cheeseman et al., 2005).  In addition, the distance between centromeres 

in CLASP1/CLASP2 depleted cells is shorter than in controls, indicating a lack 

of tension across the spindle (Mimori-Kiyosue et al., 2006).  Defects in 

congression are likely due to the influence of CLASP on microtubule 

properties.  Disrupting CLASP by antibody injection in mammalian cells results 

in kinetochore microtubule fibers (kFibers) that are no longer dynamic (Maiato 

et al., 2003). 

 Mitotic spindle structure is compromised when cells lack functional 

CLASP.  Spindles are shorter on average, can contain multiple poles, or are 

disorganized (Inoue et al., 2000; Hannak and Heald, 2006; Mimori-Kiyosue et 

al., 2006; Maiato et al., 2002; Pereira et al., 2006).  Noticeably, CLASP defects 

result in monopolar spindles in many organisms (Figure 1.2 D-G) (Pasqualone 

and Huffaker, 1994; Bratman and Chang, 2007; Lemos et al., 2000; Inoue et 

al., 2000; Hannak and Heald, 2006; Maiato et al., 2003).  A similar monopolar 

phenotype is observed when cells are treated with monastrol, an inhibitor of 

the kinesin-5 motor protein that generates an outward force on spindle poles 

by sliding microtubules past each other (Mayer et al., 1999).  Real-time 

imaging of CLASP-depleted cells reveals that monopolar spindles arise from 

spindle collapse after initial pole separation (Maiato et al., 2005; Reis et al., 

2009).  kFibers, composed of a bundle of microtubules, control their overall 

length through a process known as “flux”, where tubulin subunits are 
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incorporated at the plus end of the microtubules while concurrently subunits 

are removed from the minus end (Buster et al., 2007).  Changes to kFiber 

length are accomplished by regulating the proteins responsible for the addition 

or removal of subunits.  In Orbit-depleted S2 cells, kFibers shorten after initial 

pole separation and flux is not observed, leading ultimately to spindle collapse.  

This indicates that CLASP is needed for subunit incorporation at the plus end 

to counter the removal of minus end subunits.  Spindle bipolarity can be 

restored by co-depletion of minus-end depolymerizing kinases Klp10A, 

Klp59C, and Klp69A to stop subunit removal (Buster et al., 2007; Laycock et 

al., 2006).  A recent report shows that co-depletion of the minus-end directed 

motor dynein with Orbit restores not only bipolar spindles, but flux as well 

(Reis et al., 2009).  Loss of dynein does not affect the localization of the 

minus-end depolymerases, and dynein itself does not have depolymerase 

activity, so bipolarity is not restored due to canceling antagonizing factors 

(Reis et al., 2009).  From this, it appears that dynein and CLASP have 

antagonizing roles at the kinetochore. 

 Later in anaphase, CLASP is positioned at the midzone where an 

outward force is generated by motor proteins and elongating microtubules to 

separate spindle poles.  Spindles in XOrbit-depleted Xenopus extracts quickly 

depolymerize their microtubules upon entry into anaphase (Hannak and Heald, 

2006).  Spindle measurements in early embryos with a hypomorphic Orbit 

allele demonstrated a dramatic decrease in spindle length as cells progressed 

through anaphase (Maiato et al., 2002).  These results indicate that CLASP is 

involved in anaphase, likely by affecting the dynamic properties of 

microtubules at the midzone by either promoting stability or increased 

polymerization.   
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CLASP Promotes Microtubule Stabilization and Attachment 

 Phenotypic data suggests that CLASP is a microtubule stabilizer.  Loss 

of CLASP often results in less stable microtubules and less microtubule 

polymer in cells (Bratman and Chang, 2007; Akhmanova et al., 2001; Drabek 

et al., 2006).  Disruption of CLASP in A. thaliana results in dwarf plants with 

defects in specific cell types known to be heavily dependent on microtubules 

(Ambrose et al., 2007; Kirik et al., 2007).  Microtubules are absent in certain 

plant tissues and plants are susceptible to microtubule destabilizing drugs 

(Ambrose et al., 2007).  In contrast, overexpression of CLASP readily results 

in microtubule bundling and an increase in stabilized microtubules (Bratman 

and Chang, 2007; Kirik et al., 2007; Akhmanova et al., 2001; Aonuma et al., 

2005).  CLASP has been implicated as a stabilizer in neuronal growth cones 

where it is a downstream effector of Abl kinase.  In response to a repellent 

factor in axon guidance during early development, CLASP is hypothesized to 

stabilize microtubules, causing the neuronal growth cone to orient toward a 

positive signal (Lee et al., 2004).  One recent study suggests that CLASP 

achieves microtubule stabilization in vivo by promoting the pause state (Sousa 

et al., 2007).  Microtubules in S2 cells depleted of Orbit are very dynamic and 

as a consequence spend less time pausing.  These microtubules spend over 

half the total time shrinking as opposed to growing, while the frequency of 

rescues and catastrophes is unchanged.  It is unclear how CLASP can 

promote pausing while tracking growing microtubules.  Similar results were 

obtained after examining cortex microtubules in HeLa cells (Mimori-Kiyosue et 

al., 2005).  Xenopus CSF extracts depleted of XOrbit do not have an effect on 

the number or length of microtubule asters as seen for other +TIPs like 

XMAP215 (Hannak and Heald, 2006).  Hence, CLASP is not a global 
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regulator, but rather is targeted to specific microtubule populations for 

stabilization.   

In addition to modulation of microtubule dynamics, a role in mediating 

microtubule attachment is beginning to take shape for the CLASP family.  

Roles for CLASP in eukaryotes in maintaining the microtubule-kinetochore 

association in metaphase spindles (Maiato et al., 2003) and forming contacts 

at the cortex of migrating cells have been discussed above (Lansbergen et al., 

2006).  Microtubule-cortex interactions are not only disrupted in migrating 

cells, but in S2 and HeLa cells as well where microtubules in knockdown cells 

run parallel to the cortex (Mimori-Kiyosue et al., 2005; Sousa et al., 2007).  In 

S. pombe, mitochondria positioning is dependent on microtubule dynamics 

rather than on motors.  A screen looking for mutants unable to position 

mitochondria yielded a mutant of Cls1 with a single amino acid change.  While 

overall interphase microtubule morphology looked normal, the mitochondria 

were distributed on the cell edge in the mutant, similar to when cells are 

treated with microtubule-depolymerizing drugs (Chiron et al., 2008).  Hence, 

CLASP here could be involved in mediating attachment between the 

mitochondria and the plus end of the dynamic microtubule.  Another example 

can be found in higher plants.  In root and cotyledon leaf cells from A. thaliana 

with a T-DNA insertion disrupting CLASP expression, microtubules at the cell 

cortex partially detach.  Rather than maintain a relatively perpendicular 

orientation in relation to the cortex, the microtubules in a mutant cell are 

bundled parallel to the cortex.  Time-lapse movies show that microtubule 

detachment is more frequent and longer in duration than in wild type (Ambrose 

and Wasteneys, 2008).  CLASP mediating microtubule-cortex interactions is a 
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common theme.  These roles may be a result of CLASP primarily stabilizing 

microtubule plus ends at these interfaces.   

  

PART II. THE MITOTIC SPINDLE 

Spindle Formation Pathways 

Microtubules, microtubule motor and non-motor proteins, and 

chromosomes are involved in generating forces required for mitotic spindle 

formation (Rogers et al., 2005; Sharp et al., 2000).  While variations exist 

among organisms, many key processes are conserved.  Establishment of 

bipolar spindles occurs by two pathways: one utilizing centrosomes, and a 

second that relies on chromatin independent of centrosomes (Figure 1.3 A) 

(reviewed in Walczak and Heald, 2008).  The contribution of each pathway 

differs based on the cell type, but both utilize motor proteins and microtubule 

stabilizers.   

 Spindle formation in cell types where centrosomes function as the 

spindle poles begins just prior to nuclear envelope breakdown (NEBD) 

(reviewed in Rosenblatt, 2005).  Duplicated microtubule-emanating 

centrosomes use the nuclear envelope as a track for initial separation.  This 

separation is dependent on the minus-end-directed microtubule motor dynein 

found on the nuclear envelope (Vaisberg et al., 1993).  Following NEBD, 

dynein at the cell cortex continues to aid in centrosome separation by pulling 

on astral microtubules.  Dynein is not solely responsible for separation, since 

some separation is observed in cells lacking functional dynein.  In addition, the 

homotetrameric kinesin-5 proteins are major contributors to centrosome 

separation (Goshima and Vale, 2003; Enos and Morris, 1990; Heck et al., 

1993).  Kinesin-5 proteins cross-link antiparallel polar microtubules and slide  
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Figure 1.3 Modes of spindle assembly.  (A) Illustration of spindle assembly 

with and without centrosomes.  Microtubules emanating from centrosomes 

search the cytoplasm for kinetochores.  In the absence of centrosomes, 

microtubules are organized and stabilized from chromosomes.  (B) Diagram of 

the forces generated in centrosome separation.  Cortical dynein and myosin 

motors pull the centrosomes apart (a).  The kinesin-5 proteins, represented in 

the diagram by Eg5, crosslink antiparallel microtubules and slide them past 

each other to generate a pushing force on centrosomes (b).  Growth and flux 

from kinetochore microtubules (kFibers) nucleated from centromeres also can 

exert a separating force.  Images taken from Biggins (2006) and Toso (2009).   

A 

B 
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them past one another to generate a spindle-pole-separating force (Sharp et 

al., 1999).  Disruption of kinesin-5 proteins, either by depletion or drug 

treatment, results in monopolar spindles with the centrosomes located near 

each other (Mayer et al., 1999).  This mechanism is conserved in systems that 

undergo a closed mitosis where NEBD does not occur.  In the budding yeast 

S. cerevisiae, spindle formation relies on the kinesin-5 proteins, Cin8 and 

Kip1, and on Stu1, a member of the CLASP family of microtubule plus-end 

tracking proteins (Yin et al., 2002; Hoyt et al., 1992; Roof et al., 1992).  In 

temperature-sensitive cin8-3 kip1! and stu1-5 strains, spindle pole separation 

is blocked, and metaphase spindles collapse with their previously separated 

spindle poles being drawn together, similar to what is observed in other 

organisms.  This process is regulated by the Aurora B and Polo-like kinases, 

which modulate kinesin-5 activity (Barr et al., 2004; Barr and Gergely, 2007; 

Kotwaliwale et al., 2007).  The bundling protein Ase1 in budding yeast 

contributes to spindle pole separation in the absence of Cin8 (Kotwaliwale et 

al., 2007).  Spindle poles can also be separated by a pushing force generated 

by kinetochores.  If centrosomes are not separated at NEBD in cells depleted 

of the kinetochore protein Mcm21R, monopolar spindles arise.  Live-cell 

imaging shows that pushing forces from elongating kFibers nucleated at 

centromeres contribute to spindle pole separation (Figure 1.3 B) (Maiato et al., 

2004; Toso et al., 2009).   

 Spindles can form in cell types that do not have centrosomes, including 

certain plant species and female germ cells undergoing meiosis (reviewed in 

Walczak and Heald, 2008).  The centrosome-independent pathway can 

contribute to spindle formation even in somatic cells that contain centrosomes, 

as laser ablation of centrosomes does not affect assembly (Khodjakov et al., 
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2000).  Elegant work in Xenopus extracts stems from the initial observation 

that spindles form without the addition of centrosomes (Karsenti et al., 1984).  

Instead, microtubules are nucleated, stabilized, and organized from the 

chromosomes themselves.  This process is regulated largely by the GTPase 

Ran, which is also involved in nuclear transport (Carazo-Salas et al., 2001).  A 

gradient of Ran-GTP has been visualized both in extracts and in live cells 

(Kalab et al., 2002; Kalab et al., 2006).  This gradient is established by the 

guanine-nucleotide exchange factor (GEF) RCC1 that resides on 

chromosomes, while the RanGAP is in the cytoplasm.  Activated Ran has 

many downstream targets and effectors, which ultimately influence motor 

proteins, including the kinesin-5 proteins, and microtubule stabilizers 

(reviewed in Walczak and Heald, 2008).  CLASP may be one of the 

microtubule stabilizers required for this process as XOrbit-depleted Xenopus 

extracts are unable to form spindles off of DNA coated beads (Hannak and 

Heald, 2006).   

 

Chromosome-Microtubule Attachment  

 Following initial spindle pole separation, microtubules from each pole 

establish contact with chromosomes.  The microtubule interacts with 

chromosomes via the multi-protein kinetochore complex (Figure 1.4) (reviewed 

in Cheeseman and Desai, 2008; Westermann et al., 2007).  Kinetochore 

complexes assemble at centromeric regions of the chromosome that are 

distinguished by an alternate histone composition in the nucleosome.  On this 

site, multiple sub-complexes assemble in a step-wise manner.  In budding 

yeast, more than 60 proteins have been identified through a combination of 

genetic screens and biochemical purification (Cheeseman et al., 2001).  The  
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Figure 1.4 Kinetochore Structure.  Illustration highlighting protein complexes 

found at the kinetochore-microtubule interface with available solved protein 

structures included.  Boxed complexes (the Ndc80 and Dam1 complexes) are 

the outer-most protein complexes, and are involved in mediating attachment.  

Note the ring complex of Dam1.  Image taken form Welburn (2008).   
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Dam/DASH and Ndc80/HEC1 sub-complexes are of particular interest as they 

are outer kinetochore complexes involved in mediating microtubule 

attachment.  The ten proteins of the Dam/DASH complex can be purified as an 

intact complex, and the complete complex can further oligomerize into a ring 

structure that assembles onto microtubules (Westermann et al., 2005; Miranda 

et al., 2005).  The ring complex can move laterally along microtubules, making 

it an excellent candidate to couple dynamic microtubule ends with the 

kinetochore.  To date, no homologs of the Dam/DASH ring complex have been 

found in higher eukaryotes, although all ten proteins do exist in S. pombe.  

The Ndc80/HEC1 complex is comprised of four proteins and is conserved 

throughout eukaryotes (reviewed in Walczak and Heald, 2008).  RNAi 

knockdown of Ndc80 affects chromosome attachment, but not assembly of 

other kinetochore complexes (DeLuca et al., 2005).  Structure studies have 

elucidated that the complex forms a heterotetrameric elongated coiled-coil with 

Ndc80/Nuf2 globular heads at one end and Spc24/Spc25 on the other.  

Ndc80/Nuf2 binds microtubules, while Spc24/Spc25 associates with the 

kinetochore, making the complex an ideal bridge to mediate attachment 

(Ciferri et al., 2008; Cheeseman et al., 2006).  The kinetochore is also the site 

for the spindle assembly checkpoint (SAC) protein localization, which delays 

anaphase entry if any microtubule attachment defects are detected (reviewed 

in Musacchio and Salmon, 2007).  

Chromosome capture is based on a “search and capture” model where 

microtubules extend into the cytoplasm to make chromosome contact 

(Kirschner and Mitchison, 1986).  Chromosome kinetochores often initially 

interact laterally with microtubules.  Following initial contact, the chromosome 

is translocated towards one pole (Rieder and Alexander, 1990).  An elegant 
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study in budding yeast looking at capture of individual kinetochores found that 

a number of +TIPs and the kinesin-14 Kar3 are involved in kinetochore 

capture by microtubules (Tanaka et al., 2005a).  Eventually, this lateral 

association matures into an end-on attachment with the microtubule plus end  

(reviewed in Tanaka et al., 2005b; Tanaka et al., 2007).  The +TIP CLASP is 

involved in maintaining end-on attachment possibly by stabilizing microtubules 

(Maiato et al., 2003).  For mammalian cells, chromosome alignment along the 

metaphase plate is mediated by motors and +TIPs.  In particular, the kinesin-7 

CENP-E translocates kinetochores toward the center of the spindle by tracking 

along existing kFibers (Kapoor et al., 2006).  Many +TIPs localize to the 

kinetochore where they can stabilize microtubule attachment as well as 

modulate kFiber length.  As described above, chromosomes are distributed 

along the spindle instead of near the equator after knockdown of CLASP.   

 

Spindle Pole Separation in Anaphase 

 After establishing kinetochore attachments and aligning the 

chromosomes, the spindle ultimately separates the sister chromatids from 

each other.  The chromatids are first pulled toward the poles by motor 

proteins, as well as by coupling kinetochore movement with depolymerizing 

kinetochore microtubules (reviewed in Walczak and Heald, 2008).  

Kinetochore microtubule length decreases due to the depolymerase activity at 

the plus end, as well as from the minus end (Brust-Mascher and Scholey, 

2002).  Elongation of the spindle itself further contributes to chromosome 

segregation.  Motor and non-motor proteins at the spindle midzone, the region 

of polar microtubule overlap, generate an outward force to further distance 

spindle poles.  The kinesin-5 proteins again use their anti-parallel sliding 
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activity to push the poles out, while at the same time the interpolar 

microtubules themselves elongate (reviewed in Walczak and Heald, 2008).  

Microtubules sliding against each other can be observed in cells where one 

end of an elongating spindle is severed by laser ablation near the pole 

(Khodjakov et al., 2004).   

 There are questions as to whether cortical dynein can also contribute a 

pulling force to separate spindle poles.  Effects on anaphase pole separation 

due to dynein loss are difficult to interpret since dynein is involved early in 

spindle pole separation (Vaisberg et al., 1993) and is involved in localizing 

numerous spindle proteins.  In yeast, dynein motor activity pulls the spindle 

through the bud neck (Yeh et al., 1995), and there are some indications that it 

may be involved in spindle pole separation as well.  First, deletions of a 

number of genes encoding dynein/dynactin proteins (dyn!, jnm1!, ldb18!, 

and nip100!) are synthetic lethal with loss of Cin8, a kinesin-5 protein (Geiser 

et al., 1997; Tong et al., 2001).  In addition, anaphase spindle pole separation 

depends on both Cin8 and Dyn1 (Saunders et al., 1995).  Specifically, a cin8-3 

dyn1! strain at the restrictive temperature is unable to complete the slow 

phase of anaphase (Gerson-Gurwitz et al., 2009).   

