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The Saccharomyces cerevisiae plasmid, 2 micron circle, resides in the yeast nucleus 

at a high copy number. It provides no apparent growth advantage to its host, nor imposes 

any significant growth disadvantage. The plasmid is an excellent paradigm for studying 

mechanisms utilized in the persistence of a eukaryotic selfish DNA element that is 

selectively neutral.  

The plasmid achieves stable propagation and copy number maintenance by 

combining a partitioning system and an amplification system. The partitioning proteins 

Rep1p and Rep2p promote the recruitment of the histone H3 variant Cse4p and the yeast 

cohesin complex to the partitioning locus STB during S phase, leading to the formation of 

a functional partitioning complex which segregates the plasmid equally during mitosis. 

The integrity of the mitotic spindle is a pre-requisite for the specific nuclear 

localization of the plasmid as well as for plasmid association with a subset of the 

partitioning proteins such as Cse4p and the cohesin complex. The work presented in this 
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thesis reveals, using tools of molecular genetics and cell biology, the involvement and 

possible functions of a microtubule associated nuclear motor protein, Kip1p, in the 2 

micron circle partitioning pathway. The plasmid missegregates in kip1Δ cells, but not in 

cells harboring deletions of genes coding for the other nuclear motors. Kip1p interacts 

with the plasmid partitioning system and promotes the association of Cse4p and the 

cohesin complex with STB. Lack of Kip1p function delocalizes the plasmid from its 

characteristic nuclear locale in close proximity to the spindle pole body. The distance 

between a reporter plasmid and the spindle pole body is nearly doubled in a kip1Δ host 

strain. We propose that, unlike the conventional roles played by nuclear motors in spindle 

function and chromosome segregation, the Kip1p motor assists the 2 micron circle in 

associating with the mitotic spindle and translocating to its ‘partitioning center’. 
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CHAPTER 1 

Introduction 

1.1 DUPLICATION AND DISSEMINATION OF GENETIC INFORMATION 

The precise duplication and segregation of chromosomal DNA are two critical 

events, which need to be flawless for maintaining cell viability and preventing genetic 

instability. Both prokaryotes and eukaryotes devote a significant portion of their genetic 

endowments towards ensuring that these key cellular processes are executed with high 

fidelity. We briefly review below some of the fundamental aspects of chromosome 

segregation mechanisms, emphasizing important distinctions between prokaryotic and 

eukaryotic systems. 

1.2 CHROMOSOME AND PLASMID SEGREGATION IN PROKARYOTES – NEW 

PERSPECTIVES ON BACTERIAL MITOTIC MACHINERIES 

Here we focus on the mechanisms utilized by low copy plasmids and unit copy 

bacterial chromosomes to prevent failure of equal segregation during cell division. Multi-

copy plasmids, in general, rely on random segregation for their propagation. The high 

copy number ensures that the chances of formation of plasmid-free cell during a cell 

division event are quite small. Furthermore, the copy number of such plasmids is 

maintained with little deviation from steady state values by regulatory mechanisms 

operating at the level of DNA replication. 

1.2.1 Active segregation of low-copy number plasmid  
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In nature, bacterial plasmids are genetically quite stable. The loss rate of low-copy 

number plasmids, such as R1, can be as low as 10-7 per cell division (Nordstrom and 

Aagaard-Hansen, 1984). The discovery of the partitioning system (par) explains how the 

equal distribution of plasmids copies to the daughter cells is achieved at each cell division 

(Nordstrom and Austin, 1989).  

All known plasmid-encoded partitioning systems generally consist of three 

essential components: (a) a cis-acting centromere-like DNA locus, (b) an ATPase protein, 

which in some systems has been shown to form a filamentous structure central to plasmid 

partitioning and (c) a DNA-binding protein that form a nucleoprotein complex with the 

centromere-like site (Table 1.1) (Friedman and Austin, 1988; Gerdes and Molin, 1986; 

Ogura and Hiraga, 1983). For simplicity and generality, while discussing multiple 

systems in the following paragraphs, the ATPases from different systems are jointly 

referred to as ParA, DNA-binding proteins as ParB and the cis-acting elements as parS. 

Depending on which of the different superfamilies a ParA ATPase belongs to, the 

partitioning systems are divided into two major types, type I and type II (Figure 1.1) 

(Gerdes et al., 2000). Type I has been subdivided further into two subtypes Ia and Ib. 
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Table 1.1 Components of plasmid and chromosome partitioning system 

Partitioning system 
System 

cis-acting element ATPase DNA-binding protein 

P1 plasmid  (Type Ia) parS ParA ParB 

F plasmid (Type Ia) sopC SopA SopB 

pB171 (Type Ib) parC1/parC2 ParA ParB 

pTP228 (Type Ib) Centromere site ParF ParG 

R plasmid (Type II) parC ParM ParR 

B. subtilis chromosome parS Soj SpoOJ 

C. crescentus chromosome parS ParB ParA 

 

 

 

 

Figure 1.1 Genetic organization of type I and type II par systems. Plasmid partitioning 
systems encode two trans-acting proteins and a cis-acting centromere-like sequence. The 
upstream gene of type I systems encodes a Walker-type ATPase, whereas in the type II 
system, the encoded protein is an actin-like ATPase (shown as crosshatched boxes). The 
downstream gene codes for the DNA-binding protein (shown as open boxes) that 
associates with the cognate centromere-like locus (small shaded boxes). Arrows pointing 
rightwards indicate the par promoters and direction of transcription. The subdivision of 
type I systems into a and b is based on the relative sizes of centromere binding proteins as 
well as the location of the centromere sequence with respect to the start of the operon. 
This figure is adapted from Gerdes et al. (2000). 
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1.2.1.1 Type I plasmid partitioning systems 

Type I systems encode a Walker-type ATPase (Koonin, 1993) that contains a 

deviant Walker A box (also called P-loop) motif. Phylogenetic study further divides type 

I into type Ia and type Ib subgroups (Gerdes et al., 2000). Type Ia systems encode larger 

ParA and ParB than type Ib systems. Furthermore, the parS sites in type Ia systems are 

located downstream of parB, distal to the promoter of the par operon. By contrast, the 

organization of type Ib systems is more like type II systems, with the parS site located 

upstream of the parAB genes and overlapping with the site of transcription initiation. 

ParB binds specifically to parS to form a complex that interacts with ParA and stimulates 

its ATPase activity (Davis and Austin, 1988; Davis et al., 1992). In case of the P1 

plasmid, the E. coli protein IHF (integration host factor) is suggested to assist ParB 

binding to parS by increasing its binding affinity. P1 plasmids are less stable in the 

absence of IHF, but the defect is less pronounced than that when ParB function is 

compromised (Funnell, 1988; Funnell, 1991). 

By using a GFP-Lac repressor fusion for fluorescence tagging of tandem Lac 

operators inserted at certain plasmid loci, it was found that plasmids tend to localize 

specifically to mid-cell and quarter-cell positions in the presence of the type I par system 

(Ebersbach and Gerdes, 2004; Ho et al., 2002; Lawley and Taylor, 2003; Li and Austin, 

2002; Niki and Hiraga, 1997). In contrast, their localizations are more random, and 

plasmids become unstable, without the par system (Ebersbach and Gerdes, 2004; Li et 

al., 2004; Niki and Hiraga, 1997). The Walker-type ATPases have been shown to be 

required for the specific cellular positioning of the plasmids (Ebersbach and Gerdes, 
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2004; Erdmann et al., 1999; Li et al., 2004). These observations are consistent with a 

model in which plasmids replicate in the mid-cell position, and are then actively moved 

by the par system to the quarter-cell positions, which mark the sites of the future septal 

growth.  

1.2.1.2 Type II plasmid partitioning system 

Type II systems encode an actin-like ParA ATPase (Bork et al., 1992). The 

partitioning system of plasmid R1 belongs to this category, and has been well studied 

(Breuner et al., 1996; Dam and Gerdes, 1994; Jensen et al., 1994; Moller-Jensen et al., 

2003; Moller-Jensen et al., 2007). It contains the ATPase ParM (motor), the DNA-

binding protein ParR (repressor), and the cis-acting locus parC (centromere). ParR binds 

specifically to parC and is able to induce efficient pairing between two parC containing 

DNA molecules (Figure 1.2) (Jensen et al., 1998). The ATPase activity of ParM is 

stimulated greatly by ParR when it is bound to parC (Jensen and Gerdes, 1997). The 

crystal structure of ParM suggests that it can form double-helical protofilaments very 

similar to those formed by actin (van den Ent et al., 2002). Studies employing 

immunofluorescence microscopy (IFM) revealed about 40% of cells examined form a 

slightly curved rod like structure of ParM extending across most of the length of the cell. 

Another 20% of cells contain fluorescent foci either in the middle or at the poles of the 

cells, and the rest of the cells show diffused fluorescence (Figure 1.3) (Moller-Jensen et 

al., 2002). The ParM filament formation depends on the presence of both ParR and parC  

(Moller-Jensen et al., 2003; Moller-Jensen et al., 2002). Purified ParM can form 

filaments in vitro in the presence of Mg2+ and ATP (Jensen and Gerdes, 1999). ParM 
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ATPase mutants exhibit a “hyper-filamentation” phenotype, indicating the ATPase 

activity of ParM is not required for filament formation but is important for its dynamics. 

A dramatic increase in plasmid loss is detected in the ParM ATPase mutants, suggesting 

that dynamic filament formation and disassembly are essential for ParM function in 

plasmid partitioning (Garner et al., 2004).  

Based on the above observations, Moller-Jensen et al. proposed the following 

model for R1 partitioning (Moller-Jensen et al., 2003). ParR binds to parC and together 

they form a “pre-partitioning” complex on each plasmid molecule. Replicated plasmids 

are held in pairs by the ParR-parC complex and positioned in the mid-cell after the 

complex is “captured” by the dynamic filaments formed by ParM. Binding of ParM with 

ParR-parC complex stabilizes ParM filaments, and the two plasmids are pushed apart 

toward opposite poles of the cell by inserting ATP-bound ParM monomers at the ParM-

ParR interface. Hydrolysis of ATP-bound ParM into ADP-bound form destabilizes ParM 

filaments, leading to release of ParM-ADP into cytoplasm. At the end of the “bacterial 

mitosis”, two daughter cells are formed, both containing plasmids inside (Figure 1.4).    
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Figure 1.2 Electron micrographs of protein-DNA complexes formed at parC 
(centromere-like site) of plasmid R1. (a) ParR binding to parC. (b) ParR mediated pairing 
of two DNA molecules via parC. The diagram is adapted from Jensen et al. (1998). 