 

PART III. SPINDLE ORIENTATION AND DYNEIN/DYNACTIN  

Asymmetric Cell Division Requires Spindle Positioning 

Asymmetric cell division is an important means to generate 

differentiated cells (Figure 1.5 A and B) (reviewed in Siller and Doe, 2009).  To 

achieve this, cell fate determinants are specifically distributed to opposing 

regions of the cell, such that after division, the resulting cells have different 

protein compositions.  The central spindle influences the plane of cytokinesis,  
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Figure 1.5 Asymmetric cell division.  Examples of asymmetric cell division 

in the C. elegans early embryo (A) and Drosophila neuroblast (B).  Arrow in 

(A) denotes spindle movement to the posterior.  Colors at cell cortex denote 

different cellular factors, which differentiate the cells after cell division.  (C-D) 

Asymmetric cell division in the budding yeast.  Spindles are positioned at the 

neck by a pathway involving Myo2-directed movement of microtubules along 

actin cables followed by cytoplasmic microtubule (cMT) depolymerization by 

Kip3.  Microtubules are coupled to Myo2 via Bim1 and Kar9, which are 

transported to the plus end by Kip2 (C). After anaphase onset, the minus-end 

directed motor dynein anchored at the cortex pulls the spindle through the bud 

neck (B).  Images taken from Fraschini (2008) and Siller (2009).   

A B 

C D 
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hence positioning and orientation of the mitotic spindle along the polarity axis 

is key to this process.  In the C. elegans early embryo, centrosomes oriented 

perpendicular to the cell axis move to the cell center and then rotate 90° 

following fertilization.  Shortly after anaphase onset, the spindle shifts laterally 

to the posterior, which results in a larger anterior cell following the first division.  

Each of these movements is coordinated by dynein at the cortex along with 

actin and myosin.  The localization and activities of these motor proteins are 

regulated by cortical cues, including the PAR proteins (reviewed in Siller and 

Doe, 2009).  Stem cells rely on asymmetric cell division to generate one 

daughter cell with differentiation potential while the original cell maintains its 

ability for future regeneration.  Disruptions to stem cell asymmetric division can 

lead to excessive self-renewal, which results in cancer (Yamashita and Fuller, 

2008).  Drosophila embryonic neuroblasts are similar to stem cells in that they 

undergo asymmetric cell division to “bud off” small cells that are the 

progenitors to the central nervous system (reviewed in Doe, 2008).   

In the budding yeast S. cerevisiae, the site of cytokinesis is 

predetermined at the mother-daughter neck rather than influenced by the 

spindle.  Hence, it is necessary to physically move and orient the spindle to 

the neck to ensure proper segregation of chromosomes to each cell.  The 

astral microtubules extending out into the cytoplasm are required to position 

the spindle (Huffaker et al., 1987).  In yeast, the spindle is oriented via two 

sequential pathways (Figure 1.5 C and D).  Prior to anaphase, the spindle 

moves to the bud neck and becomes aligned along the mother-bud axis.  This 

process involves a complex of the microtubule plus-end-binding protein Bim1, 

Kar9, the myosin V motor Myo2 that transports microtubule tips along actin 

filaments towards the bud neck, and the kinesin-8 protein Kip3 that promotes 
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microtubule depolymerization (Gupta et al., 2006; Hwang et al., 2003; Yin et 

al., 2000).  Shortly after the onset of anaphase, the elongating spindle is pulled 

through the mother-bud neck.  In this process, complexes of Bik1-Kip2 or 

Pac1-Ndl1 load dynein onto the plus end of an astral microtubule (Lee et al., 

2003; Li et al., 2005; Sheeman et al., 2003).  When dynein contacts the bud 

cortex at Num1 cortical sites, the minus-end directed motor reels in the 

microtubule, pulling the spindle pole through the bud neck (Adames and 

Cooper, 2000; Eshel et al., 1993; Heil-Chapdelaine et al., 2000; Lee et al., 

2005).   Although both Kar9 and dynein pathway mutants show defects in 

spindle orientation, they are viable; however, loss of both pathways is lethal 

(Miller and Rose, 1998).   

In order to ensure that the spindle positioning machinery acts only on 

one pole, Kar9 is asymmetrically localized to the older spindle pole.  The +TIP 

Bik1 and the mitotic regulators Cdc28/Cdk and Clb4/Clb5 prevent Kar9 

association with the mother-directed pole through phosphorylation (Moore et 

al., 2006; Moore and Miller, 2007).  Dynein loads onto the daughter-bound 

spindle pole body following Kar9.  Unlike Kar9, dynein localization is restricted 

by Cdc28/Cdk and the cyclins Clb1/Clb2 (Grava et al., 2006).  The specific 

downstream effectors that localize dynein are not known.  Protein asymmetry 

at centrosomes is observed in other cells that orient and position their spindle 

to varying degrees (reviewed in Fraschini et al., 2008). 

 

Dynein and Dynactin 

 Dynein is a minus-end directed microtubule motor that is involved in 

many cellular processes (reviewed in Hook and Vallee, 2006).  As illustrated in 

previous sections, dynein is involved in spindle pole separation and spindle 
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positioning, localizes and translocates kinetochore proteins, focuses spindle 

poles in centrosome-independent spindle formation, and may contribute to 

anaphase.  Dynein is also involved in vesicle movement, especially retrograde 

transport in neuronal cells (reviewed in Levy and Holzbaur, 2006).  

Maintenance of cilia and flagella is largely based on dynein function (reviewed 

in Ross et al., 2008).  In budding yeast, the only role for dynein is to pull the 

spindle through the bud neck during anaphase.   

Dynein activity requires the dynactin complex (Figure 1.6).  Dynactin 

was originally isolated as a multi-subunit complex required for dynein function  

in vitro (Gill et al., 1991; Schroer and Sheetz, 1991).  Dynactin contains a 40 

nm rod composed of the actin-related protein Arp1.  One end of the rod is 

capped by the actin capping protein CapZ, while the other end contains a 

second actin-related protein, Arp11.  Proteins p25, p27, and p62 are localized 

at the pointed end of the Arp1 filament.  A shoulder-sidearm projection, 

consisting of p150Glued, dynamitin, and p24, binds the rod and projects away 

from the filament (Schroer, 2004).  When the dynactin complex is disrupted, 

these proteins can be isolated together as a subcomplex with a 

p150Glued:dynamitin:p24 stoichiometry of 2:4:2 (Eckley et al., 1999).  p150Glued 

is the subunit responsible for binding dynein and contains a CAP-Gly motif for 

microtubule binding.   

Homologs for key dynactin subunits in budding yeast have been 

identified, including Nip100 (p150Glued), Jnm1 (dynamitin), Arp1 (Arp1), and 

Arp10 (Arp11) (Clark and Rose, 2006; Kahana et al., 1998; McMillan and 

Tatchell, 1994; Muhua et al., 1994).  Loss of any one of these proteins results 

in a spindle orientation defect similar to that observed for dynein mutants.  The 

dynactin complex in yeast is proposed to mediate dynein off-loading from the  
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Figure 1.6 Dynactin complex architecture. (A) Schematic of mammalian 

dynactin complex.  Arp1 forms a filament, while dynamitin, p150glued, and p24 

comprise the shoulder-sidearm complex.  (B) Electron micrograph of a purified 

dynactin complex.  Images taken and adapted from Schroer (2004).   
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microtubule plus end to Num1 cortical patches in anaphase.  Dynein fails to 

localize to the cell cortex in the absence of any of the dynactin proteins and 

instead accumulates on the plus end (Moore et al., 2008; Markus et al., 2009).  

All of the dynactin proteins, except for Nip100 which contains its own 

microtubule binding domain, depend on dynein and Nip100 to localize to 

microtubule plus ends (Moore et al., 2008).  Evidence is emerging that the 

protein She1 inhibits premature dynein activity by restricting the localization of 

dynactin proteins to the microtubule plus end until anaphase rather than 

regulate the localization of dynein itself (Woodruff et al., 2009).   

 

PART IV. THESIS SIGNIFICANCE AND OVERVIEW  

Health Implications 

 Defects in either microtubules or their associated proteins can 

contribute to the manifestation of a variety of diseases.  Mutations in proteins 

that affect the ability of microtubules to form functional spindles can ultimately 

lead to chromosome instability.  Aneuploidy resulting from chromosome 

missegregation is a leading cause of cancer.  A form of colon cancer can be 

traced back to mutations or truncations of the +TIP APC, a tumor suppressor 

gene (Aoki and Taketo, 2007).  Abnormal EB1 expression has been identified 

in glial cell tumors (Suarez-Merino et al., 2005).  Currently, Paciltaxol is a 

major cancer therapeutic agent, which acts by stabilization of microtubule 

filaments.  New cancer drugs are aggressively being targeted against 

microtubule-associated proteins that affect the dynamic properties of 

microtubules (Bhat and Setaluri, 2007).   

 Microtubule associated protein function is especially important in 

neuronal cells.  Neuronal lissencephaly disorders, which result in decreased 
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motor function and epilepsy, arise from mutations in the +TIP LIS1, a gene 

important for migration of neurons (reviewed in Jaworski et al., 2008).  LIS1 

associates with dynein and localizes to kinetochores, yet the significance of 

these interactions is an area of active investigation.  Amyotrophic lateral 

sclerosis (ALS), a disease where patients suffer from motor neuron loss, has 

been attributed to mutations in p150Glued (reviewed in Jaworski et al., 2008).  

Defects in CLIP-115 have been linked to Williams Syndrome, a disease 

characterized by facial abnormalities, cardiovascular difficulties, loss of motor 

skills, and mild retardation (Hoogenraad et al., 2004).  The MAP Tau is 

hyperphosphorylated and a component of neurofibrillary tangles in brains from 

Alzheimer!s Disease patients (Robert and Mathuranath, 2007). 

Additionally, in early development, the motor protein dynein is crucial 

for orientation and positioning of the spindle.  Failure to correctly divide the 

early embryo asymmetrically leads to developmental defects since the cellular 

cues for cell fate do not properly segregate.   

 

Thesis Overview 

 A great effort has been made to understand the organization of 

microtubules as well as the regulation of their dynamics for proper spindle 

function.  Moving microtubules and directing their properties is critical for 

spindle formation, chromosome alignment and separation, and spindle 

positioning.  The discovery of MAPs, +TIPs, and depolymerizing motor 

proteins has yielded insights into how microtubule dynamic regulation is 

accomplished; yet the precise mechanism of how and when these proteins 

alter dynamics is an area of intense investigation.  +TIPs provide a way to 
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regulate dynamics in response to cell cycle or external cues, while motor 

proteins organize microtubule arrays by crosslinking and sliding microtubules.   

In this thesis, I provide insight into the role of Stu1, the CLASP homolog 

in the budding yeast Saccharomyces cerevisiae, in spindle function.  Stu1 is 

required for spindle stability, yet the details are not clear.  I demonstrate that 

Stu1 acts primarily at the plus ends of kinetochore microtubule populations to 

stabilize the short metaphase spindle.  Through a genetic screen with Stu1 to 

identify additional proteins that are involved in spindle function, I identified 

Ldb18.  My work provides evidence that Ldb18 is the yeast homolog of the 

mammalian protein p24 that is involved in the dynactin complex, which is 

required for dynein function.  In yeast, dynein is important for movement of the 

spindle through the bud neck.   
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CHAPTER TWO 

 

The Microtubule-Binding Protein Stu1 Acts at Kinetochores to 

Stabilize the Metaphase Mitotic Spindle. 

 

INTRODUCTION 

Stu1 is the sole homolog of the CLASP family of +TIPs in yeast.  Stu1 

was originally identified as a suppressor of a cold-sensitive !-tubulin mutation 

(Pasqualone and Huffaker, 1994).  Stu1 binds microtubules directly through a 

region that is highly basic.  Detailed interaction studies revealed that a !-

tubulin patch facing outward on the microtubule binds Stu1 (Yin et al., 2002).  

Stu1 on metaphase spindles localizes inside the SPBs in a bilobed pattern 

consistent with microtubule plus-end binding at kinetochores (Yin et al., 2002).  

Kinetochore association was further demonstrated by chromatin 

immunoprecipitation (ChIP) (Ma et al., 2007).  Stu1 is also found at the region 

of polar microtubule overlap in the elongating spindle known as the midzone.  

Unlike the +TIPs Stu2, Bik1, and Bim1, Stu1 does not localize to astral 

microtubule ends at any point in the cell cycle (Yin et al., 2002).   

Characterization of the temperature-sensitive stu1-5 strain revealed that 

Stu1 contributes an outward spindle force to maintain spindle pole body (SPB) 

separation.  At the restrictive temperature, cells not only arrest as large-

budded cells with replicated SPBs situated near each other, but also contain 

abnormally long and numerous astral microtubules (Pasqualone and Huffaker, 

1994; Yin et al., 2002).  Yeast without the kinesin-5 proteins Cin8 and Kip1 

yield a similar phenotype.  These motor proteins localize to the midzone and 

are responsible for sliding anti-parallel microtubules, thus generating an 
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outward force (Hoyt et al., 1992).  When stu1-5 cells arrested with short 

spindles are shifted to the restrictive temperature, spindles collapse and SPBs 

are pulled in together (Yin et al., 2002).  Minor overexpression of the spindle 

kinesin Cin8 can rescue stu1-5 at 35°, possibly by exerting additional outward 

forces to compensate for partial Stu1 loss.   

Stu1 is important for maintaining spindle stability, yet a mechanism 

explaining Stu1 involvement is not known.  Members of the CLASP family are 

considered microtubule stabilizers that act by directly adding tubulin subunits, 

promoting pause events, or increasing rescue events (Mimori-Kiyosue et al., 

2005; Maiato et al., 2005; Sousa et al., 2007).  The effect of Stu1 on 

microtubule dynamics has been difficult to investigate in vivo since individual 

nuclear microtubules are indiscernible and no Stu1 is observed on astral 

microtubules in the cytoplasm.  The spindle collapse phenotype suggests that 

Stu1 function as a microtubule stabilizer similar to CLASP.  Within the nucleus, 

there are two populations of microtubules.  The polar microtubules extend 

across the spindle, while kinetochore microtubules mediate chromosome 

attachment.  Stu1 can potentially influence the plus end dynamics of either of 

these two populations.  To date, the activity of Stu1 on each of these 

microtubule populations, and how this activity in turn contributes to spindle 

stability has not been explored.  This chapter further explores the localization 

of Stu1 throughout the cell cycle, and attempts to determine which population 

of microtubules is affected by Stu1 activity.   

 

MATERIALS AND METHODS  

Yeast strains and plasmids: Strains used in this study are listed in Table 2.1. 

Yeast strains were cultured in standard media (Sherman, 1991).  Standard  
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Table 2.1 Yeast Strains  

 

Strain Genotype 

AHY19 MAT! his3-"200 leu2-3,112 ura3-52 Stu1-3GFP::HIS5 Spc42-

mRFP::KanMX 

AHY157 MATa his3-"200 leu2-3,112, ura3 lys2" stu1-5::ClonNat ndc80-

1::KanMX Spc42-GFP::HIS5 

AHY164 MATa his3-"200 leu2-3,112 ura 3-52 trp1-"1 bik1"::TRP1 stu1-

5::KanMX Spc42-GFP::HIS5 

AHY165 MATa his3-"200 leu2-3,112 ura 3-52 trp1-"1 bik1"::TRP1 stu1-

5::KanMX GFP-Tub1::HIS5 

AHY166 MATa his3-"200 ura3-52 leu2 stu1-5::KanMX stu2-13::URA3 

Spc42-GFP::HIS5 

AHY171 MAT! his3-"200 leu2-3,112, ura3-52 trp1-"1 stu1-5::ClonNat 

GFP-TUB1::HIS5 

AHY173 MAT! his3-"200 leu2-3,112 ura3-52 trp1-"1 stu1-5::ClonNat 

Mtw1-3GFP::HIS3 Spc42-mRFP::KanMX 

AHY181 MATa his3-"200 leu2-3,112 lys2" ura3 trp1-1::256LacO::TRP1 

ndc80-1::KanMX Spc42-GFP::HIS5 

AHY186 MATa his3"0 leu2"0 ura3"0 stu1-5::ClonNat kip3"::KanMX GFP-

Tub1::HIS5 

AHY187 MATa his3"0 leu2"0 ura3"0 stu1-5::ClonNat kip3"::KanMX 

Spc42-GFP::HIS5 

CUY1139 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 ssd1-

"2(cla1) spc42"1::LEU2 TRP1::Spc42-GFP (x3) Gal+ 

CUY1158 MATa stu1-5 TRP::Spc42-GFP (x3) spc42"1::LEU2 his3 ura3-52 

 

CUY1846 MATa ade2 his3-"200 leu2-3,112 ura3-52 Mtw1-3GFP::HIS3 

Spc42-mRFP::KanMX6 

Y190 MATa ade2-101 leu2-3,112 ura3-52 trp1-901 his3 gal4 gal80 cyhR 

URA3::GAL-LacZ  LYS2::GAL(UAS)-His3 
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protocols for cloning and yeast lithium acetate transformation were utilized. To 

observe Stu1 in relation to spindle pole bodies, the carboxyl-terminus of 

Spc42-mRFP and the Kanamycin marker were amplified from CUY1562 

genomic DNA (Primers from Baoying Huang) and transformed into CUY1539 

(Stu1-3GFP) to generate AHY19 by homologous recombination into the 

genome.  To examine Mtw1 localization in a stu1-5 background, AHY173 was 

made by transforming the integrating plasmid pCU1205 (Mtw1-3GFP) cut with 

SnaBI into AHY134 (stu1-5), followed by addition of the Spc42-mRFP PCR 

fragment.  Strains with ndc80-1 alone or in combination with stu1-5 were 

generated by crossing AHY134 (stu1-5) with AHY126 (ndc80-1) or BLY56 

(ndc80-1) respectively.  Selected spores were transformed with a PCR 

fragment generated with primers AHP146/147 on pCU730 (pFA6a-GFP-TRP) 

to tag Spc42 with GFP in the genome.  The stu1-5 bik1! double mutant strain 

was selected from a cross of CUY413 (bik1!) and CUY1537 (stu1-5).  The 

stu1-5 kip3! strain was isolated after sporulation and dissection of double 

mutant diploids obtained from a SGA screen (Tong et al., 2001, Chapter 3).  