 

 

 

 

 

Figure 1.3 ParM forms intracellular actin-like filaments. ParM localization is visualized 
by combined phase-contrast and IFM. Cells containing a par- plasmid in which parM 
gene is absent display no fluorescence signal (a). Cells containing a wild-type R1 plasmid 
show different localization patterns of ParM (b-e).  The scale bar represents 2 µm. These 
data are adapted from Moller-Jensen et al. (2002). 
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Figure 1.4 A model for ParM mediated R1 plasmid segregation. (1) A partitioning 
complex is formed by specific binding of ParR protein subunits (dark brown) to parC 
regions of newly replicated plasmids (red). (2) The partitioning complex serves as a 
nucleation point for ParM filament (blue) formation. Continuous insertion of ATP bound 
ParM (green) into the filament at ParM-ParR junction pushes the plasmids apart. (3) 
Nucleotide hydrolysis of ATP-ParM into ADP-ParM (blue subunits) leads to filament 
destabilization. (4) At the end of cell division, the separated plasmids are present near 
opposite poles so that each daughter cell will contain one set of the plasmids. This model 
is adapted from Moller-Jensen et al. (2003). 
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1.2.2 Bacterial chromosome partitioning 

The circular chromosome of bacterial cells is replicated by a single replication 

origin (oriC). Following high-fidelity replication, sister chromosomes are partitioned 

equally to daughter cells. The frequency of generating a chromosome-free cell is less than 

10-4 per generation (Hiraga, 1992; Lobner-Olesen and Kuempel, 1992). Such high fidelity 

suggests the action of an active partitioning mechanism that ensures efficient 

chromosome segregation. Unlike eukaryotic cells, bacteria have been thought to be 

devoid of a highly organized cytoskeletal structure. A passive partitioning model was 

originally proposed in which sister chromosomes are attached to the cell membrane and 

move apart as cells elongate (Jacob F, 1963). However, the observed rates of movement 

of chromosomal replication origin (oriC) of Escherichia coli (E. coli) and Bacillus 

subtilis (B. subtilis) are too fast to be compatible with this passive model (Gordon et al., 

1997; Webb et al., 1998).  Then what are the forces that drive chromosome segregation? 

1.2.2.1 The “extrusion-capture model” 

Observations of DNA replication using fluorescence microscopy in live or fixed 

bacterial cells are consistent with a ‘mobile’ chromosome being replicated within a 

‘stationary’ replication factory.  In B. subtilis and E. coli, the replication factories 

(replisomes) are located either at the mid-cell during slow growth or quarter-cell during 

fast growth (Koppes et al., 1999; Lemon and Grossman, 1998). The stationary replisome 

pulls the DNA template to the cell center. After replication, duplicated DNAs are 

released towards opposite poles of the cell. In this ‘extrusion-capture’ model, the cells are 
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proposed to utilize the energy released from replisomes to drive the partitioning of new 

duplicated chromosomal regions. The origins are thought to be captured and held on 

opposite sides of the cell, likely mediated by a centromere-like sequence near oriC 

(Kadoya et al., 2002; Lemon and Grossman, 2001; Sawitzke and Austin, 2001).  

1.2.2.2 Chromosome condensation by SMC and MukB 

SMC (structural maintenance of chromosomes) proteins were first identified in 

eukaryotes, and play multiple functions during cell growth (Guacci et al., 1997b; Saka et 

al., 1994; Strunnikov et al., 1995; Strunnikov et al., 1993). Most bacteria encode a single 

SMC or its E. coli homolog, MukB (Britton et al., 1998; Niki et al., 1991). Deletion of 

mukB in E. coli revealed a mutant phenotype similar to that of smc mutants of B. subtilis 

and Caulobacter crescentus (C. crescentus). All of these mutants show defects in 

chromosome segregation (Jensen and Shapiro, 1999; Moriya et al., 1998; Niki et al., 

1991). It is suggested that by folding and condensing DNA, these proteins could provide 

a driving force in the partitioning process (Holmes and Cozzarelli, 2000; Sawitzke and 

Austin, 2000). However, time-lapse microscopy showed that the moving rates of oriC are 

similar between smc mutants and wild type cells, indicating that SMC proteins provide a 

passive rather than an active force during partitioning (Graumann, 2001). 

1.2.2.3 MreB, a “ParM” for chromosome segregation? 

The mreB gene is located in the mre-mrd bacterial operon, which is involved in 

maintaining cell shapes. MreB is essential in rod-shaped bacteria including E. coli, B. 

subtilis and C. crescentus, and depletion of this protein leads to a severe cell shape defect 
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and cell death (Figge et al., 2004; Jones et al., 2001; Kruse et al., 2005). In vivo, MreB 

assembles into filaments which are located under the cytoplasmic membrane (Jones et al., 

2001; Kruse et al., 2003). As one of the actin related proteins in bacteria, MreB contains 

conserved motifs involved in ATP binding (van den Ent et al., 2001). Overexpression of 

MreB ATPase mutant prevents nucleoid separation and causes severe localization defects 

of the origin and terminus regions (Figure 1.5) (Kruse et al., 2003). More recent studies 

using chromatin immunoprecipitation (ChIP) have shown that MreB selectively interacts 

with the origin-proximal regions on chromosomes. Disrupting MreB function blocks 

normal segregation of this region but has no effect on the segregation of other regions on 

chromosome (Gitai et al., 2005). In principle, there might be functional similarities 

between MreB filaments and the dynamic filaments formed by ParM for actively 

segregating the R1 plasmid. However, it is not clear whether MreB mediated origin 

separation is through its own dynamic filament formation, or it merely acts as a track 

upon which the origin regions are pulled by other unknown motors.  
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Figure 1.5 Dysfunctional MreB leads to mis-localization of oriC and terC in E. coli. 
Cells expressing wild-type or a mutated form of MreB are shown in the left and right 
columns, respectively. Mutant MreB carries a single amino acid change in the ATP 
binding domain. The top row shows DNA stained with DAPI. The middle and bottom 
rows display a GFP-ParB fusion protein bound to parS inserted either near oriC and terC, 
respectively. The figure is adapted from Kruse et al. (2003). 
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1.3 CHROMOSOME SEGREGATION IN EUKARYOTES (USING S.CEREVISIAE AS A 

MODEL) 

The basic logic employed by eukaryotes in segregating duplicated chromosomes 

equally to daughter cells is to pull apart sister chromatids in a one-to-one fashion using a 

cytoskeletal machinery called the mitotic spindle. The sisters are attached to the spindle 

through an elaborate partitioning complex called the kinetochore assembled at their 

centromeres. The spindle attachment is such that the pair of sisters is oriented in a bipolar 

fashion, and can be subjected to pulling forces in opposite directions. 

1.3.1    Centromeres and kinetochore complexes  

The centromere is a specialized region on chromosome upon which the 

kinetochore complex is formed. It mediates chromosome connection with microtubules.  

S. cerevisiae has an extremely small centromeric DNA which is only 125 base pair in 

length and is conserved among the 16 chromosomes (Fitzgerald-Hayes et al., 1982).  It is 

divided into three distinct cis-acting elements, the centromere DNA element (CDE) I (8 

bp), CDE II (78 to 86 bp) and CDE III (25 bp), two of which serve as sequence-specific 

protein binding sites (Hegemann and Fleig, 1993). CDE II element is not conserved in 

sequence but is highly A/T rich (~90%).  The centromeric nucleosome which contains 

the histone H3 variant Cse4p (the S. cerevisiae homolog of mammalian CENP-A) binds 

to CDE II (Meluh et al., 1998). This serves as an epigenetic mark to identify centromere 

as distinct from other regions of chromosome. CDE III is the binding site of the CBF3 

complex (Ndc10p, Cep3p, Ctf13p, and Skp1p) , which is required for the binding of all 

other kinetochore proteins and Cse4p to centromere (Ortiz et al., 1999). Unlike CDE I 
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and CDE II, many CDE III single base-pair substitutions completely disrupt centromere 

function, suggesting a more essential role of this element (Hegemann et al., 1988; 

McGrew et al., 1986). CDE I is a highly conserved octanucleotide (RTCACRTG) which 

marks the left boundary of CDE II (Fitzgerald-Hayes et al., 1982; Hieter et al., 1985). An 

inner kinetochore protein (see below for details), Cbf1p (also known as Cpf1p and Cp1p), 

binds to CDE I as a dimer through a helix-loop-helix DNA binding domain, and induces 

the bending of DNA (Niedenthal et al., 1993). CDE I is not absolutely essential for 

centromere function. Deletion of CDE I or disruption of CBF1 only results in a 10-fold  

increase in chromosome missegregation (Baker et al., 1989; Cumberledge and Carbon, 

1987; Hegemann et al., 1988; Panzeri et al., 1985).  

The kinetochore complex is a multi-protein supramolecular structure assembled 

on centromeric DNA, which physically connects centromeres to the plus ends of spindle 

microtubules. More than 65 proteins have been identified so far to form this hierarchical 

complex, and most of these components are organized into mutli-protein subcomplexes 

(De Wulf et al., 2003). Kinetochore proteins are normally grouped as inner, central and 

outer kinetochore proteins according to their relative positions in the DNA-microtubule 

bridge (Cheeseman et al., 2002; McAinsh et al., 2003) (Table 1.2). Inner kinetochore 

proteins are capable of directly binding to centromeric DNA, and serve as a platform for 

other components to assemble. They include the CBF3 complex, Mif2p and Cbf1p. The 

central kinetochore proteins act as a linker complex connecting the inner and outer 

kinetochores. It contains the Ndc80 complex, Mtw1 complex, Spc105 complex and Ctf19 

complex (also called COMA complex). Ndc80 complex is the best-studied linker 

complex so far. It contains four essential proteins Ndc80p, Nuf2p, Spc24p and Spc25p. In 



 15

ndc80-1, spc24-1 and spc25-1 cells, complete detachment of chromosomes from the 

mitotic spindle have been observed at the restrictive temperature, indicating their 

important role in generating and maintaining DNA-microtubule attachments (Wigge et 

al., 1998; Wigge and Kilmartin, 2001).  In addition to the linker function, the Ndc80 

complex might also participate in monitoring the quality of attachment and checkpoint 

point activation (Janke et al., 2001). The outer kinetochore components (Figure 1.6) are 

mostly microtubule-binding proteins, consisting of motors, plus end tracking proteins 

(+TIPs), and microtubule-associated proteins (MAPs). 