The selected spores were transformed with either the integrating plasmid 

pCU1210 (PTub1-GFP-TUB1) linearized with XbaI (AHY164; AHY186) or PCR 

from AHP146/147 (AHY165; AHY187).  

Two-hybrid assays were performed as described previously (Wolyniak 

et al., 2006). Vectors used are summarized in Table 2.2.  Ase1 two-hybrid 

plasmids were constructed by digesting PCR amplified regions of Ase1 with 

BamHI/SacI or NcoI/BamHI followed by ligation with T4 ligase (Invitrogen, 

Carlsbad, CA) into pACTII (pCU370) or pASII (pCU369).  Following lithium 

acetate transformation of plasmids into Y190, !-galactosidase activity was 

determined by the filter assay and scored for blue color. 
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Table 2.2 Plasmids 

 

Plasmid Markers 

pACTII ampR, 2µ, LEU2, PADH-GAL4AD 

pAH42 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 

pAH53 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 

pAH68 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (650-885) 

pAH69 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (443-885) 

pAH70 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (443-885) 

pAH71 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (300-885) 

pAH72 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (300-885) 

pAH75 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (1-600) 

pAH76 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (1-600) 

pAH77 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (1-442) 

pAH78 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (1-442) 

pAH80 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (785-885) 

pAH87 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (1-786) 

pAH88 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (1-786) 

pAH89 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (1-836) 

pAH90 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (1-836) 

pAH91 ampR, 2µ, TRP1, PADH-GAL4BD-Ase1 (1-861) 

pAH92 ampR, 2µ, LEU2, PADH-GAL4AD-Ase1 (1-861) 

pASII ampR, 2µ, TRP1, PADH-GAL4BD 

pCU1161 ampR, 2µ, TRP1, PADH-GAL4BD-Stu1 (1-1000) 

pLY11 ampR, 2µ, TRP1, PADH-GAL4BD-Stu1 

pLY12 ampR, 2µ, LEU2, PADH-GAL4AD-Stu1 

pLY62 ampR, 2µ, LEU2, PADH-GAL4AD-Stu1 (307-718) 

pLY185 ampR, 2µ, LEU2, PADH-GAL4AD-Stu1 (1-718) 

pLY188 ampR, 2µ, LEU2, PADH-GAL4AD-Stu1 (308-1000) 

pLY190 ampR, 2µ, LEU2, PADH-GAL4AD-Stu1 (996-1514) 
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Microscopy:  Live-cell imaging was done on a spinning disk confocal imaging 

system (UltraVIEW, Perkin-Elmer, Wellesley, MA).  Microtubules were 

depolymerized using nocodazole (20 µg/ml final with 1% DMSO) for 30 min.  

Log phase cultures involved in time-course experiments were diluted to an 

OD=0.2 and arrested in !-factor (12.5 uM final) (Zymo Research, Orange, CA) 

for 2.5-3 hours at permissive temperature in appropriate minimal media.  The 

culture was washed three times with 1 ml minimal media, resuspended in 50 µl 

YPD, and 5 µl placed on a media pad (synthetic complete media in 0.8% 

agarose) and immediately moved into a pre-warmed chamber (26° or 37°) 

assembled on the microscope.  Time post-release starts once slide is in 

chamber.  Distance between SPBs was calculated by using the measure 

function on Image J (NIH, Bethesda, MD).  This was used with the distance in 

the Z-direction to calculate total distance using the Pythagorean theorem.    

 

RESULTS 

Stu1 Localizes to Unattached Kinetochores Before Translocation to the 

Spindle Midzone 

Similar to other members of the CLASP family, Stu1 associates with 

kinetochores during metaphase.  Interestingly, kinetochore localization for 

CLASP1 and CLASP2 is microtubule independent (Maiato et al., 2003; Mimori-

Kiyosue et al., 2006; Pereira et al., 2006).  In collaboration with Beth Lalonde, I 

questioned whether the same was true for Stu1.  We examined the localization 

of Stu1-3GFP in cells expressing the SPB protein Spc42-mRFP after 

treatment with the microtubule-depolymerizing drug nocodazole.  In treated 

cells, SPBs are unable to maintain separation as the microtubule shortens, 

resulting in close SPBs.  The unattached kinetochores are clustered proximal 
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to the SPBs, while kinetochores that maintain attachment even after 

nocodozole treatment, colocalize with the SPBs.  Following treatment, Stu1 

localizes as a single group adjacent to the collapsed SPBs, indicating 

preference for uattached kinetochores.  This localization is similar to Mtw1-

GFP, a known kinetochore structural protein, (Figure 2.1 A, B) which is 

clustered in two groups, representing both attached and unattached 

kinetochores.  Hence, kinetochore localization in metaphase in the absence of 

microtubules is conserved throughout the CLASP family.   

Once cells enter anaphase, Stu1 no longer associates with 

kinetochores.  Rather, Stu1 localizes to the region of polar microtubule overlap 

in elongating spindles known as the midzone (Yin et al., 2002).  To observe 

the transition of Stu1 from kinetochores to the midzone in elongating spindles, 

we followed the Stu1-3GFP signal in relation to spindle poles marked with 

Spc42-mRFP (Figure 2.1 C).  Stu1 is observed along the short metaphase 

spindle and remains near the center of the spindle as SPBs begin to separate.  

The Stu1 signal becomes increasingly more focused at the midzone 

throughout anaphase, corresponding to the diminishing region of polar 

microtubule overlap.  For the duration of anaphase, the kinetochores are 

localized adjacent to the SPBs.  Stu1 is not observed near the SPBs during 

anaphase, indicating Stu1 translocates from the kinetochore to the spindle 

midzone.  Stu1 is not distributed across the entire anaphase spindle.   

Stu1 localization to the midzone requires the non-motor protein Ase1 

(Khmelinskii et al., 2007).  To see if this recruitment requires direct protein-

protein contact, I tested whether Stu1 and Ase1 interact using a yeast two- 
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Figure 2.1 Stu1 localization throughout the cell cycle.  (A and B) Stu1 

associates with unattached kinetochores.  After treatment with nocadozole 

(AHY19) for 30 minutes to depolymerize microtubules, Stu1 (green) localizes 

near unseparated spindle pole bodies (Spc42, red) as a single cluster, 

indicative of unattached kinetochores (A).  Similar localization is observed for 

the kinetochore protein Mtw1 (CUY1846; green) (B).   (C) Time-lapse 

microscopy (AHY19) of Stu1 (green) in relation to spindle poles (Spc42, red).  

Stu1 localizes along the metaphase spindle before translocating to the 

midzone during anaphase.  Total time is 80 minutes with variable time 

intervals.  Images acquired and processed by Beth Lalonde.   
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hybrid assay.  A positive interaction, as indicated by a blue color change in a 

!-galactosidase filter assay, can be detected between full length Stu1 fused to 

the Gal4 binding domain and full length Ase1 (Figure 2.2 A).  A number of 

available Stu1 truncations were used to narrow down the interaction domain.  

An amino-terminal fragment containing Stu1 amino acids 307-718, which 

spans much of the microtubule-binding domain, is the smallest fragment to 

interact with Ase1.  Attempts to further narrow down the interaction domain 

within this fragment were not successful (data not shown).  Using nested 

truncations of Ase1, I determined that Stu1 interacts with the carboxyl 

terminus of Ase1, particularly the region between amino acids 600-650 (Figure 

2.2 B and C).  Co-immunoprecipitation experiments with Stu1-13Myc were 

unable to detect either epitope-tagged Ase1 or native Ase1 in vivo (data not 

shown).  It is possible that this interaction is transient and cell cycle specific.  

As the Ase1-binding region is near the amino terminus of Stu1, I do not expect 

that the epitope tag at the carboxyl terminus of Stu1 interferes with binding.  In 

support of this, immunostaining can detect Stu1-13Myc at the spindle midzone 

(Yin et al., 2002), indicating it is recognized and targeted properly by Ase1.   

 

Stu1 Function at Kinetochores is Critical to Maintain Spindle Pole Body 

Separation 

Preformed spindles collapse in stu1-5 cells at the restrictive 

temperature.  However, it is unknown whether loss of Stu1 precludes the 

formation of spindles in the first place.  To investigate if Stu1 has a role in 

initial spindle formation, I arrested cells with "-factor, then released the culture 

at the restrictive temperature and monitored SPB separation by imaging 

Spc42-GFP.  At 60-75 minutes post-release, wild-type cells (n=6) separate  
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Figure 2.2 Yeast two-hybrid analysis of the Stu1-Ase1 interaction.  (A) 

Full length and nested truncations of Stu1 fused to the either the binding or 

activation domain of GAL4 were tested for interaction with full length Ase1.  

The red box represents the microtubule-binding domain, while the blue box on 

Stu1 denotes the region homologous to the S. pombe Ase1 interaction 

domain. (B) Nested truncations of Ase1 fused to either the binding or 

activation domain of GAL4.  Constructs were tested with either Stu1 307-718 

(Binding domain) or Stu1 1-1000 (Activation Domain).  All interactions were 
assayed with a colony filter !-galactosidase color assay.  Positive interactions 

were scored by appearance of blue colonies by visual inspection.  +, 

interaction/blue; +/-, weak interaction/light blue; -, no interaction; N/A, 

construct did not transform into yeast; MTBD, Microtubule binding domain; AD, 

Activation Domain; BD, Binding Domain 
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their SPBs to form a short spindle of approximately 2 µm.  The short spindle 

remains relatively stable until anaphase onset (Figure 2.3 A, C).  In stu1-5 

(n=7), SPBs can separate up to ~1 µm, but often this is followed by immediate 

collapse.  Half of the observed cells (4 out of 7) undergo continuous rounds of 

minimal SPB separation and collapse, while other cells make only a few 

attempts.  Regardless, spindle pole separation is no more than 1.5 µm (Figure 

2.3 B ,D, E).  Overall, initial SPB separation is not completely blocked in the 

absence of Stu1, but separation is minimal and unstable.   

Spindle collapse suggests that Stu1 is needed to provide an outward 

force on the spindle poles.  Motor proteins push SPBs by sliding anti-parallel 

polar microtubules, but the kinetochore microtubules can also exert forces on 

the poles.  Kinetochore-attached microtubules restrict outward spindle pole 

movement, thus producing an inward force (Figure 2.3 F).  In addition, kFibers 

in mammalian cells contribute an outward force based on a “flux” mechanism 

to control fiber length (see introduction).  CLASP is essential for promoting flux 

through the incorporation of tubulin subunits at the microtubule plus end.  

When incorporation stops, the kinetochore microtubule decreases in length 

while still maintaining attachment at the kinetochore, thereby pulling the poles 

inward.  Yeast kinetochore microtubules do not exhibit flux (Maddox et al., 

2000), but the plus ends of kinetochore microtubules are still dynamic as 

observed by oscillation of GFP labeled centromeres between spindle poles at 

metaphase (He et al., 2001).  Similar to CLASP, Stu1 at kinetochores may add 

tubulin subunits to promote microtubule growth, countering microtubule 

depolymerases that shorten the microtubule and restrict spindle pole outward 

movement (Figure 2.3 G).  Kinetochore attachment occurs shortly after initial 

pole separation; hence the observation that newly duplicated spindle poles  
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Figure 2.3 Initial SPB separation in stu1-5.  (A and B) Wild type and stu1-5 
cells (CUY1139, CUY1158) were arrested in !-factor for three hours at 26°.  

Cultures were released from arrest on agarose pads at 37°.  Spindle poles 

(Spc42-GFP) were imaged every 30 seconds.  Shown are still frames with 

time in minutes after release noted.  (C and D) Graphs of spindle pole distance 

measured over time from individual cells.  Lines in red correspond to still 

images.  (E) Graphs of pole separation in two independent stu1-5 cells later in 

time course.  (F) Spindle formation in budding yeast.  Chromosomes are 

initially attached via the kinetochore complex in G1.  Following SPB 

duplication, the chromosomes are captured by microtubules resulting in many 

sister chromatid pairs having both kinetochores attached to the same pole.  

Motor proteins slide the polar microtubules past each other to push the SPB 

outward.  Once the SPB are separated, the microtubules from the opposite 

pole can begin to establish bipolar kinetochore attachment, which provides an 

inward force.  Note that bipolarity is established after SPB separation.  (G) 

Model for stu1-5 mediated spindle collapse.  In wild-type cells, tubulin subunit 

incorporation is balanced with subunit removal.  Stu1 may promote subunit 

incorporation at the kinetochore microtubule plus end shortly after initial pole 

separation.  Without Stu1 present in the cell, microtubule-depolymerizing 

proteins are no longer antagonized, leading to an ultimate shortening of the 

microtubule.  Spindle poles are “reeled in” as the kinetochore remains 

attached to the shrinking microtubule.  SPB, Spindle Pole Body; MT, 

microtubule 
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initially separate before collapsing in stu1-5 suggests that the inward force 

generated by kinetochore-attached microtubules drives collapse.   

To test this model, I relieved the inward force by disrupting kinetochore-

microtubule attachment with a temperature-sensitive allele of the outer-

kinetochore protein Ndc80.  When kinetochores cannot maintain attachment in 

ndc80-1 (n=10), the spindle poles separate continuously without pausing at 

two microns, illustrating the need for an inward force to restrict spindle length 

(Figure 2.4 A and C).  In stu1-5 ndc80-1 mutants (n=9) at the restrictive 

temperature, spindle pole separation between 1.5 and 5 µm is observed, 

although this separation is not stable (Figure 2.4 B and D).  From this I 

conclude that Stu1 does contribute an outward force on the spindle by 

promoting microtubule stability at the kinetochore.  It also is clear that Stu1 

may have a role at the plus ends of polar microtubules since spindle pole 

elongation does not mirror that of ndc80-1 alone.   

If the role of Stu1 at kinetochore microtubules is to stabilize or add 

tubulin subunits, then loss of this activity would favor counteracting proteins 

that remove subunits or destabilize kinetochore microtubules, leading to 

shorter microtubules overall.  In Drosophila, bipolar spindles are restored 

when Orbit and the kinesin depolymerase Klp10A are co-depleted in cells, 

illustrating the need to maintain balance between the two activities (Laycock et 

al., 2006).  The yeast kinesin-8 Kip3 and kinesin-14 Kar3 exhibit 

depolymerase activity (Gupta et al., 2006; Varga et al., 2006; Sproul et al., 

2005), while purified Bik1 in vitro increases the incidence of catastrophe 

events (Blake-Hodek, 2009).  I deleted each of these microtubule destabilizers 

in combination with stu1-5 to test if spindle collapse could be suppressed.  

Kar3 was not tested as kar3! is synthetic lethal with stu1-5 (Liru You, personal  
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Figure 2.4 Disruption of kinetochore-microtubule attachment restores 

spindle pole separation.  (A and B) ndc80-1 and stu1-5 ndc80-1 cells 
(AHY181, AHY157) were arrested in !-factor for three hours at 26°.  Cultures 

were released from arrest on agarose pads at 37°.  Spindle poles (Spc42-

GFP) were imaged every 60 seconds.  Shown are still frames with time in 

minutes after release noted.  (C and D) Graphs of spindle pole distance 

measured over time.  Lines in red correspond to still images. SPB, Spindle 

Pole Body 
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communication).  After !-factor arrest and release at the restrictive 

temperature, SPB separation in bik1! stu1-5 (n=20) and kip3! stu1-5 (n=9) 

was identical to stu1-5 alone (Figure 2.5).  kip3! and bik1! alone were not 

tested.  Interestingly, the long astral microtubules found in stu1-5 require Bik1, 

as they are no longer present in bik1! stu1-5 (Figure 2.6).  The +TIP Stu2 is 

also found at the kinetochore and may work in concert with Stu1 to regulate 

kMT dynamics (He et al., 2001).  A stu2-13 stu1-5 double mutant is not 

capable of maintaining separation of the SPBs at the restrictive temperature 

after !-factor release (AHY166; data not shown).  Attempts here to identify the 

counteracting protein to Stu1 stabilization activity were not successful.   

 

Determining the Nature of stu1-5 Arrest 

 Cells without Stu1 arrest as large-budded cells with the nucleus 

positioned at the bud neck.  This arrest is dependent on the spindle assembly 

checkpoint (SAC), as mad2! stu1-5 cells do not arrest, but rather re-bud at the 

restrictive temperature when the checkpoint is inactivated (data not shown).  

To test if loss of Stu1 affects stable microtubule-kinetochore attachments, 

which in turn activates SAC, I observed individual kinetochores in stu1-5 with 

the kinetochore protein Mtw1-GFP at the restrictive temperature.  After shifting 

an asynchronous culture to 37° for three hours, Mtw1-GFP staining in the wild-

type and stu1-5 was indistinguishable (Figure 2.7).  Kinetochores in wild-type 

cells localized between spindle poles, with some localizing in a bilobed 

manner, indicative of establishment of bipolar attachment.  Due to spindle 

collapse in stu1-5, many spindle poles are detected as a single foci.  