The most important function of the outer complex is to link the inner and central 

kinetochore complexes with the dynamic microtubule plus end. The kinesin-14 family 

member Kar3p (see 1.3.4.2 for details) has been shown recently to assist poleward 

movement of chromosomes following capture of detached kinetochores by the spindle 

(Tanaka et al., 2007; Tanaka et al., 2005). Three +TIPs facilitate Kar3p in this process by 

regulating microtubule dynamics at the plus end (Tanaka et al., 2005). Another essential 

function of the outer kinetochore complex is to monitor the bipolar orientation of 

kinetochores during metaphase. This is achieved by the Aurora B kinase Ipl1p (Chan and 

Botstein, 1993; Francisco and Chan, 1994) in association with the microtubule-binding 

protein Sli15p (Tanaka et al., 2002). It is suggested that Ipl1p activates the mitotic 

checkpoint by creating unattached kinetochores to prevent the onset of anaphase when 

there is insufficient spindle tension (Pinsky et al., 2006). Bir1p (or Survivin) and Sli15p 

(or INCENP) form a complex, and connect CBF3-CEN DNA to microtubules in vitro. 

This linkage is proposed to act as a tension sensor which activates Ipl1p in the absence of 

tension (Sandall et al., 2006). 
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Table 1.2 Components of the budding yeast kinetochore 

DNA-kinetochore interface Linker layer Kinetochore-microtubule 
interface 

CEN nucleosome  
Cse4p, Hhf1p, Hta1/2p, 

Htb1/2p 

Ndc80 complex 
Ndc80p, Nuf2p, Spc25p, 

Spc24p 

Mif2p Mtw1 complex 
Mtw1p, Dsn1p, Nnf1p, Nsl1p 

αβ tubulin 

Dam1 complex 
Dam1p, Duo1p, Spc34p, Dad1p, 
Spc19p, Ask1p, Dad2p, Dad3p, 

Dad4p, Hsk3p 

CBF3 complex 
Ndc10p, Cep3p, Ctf13p, Skp1p 

Spc105 complex 
Spc105p, YDR532c 

Ipl1 complex 
Ipl1p, Sli15p, Bir1p 

Ndc10p Cin8p, Kip1p, Kip3p, Kar3p  

Cbf1p 

Ctf19 complex 
Ctf19p, Okp1p, Mcm21p, 
Ame1p, Ctf3p, Mcm16p, 

Mcm22p, Chl4p, Mcm19p, 
Nkp1p, Nkp2p, Mtw1p Bim1p Bik1p Stu2p 

Adapted from Westermann et al. (2007).  
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Figure 1.6 Functions of outer kinetochore proteins, spindle associated motors and microtubule associated proteins. Ipl1 
complex: The Ipl1 (Aurora kinase) complex is involved in the phosphoregulation of kinetochore attachment to spindle and 
tension-sensing. Dam1 complex: The Dam1 complex, which forms the outer kinetochore layer, mediates end-on attachment of 
kinetochores to spindle. It is also involved in force generation and control of microtubule dynamics. It may be involved in 
microtubule crosslinking. Kip3p: The Kip3 motor promotes microtubule dynamics through depolymerization, and coordinates 
poleward movement of chromosomes during anaphase. Cin8p/Kip1p: These plus end-directed motors crosslink kinetochore 
microtubules (kMTs) as well as non-kinetochore microtubules (nkMTs or interpolar microtubules). They facilitate the 
organization of kinetochores into a clustered entity. Their directed movement generates the force for spindle extension. Kar3p: 
This minus end-directed motor may be responsible for lateral transport of captured kinetochores towards the spindle pole. 
Directed movement of Kar3 opposes the Cin8p/Kip1p generated force to balance spindle length. Stu2p: This microtubule 
associated protein (MAP) has a role in the control of kMT dynamics, and contributes to force generation. Adapted from 
Westermann et al. (2007).  
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1.3.2    Basic spindle architecture  

Microtubules are 24 nm thick fibers formed by α- and β-tubulin heterodimers. S. 

cerevisiae contains two copies of α-tubulin gene (TUB1 and TUB3) and one essential β-

tubulin gene (TUB2) (Neff et al., 1983; Schatz et al., 1986). All microtubules have their 

minus end associated with the spindle pole body (SPB), the “yeast centrosome”, which is 

a disk-shaped structure embedded in the nuclear envelope. The intrinsic polarity of the 

α/β heterodimers presumably confers the difference in the dynamics of the two ends of 

the microtubule: less dynamic at the minus end and more dynamic at the plus end (Horio 

and Hotani, 1986; Walker et al., 1988).  

Fungal cells, unlike vertebrate cells, undergo ‘closed mitosis’, in which the 

nuclear envelope does not break down. This physical barrier creates two classes of 

microtubules, nuclear and cytoplasmic, which are functionally distinct. The mitotic 

spindle is formed during mitosis, which is a bipolar structure consisting of two half 

spindles. Three classes of spindle microtubules can be defined according to their 

morphology. Two of them are formed by nuclear microtubules extending from one pole 

toward the other. These include kMTs from each pole which connect to the 

kinetochore/centromere complexes at their plus ends, and nkMTs from one pole which 

interact with antiparallel nkMTs emanating from the opposite pole. The third class of 

spindle microtubules extends from the poles away from the center of the spindle. They 

are called astral microtubules in higher eukaryotic cells and cytoplasmic microtubules 

(cMTs) in S. cerevisiae.  