Kinetochores co-localize with these foci and are not distributed randomly in the 

nucleus, indicating they are still attached to microtubules.  In cases where  
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Figure 2.5 Spindle collapse is not suppressed by inactivating 

microtubule depolymerases.  (A and B) Graphs depicting spindle pole body 
(Spc42-GFP) separation over time in kip3! stu1-5 and bik1! stu1-5 double 

mutants (AHY164, AHY187) at the restrictive temperature 37° following 

release from !-factor arrest at 26°.  Spindle poles are unable to maintain 

separation and collapse similar to stu1-5. (C and D)  Still frames of spindle 
pole bodies (Spc42-GFP) in kip3! stu1-5 and bik1! stu1-5 double mutants 

(AHY164, AHY187) after two hours post-!-factor release resemble stu1-5 

alone.   
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Figure 2.6 Loss of Bik1 affects the long astral microtubules in stu1-5.  (A) 
Asynchronous culture of bik! stu1-5 (AHY165) at permissive and restrictive 

temperature.  Microtubules and spindles appear normal at permissive 

temperature.  At the restrictive temperature spindle poles collapse, yet no 

microtubules extend outward.  (B) Typical stu1-5 phenotype (AHY171) at 

restrictive temperature with many long astral microtubules.   
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Figure 2.7 Examination of kinetochore attachment in stu1-5. Images of 

kinetochores (Mtw1-GFP, green) in relation to spindle pole bodies (Spc42-

mRFP, red) in wild-type (A, CUY1846) and stu1-5 (B, AHY173) asynchronous 
cultures after a three hour shift at 37°.   
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stu1-5 cells demonstrate minimal pole separation, the kinetochores reside 

mostly between the poles.  While more sensitive methods for determining 

kinetochore attachment may detect more subtle defects, there is no gross 

defect in kinetochore-microtubule attachment in a Stu1 mutant.   

 SAC activation can also arise indirectly from lack of tension across the 

kinetochore microtubules, which is normally generated when each kinetochore 

of a sister chromatid pair is attached to opposite poles.  Lack of tension 

signals the kinase Ipl1 to phosphorylate outer kinetochore proteins leading to 

disruption of kinetochore-microtubule attachments, which in turn activates the 

checkpoint (Pinsky et al., 2006).  I introduced a temperature-sensitive allele of 

Ipl1 to see if arrest in stu1-5 could be bypassed.  The ipl1-321 allele alone 

does not produce multi-budded cells (data not shown, Norden et al., 2006).  In 

preliminary experiments, stu1-5 ipl1-321 cells remain arrested as large-

budded cells after five hours at 37° (AHY208, data not shown).  It appears that 

loss of Stu1 does not result in gross defects in kinetochore-microtubule 

attachments or tension, but attachments may be weak.   

 

DISCUSSION 

Dynamic Stu1 localization  

 Stu1 localization in the absence of microtubules is consistent with that 

of kinetochores.  CLASP protein homologs also bind kinetochores in a 

microtubule-independent fashion.  S. pombe Cls1, Drosophila Orbit, and both 

CLASP1 and CLASP2 in HeLa cells localize to the kinetochore when 

microtubules are absent (Maiato et al., 2003; Mimori-Kiyosue et al., 2006; 

Pereira et al., 2006, Bratman and Chang, 2007; Lemos et al., 2000) while 

XOrbit can be co-purfied with kinetochore complexes isolated from Xenopus 
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extracts treated with nocodazole (Emanuele et al., 2005).  Other +TIPs, such 

as S. cerevisiae Bik1 (Lin et al., 2001) and Drosophila CLIP-190 (Dzhindzhev 

et al., 2005), can bind the kinetochore independent of microtubules.   

The carboxyl terminus of CLASP is sufficient for kinetochore targeting, 

which is independent of the microtubule-binding domain in the amino terminus 

(Hannak and Heald, 2006; Maiato et al., 2003; Mimori-Kiyosue et al., 2006).  

Although the carboxyl terminus also interacts with CLIP-170, which localizes to 

the kinetochore, CLIP-170 is not required for CLASP localization (Mimori-

Kiyosue et al., 2006).  It is not known at this point if a similar region of Stu1 is 

required for kinetochore binding, or if this binding is dependent on Bik1.   

It is not currently clear exactly which of the various kinetochore 

subcomplexes bind CLASP; however, a few individual interactions have 

emerged from pull-down experiments in several systems.  Mass spectroscopy 

analysis from Xenopus extracts identified CENP-E, a kinetochore kinesin 

(Hannak and Heald, 2006), while HCP1 and HCP2, homologs of CENP-F, are 

both required for localization of CLASP to kinetochores in worms (Cheeseman 

et al., 2005).  In yeast, Stu1 kinetochore association is still detected by ChIP in 

a spc24-9 background, which disrupts the outer kinetochore Ndc80 complex 

(Ma et al., 2007).  An interaction between the outer kinetochore ring complex 

Dam1 and Stu1 has been identified (Hwang, 2005), yet in an exhaustive step-

wise purification of the kinetochore subcomplexes in yeast, Stu1 was curiously 

not identified (Cheeseman et al., 2002). 

 In yeast, kinetochore-microtubule attachments are maintained even in 

G1.  Stu1 may associate with kinetochores at this stage as well, even though 

microtubules are short.  Initial localization studies with Stu1-GFP identified 

distinct foci within the nucleus near the SPB in G1 cells (Yin, 2001).  ChIP 
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analysis could provide additional insights on the conditions for Stu1-

kinetochore association.  Arrest with !-factor and subsequent release could 

illustrate the temporal dynamics of Stu1 localization.  Importantly, ChIP can 

assay Stu1 association in specific kinetochore mutants to determine the 

protein complexes required for binding.  Stu1 is only one of several +TIPs that 

are represented at the kinetochore, but as discussed below, it serves an 

important function.   

 As mitosis progresses, Stu1 transitions from the kinetochore to the 

spindle midzone.  CLASP proteins in a variety of organisms also localize to the 

midzone (Bratman and Chang, 2007; Lemos et al., 2000; Cheeseman et al., 

2005; Maiato et al., 2003; Pereira et al., 2006; Inoue et al., 2004).  This 

specific migration is observed in both yeast and mammalian cells for several 

proteins collectively termed the Chromosomal Passenger proteins.  Aurora B 

(Ipl1 in S.c.), Borealin, INCENP (Sli15), Survivin (Bir1), and TD60 form a 

regulatory complex that acts throughout mitosis and meiosis (Ruchaud et al., 

2007).  In addition to Ipl1, Sli15, and Bir1 in yeast, the kinetochore proteins 

Ndc10 and Slk19 also move to the midzone, as well as along the spindle 

(Bouck and Bloom, 2005).  The Stu1 localization change appears to be 

coordinated with the onset of anaphase, indicating this process is likely to be 

regulated.  Stu1 localization is dependent on dephosphorylation of Ase1 by 

Cdc14 (Khmelinskii et al., 2007), however Stu1 itself can also be a target for 

regulation.   

I demonstrated evidence to suggest that the recruitment of Stu1 to the 

midzone by Ase1 is through direct protein-protein interaction.  A positive 

protein interaction between Ase1 homologs and CLASP has been documented 

for S. pombe and mammalian cells (Bratman and Chang, 2007; Liu et al., 
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2009).  In both systems, the Ase1 carboxyl terminus is sufficient for CLASP 

binding.  The S. pombe Cls1 region encompassing amino acids 607-812 is 

needed for Ase1 binding activity (Bratman and Chang, 2007).  When the two 

yeast CLASP proteins are aligned, this Ase1 binding region corresponds to 

amino acids 791-996 in Stu1 (Figure 2.2 A).  Data presented here varies, as a 

yeast two-hybrid Stu1 construct that excludes this predicted region yields a 

positive result.  While the specific region may ultimately vary, it is clear that the 

amino terminus of Stu1 is required for binding similar to CLASP and Cls1 

(Bratman and Chang, 2007; Liu et al., 2009).   

 

Stu1 Stabilizes Spindles by Promoting a Kinetochore Outward Force 

I propose that Stu1 is essential for maintaining a kinetochore 

microtubule outward pushing force on spindle poles, similar to what has been 

found in higher eukaryotes.  Normally in wild-type cells, tubulin subunit 

incorporation at the kinetochore microtubule plus end is in balance with 

subunit removal.  Like CLASP, Stu1 may promote subunit incorporation at the 

kinetochore microtubule plus end.  After Stu1 loss, microtubule-depolymerizing 

proteins are no longer antagonized, and this leads to ultimate shortening of the 

microtubule.  Spindle poles are “reeled in” as the kinetochore remains 

attached to the shrinking microtubule.  A few lines of evidence support this 

model.  First, spindle poles in stu1-5 initially separate prior to collapsing.  This 

timing corresponds to the establishment of bipolar kinetochore-microtubule 

attachments, which would contribute an inward force.  A similar temporal  

phenotype is observed in cells lacking functional CLASP in other species 

(Bratman and Chang, 2007; Maiato et al., 2005; Reis et al., 2009).  Second, 

disrupting the inward force on spindle poles by preventing microtubule-
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kinetochore attachment allows for pole separation.  Stu1 appears to also 

provide an outward force via the polar microtubules.  In stu1-5 ndc80-1, SPB 

separation occurs, yet it is unstable and takes significant time to reach 

distances greater than ~2-4 µm.  This is in contrast to the continuous and 

quick separation observed in ndc80-1.  The instability suggests that Stu1 may 

stabilize or promote elongation of the polar microtubules.  It is possible that 

Stu1 stabilizes the microtubules that serve as tracks for kinesin-5 motor 

protein activity.  The precise activity of Stu1 on microtubule ends is not known, 

but its overall stabilization activity is essential for viability in budding yeast.  In 

plants, CLASP is not detected at kinetochores, which may explain why plant 

cells with disrupted CLASP are not affected as much as fungal or mammalian 

species (Ambrose et al., 2007).  However, some +TIPs and motors are not 

found in higher plants, and these may be essential to mediate spindle 

collapse.   

 Loss of functional CLASP activates the spindle assembly checkpoint, 

resulting in arrest and an increased mitotic index.  Strong accumulation of the 

checkpoint proteins Bub1 and BubRI is detected at centromeres in cells 

without CLASP (Lemos et al., 2000; Maiato et al., 2002).  The cell cycle arrest 

in stu1-5 is dependent on the spindle assembly checkpoint protein Mad2.  

Hence, arrest in stu1-5 cells could potentially arise due to lack of either 

kinetochore attachment or tension, both of which signal to SAC.  Visualizing 

individual kinetochores with Mtw1-3GFP in stu1-5 cells suggests that they are 

not completely unattached at the restrictive temperature.  This is predicted by 

the model for spindle collapse, which relies on maintenance of the kinetochore 

attachment to pull in the SPBs.  There are conflicting results as to the extent 

CLASP directly or indirectly affects kinetochore attachment (see introduction).  
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If the kinetochores are attached in stu1-5 cells, the chances are low they are 

properly bioriented to satisfy the tension-sensing mechanisms in the cell.  

Surprisingly, removal of the tension-monitoring kinase Ipl1 did not relieve the 

stu1-5 arrest.  The mechanism behind the stu1-5 arrest remains unclear.

 Microtubule length and dynamics are influenced by a wide variety of 

+TIPs and motor proteins, many of which can bind microtubules at the same 

time.  A steady-state balance between antagonistic microtubule stabilizers and 

destabilizers is important for maintaining microtubule function.  In Xenopus 

extracts, depletion of the +TIP XMAP215 results in shorter microtubules 

nucleated from asters.  This phenotype is due to overactivity of the destabilizer 

XKCM1, as co-depletion of both in extracts restores microtubule aster length 

(Tournebize et al., 2000).  Co-depletion of Klp10A with Orbit restores the 

balance, as incidences of monopolar spindles and apoptosis are nearly 

eliminated (Laycock et al., 2006).  Based on experiments above, Stu1 may be 

the major, if not only, +TIP involved in kinetochore microtubule stabilization or 

growth, despite the presence of other +TIPs at the kinetochore.  While the 

possibility exists that other +TIPs play a role, the absence of none of them 

results in drastic spindle instability.  The shortening kinetochore microtubules 

in stu1-5 suggest a scenario where microtubule-destabilizing factors are no 

longer antagonized.  Attempts to deplete yeast kinetochore depolymerases to 

prevent excess microtubule shrinkage or instability, and therefore restore SPB 

separation were unsuccessful.  It is possible that multiple proteins can function 

as depolymerases at the kinetochore, meaning rescue will only be observed if 

all are depleted at the same time.  I would expect that any mutant that restores 

SPB separation could suppress stu1-5 lethality at 37°.  None of the double 

mutants I tested are viable at 37° (data not shown).  Prior non-systematic 
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second-site suppression screens have not identified genes other than the 

tubulin genes TUB1 and TUB3.  A similar result was observed in S. pombe, 

where deletion of both kinesin-8 proteins did not rescue spindle collapse in a 

temperature-sensitive cls1 allele (Bratman and Chang, 2007).  As both 

kinetochore and polar microtubules are affected by stu1-5, a single mutation 

may not be sufficient to rescue cells.   

 While loss of Bik1 did not affect SPB separation in stu1-5 cells, it did 

have an effect on the astral microtubules that normally emanate into the 

cytoplasm.  While in vitro data suggests that Bik1 promotes catastrophes, the 

opposite appears to be true in vivo where microtubules are short in a bik1! 

background (Blake-Hodek, 2009, Berlin et al., 1990).  Here, the double mutant 

exhibits the same phenotype.  Given that the activity of Bik1 appears to differ, 

it may not be surprising that removing Bik1 did not rescue spindle collapse.   

 

Stu1 Midzone Function During Anaphase 

Stu1 may play an important, yet not essential, role in anaphase spindle 

elongation.  Midzone localization depends on proper localization of Ase1, yet 

an ase1! strain is viable.  In ase1!, elongating spindles only reach a 

maximum length of 4 µm versus the 8 µm typical of wild-type cells (Schuyler et 

al., 2003).  This distance can result from the motor proteins Cin8 and Kip1 

sliding the ~2 µm ipMTs past each other (Yeh et al., 1995; Kahana et al., 

1998).  It is tempting to speculate that Stu1 is required for addition of tubulin 

subunits on polar microtubule plus ends to elongate microtubules.  However, 

many other proteins, particularly other +TIPs such as Bim1 and Bik1, also 

localize to the midzone in an Ase1 dependent fashion.  It is likely that 

redundant pathways exist to execute the critical function of chromosome 
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segregation.  To dissect the individual role of Stu1 at the midzone, a stu1Ase1 

allele that could no longer bind Ase1 directly, yet still localize to kinetochore, 

could prove beneficial.  Further narrowing of the Ase1-binding domain of Stu1 

could provide a target for site-directed mutagenesis.  It may be possible to 

observe anaphase at the restrictive temperature in stu1-5 cells after first 

arresting at metaphase at the permissive temperature.  This would allow 

observation of spindles by bypassing the phase of stu1-5-mediated spindle 

collapse.  One observation from the ndc80-1 stu1-5 strain is that the spindle 

does not elongate past 5 µm.  Interestingly, these cells re-bud, giving an 

indication that these cells bypass the checkpoint and continue into anaphase.  

Initial studies to monitor the Pds1 levels in this strain to show that they were in 

anaphase were inconclusive, but bear repeating.  The localization of Ase1, 

which normally appears at the midzone only after anaphase onset, would also 

indicate if the cells were in anaphase, and if the major midzone protein could 

still localize properly.  It would be beneficial if this strain is in anaphase, yet 

cannot extend the spindle to give insight into Stu1!s role at the midzone.   

Anaphase defects in other systems lacking CLASP have been 

observed.  Spindles assembled in Xenopus extracts depleted of XOrbit rapidly 

disassemble upon entry into anaphase (Hannak and Heald, 2006).   

In Drosophila primary spermatocytes, interior microtubules in the spindle 

breakdown after entry into anaphase and consequently, lead to defects in 

effective cleavage furrow ingression during cytokinesis (Inoue et al., 2004).  

The stability of the midzone in S. pombe is maintained by Cls1 (Bratman and 

Chang, 2007).   
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CHAPTER THREE 

 

Synthetic Genetic Array (SGA) Analysis for stu1-5 and stu1-8 

 

INTRODUCTION 

   The budding yeast Saccharomyces cerevisiae is a powerful model 

organism for dissecting eukaryotic cell processes.  The genetically tractable 

system provides a significant advantage for investigators, with the ability to 

carry out genetic screens as a means to identify genes involved in various 

cellular pathways.   Use of mutagenesis screens, overexpression studies, and 

suppressor screens has been invaluable not only in identification of genes in a 

wide range of essential processes, but also in providing insights as to how 

these processes interact with each other (Boone et al., 2007).   

Geneticists identified instances where two independent genes each on 

its own is viable when deleted or mutated, but the combination results in 

inviability.  This interaction is termed synthetic lethality, and is a genetic tool 

used in many organisms to show a functional link between genes (Guarente, 

1993).  This is not surprising, as a large number of eukaryotic genes can be 

individually compromised, yet not have a drastic enough phenotype to affect 

viability.  For example, nearly 5,000 of the estimated 6,000 genes in budding 

yeast are non-essential, which implies built-in redundancy in biological 

systems (Hartman et al., 2001).  Synthetic-lethal relationships can arise when 

gene products are involved in parallel or redundant pathways for an essential 

cellular function.  It is also possible that two genetically interacting genes act in 

the same pathway if both mutations compromise a pathway below a functional 

threshold.  Genetic screens looking for genes that are synthetic lethal with a 
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given starting gene have proven effective, particularly in budding yeast, 

yielding clues for gene products that act in similar pathways (Boone et al., 

2007; Bender and Pringle, 1991).  Synthetic-lethal screens have been 

instrumental in identifying genetic relationships in the areas of DNA repair 

(Pan et al., 2006), cell polarity (Bender and Pringle, 1991), the cytoskeleton 

(Holtzman et al., 1993), and chromosome segregation (Montpetit et al., 2005), 

to name a few.   

 Prior synthetic-lethal screens in yeast relied on random mutagenesis, 

which does not ensure complete genomic coverage.  The completion of the 

yeast genome sequence, as well as an available collection of non-essential 

gene deletions, has made it possible to systematically screen for genetic 

interactions.  Synthetic genetic array (SGA) analysis individually tests all non-

essential genes in combination with a given gene deletion or conditional allele 

relatively quickly and effectively.  An additional benefit of testing each double-

mutant combination individually is the elimination of having to clone candidate 

genes.   

 Spindle formation requires a major rearrangement of microtubules by 

motor and non-motor proteins.  As described in the previous chapter, the 

microtubule-associated protein Stu1 is important for spindle integrity, providing 

an outward spindle force by stabilizing kinetochore and polar microtubule 

ends.  To further understand the forces acting on spindles, we set out to 

identify proteins that interact genetically with Stu1. 

 

MATERIALS AND METHODS 

 Synthetic Genetic Array (SGA) was performed by the Boone lab (U. of 

Toronto) as described previously (Tong et al., 2001; Tong and Boone, 2006).  
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Briefly, the temperature-sensitive strain CUY1977 (MAT! stu1-5::NatR 

can1"::STE2pr-Sp_HIS5 lyp1"::STE3pr-LEU2 his3"1 leu2"0 ura3"0) or 

CUY1978 (MAT! stu1-8::NatR can1"::STE2pr-Sp_HIS5 lyp1"::STE3pr-LEU2 

his3"1 leu2"0 ura3"0) was crossed to ~4700 nonessential gene deletion 

strains.  The resulting double mutants were sporulated and plated on media to 

select for haploid cells.  Double mutants were selected and screened for 

viability in triplicate at 26° and 30° for stu1-5 and 30° and 35° for stu1-8.  

Candidates were determined by comparing the colony size between the single 

and double mutant.  Select genes were verified by manual tetrad dissection at 

26°, 30°, 33°, 35°, and 37°.   

 

RESULTS 

To identify genes involved in spindle stability, we carried out a SGA 

screen in collaboration with Dr. Charlie Boone, looking for gene deletions that 

are lethal in combination with the temperature-sensitive stu1-5 allele.  

Candidate genes were identified by comparing the colony size of the individual 

single mutants with that of the double mutant at the permissive temperatures 

26° and 30°.  Using this metric, we singled out both synthetic-lethal and 

synthetic-sick interactions.  The screen was done in triplicate to ensure 

reproducibility.  At 26°, 130 unique open reading frames (ORFs) showed 

decreased cell growth or death when in combination with stu1-5.  At 30°, 152 

ORFs demonstrate a genetic interaction, with 87 of those ORFs also identified 

at 26°.  Many of the genes are involved in a relatively small number of 

processes including tubulin folding, dynein/dynactin activity, microtubule and 

spindle function, spindle checkpoint activity, kinetochore structure, 

chromosome cohesion, and nuclear transport (Table 3.1).    
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Table 3.1 Major classes of select genes identified through SGA with 

stu1-5 and stu1-8 

 

Open Reading 

Frame 

Gene 

Name 

Function stu1-5 

stu1-8 

    

Tubulin Folding    

YOR349W CIN1 Tubulin folding factor D 1-5/1-8 

YPL241C CIN2 Tubulin folding factor C 1-5/1-8 

YMR138W CIN4 Tubulin folding 1-8 

YNL153C GIM3 Prefoldin complex subunit 1-5/1-8 

YEL003W GIM4 Prefoldin complex subunit 1-5/1-8 

YML094W GIM5 Prefoldin complex subunit 1-5 

YER007W PAC2 Tubulin folding factor E 1-5/1-8 

YGR078C PAC10 Prefoldin complex subunit 1-5/1-8 

YDR183W PLP1 CCT interactor 1-8 

YLR200W YKE2 Prefoldin complex subunit 1-5/1-8 

    

Dynein/Dynactin    

YHR129C ARP1 Dynactin complex 1-5/1-8 

YKR054C DYN1 Dynein heavy chain 1-5/1-8 

YDR424C DYN2 Dynein light chain 1-5/1-8 

YMR299C DYN3 Dynein light intermediate chain 1-5/1-8 

YMR294W JNM1 Dynactin complex/p50 dynamitin 1-5/1-8 

YPL174C NIP100 Dynactin complex/p150glued 1-5/1-8 

YDR150W NUM1 Mediates dynein-cortex interaction 1-8 

YOR269W PAC1 Nuclear migration/targets dynein 1-5/1-8 

YDR488C PAC11 Dynein intermediate chain 1-5/1-8 

    

Microtubule and 

Spindle Function 

   

YOR058C ASE1 Spindle midzone establishment 1-5/1-8 

YER016W BIM1 Microtubule associated protein 1-5/1-8 

YMR198W CIK1 Kar3 binding partner 1-8 

YPR141C KAR3 Kinesin 1-8 

YPL269W KAR9 Spindle positioning 1-5/1-8 

YGL216W KIP3 Kinesin, spindle positioning 1-5/1-8 

YML124C TUB3 Alpha-tubulin subunit 1-5/1-8 

YPL253C VIK1 Kar3 binding partner 1-5/1-8 
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Table 3.1 (continued) 

 

Open Reading 

Frame 

Gene 

Name 

Function stu1-5 

stu1-8 
    

Spindle-Assembly 

Checkpoint Activity 

   

YGR188C BUB1 Kinase, Checkpoint complex 1-5 

YOR026W BUB3 Kinetochore Protein in metaphase 1-5/1-8 

YGL086W MAD1 Checkpoint complex 1-5/1-8 

YJL030W MAD2 Checkpoint complex 1-5/1-8 

YJL013C MAD3 Checkpoint complex 1-5/1-8 

    

Kinetochore 

Structure 

   

YDR254W CHL4 Outer kinetochore 1-5/1-8 

YLR381W CTF3 Outer kinetochore 1-5/1-8 

YPL018W CTF19 COMA complex 1-5/1-8 

YBR107C IML3 Outer kinetochore 1-5 

YPR046W MCM16 Inner kinetochore 1-8 

YDR318W MCM21 COMA complex 1-5/1-8 

YJR135C MCM22 Inner kinetochore 1-5/1-8 

    

Chromosome 

Cohesion 

   

YPL008W CHL1 DNA helicase 1-5/1-8 

YPR135W CTF4 Binds DNA pol! 1-8 

YHR191C CTF8 Binds Replication Factor C 1-5/1-8 

YMR078C CTF18 Binds Replication Factor C 1-5/1-8 

YMR048W CSM3 DNA repair 1-8 

YCL016C DCC1 Binds Replication Factor C/telomere 1-5/1-8 

    

Nuclear Transport    

YBR194W AIM4 Nuclear pore complex 1-5 

YIL040W APQ12 mRNA nucleocytoplasmic transport 1-5/1-8 

YJR074W MOG1 Stimulates Ran GSP1 GTP release 1-5 

YDR432W NPL3 mRNA nucleocytoplasmic transport 1-5 

YBL079W NUP170 Nuclear pore complex 1-5 

YML103C NUP188 Nuclear pore complex 1-5/1-8 

YDR159W SAC3 mRNA nucleocytoplasmic transport 1-5/1-8 

YNL253W TEX1 mRNA nucleocytoplasmic transport 1-5 
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Table 3.1 (Continued) 

 

Open Reading 

Frame 

Gene 

Name 

Function stu1-5 

stu1-8 

    

Regulation 

Pathways 

   

YER167W BCK2 Involved in Protein kinase C signaling 1-5 

YNL298W CLA4 Kinase, involved in cytokinesis 1-5/1-8 

YLR210W CLB4 Cyclin G2/M transition, activates 

CDC28 

1-5/1-8 

YPL256C CLN2 Cyclin G1/S transition 1-8 

YNL307C MCK1 Homology to GSK-3 kinase 1-8 

YPL152W RRD2 Activator of Phosphatase 2A 1-8 

YOR014W RTS1 Phosphatase 2A subunit 1-5/1-8 

    

Miscellaneous    

YER177W BMH1 14-3-3, Pull down Stu1 in screen1
 1-8 

YCR047C BUD23 Bud site selection 1-5 

YGL173C KEM1 Exonuclease, known Stu1 SL 

interactor  

1-5 

YLL049W LDB18 Low Dye Binding, unknown function 1-5/1-8 

YBR095C RXT2 Cellular fusion, SL with Bim1 1-5 

    

 

1- Ho et al., 2002 
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As this was a high-throughput genomic screen, I verified the SGA  

results of select candidates using manual tetrad dissection over a range of 

temperatures (Figure 3.1).   Loss of genes involved in cell cycle transitions 

(CLA4, CLB4) and nuclear pore composition (NUP170, NUP188) did not result 

in slow growth or death with stu1-5 at any temperature tested.  Most double-

mutants tested were dead at 33°, slightly higher than the temperature tested in 

the initial screen.  Two genes that demonstrated the strongest phenotype were 

BUB3 and CTF18, whose double-mutant strains were dead at 26°.  The ORF 

which scored as having the highest probability of a genetic interaction, as 

determined by t-test analysis by the Boone lab, was LDB18, a gene with no 

known function.  When tested individually, ldb18! was synthetic-sick with stu1-

5 at 26° and 30°, and synthetic-lethal at 33° (Figure 3.2).  

For comparison, an additional SGA analysis was conducted using stu1-

8 at 30° and 35°.  This screen at 30° yielded 134 hits, while 202 genes were 

identified at 35°.  When compared to results from stu1-5, 94 of the genes 

overlapped between the two independent screens and belonged mostly to the 

groups enriched and identified above.    

 

DISCUSSION 

Synthetic Genetic Array with Temperature-Sensitive stu1 Alleles 

Genes involved in various cellular processes have a genetic interaction 

with stu1 temperature-sensitive alleles (stu1ts).  Genes previously isolated in 

an earlier nonsystematic synthetic-lethal analysis with stu1-5 (PAC10, GIM3, 

and KEM1) (Brew and Huffaker, 2002) emerged in this SGA, demonstrating 

the effectiveness of identification of stu1-5 synthetic-lethal interactions.  A 

higher number of genes was found through the stu1-8 screen, most likely a  
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Genotype 26° 30° 33° 35° 37° 

      

STU1      

stu1-5      

      

stu1-5,ase1!      

stu1-5, bck2!      

stu1-5, bub3!      

stu1-5, cla4!      

stu1-5, clb4!      

stu1-5, ctf3!      

stu1-5, ctf8!      

stu1-5, ctf18!      

stu1-5, ctf19!      

stu1-5, iml3!      

stu1-5, kip3!      

stu1-5, ldb18!      

stu1-5, mad1!      

stu1-5, mad2!      

stu1-5, mad3!      

stu1-5, mcm21!      

stu1-5, mcm22!      

stu1-5, mog1!      

stu1-5, nup170!      

stu1-5, nup188!      

stu1-5, rts1!      

stu1-5, vik1!      

 

 

 Normal growth 

 Slow growth (Synthetic-sick) 
 No growth (Synthetic-lethal) 
 

 

Figure 3.1 Manual Dissection of stu1-5 SGA candidates.  Individual double 

mutant spores isolated by tetrad dissection were incubated at a range of 

temperatures to verify SGA results.   
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Figure 3.2 Ldb18 demonstrates a genetic relationship with Stu1. Shown 

are spores from a single tetrad on YPD.  Genotypes of individual spores are 

indicated.  Loss of Ldb18, a gene with a previously unknown function, is 
synthetic-sick with stu1-5 at 30°, and synthetic-lethal at 33°.  Single mutant 

spores do not have growth defects at the indicated temperatures.   
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result of the screen being conducted at higher temperatures compared to stu1-

5.  Already at the permissive temperature of 26°, the Stu1 protein levels in a 

stu1-5 strain are reduced 3-fold compared to wild type.  As the temperature 

increases to 33°, Stu1 protein is reduced 5-fold, although the strain is still 

viable (Brew and Huffaker, 2002).  Spindle length likewise is shorter at 26° 

compared to wild type and progressively worsens as the temperature 

increases (Yin, 2001).  It is possible that stu1-8 similarly affects protein levels 

and spindle length, and this compromised function of the single mutant at 

higher semi-permissive temperatures makes it easier to identify double 

mutants that affect viability.   

In comparing the two screens directly, a high degree of overlap exists, 

especially among genes identified with a high degree of confidence or in 

groups likely to be involved with microtubules or in microtubule-dependent 

processes.  These genes likely have true genetic interactions with stu1ts.  The 

overlap may be due to both stu1-5 and stu1-8 containing mutations in the 

amino terminus of the protein.  It would be interesting to compare SGA results 

from an allele with mutations in a different region of the protein.   

 Not all of the candidate genes individually tested by tetrad dissection 

were verified.  With the amount of data generated from this and many other 

genomic screens, the need to have methods to identify relevant results is 

becoming apparent.  Recently, labs have been combining data from multiple 

screens relating to a query gene to find interactions that are likely to be 

informative and correct.  For example, synthetic-lethal screens are integrated 

with reciprocal synthetic-lethal screens, protein level studies, transcriptional 

analysis, phenotypic screens, large-scale mass spectrometry, and yeast two-
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hybrid analysis to statistically determine functional groups (Schoner et al., 

2008; Leidel et al., 2009). 

  

Analysis of Individual Functional Groups from SGA 

Many of the genes identified as having a high probability of interaction 

with stu1ts can be grouped in specific cellular processes.  One group includes 

genes involved in formation of stable tubulin heterodimers (reviewed in 

(Lopez-Fanarraga et al., 2001).  Nascent !- and "-tubulin polypeptides first 

encounter proteins in the Prefoldin/GimC complex, which serves to escort the 

polypeptide to the chaperonin containing TCP-1 (CCT).  Subsequently, 

additional cofactors bind each individual tubulin subunit (Cofactors A and D 

bind "-tubulin; Cofactors B and E bind !-tubulin) resulting in heterodimer 

formation following GTP hydrolysis of "-tubulin (Tian et al., 1996; Tian et al., 

1999).  Genes involved at each of these steps were identified in the SGA.  

Abnormalities in tubulin folding are believed to alter cellular tubulin 

concentrations, which in turn affect microtubule polymerization rates (Hoyt et 

al., 1990).  Altered dynamics could adversely affect microtubule-dependent 

processes when combined with the effects of stu1-5.  Tubulin-folding genes in 

yeast were largely first identified through screens looking at chromosome loss 

or microtubule drug sensitivity (Hoyt et al., 1990; Hoyt et al., 1997).  The CCT 

is also the chaperone for actin and other proteins, particularly those involved in 

cell cycle progression (Cdc20, Polo kinase, Cdh1, cyclins) (reviewed in 

Brackley and Grantham, 2009).  This could lead to lethality with stu1-5 through 

a secondary mechanism.   

 Genes involved in nuclear migration were identified in this screen, 

particularly many of the dynein and dynactin components.  In the last chapter, 
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I discussed a role for Stu1 in providing an outward force on spindle pole body 

(SPB) separation in early spindle formation and possibly in anaphase.  

Dynein/dynactin exerts force on astral microtubules at the cell cortex to pull the 

daughter-bound SPB through the mother-bud neck.  Assuming the mother-

bound SPB is somehow tethered in the mother cell, dynein/dynactin activity 

could also provide a SPB-separating activity.  Previous evidence indicates that 

dynein plays a role in SPB separation.  First, deletions of a number of genes 

encoding dynein/dynactin proteins (dyn!, jnm1!, and nip100!) are synthetic 

lethal with loss of Cin8, a kinesin-5 protein that is also required for SPB 

separation (Geiser et al., 1997; Tong et al., 2001).  In addition, anaphase SPB 

separation depends on both Cin8 and Dyn1 (Saunders et al., 1995).  Thus, the 

synthetic lethality between stu1-5 and loss of dynein activity is possibly due to 

their overlapping roles in SPB separation. 

 It is not surprising to identify genes involved in microtubule function.  

These motor and non-motor proteins act both on microtubule dynamics and 

organization.  These genes likely genetically interact with Stu1 because they 

are in similar pathways with redundant function or within a singular pathway.

 In the preceding chapter, I identified a critical role for Stu1 at the 

kinetochore.  While microtubule attachment is mediated by the outer 

kinetochore components, proteins located throughout the kinetochore structure 

were identified in the SGA.  Similar to kinetochore mutants, cells without 

CLASP in mammalian cells exhibit lagging chromosomes that are unable to 

congress at the metaphase plate (Maiato et al., 2003), hence these proteins 

could be involved in an overlapping function that contributes to a synthetic-

lethal phenotype.  It is not clear if Stu1 is involved in attachment, although if it 

is, it is likely minor.  The spindle assembly checkpoint proteins also localize to 
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the kinetochore.  Stu1 interacts with the checkpoint proteins Mad1 and Mad3 

in yeast two-hybrid analysis (Hwang, 2005), but a role for Stu1 in the spindle 

assembly checkpoint has not come to light.   

 Sister chromatids are tethered together by the cohesin protein complex 

until the onset of anaphase when proteases are activated to degrade cohesin 

to allow chromosome segregation.  While a number of essential genes prevent 

premature chromatid separation, a number of non-essential genes also 

contribute to cohesion.  Many of these genes were originally identified in 

screens scoring for chromosome loss (Spencer et al., 1990), and can 

genetically be grouped in one of two seemingly parallel pathways: one 

involving Ctf8, Ctf18, Mrc1, and Dcc1 and another involving Csm1, Tof1, Ctf4, 

and Chl1 (Mayer et al., 2001; Mayer et al., 2004; Xu et al., 2007).  These 

genes contribute to cohesin function, yet are primarily involved in DNA 

replication, DNA repair, and telomere maintenance.  Many of these non-

essential genes were identified in the Stu1 SGA, with Ctf18 showing a tight 

synthetic-lethal phenotype at 26° when individually tested.  Reduction of 

cohesion results in less tension across the kinetochore microtubule, which 

may trigger a cell cycle arrest when in combination with stu1-5.   

One group to emerge from the screen includes components of the 

nuclear pore complex (NPC).  Yeast undergo a closed mitosis where the 

nuclear envelope does not break down as it does in higher eukaryotes.  