 19

1.3.3   Assembly and dynamics of the mitotic spindle during the cell cycle 

A typical yeast cell cycle involves four stages: G1, S, G2, and M. DNA is 

replicated during S phase, and then sister chromatids are accurately segregated into the 

two daughter cells during mitosis. The mechanics of chromosome segregation is 

mediated by the mitotic spindle, which (as already described) is composed of a complex 

and dynamic array of microtubules that are nucleated from the spindle poles. This section 

mainly focuses on the basic steps of the spindle cycle. 

The spindle cycle begins with the duplication of the spindle pole body (SPB) in 

late G1 or early S phase of the cell cycle (Byers and Goetsch, 1974). Duplicated SPBs 

reside in a side-by-side fashion and are connected by a bridging structure (Byers and 

Goetsch, 1975). The bridge must be severed for the SPBs to separate. Electron 

tomography of duplicated but not separated SPBs has revealed the presence of relatively 

short nuclear microtubules (~130nm) which interdigitate near the bridge that connects the 

SPBs (O'Toole et al., 1999). The yeast kinetochores cluster near the spindle poles during 

nearly the entire period of the cell cycle, suggesting that the short, pre-metaphase spindle 

could potentially capture all the kinetochores (Jin et al., 2000; Winey et al., 1995). 

During S phase, the assembled short spindle has a length of roughly 600 nm (Winey et 

al., 1995). The two SPBs are then pushed further apart by assembling the metaphase 

spindle which is ~1-2 µm in length. The midzone of the spindle contains interdigitating 

antiparallel microtubules (nkMTs) from the opposite poles (Winey et al., 1995). The 

crosslinking interactions between these antiparallel microtubules are mediated by 

kinesin-like motor proteins, The plus end-directed motors (Cin8p and Kip1p) tend to 

push the SPBs away from each other during anaphase by a sliding mechanism (Saunders 
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et al., 1997b; Straight et al., 1998). This poleward force is counterbalanced by the pulling 

force exerted by the minus end-directed motor Kar3p (Saunders and Hoyt, 1992). The 

two oppositely directed forces can account for maintaining the metaphase spindle as a 

relatively ‘stable’ structure (Saunders et al., 1997b). 

In Saccharomyces, each chromosome, prior to replication, is thought to bind to a 

single kMT from the spindle pole via the kinetochore complex organized at its 

centromere (O'Toole et al., 1999; Westermann et al., 2007). Following replication, each 

pair of sister chromatids is held together by the cohesin complex (Guacci et al., 1997b; 

Nasmyth et al., 2000), facilitating the attachment of sister kinetochores to kMTs emating 

from opposite spindle poles. The number of kinetochore microtubules in yeast is 

consistent with a one-to-one kMT-kinetochore connection. The plus ends of the kMTs 

from the opposite poles do not necessarily meet at the spindle midzone (O'Toole et al., 

1997). Unlike higher eukaryotes, the yeast cell cycle does not display a well defined 

metaphase plate, equidistant from the spindle poles, where sister chromatids are neatly 

aligned. Metaphase microtubules are highly dynamic, and this attribute is thought to 

promote chromosome capture by kMTs (Maddox et al., 2000; Tanaka et al., 2005). The 

proper bipolar attachment of all sister chromatids to the spindle silences the spindle-

assembly checkpoint (SAC) and signals the cell to enter anaphase. At the onset of 

anaphase, when sister chromatids are separated by cleavage of cohesin subunit Mcd1p, 

there is a sudden slowdown in microtubule dynamics,  and the spindle is stabilized in a 

Cdc14p dependent manner (Higuchi and Uhlmann, 2005; Maddox et al., 2000). 

Anaphase in Saccharomyces is accomplished by the poleward movement of kinetochores 

(anaphase A) and spindle elongation (anaphase B). Anaphase A is characterized by the 
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shortening of kMTs which pulls their attached set of chromosomes toward the poles. It 

contributes very little to the spatial separation of chromosomes (Guacci et al., 1997a). 

Most separation occurs in anaphase B during which SPBs are separated by approximately 

6-7 times their metaphase distance (to approx. 10µm) (Winey et al., 1995). Spindle 

elongation in anaphase B involves both growth and sliding apart of overlapping nkMTs, 

as well as pulling forces from astral (cytoplasmic) microtubules (Saunders et al., 1995; 

Straight et al., 1998). It occurs in two stages: a rapid elongation step (1-2µm/min) until 

the spindle reaches about half of its final length, followed by a period of slow elongation 

(0.2 µm/min) until extension is completed (Kahana et al., 1995; Straight et al., 1998). 

‘Real-time’ analyses of anaphase cells have revealed that at least three motors 

cooperatively contribute to spindle elongation: Cin8p, Kip1p and dynein (Saunders et al., 

1995; Straight et al., 1998). During late anaphase or early telophase, the nkMTs are 

disassembled from their plus ends (Maddox et al., 2000). Degradation of the microtubule 

associated protein (MAP) Ase1p by the anaphase-promoting complex (APC) is shown to 

be necessary for spindle disassembly (Juang et al., 1997). The spindle cycle ends with 

cytokinesis during which the daughter and mother cells are finally separated.
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Figure 1.7 The spindle cycle of Saccharomyces cerevisiae. Phases of the cycle are G1, S 
(DNA synthesis), G2/M (metaphase) and A (anaphase). A single SPB in G1 serves as the 
anchor point for nuclear and cytoplasmic microtubules. SPB duplicates at late G1 or very 
early S phase, and are subsequently separated by intervening ~1-2µm long spindles 
during metaphase. Nucleus migrates from the middle of the mother to the mother-bud 
neck with the spindle aligned along the mother-bud axis. Sister chromatids are separated 
and segregate equally to the mother and bud during anaphase by spindle elongation via 
sliding of nkMTs. The cell cycle scheme is adapted from Winey and O’Toole, (2001).  
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1.3.4 Spindle motors 

Six kinesin-related motors (Cin8p, Kar3p, Kip1p, Kip2p, Kip3p and Smy1p) and 

one cytoplasmic dynein heavy chain (Dyn1p) are coded for by the Saccharomyces 

genome. In animal cells, microtubules and associated motor proteins perform several 

important roles in addition to their contributions towards spindle function (Figure 1.8). 

By contrast, in mitotically dividing budding yeast cells, spindle function appears to be the 

only essential role for the motor proteins (Jacobs et al., 1988). Among the yeast motor 

proteins, Sym1p is the only one that has not been linked to spindle function. Sym1p 

appears to perform a nonessential role in polarized cell growth (Lillie and Brown, 1992; 

Lillie and Brown, 1998). There is some functional overlap among the rest of the six 

spindle motors, and none of them individually is essential for cell viability. In other 

words, more than one motor can perform each essential task. Two of these motors, Kip2p 

and Dyn1p, localize to the cytoplasm throughout the cell cycle.  

The main aim of the present study is to investigate the molecular mechanisms 

underlying the role of the mitotic spindle in the stable propagation of the S. cerevisiae 

plasmid 2 micron circle (Mehta et al., 2005; Mehta et al., 2002; Velmurugan et al., 2000). 

Since the 2 micron plasmid is confined to the nucleus, I will mainly focus on the 

physiological roles of the four nuclear motors during the cell cycle.     
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Figure 1.8 Kinesin and dynein motor proteins mediate transport in animal cells. The 
microtubules emanate from the MTOC (microtubule organizing center) in the Golgi 
region with their plus ends being directed towards the cell periphery. Kinesins mediate 
the transport of organelles such as mitochondria and lysosomes as well as membrane 
vesicles along the microtubules to the endoplasmic reticulum (ER) or cell periphery. 
Dynein mediates transport of elements of the ER, late endosomes and lysosomes towards 
the cell center. Further details can be found in Hirokawa, (1998). 
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1.3.4.1 The BimC motors (Cin8p and Kip1p) 

Cin8p and Kip1p belong to a conserved family whose prototypical member is 

BimC, identified by its requirement for spindle assembly in the filamentous fungus A. 

nidulans (Enos and Morris, 1990). BimC motors have been identified in all eukaryotes 

examined so far, from Saccharomyces yeast to humans (Figure 1.9). Members of this 

subfamily share considerable sequence identity (~50-60%) within their motor domains 

located at the amino-terminus but almost no similarity in other regions except in the 

‘bimC box’ at the very C-terminus (Blangy et al., 1995; Hagan and Yanagida, 1992; Hoyt 

et al., 1992; Roof et al., 1992). The bimC box contains a p34cdc2 cyclin-dependent kinase 

target site. Phosphorylation of this site is required for the spindle localization of Eg5, a 

BimC motor found in humans and frogs (X. laevis) (Blangy et al., 1995; Sawin and 

Mitchison, 1995). Surprisingly, the bimC box is not present in the Saccharomyces motors 

Cin8p and Kip1p (see below). The motor activity of BimC motors is directed towards the 

microtubule ‘+’ ends in vitro (Cole et al., 1994; Gheber et al., 1999; Saunders and Hoyt, 

1992; Sawin et al., 1992). The functions of the BimC motors include the separation of 

duplicated SPBs during spindle formation as well as spindle maintenance and elongation 

(Table 1.3) (Blangy et al., 1995; Kashina et al., 1997).  
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Figure 1.9 Phylogenetic relatedness of BimC motor proteins. Amino acid alignments of a 
subset of BimC family kinesins is consistent with the phylogenetic tree depicted here. 
Adapted from Kashina et al., (1997). 

 

Table 1.3 BimC family members and their functions in various organisms 

Name Organism Function Localization 

bimC Aspergillus 
nidulans Spindle pole separation − 

cut7 Schizosaccha-
romyces prombe Spindle formation 

Spindle microtubules, enriched at 
spindle poles at early stages of mitosis 
and in midzone at late stages. 

Eg5 Xenopus laevis Spindle formation Spindle microtubules 
KLP61F/ 
KRP130 

Drosophila 
melanogaster Spindle formation Spindle microtubules 

CIN8 KIP1 Saccharomyces 
cerevisiae 

Spindle pole separation and 
maintenance of the bipolar 
spindle structure 

Spindle microtubules 

HsEg5 Homo sapiens Spindle pole separation Spindle microtubules 

Adapted from Kashina et al., (1997)  
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Cin8p and Kip1p have been localized to nuclear microtubules (Hoyt et al., 1992; 

Roof et al., 1992). These two motors have similar overall domain structures: an N-

terminal motor domain followed by a predicted α-helical coiled-coil stalk and a globular 

tail (Figure 1.10). There is no obvious bimC box in either of them. Cin8p and Kip1p 

show very limited sequence conservation (<25%) outside their motor domains (compared 

to 56% for the motor domain). Saccharomyces must express either one of these two 

motors for viability. Single deletion strains are almost normal in growth, whereas the 

double deletion strain is inviable. Furthermore, extra copies of the KIP1 gene can fully 

suppress the mitotic block caused by a temperature sensitive cin8 mutation (Hoyt et al., 