Recent studies suggest a connection between the nuclear pore and 

kinetochore proteins.  Mutations in Nup170 lead to chromosome segregation 

defects and possible defects in kinetochore structure, yet Nup170 itself is not a 

kinetochore protein  (Kerscher et al., 2001).  Nup170 specifically binds 

checkpoint proteins Mad1 and Mad2 throughout the cell cycle, with a small 



 78 

subset redistributing to kinetochores until the checkpoint is satisfied (Iouk et 

al., 2002).  Not only are kinetochore proteins found at the NPC, but in human 

cells, subcomplexes of the NPC can be found at kinetochore shortly after 

nuclear envelope breakdown (Belgareh et al., 2001).  S. pombe also has 

nuclear envelope genes that when deleted or mutated lead to chromosome or 

even microtubule defects (Pardo and Nurse, 2005; Tange et al., 2002).  While 

the connection to kinetochores is intriguing, the genetic interactions with 

Nup170 and Nup188, another NPC protein, were not verified when individually 

tested with stu1-5.  Proteins involved in mRNA transport across the membrane 

were identified in the SGA.  Apq12, a mRNA transport protein, was identified in 

SGA screens with temperature-sensitive alleles of outer kinetochore proteins 

and found to cause a delay in anaphase, premature entry into the next cell 

cycle, and resistance to benomyl (Montpetit et al., 2005).  The transport 

protein Sac3 was identified in a screen looking for suppressors of cold-

sensitive actin alleles, and SGA analysis using Sac1 as a query gene 

identified several inner kinetochore proteins (Novick et al., 1989; Measday et 

al., 2005).  It is possible these genetic interactions are indirect, as defects in 

translocation of mRNA and protein through the nuclear envelope affect cell 

cycle and checkpoint proteins known to make such translocations. 

 Stu1 localization transitions from the kinetochore in metaphase to the 

spindle midzone in anaphase.  This movement is likely highly regulated to 

correspond with cell cycle progression cues.  CLASP localization itself is 

influenced by GSK3! and Rac1 in the leading edge of migrating cells 

(Wittmann and Waterman-Storer, 2005; Watanabe et al., 2009).  I identified 

various signaling proteins in the SGA, including a homolog of the GSK3 

kinase, which may regulate Stu1 localization or activity.  Rts1 is a regulatory 
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subunit of the protein phosphatase 2A (PP2A).   Rts1-PP2A has a role in the 

spindle position checkpoint by regulating the localization of the kinase Kin4, 

which in turn influences mitotic exit (Chan and Amon, 2009).  Loss of Rts1 

affects the mitotic exit checkpoint, and this in combination with diminished 

spindles in stu1 temperature-sensitive alleles could lead to diminished cell 

growth.  Additional candidates identified in the SGA were Clb4, a B-type cyclin 

involved at the G2/M transition and in the asymmetric SPB localization of Kar9 

(Grava et al., 2006), and Cla4, a kinase involved in cytokinesis.  Neither of 

these genes could be confirmed to be synthetic-lethal with stu1-5.  Bck2 is an 

activator of cell cycle dependent genes (Ferrezuelo et al., 2009), but the 

double mutant only manifested a synthetic-sick phenotype at higher 

temperatures.   

Both screens yielded unidentified ORFs, some of which are designated 

as dubious because they are unlikely to produce functional protein (data not 

shown).  Many of these dubious ORFs can be explained by the fact that they 

overlap with genes from the opposite strand that were also hit in the screen.  

One ORF with unknown function, Ldb18, was found in both screens and 

verified by manual tetrad dissection.  Further investigation of this gene is 

explored in the subsequent chapter.   
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CHAPTER FOUR 

 

Ldb18, the S. cerevisiae Homolog of p24, Is Essential for 

Maintaining the Association of p150Glued  

With the Dynactin Complex 

 

INTRODUCTION 

The relatively uncharacterized gene Ldb18 was found through SGA 

analysis to be synthetic lethal with both stu1-5 and stu1-8.  Ldb18 was 

originally identified in a screen for mutants with defective oligosaccharide 

modifications on cell wall proteins.  The cationic dye alcian blue, which binds 

negative charges on the cell wall primarily from the mannosyl phosphate 

groups found on oligosaccharides, was used to screen the non-essential gene 

deletion collection.  Any disruptions in the oligosaccharide modification 

process result in a low dye binding, or Ldb, phenotype (Corbacho et al., 2005).  

Additionally, ldb18! had previously been shown to be synthetic lethal with a 

variety of genes involved in spindle elongation, nuclear migration, and tubulin 

folding (Tong et al., 2001; Ye et al., 2005).  Based on the genetic data, I 

further investigated whether Ldb18 has a role in microtubule or spindle 

function.   

 

MATERIALS AND METHODS 

Yeast strains and sequence analysis: The yeast strains and plasmids used 

in this study are listed in Table 4.1 and Table 4.2.  Yeast strains were grown in 

standard media (Sherman, 1991).  Gene deletion strains were obtained from 

the Genomic Deletion Collection (Winzeler et al., 1999).   
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Table 4.1 Yeast Strains  

 

 

Strain Genotype 

AHY191 MATa, ura3!0, leu2!0, his3!1, met15!0 uba4!::KanMX 

Ldb18-13Myc::HIS5 

BY4741 MATa, ura3!0, leu2!0, his3!1, met15!0 

 

CUY26 MAT", his3!200, leu2-3,112, ura3-52 

 

CUY1816 MATa, ura3!0, leu2!0, his3!1, met15!0, ldb18!::KanMX 

 

CUY1823 MATa, ura3!0, leu2!0, his3!1, met15!0, dyn1!::KanMX 

 

CUY1928 MATa, ura3!0, leu2!0, his3!1, met15!0, GFP-TUB1::LEU2 

 

CUY1929 MATa, ura3!0, leu2!0, his3!1, met15!0, ldb18!::KanMX, 

GFP-TUB1::LEU2 

CUY1930 MATa, ura3!0, leu2!0, his3!1, met15!0, dyn1!::KanMX, GFP-

TUB1::LEU2 

CUY1931 MAT", his3!1, leu2!0, ura3!0, met15!0, lys1!, can1!::STRpr-

SPHIS5, Ldb18-3GFP::URA3, Spc42-mRFP:KanMX 

CUY1932 MAT", his3!200, leu2-3,112, ura3-52, LDB18-13Myc::HIS5 

 

CUY1933 MAT", his3!200, leu2!, ura3-52 ade2!, LDB18-13Myc::HIS5, 

NIP100-3HA::KanMX 

CUY1934 MAT", his3!200, leu2!, ura3-52, ade2!, ade3!, lys2-801, 

LDB18-13Myc::HIS5, ARP10-3HA::KanMX 

CUY1935 MATa, ura3, leu2, his3, ade2!, ade3!, JNM1-3HA::KanMX, 

ARP1-13Myc::KanMX, ldb18!::HIS5 

CUY1935 MATa, ura3, leu2, his3, ade2!, lys2-801, met15!0, JNM1-

3HA::KanMX, ARP1-13Myc::KanMX 
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Table 4.1 (Continued) 

 

 

 

 

 

 

 

 

 

 

 

Strain Genotype 

CUY1936 MATa, ura3, leu2, his3, ade2!, met15!0, JNM1-3HA::KanMX, 

NIP100-13Myc::KanMX, ldb18!::HIS5 

CUY1994 MATa, ura3!0, leu2!0, his3!1, met15!0 urm1!::KanMX 

 

CUY1995 MATa, ura3!0, leu2!0, his3!1, met15!0 uba4!::KanMX 

 

CUY2005 MATa, ura3!0, leu2!0, his3!1, met15!0 elp2!::KanMX 
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Table 4.2 Plasmids 

 

 

 

 

 

 

 

 

 

 

 

 

Plasmid Markers 

pAH34 ampR, 2µ, TRP1 PADH-Gal4BD-Ldb18 

pAH35 ampR, 2µ, LEU2 PADH-Gal4AD-Ldb18 

pAH44 ampR, HIS3, Ldb18 (C-term)-13Myc 

pAH49 KanR, GST-Ldb18 

pAH50 ampR, 2µ, LEU2 PADH-GAL4AD-Nip100 

pAH51 ampR, 2µ, LEU2 PADH-GAL4AD-Nip100 400-600 

pALM79 ampR, URA3, Ldb18(C-term)-3GFP 

MR4187 ampR, 2µ, LEU2 PADH-GAL4AD-Arp1 

MR4212 ampR, 2µ, LEU2 PADH-GAL4AD-Jnm1 

MR5393 ampR, 2µ, LEU2 PADH-GAL4AD-Arp10 
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 Epitope-tagging of Ldb18 was accomplished by integrating plasmids 

pAH44 and pALM79 into wild-type strains; pAH44 and pALM79 contain a C-

terminal segment of Ldb18 fused to 13Myc and 3GFP, respectively.  Epitope-

tagged versions of Ldb18 were deemed functional because they did not 

increase the percentage of binucleate cells and were not synthetic lethal with 

kar9!.  Strains containing epitope-tagged versions of Nip100, Jnm1, and 

Arp100 (MY8895, MY8896, MY8912, MY8913, MY8938) were provided by 

Mark Rose (Princeton, NJ).  A strain expressing mCherry-Tub1 (Khmelinskii et 

al., 2007) was provided by Elmar Schiebel (Universität Heidelberg, Germany).   

The AlignX module of VectorNTI suite (Invitrogen, Carlsbad, CA) was 

used to align sequences Ldb18 and human dynactin 3 (NP_009165) using the 

Clustal W algorithm.  To determine the statistical significance of the observed 

prevent identity between p24 and Ldb18, we performed a permutation test by 

randomly shuffling the p24 sequence 10,000 times and determining the 

identity between each of the shuffled p24 sequences and Ldb18.  The (one-

tailed) P-value was calculated as the number of shuffled sequences with 

percent identity equal to or greater than the observed percent identity, divided 

by the number of permutations done.  Secondary structures were predicted 

using PHD (Rost and Sander, 1993).  Coiled-coil domains were predicted 

using the MTIDK matrix and 2.5 fold weighing function of the COILS algorithm 

(Lupas et al., 1991). 

 

Two-hybrid assays: Two hybrid assays were performed as described 

previously (Wolyniak et al., 2006) and in chapter two.  Vectors containing 

Jnm1 (MR4212), Arp1 (MR4187), and Arp10 (MR5393) fused the Gal4 

activation-domain were a gift from Mark Rose (Princeton, NJ).  pAH34 (Gal4-
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BD LDB18), pAH35 (Gal4-AD LDB18), pAH50 (Gal4AD-NIP100) and pAH51 

(Gal4AD-NIP100 (400-600)) were constructed in this study by cloning 

fragments into pASII and pACTII vectors with NcoI and BamHI.  Vectors are 

summarized in Table 4.2.   

 

Coimmunoprecipitation:  Coimmunoprecipitation experiments were 

performed as described previously (Wolyniak et al., 2006).  Yeast cultures 

were harvested at an OD of 0.8, washed with water and resuspended in 

breakage buffer (30 mM NaPO4 pH 7.0, 60 mM !-glycerophosphate, 150 mM 

KCl, 6 mM EGTA, 6 mM EDTA, 10% glycerol) supplemented with 1 mM 

PMSF, 10 µg/ml leupeptin, and 10 µg/ml pepstatin.  Cells were frozen in liquid 

nitrogen, ground using a mortar and pestle, and centrifuged twice for 15 

minutes at 4° at 14,000 RPM.  1 mg total protein was adjusted to a final salt 

concentration of 50 mM with NaCl in a final volume of 500 µl SPGT (50 mM 

NaCl, PBS (4.3 mM Na2HPO4, 1.4 mM KH2PO4), 10% glycerol, 0.1% Tween-

20) and incubated with 1 µl of an antibody against either Myc (9E10; 1:1000 

for western; Covance, Emeryville, CA), HA (16B12; 1:500 for western; 

Covance, Emeryville, CA), Jnm1 (1:1000 for western; pre-cleared with 100 µg 

of jnm1! lysate; Gift from Kelly Tatchell, Louisiana State University, LA), or 

Arp1 (1:1000 for western; pre-cleared with 100 µg of arp1! lysate; Gift from 

Mark Rose, Princeton, NJ) for three hours at 4°.  40 µl of a 50% slurry of 

Protein G beads (Roche, Nutley, NJ) were added and incubated for 1.5 hours.  

Beads were washed three times in 1 ml SPGT for 5 minutes each.  After final 

wash, beads were resuspended in 25 µl 2X SDS loading buffer, boiled for 3 

minutes, then eluted through a blank mini spin column (Biorad, Hercules, CA) 

and 25 µl run on 10% SDS-gel followed by wet transfer to nitrocellulose 



 86 

membrane.  Goat anti-mouse IgG light chain (1:12,500; Jackson 

ImmunoResearch, West Grove, PA) or goat anti-rabbit (1:5,000; Biorad, 

Hercules, CA) was used as a secondary antibody.  SuperSignal ECL (Thermo 

Scientific, Rockford, IL) was used for detection on film.   

 

Sucrose gradient sedimentation: Cell lysates were prepared as described 

for coimmunoprecipitation.  (500µl of 5 mg/ml) was sedimented on a 10 ml 5-

20% sucrose gradient prepared in breakage buffer.  The gradient was 

centrifuged in a SW41 rotor at 34,000 RPM for 17 hours at 4° with no brake as 

described previously (Clark and Rose, 2006).  Fractions (1 ml) were collected 

and TCA precipitated (Schuyler and Pellman, 2002) before SDS-PAGE and 

immunoblotting.  Yeast alcohol dehydrogenase (7.4S) and thyroglobulin 

(19.6S) were run as standards (Sigma, St. Louis, MO).   

 

Protein Purification: pAH49, containing GST-Ldb18, was transformed into 

BL21 E. coli.  Cultures grown in LB+Kanamycin (100 µg/ml final) were induced 

with IPTG (1 mM final) at OD of 0.1 at 30° for 4 hours.  Uninduced and 

induced samples run on SDS-PAGE were stained with coomassie blue or 

immunoblotted with GST antibody.  

 

Protein Modification.  To test if Ldb18 modifications vary throughout the cell 

cycle, AHY1932 was arrested either in !-factor (12.5 µM final) (Zymo 

Research, Orange, CA), hydroxyurea (100 mM final), nocadozole (25 µg/ml 

final) for three hours.  To see if any bands were due to phosphorylation, 40 µg 

of cell extract was diluted in phosphatase buffer (50 mM Tris pH 7.5, 5 mM 

DTT, 0.1 nM EGTA, 2 mM MnCl2) and incubated 20 min at 30° with " 
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phosphatase (gift from Goldberg lab) and then immunoblotted after SDS-

PAGE. 

 

Microscopy:  DAPI staining of cells was carried out as described previously 

(Sheeman et al., 2003).  Cells were grown to mid-log phase and diluted back 

1:10 and shifted to 12° for 24 hours.  1 ml of culture was washed twice with 

PBS (4.3 mM Na2HPO4, 1.4 mM KH2PO4) and fixed in 3.6% final 

formaldehyde for 30 minutes at room temperature.  The fixed cells were 

washed twice with PBS, then incubated with 1 µg/ml DAPI 30 minutes in the 

dark.  Cells were washed twice with PBS prior to imaging on a Zeiss Axioplan 

2 Imaging microscope (Thornwood, NY) using Openlab software (Improvision, 

Lexington, MA) with 2x2 binning.  Live cells expressing GFP and mCherry 

constructs were imaged on a spinning disk confocal imaging system 

(UltraVIEW, Perkin-Elmer, Wellesley, MA) with 2x2 binning.  Exposure times 

were three seconds for GFP, and two seconds for mCherry.   

 

RESULTS 

Ldb18 is In the Dynein Pathway for Spindle Orientation 

In initial tests to discern Ldb18 function, I found that ldb18! does not 

confer resistance or sensitivity to the microtubule destabilizing drug benomyl.  

However, I did find that ldb18! demonstrates slight temperature sensitivity at 

low temperatures (Figure 4.1).  To investigate whether Ldb18 is involved in 

spindle function, I observed microtubules in live ldb18! cells expressing GFP-

Tub1.  While anaphase spindles in wild-type cells extend through the bud 

neck, elongated spindles in ldb18! cells are frequently observed entirely within 

the mother cell (Figure 4.2 A).  To quantify the spindle orientation defect, I  



 88 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Initial characterization of Ldb18.  (A) Loss of Ldb18 does not 
confer benomyl resistance or sensitivity.  WT and ldb18! cells (BY4741, 

CUY1816) were plated on YPD with indicated concentrations of benomyl in 

serial dilutions. (B) Deletion of Ldb18 results in slight temperature sensitivity at 
cold temperatures.  Wild type and ldb18! cells were plated on YPD plates in 

serial dilutions and incubated at indicated temperatures. WT, wild-type 
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Figure 4.2 Ldb18 plays a role in the dynein pathway of spindle 
orientation. (A) Wild type (CUY1928), ldb18! (CUY1929), and dyn1! 

(CUY1930) strains expressing GFP-Tub1.  Arrows designate cells with 
elongated spindles in the mother cell.  (B) Wild type (BY4741), ldb18! 

(CUY1816), and dyn1! (CUY1823) cells stained with DAPI.  Arrows designate 

binucleate mother cells.  (C) Quantification of binucleate mother cells by DAPI 

indicating spindle elongation within the mother cell.  >250 budded cells were 

counted. 
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stained cells with DAPI to visualize chromosomal DNA.  In wild-type cells, 

segregated chromosomes are always located in mother cell and bud, 

respectively. However, in ~20% of ldb18! cells, segregated chromosomes 

reside entirely within the mother cell (Figure 4.2 B,C).  This number increases 

to over 60% when cells are grown at 12°.  This phenotype, and its increased 

penetrance at low temperatures, is typical of mutations that disrupt dynein 

function (Figure 4.2 A-C) or other components of the dynein-mediated spindle 

orientation pathway (Eshel et al., 1993; Kahana et al., 1998; McMillan and 

Tatchell, 1994; Muhua et al., 1994).   

Because the Kar9 and dynein pathways are redundant for cell viability, 

mutations in the dynein pathway will be lethal in combination with mutations in 

the Kar9 pathway, but not with other mutations in the dynein pathway.  To test 

whether Ldb18 acts in the dynein pathway, ldb18! was crossed to a number 

of Kar9 and dynein pathway mutations.  ldb18! is synthetic lethal with all 

tested deletions of Kar9 pathway genes (BIM1, BNI1, KAR9, KIP3), but not 

with any tested deletions of dynein pathway genes (ARP1, BIK1, DYN1, 

JNM1, NIP100, NUM1, PAC11) (Table 4.3) as determined by spore size of 

double mutants following tetrad dissection.  Thus, both phenotypic and genetic 

evidence place Ldb18 in the dynein pathway.  Analysis by others using 

available genomic synthetic-lethal and two-hybrid data also suggests a role for 

Ldb18 in the dynein pathway (Ye et al., 2005; Kelley and Ideker, 2005).   

 

Ldb18 is the p24 Homolog in the Yeast Dynactin Complex 

Available genome-wide two-hybrid data identified Jnm1 as a protein 

that interacts with Ldb18 (Ye et al., 2005; Ito et al., 2001).  Jnm1 is a 

component of the yeast dynactin complex, a homolog of the mammalian  
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Table 4.3 Synthetic lethal interactions place Ldb18 in the dynein 

pathway. 

Genetically, Ldb18 is involved in the dynein pathway of spindle orientation 

since spores containing deletions of Ldb18 and components of the dynein 

pathway are viable, while spores containing deletions of both Ldb18 and Kar9 

pathway proteins are dead.  - , inviable; -/+ , weak growth; + , viable 

 

 

 

 

Genotype Viability 

  

Kar 9 Pathway  

ldb18!bni1! -/+ 

ldb18!kip3! -/+ 

ldb18!kar9! -/+ 

ldb18!bim1! - 

  

Dyn1 Pathway  

ldb18!bik1! + 

ldb18!dyn1! + 

ldb18!pac11! + 

ldb18!num1! + 

ldb18!jnm1! + 

ldb18!arp1! + 

ldb18!nip100! + 
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dynamitin protein, and its loss produces a phenotype similar to what is 

observed for ldb18! (McMillan and Tatchell, 1994).  To test if Ldb18 is 

associated with dynactin, the dynactin proteins Nip100, Jnm1, Arp1, and 

Arp10 were tested for their interaction with Ldb18.  In the yeast two-hybrid 

assay, Ldb18 interacts strongly with Jnm1 and Nip100, and weakly with Arp1 

and Arp10 (Table 4.4). The Ldb18-binding region of Nip100 was narrowed 

down to residues 400-600 that lie between its two coiled-coil domains.  Ldb18 

also interacts with itself, suggesting that it may dimerize.  These results 

indicate that Ldb18 is a component of the dynactin complex that interacts 

directly with the shoulder-sidearm components Jnm1 and Nip100. 

Interactions between Ldb18 and dynactin components were also 

assessed by co-immunoprecipitation assays.  Immunoprecipitation of Myc 

epitope-tagged Ldb18 pulls down HA epitope-tagged Nip100, Jmn1, Arp1, and 

Arp10 (Figure 4.3 B).  Similarly, immunoprecipitations of Nip100, Jnm1, and 

Arp1 also pull down Ldb18 (data not shown).  Additionally, Ldb18 migrates 

with dynactin proteins during sucrose gradient sedimentation as a ~ 20 S 

complex (Figure 4.3 C).  While the intact complex runs farther into the gradient 

(fraction 7 and 8), it is possible that distinct sub-complexes can form and 

migrate to differing degrees.  It is known that the shoulder-sidearm complex 

(p24-p50-p150glued) can be isolated biochemically.  This group may be 

represented by fractions 5 and 6.  Jnm1 and Ldb18 may also exist as 

monomers or dimers, which may explain why these proteins exist as a smear 

throughout the gradient.  In contrast, Arp1 forms short filaments, which would 

migrate farther into the gradient.  Immunoblots of Ldb18 detect three major 

bands; the lower two bands are near the predicted molecular weight for 

Ldb18-13Myc, while the upper band is approximately 10-13 kDa higher.   
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Table 4.4 Yeast two-hybrid interactions with Ldb18 

Yeast two-hybrid was performed using Ldb18 fused to the binding domain of 

Gal4 with various dynactin proteins fused to the activation domain of Gal4.  
Interaction was determined by color change in a !-galactosidase filter assay.  

Strength of interaction  as determined by visual inspection is indicated. - , 

negative; +/- , weak interaction; ++ , good interaction; +++ , strong interaction 

 

 

 

 

 

 

 

 

Gal-4 Activation Domain Interaction 

  

Ldb18 ++ 

Jnm1 +++ 

Nip100 +++ 

Nip100 (AA 400-600) ++ 

Arp1 +/- 

Arp10 +/- 
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Figure 4.3 Ldb18 is a component of the dynactin complex.  (A) Diagram of 

the mammalian dynactin complex. Yeast homologs are indicated in 

parentheses. (B) Ldb18 can coimmunoprecipitate with all components of the 

dynactin complex.  Lysates from Ldb18-13Myc (CUY1932), Ldb18-13Myc 

Nip100-3HA (CUY1933), and Ldb18-13Myc Arp10-HA (CUY1934) strains 

were immunoprecipitated using a Myc antibody.  Strains lacking Ldb18-13Myc 

(CUY26, MY8912, and MY8895) were used as controls.  Immunoprecipitated 

proteins were run on SDS-PAGE and immunoblotted using Myc antibody and 

either a Jnm1, Arp1, or HA antibody.  (C) Lysate from an Ldb18-13Myc 

Nip100-3HA strain (CUY1933) was run over a 5-20% sucrose gradient.  

Fractions were run on SDS-PAGE and immunoblotted using Myc, HA, Jnm1 

and Arp1 antibodies. Arrows indicate migration of size standards: yeast 

alcohol dehydrogenase (7.4S) and thyroglobulin (19.6S). 
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Interestingly, only the upper band co-migrates with the dynactin complex on 

sucrose gradients, indicating that post-translational modification of Ldb18 may 

be needed for its incorporation into the dynactin complex.  The nature of this 

Ldb18 modification is discussed below. 

Yeast homologs have not been identified for several mammalian 

dynactin components, including the shoulder-sidearm protein p24 and the 

pointed-end proteins p25, p27, and p65.  BLAST searches with Ldb18 do not 

identify any metazoan proteins.  However, the size of Ldb18 (21 kD), and its 

interaction with the yeast homologs of dynamitin (Jnm1) and p150Glued 

(Nip100), suggest that Ldb18 may be the homolog of p24.  An alignment of the 

Ldb18 and human p24 sequences shows that they share 16% identity and 

29.8% similarity (Figure 4.4 A).  To demonstrate that this percent identity is 

significant and not due to chance alone, I collaborated with Tim Sackton to do  

a permutation analysis by randomizing the p24 sequence and calculating the 

percent identity between each permutated sequence with Ldb18 (n=10,000).  

Overall, the mean percent identity of the randomly permutated sequences with 

Ldb18 is lower than the actual identity (6.2% versus 16.9%) (p-value <0.0001, 

permutation test).  The maximum percent identity observed between Ldb18 

and the permutated p24 sequences was 14.6%, still lower than the actual 

value.  The percent identity and similarity between Ldb18 and p24 is 

comparable to the percentages between other known and accepted dynactin 

homolog pairs – Nip100-p150Glued (21.9% similar and 12.7% identical) Jnm1-

dynamitin (26.7% similar and 15.8% identical), Arp10-Arp11 (24% similar and 

12.2% identical).  In addition, the two proteins share similar predicted 

secondary structure.  Both p24 and Ldb18 are predicted to contain long 

stretches of alpha helical structure (Karki et al., 1998; Pfister et al., 1998).  By  



 96 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Ldb18 shares sequential and structural properties with 

mammalian p24, a component of the dynactin complex.  (A) Sequence 

alignment of yeast Ldb18 and human p24.  Similar residues are shaded in 

gray and identical residues are shaded in black.  (B) Ldb18 and p24 are both 

predicted to contain coiled-coil domains near the amino terminus using a 14 

residue window in the COILS algorithm. 
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contrast, the other two dynactin proteins of similar molecular weight, p25 and 

p27, are predicted to adopt a left-handed ! helix, a motif not commonly 

encountered (Parisi et al., 2004).  Sequence analysis using the COILS 

algorithm suggests that both p24 and Ldb18 contain coiled-coil domains near 

their amino termini and possibly at their carboxyl termini (Figure 4.4 B).  It is 

the amino termini of these proteins that share the most similarity.  Hence, 

based on sequence alignment, similar secondary structure, and strong 

interactions with Nip100 and Jnm1, Ldb18 is likely the yeast homolog of the 

dynactin component p24. 

Yeast dynactin localizes to the spindle pole bodies and to the distal 

ends of cytoplasmic microtubules (Grava et al., 2006; Kahana et al., 1998; 

McMillan and Tatchell, 1994). To determine the localization of Ldb18 in live 

cells, I fused three tandem copies of GFP to the carboxyl terminus of the 

protein.  Ldb18-3GFP was visualized in live cells also expressing either the 

spindle pole body marker Spc42-RFP, or mCherry-Tub1 (Figure 4.5 A-D).  

Ldb18 localizes to the spindle pole body, often on the daughter-bound pole.  

Asymmertric localization on the daughter-bound SPB has been reported for 

Dyn1, and to a lesser extent for Jnm1 (Grava et al., 2006).  Additional Ldb18 

foci can also be observed at the distal end of an astral microtubule.  Thus, 

Ldb18 localization is consistent with it being a component of the dynactin 

complex.   

 

Ldb18 is Required for Dynactin Integrity 

When the dynactin complex is disrupted, a subcomplex of p24, 

dynamitin, and p150Glued can be isolated (Eckley et al., 1999); however, the 

precise nature of the interactions among these shoulder-sidearm proteins is  
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Figure 4.5 Localization of Ldb18.  Z-series projections of cells (CUY1951) 

expressing Ldb18-3GFP (green) and mCherry-Tub1 (red) to visualize 

microtubules.  Ldb18 localizes near the daughter-bound SPB (A), and at the 

plus-ends of astral microtubules (B and C).  (D) Z-series projections of cells 

(CUY1931) expressing Ldb18-3GFP (green) and Spc42-RFP (red) to mark 

spindle pole bodies.  MT-microtubule; SPB, Spindle Pole Body 
 

MT Ldb18 Merge 

Ldb18 SPB Merge 
D 
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not known.  The phenotype of ldb18! cells suggests that Ldb18 is required for 

dynactin function.  To test whether Ldb18 is needed for the integrity of the 

dynactin complex, I measured the co-precipitation of Jnm1 with Nip100 and 

Arp1 in wild-type and ldb18! cells.  Loss of Ldb18 does not affect the 

interaction between Jnm1 and the Arp1 filament (Figure 4.6 A).  However, the 

interaction between Jnm1 and Nip100 is disrupted in the absence of Ldb18 

(Figure 4.6 B), indicating that p24 is important in mediating the p150Glued-

dynamitin interaction.  Similar results were obtained by measuring the co-

precipitation of Arp1 and Nip100 with Jnm1 (data not shown).  The amount of 

Jnm1 that is precipitated with Nip100 in the ldb18! strain is ~1/25 of the Jnm1 

precipitated in the wild-type strain (Figure 4.6 C).  Thus, loss of Ldb18 reduced 

the Jnm1-Nip100 interaction by ~95%.  This result is consistent with Ldb18 

being part of the shoulder-sidearm dynactin subcomplex.  Earlier studies 

demonstrated reduced Nip100 binding to the Arp1 filament in jnm1! cells 

(Kahana et al., 1998), indicating Jnm1 was responsible for sidearm 

attachment.  In ldb18! cells, Jnm1 still interacts with Arp1 and only Nip100 

dissociates from the complex.  Thus, Ldb18 is essential for dynactin function 

because it is required to tether the microtubule and the dynein-binding Nip100 

arm to the dynactin complex through its interaction with Jnm1. 

 

Post-Translational Modification of Ldb18 

 As described above, immunoblots of Ldb18-13Myc detect multiple 

bands, indicating possible post-translational modification.  A doublet is found 

near the predicted molecular weight of Ldb18-13Myc (41 kDa), but there is 

also a prominent band that migrates ~10-13 kDa slower (Figure 4.7 A).  The 

higher migrating band can also be identified in immunoblots for Ldb18-3GFP  
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Figure 4.6  Ldb18 is involved in shoulder-sidearm interactions.  LDB18 
and ldb18! strains expressing Jnm1-3HA and Nip100-13Myc or Arp1-13Myc 

wre constructed (CUY1935, CUY1936, CUY1937, CUY1938).  Lysates were 

immunoprecipitated using a Myc antibody.  Samples were separated by SDS-

PAGE and blotted using Myc and HA antibodies.  Loss of LDb18 does not 

affect the interaction of Jnm1 with Arp1 (A), but disrupts its interaction with 

Nip100 (B).  (C) Extended exposure of the Nip100-Myc immunoprecipitation 

shown in the bottom right panel of (B) with serial dilutions of the Nip100-Myc 

immunoprecipitation from the LDB18 strain.  *, IgG heavy chain; WCE, Whole 

Cell Extracts; IP, immunoprecipitation 
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Figure 4.7 Ldb18 is post-translationally modified.  Extracts from untagged 

Ldb18, Ldb18-13Myc, and Ldb18-3GFP (CUY26, CUY1932, CUY1813) 

blotted with antibodies against Myc (A) or GFP (B).  The predicted molecular 

weight for Ldb18-13Myc is 41 kDa, while Ldb18-3GFP is 103 kDa.  Ldb18-

3GFP co-migrates in a background band detected by the GFP antibody, but a 

higher molecular weight species is detected ~13 kDa higher.  Molecular size 

markers on blots are indicated.  Asterisks denote background band.  (C) 
Ldb18-13Myc extracts arrested in !-factor (!), hydroxyurea (HU), and 

nocadozole (NOC) and blotted with a Myc antibody.  Extract from 

asynchronous cultures (A) was included for comparison (D) Ldb18-13Myc 
extract treated with " phosphatase for 20 min and blotted with a Myc antibody 

does not differ from untreated extract.  Immunoblots of treated and untreated 

wild-type extracts (CUY26) with antibodies against Bik1 demonstrate the 

effectiveness of the phosphatase. 



 102 

(predicted weight 103 kDa) (Figure 4.7 B).  To determine if Ldb18 has intrinsic 

properties that cause the protein to migrate differently than predicted in SDS-

PAGE, I cloned Ldb18 into an E. coli GST-expression vector.  As post-

translational modifications in bacterial systems are limited (Eichler and Adams, 

2005), I expected to express GST-Ldb18 in its native unmodified form.  After 

induction, bacterial extracts show the appearance of a specific band that can 

be identified with a GST antibody at the predicted molecular weight of 48 kDa.  

While smaller bands also emerge, likely representing degradation products, no 

bands at a higher molecular weight are observed (Figure 4.8), indicating 

Ldb18 is modified in yeast cells.   

Protein modifications can regulate protein localization or activity 

throughout the cell cycle.  Since dynein/dynactin acts primarily in anaphase, it 

is possible that the Ldb18 modification varies through the cell cycle.  No 

observable differences in regard to the modification bands could be detected  

in Ldb18-13Myc cells arrested with either !-factor (G1), hydroxyurea (late 

S/early mitosis), or nocodazole (metaphase) (Figure 4.7 C).  To investigate the 

modification state in anaphase, cells were arrested in metaphase by depletion 

of Cdc20 and subsequently released.  Samples from the released culture were 

taken at 15 minute intervals.  Preliminary results suggest there is no 

redistribution of the band pattern throughout anaphase (data not shown).  

Hence, the Ldb18 modification does not appear to vary with the cell cycle.   

 Post-translational protein modifications involve addition of a functional 

group (phosphorylation, methylation, acetylation) or a small peptide.  Based on 

the size difference between the bands, I investigated whether Ldb18 is 

modified by a small peptide from the ubiquitin-related family.  Ubiquitin (yeast 

Ubi4, 8.6 kDa), Small-Ubiquitin Modifier (SUMO) (yeast Smt3, 11.6 kDa),  
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Figure 4.8 Ldb18 expressed in E. coli migrates at the predicted 

molecular weight.  (A) Coomassie Blue staining of uninduced and induced 

samples from E. coli BL21 cells.  GST-Ldb18 has a predicted molecular weight 

of 48 kDa.  Asterisks denotes unique bands in the induced extract.  (B) 

Immunoblot of uninduced and induced extract with a GST antibody.  The 

bands correspond with the coomassie staining.  A major degradation product 

is also identified.  U, uninduced; I, induced 
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NEDD8 (yeast Rub1, 8.7 kDa), and Urm (yeast Urm1, 11 kDa) covalently bind 

proteins via an isopeptide bond between the carboxyl-terminal carboxylate and 

the amine group of lysine residues on the target protein (reviewed in 

Hochstrasser, 2000).  In an attempt to identify the larger band, 

immunoprecipitated Ldb18-13Myc was immunoblotted using antibodies 

against ubiquitin and SUMO.   Neither antibody recognize the top band (data 

not shown).  Although the antibodies recognize protein species in whole cell 

extracts, no positive control of a known ubiquitin- or SUMO-modified protein 

was tested.   

 Urmylation was first identified in budding yeast based on homology to 

bacterial sulfur transfer proteins, whose biochemistry mechanistically 

resembles early ubiquitin activation (Furukawa et al., 2000; Goehring et al., 

2003b).  Urm1 in yeast is covalently conjugated to Ahp1, a protein involved in 

oxidative stress (Goehring et al., 2003a).  The urmylation activating protein 

Uba4 was identified in a screen looking for synthetic-lethal relationships with 

Jnm1 and Arp1 (Schoner et al., 2008).  urm1! and uba4! cells are viable, 

hence I examined Ldb18 modifications in these strains.  Interestingly, the 

upper modification band of Ldb18 is absent, suggesting that the band contains 

the peptide Urm1 (Figure 4.9 A).  Attempts to identify the top band of 

immunoprecipitated Ldb18-13Myc with an Urm1 antibody (Goehring et al., 

2003b) were not successful (data not shown).  However, it should be noted 

that this antibody does not reliably detect Urm1 species (Charles Kubicek, 

personal communication).   

A variety of phenotypes have been reported for urm1!, including no 

growth at 37°, sensitivity to rapamycin, lack of invasive growth under 

starvation conditions, and slight loss of asymmetric Kar9 SPB localization  



 105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Urmylation of Ldb18.  (A) Immunoblots of whole cell extracts 

using a Myc antibody show that the upper band from Ldb18-13Myc is absent 
in urm1! and uba4! backgrounds (AHY191).  (B) Extracts blotted with a Myc 

antibody show Ldb18-13Myc is not affected by loss of tRNA modification.  

Whole cell extracts are from individual spores from a Ldb18-13Myc 
(CUY1932) X elp2! (CUY2005) cross.  (C) WT (BY4741), urm1! (CUY1994), 

uba4! (CUY1995) were stained with DAPI after growth at 12° overnight.  The 

mother cell of small-medium budded cells was divided into thirds and scored 

based on the position of the nucleus.  Shown are number and percentages of 

cells in each category.  WT, wild type 

A B 

C 

Wild type 

urm1! 

uba4!
" 

98 (57.6%) 62 (36.5%) 10 (5.9%) 

79 (42.0%) 56 (29.8%) 53 (28.2%) 

38 (41.8%) 26 (28.6%) 27 (29.7%) 

WT urm1! uba4! WT elp2! 
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(Schoner et al., 2008; Furukawa et al., 2000; Goehring et al., 2003b).  To 

determine if loss of Urm1 results in a dynein pathway defect, I stained cells 

grown at 12° with DAPI to assay chromosome segregation.  Unlike dyn1! or 

ldb18! in which a high percentage of cells separate chromosomes entirely 

within the mother cell, urm1! and uba4! cells have segregated chromosomes 

in the both mother and daughter similar to wild-type cells (data not shown).  

There is, however, an increase in the number of medium-budded cells that do 

not position the nucleus near the bud neck, reminiscent of defects in the Kar9 

pathway for spindle orientation (Figure 4.9 C).  Recent work by a number of 

yeast and mammalian labs have implicated Urm1 as a sulfur transfer protein in 

the modification of specific tRNAs, independent of its proposed role as a 

protein modifier (Leidel et al., 2009; Huang et al., 2008; Nakai et al., 2008; 

Schlieker et al., 2008).  tRNA modification, often near the wobble position of 

the anti-codon, is important to ensure ribosome stability (Ashraf et al., 1999).  

Since unmodfied tRNA can lead to errors in codon usage and affect protein  

stability, it is possible that the Ldb18 band loss in urm1! occurs by an indirect 

mechanism.  Deletion of Elp2, a component of the elongator complex also 

involved in modification of tRNA, does not affect Ldb18 modification (Figure 

4.9 B).  Hence, proper tRNA processing is not required for Ldb18 modification.   

In addition to the observed larger protein shift, a doublet is detected 

near the predicted size.  Addition of a phosphate is a common protein 

modification that can alter protein function.  Phosphorylation is emerging as an 

important regulator for subsequent ubiquitin or SUMO modifications on 

proteins (Hietakangas et al., 2006).  Treatment of cell lysates with ! 

phosphatase does collapse the phosphorylation bands of Bik1, a microtubule-

associated protein, but there is no effect on either the Ldb18-13Myc doublet 
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bands or the higher migrating band (Figure 4.7 D).  The nature of this smaller 

modification remains unclear.   

 

DISCUSSION 

Ldb18 is the Yeast Homolog of p24, a Protein in the Shoulder-Side Arm 

Subcomplex of Dynactin   

The genetic and biochemical data indicate that Ldb18 is the yeast 

homolog of the mammalian dynactin protein p24 and is essential for Nip100 

(p150Glued) attachment to dynactin.  Nip100 is the primary subunit of dynactin 

responsible for dynein binding.  Hence, the dynactin complex in ldb18! cells 

cannot effectively “off-load” dynein from the microtubule plus end to the cortex 

to pull the spindle through the neck.  Increased dynein accumulation at 

microtubule plus ends and absence from the cortex is observed for ldb18! 

(Moore et al., 2008).  I identified ldb18!, as well as deletions of a number of 

other genes in the dynein pathway (DYN1, NIP100, JNM1, ARP1), through the 

SGA screen with stu1-5.  In the last chapter, I discussed that dynein/dynactin 

and Stu1 are synthetic lethal due to their redundant roles in SPB separation.   

Yeast homologs for most of the proteins comprising the mammalian 

dynactin complex have now been identified, with the exception of the pointed-

end complex proteins p25, p27, and p62.  Neither sequence homology 

searches nor genome-wide screens assaying for a binucleate phenotype has 

produced any candidates (Li et al., 2005; Lee et al., 2005; Moore et al., 2008).  

If these proteins exist in yeast, they likely do not contribute significantly to 

dynactin function.  Mammalian dynactin structure does not appear to be 

affected by loss of p62 (Lee et al., 2001), while p25 and p27 can be found in 

soluble pools independent of dynactin (Schroer, 2004).  p25, p27, and p62 are 
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proposed to mediate protein-protein interactions with various cellular targets 

(reviewed in Schroer, 2004), hence it is possible that these specific 

interactions do not exist in yeast.     

 

Dynactin Involvement in Cell Wall Integrity Checkpoint 

 Recent evidence suggests that yeast dynactin is involved in monitoring 

the integrity of the cell wall during the early stages of the cell cycle.  Normally, 

cells with mutations that block or alter cell wall synthesis arrest in G2 with 

duplicated chromosomes, duplicated but unseparated SPBs, and small buds.  

Cells lacking Arp1, Jnm1, or Nip100 fail to arrest in response to cell wall 

defects, indicating a role for the dynactin complex in the checkpoint.   Bypass 

of the checkpoint is not observed in cells lacking other dynein pathway 

proteins (Dyn1, Pac11, Num1, Pac1, and Bik1), showing that monitoring of the 

cell wall is specific to the dynactin complex (Suzuki et al., 2004).  Analysis of 

Arp1 alanine-scanning mutants reveals that the functions of nuclear migration 

and cell wall checkpoint can be separated and therefore independent (Igarashi 

et al., 2005).  Using an in vivo membrane association assay, Arp1 membrane 

association was independent of both dynein and the cortical patch protein 

Num1, but required the presence of Jnm1 and Nip100 (Clark and Rose, 2006).  

The mechanism for how dynactin is involved in the checkpoint is not worked 

out, but it is hypothesized that dynactin could serve as a scaffold for other 

proteins to monitor the cell wall.  Preliminary evidence suggests that Arp1 no 

longer associates with the membrane in strain backgrounds that invoke the 

checkpoint, indicating Arp1 is sensitive to cell wall changes (Clark and Rose, 

2006).   
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It is possible Ldb18 also plays a role in cell wall monitoring.  Nip100 is 

required for Arp1 membrane targeting, and I demonstrated that Nip100 

association with the dynactin complex requires Ldb18.  To determine if Ldb18 

is involved in the checkpoint, Ldb18 can be deleted in a strain background that 

affects genes involved in glucan synthesis.  This temperature-sensitive strain 

(fks1ts, fks2!) arrests in restrictive conditions (Suzuki et al., 2004).  If Ldb18 is 

required for the checkpoint, the ldb18! fks1ts fks2! strain will instead be 

viable.  Alternatively, one can treat ldb18! cells with Echinocandin B27, which 

inhibits yeast !(1! 3) glucan synthase activity and activates the checkpoint.  

Following "-factor G1 arrest and release, drug-treated wild-type cells arrest 

with unseparated SPBs (Suzuki et al., 2004).  A role for Ldb18 in the 

checkpoint would be indicated by appearance of separated SPBs and spindle 

formation following drug treatment in ldb18!.    

Ldb18!s possible involvement in the cell wall checkpoint sheds light on 

why a protein involved in nuclear migration would turn up in the low dye 

binding (LDB) genomic screen looking for defects in cell wall protein 

modifications (Corbacho et al., 2005).  It is possible that very soon after the 

ldb18! strain was diluted back, a second spontaneous mutation that affects 

cell wall integrity arose.  Normally, that particular cell would either arrest 

terminally or just long enough to correct the problem.  However, in the 

absence of the checkpoint, this cell can continue through the cell cycle 

resulting in a daughter cell that now harbors the second mutation.  As this 

continues, the result is a culture of cells with compromised cell wall 

composition, and therefore does not bind the cationic dye.  Reduction of dye 

binding in ldb18! was less than 20%, indicating that Ldb18 is likely not 

involved directly with post-translational modification of cell wall proteins.  
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Jnm1, known to be required for the cell wall checkpoint, was also identified in 

the Ldb screen (Corbacho et al., 2005).    

 

Modification and Implications for Regulation of Ldb18 and Dynactin 

 Antibodies recognize epitope-tagged Ldb18 as a species that migrates 

not only at the predicted molecular weight, but also as a species of an 

additional ~10-13 kDa, suggesting Ldb18 undergoes post-translational 

modification.  These bands are not believed to be artifacts, as the higher-

migrating species are present in two different epitope-tagged strains and 

purified protein from E. coli migrates at the predicted weight.  Based on the 

size of the shift, I investigated members of the ubiquitin related proteins 

(reviewed in Hochstrasser, 2000).  There was no positive identification using 

antibodies against ubiquitin or SUMO.  However, these experiments can be 

repeated using appropriate positive controls.  SUMO may not be a viable 

candidate, as Ldb18 does not contain a !KxE SUMO consensus sequence 

(Rodriguez et al., 2001).  Other members of the ubiquitin family that can be 

tested include Rub1 and Apg12, which so far have limited targets in yeast 

(Mizushima et al., 1998; Chiba and Tanaka, 2004).  

 An intriguing possibility is that Ldb18 is urmylated.  While Ldb18 

modification is notably absent in an urm1! background, there are some 

additional factors to consider.  First, reports indicate that Urm-modified species 

are only readily observed when extracts are treated with the isopeptidase 

inhibitor N-ethylmaleimide (NEM).  Yet, I observe a robust signal for the 

modified band without addition of NEM.  NEM is commonly used to protect 

against deubiquitinases and desumolyation, so it would be interesting to 

observe if levels of the modified band change, namely increase, in the 
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presence of NEM.  Second, large-scale pull-down purifications with Urm1 to 

identify potential targets have not reported isolation of Ldb18.  However, Ahp1, 

a protein involved in the oxidative stress response and the only identified 

target of Urm1, has also not been identified (Goehring et al., 2003a; Charles 

Kubicek, personal communication).  Third, Urm in yeast and mammalian cells 

is a major sulfur carrier in tRNA modification pathways (Leidel et al., 2009; 

Huang et al., 2008; Nakai et al., 2008; Schlieker et al., 2008).  tRNA 

modifications are important for transcript fidelity, making it possible that loss of 

modification on Ldb18 is a secondary effect.  However, based on the presence 

of the Ldb18 modification band in elp2!, this may not be the case.   

 One approach to positively identify the nature of the post-translational 

modification is through tandem mass spectrometry (MS/MS) using purified 

protein (Witze et al., 2007; Hoffman et al., 2008).  The Ldb18 amino acid 

sequence contains a handful of lysine residues, which are typically modified by 

the ubiquitin related proteins.  These residues can be systematically mutated 

to determine critical residues.   

 One consequence of Ldb18 modification is that it may serve as a 

means for possible dynactin regulation.  It is curious that only the higher-

migrating band co-fractionates with the presumably intact dynactin complex in 

sucrose gradients, suggesting that Ldb18 modification is needed for full 

dynactin assembly.  Future experiments to test whether the modification is 

significant for dynactin function and structure include using co-

immunoprecipitation to determine to what degree unmodified Ldb18 (urm1! 

background) can interact with dynactin complex proteins.  The Nip100-Jnm1 

and Jnm1-Arp1 interactions can also be tested to see if they resemble ldb18!.  

Sucrose gradient analysis can determine if loss of Urm1 significantly changes 
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dynactin protein distribution.  Additionally, the localization of Ldb18, and other 

dynactin proteins, can be studied for any changes in an urm1! background.  

To date, the asymmetric SPB localization of Kar9, which in turn affects dynein 

localization, is slightly altered in urm1! (Schoner et al., 2008).  It may be the 

case that Urm1 affects the asymmetric SPB localization of Ldb18 as well.   

 If a fully-assembled dynactin complex depends on Ldb18 modification, 

then disruption of the modification could yield the same phenotype found in 

dynactin null mutants.  Without dynactin, dynein accumulates at microtubule 

plus ends, unable to off-load to the cortex and pull the spindle through the bud-

neck.  However, neither urm1! nor uba4! cells exhibit a dynein phenotype, 

but instead the data suggests a possible role in the Kar9 pathway for spindle 

positioning.  This urm1! phenotype is in line with the reported Kar9 

localization defect.  Additional evidence suggests that Urm1 may not be 

involved in the dynein pathway.  She1 is a protein postulated to be a negative 

regulator of dynein function, with overactive dynein in a she1! contributing to 

astral microtubule release from the SPB early in the cell cycle and excessive 

spindle movement (Woodruff et al., 2009; Zane Bergman personal 

communication).  A she1! urm1! strain does not show a reduced, or 

enhanced, phenotype, indicating that dynein activity is not affected by loss of 

Urm1 (Zane Bergman, personal communication).  She1 is believed to regulate 

dynein activity by temporally restricting dynactin subunit localization thereby 

preventing premature association with each other and dynein.  In she1!, all of 

the dynactin proteins localize to astral microtubule ends prematurely and in 

higher quantities (Woodruff et al., 2009).  Ldb18 in particular normally 

associates with SPBs early, and later transitions to the microtubule tip in 

anaphase.  One possibility is that She1 affects localization by regulating 
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proteins directly or indirectly by post-translational modification.  Yet, Ldb18 

modifications are unchanged in she1! (Zane Bergman, personal 

communication).  The change in localization may not be influenced by 

modification, since one would expect this modification to be cell cycle 

dependent, yet there is no change observed in extracts arrested at different 

cell cycle stages.   

Understanding regulation mechanisms of dynactin in mammalian cells 

is an area of ongoing study, yet some insights have been gleaned in recent 

years.  In the early embryo, dynein/dynactin is involved in spindle rotation in 

the initial cell divisions.  Dynactin localization is influenced by the Wnt and Src 

signaling pathways, but the precise mechanism is still unclear (Zhang et al., 

2008).  In vesicle transport, the cell-cell adhesion protein !-E-catenin 

modulates dynactin-mediated organelle transport (Lien et al., 2008).  !-E-

catenin binds dynactin directly and is believed to mediate cross-talk between 

actin and other cytoskeletal structures.  More work still needs to be done to 

find the upstream mediators of dynactin regulation.   
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CHAPTER FIVE 

 

Summary 

 

 Work presented here highlights proteins involved in formation and 

maintenance of mitotic spindles in budding yeast.  Stu1 localizes to 

kinetochores and provides stability to kinetochore microtubules in order to 

provide an outward force to maintain a short spindle.  Stu1 may also be 

involved in stabilization of polar microtubules, but to a lesser extent.  Later in 

mitosis when the spindle is elongating, the motor dynein pulls the spindle 

through the bud neck.  Ldb18 is an integral part of the dynactin complex, 

which in turn activates dynein function.   

There is a genetic relationship between Stu1 and proteins in the 

dynein/dynactin pathway as described in detail in the discussion of chapter 

three.  Genes that are synthetic lethal often have overlapping function.  Here, 

Stu1 and dynein are both likely involved in generating an outward force to 

maintain separation of the spindle pole bodies (Figure 5.1), which may be a 

clue that Stu1 has a role in anaphase.  Loss of dynein does not result in 

spindle collapse, but dynein may still be important in the later stages of spindle 

elongation.  Dynein anchored at the cortex in both the daughter and mother 

cell could provide opposing pulling forces on the spindle pole bodies.  

Evidence supports the idea that dynein is involved in spindle elongation to 

some degree (Gerson-Gurwitz et al., 2009).  In addition, dynein/dynacin 

proteins are not only synthetic lethal with Stu1, but the midzone motor protein 

Cin8 as well (Geiser et al., 1997; Tong et al., 2001), indicating that there is an 

overlapping relationship with proteins that separate spindle pole bodies.   



 115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Model of Stu1 and Ldb18 contributions to spindle stability.  

Diagram illustrating the forces contributed by Stu1 and dynein in order to 

maintain spindle pole body separation in budding yeast during anaphase.  

Stu1 in the spindle maintains an outward spindle pole body separating force 

by stabilizing kinetochore microtubules.  In anaphase, Stu1 at the midzone 

could push SPBs outward by microtubule stabilization or subunit incorporation.  

Dynein, possibly anchored in both the mother and daughter cell late in 

anaphase by dynactin, uses minus-end directed motor activity to generate 

pulling forces on the spindle poles, primarily to pull the elongating spindle 

through the bud neck.  When both of these separating forces are absent or 

compromised, a synthetic lethal phenotype results.   

Stu1 

Dynein/dynactin 

Stu1 dynactin dynein 
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Attempts to measure elongating spindle length in stu1-5 ldb18! double 

mutants at the semi-restrictive temperature were not completed, but a 

prediction would be that these spindles would be shorter than the single 

mutants, thus eventually leading to the synthetic lethal phenotype.   

While the precise mechanism of how Stu1 stabilizes microtubules has 

yet to be elucidated, it is likely that Stu1 stimulates incorporation of tubulin 

subunits at the plus end similar to mammalian CLASP (Maiato et al., 2005).  

Future work should focus on determining the individual effect of purified Stu1 

on microtubule dynamics through in vitro assays.  Determining if purified Stu1 

binds tubulin subunits can give some insights into a possible mechanism for 

microtubule stabilization or promotion of polymerization.  One can also test if 

Stu1 can interact with other purified +TIPs such as Bik1 and Bim1.  

Additionally, it would be valuable to determine what role, if any, Stu1 may have 

in the spindle assembly checkpoint.  Stu1 is well positioned at the kinetochore 

to signal when microtubule-kinetochore attachment is properly established.  

Stu1 binds checkpoint proteins Mad1 and Mad3 by yeast two-hybrid, and 

curiously stu1-5 ndc80-1 appears to bypass the checkpoint.  Integrating the 

vast amount of research regarding the +TIPs will yield insights into how 

microtubule dynamics translates into overall function.    
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