1993). Thus Cin8p and Kip1p must at least partially overlap in their functions. However, 

Cin8p seems to play a more prominent role during spindle assembly and integrity. The 

time of spindle assembly is comparable between wild type and kip1∆ strains, but is 

delayed to different extents in cin8∆ or cin8F467Akip1∆ cells (Gheber et al., 1999; Hoyt 

et al., 1992; Roof et al., 1992; Saunders and Hoyt, 1992). During the interval between 

spindle assembly and the onset of anaphase, either Cin8p or Kip1p is required to maintain 

proper spindle structure. Inactivation of both at the pre-anaphase stage causes the 

immediate collapse of the spindle, with the previously separated spindle poles being 

brought into proximity in a side by side orientation (Hoyt et al., 1992). Interestingly, 

deletion of KAR3, which codes for a minus end-directed kinesin motor (see detailed 

description below), partially suppresses the phenotype caused by the loss of Cin8p and 

Kip1p functions (Saunders and Hoyt, 1992). This observation is consistent with the 

integrity of preanaphase spindle being maintained by two forces: an outwardly directed 

force generated by Cin8p and Kip1p, which is balanced by an inwardly directed force 
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induced by Kar3p. Movement of the plus end-directed Cin8p or Kip1p would cause the 

interpolar microtubules that they crosslink to slide away from each other, generating the 

outward force. Movement of the minus end-directed Kar3p would lead to microtubule 

sliding in the opposite direction, producing the inward force. In contrast to the spindle 

collapse phenotype caused by Cin8p and Kip1p inactivation during preanaphase, 

anaphase spindles are resistant to collapse; however, the rate of pole separation is greatly 

reduced  (Saunders and Hoyt, 1992).  Lack of cytoplasmic dynein function in a cin8 

kip1 double mutant causes pole separation to stop completely (Saunders et al., 1995). 

Thus, anaphase spindle elongation involves a combination of two types of forces: the 

pulling force exerted on the poles from outside the nucleus by the cytoplasmic dynein and 

the pushing force exerted from inside by Cin8p and Kip1p. Together, these three motors 

are involved in generating an outward force throughout the entire spindle cycle.  

Recent experiments using fixed and live-cell assays have suggested novel 

functions of nuclear kinesin related proteins (KRPs) at kinetochores. Both Cin8p and 

Kip1p show localization to kinetochores by ChIP assays. For cin8∆ cells examined at 

metaphase, over 60% of the cells contain foci of GFP-tagged kinetochore proteins along 

the spindle axis or abnormally diffused GFP lobes. In contrast, kip1∆ causes only slight 

changes in kinetochore distribution. These diffused kinetochore patterns are observed to 

an even greater extent in a cin8 kip1 double mutant (Tytell and Sorger, 2006). Based on 

the above observation, it has been suggested that both Cin8p and Kip1p are involved in 

establishing or maintaining the normal configuration of metaphase kinetochores, 

probably by bundling kMTs emanating from the same or different poles, thereby 

increasing the fidelity of chromosome segregation. 
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Whether it is spindle assembly or establishing and/or maintaining normal 

metaphase kinetochore configuration, Cin8p and Kip1p seem to play partially redundant 

roles in both processes. However, the aberrant patterns observed in cell biological assays 

are more severe in the cin8∆ background than those found in the kip1∆ background. This 

might explain why cin8∆ but not kip1∆ causes lethality at elevated temperatures, 37°C, 

for example. Thus, Cin8p plays a more important role in chromosome segregation than 

Kip1p. As will become clear from subsequent chapters, the 2 micron circle appears to 

rely solely on Kip1p for its faithful segregation. This would seem to be a clever strategy 

for a benign parasite element: to appropriate, from two important but functionally 

overlapping mitotic components, the one that plays less of a critical role in chromosome 

segregation. In this manner the plasmid satisfies its partitioning needs without posing 

undue risk on its host. 
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Figure 1.10 The seven S. cerevisiae microtubule associated motor proteins. In the 
schematic representations of the yeast motor proteins, the domainal organizations are 
indicated. Additional features such as the ATP binding P-loop as well as predicted coiled-
coil regions are also denoted. The representations here are modeled after those from 
Hildebrandt and Hoyt, (2000). 
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1.3.4.2 Kar3p 

Kar3p is classified as a member of Kinesin-14 family. It is the only Kinesin-14 in 

S. cerevisiae. Kar3-related gene-products have been found in fungi, plants, insects, and 

vertebrate cells. They are characterized by the conserved carboxyl-terminal motor 

domain as well as their minus end-directed movement  (Endow et al., 1994; McDonald 

et al., 1990; Middleton and Carbon, 1994; Walker et al., 1990). The KAR3 gene was 

originally identified by its requirement for karyogamy (the nuclear fusion event during 

mating) (Meluh and Rose, 1990; Polaina and Conde, 1982). Furthermore, kar3 mutant 

cells exhibit slow mitotic growth, with an accumulation of large budded cells with a 

single nucleus and short spindle in cycling cultures (Meluh and Rose, 1990). kar3∆ 

mutants is viable, but display somewhat aberrant spindles (Meluh and Rose, 1990; 

Saunders et al., 1997a). As noted earlier, the collapse of the pre-anaphase spindle caused 

by ablation of both Cin8p and Kip1p function can be partially suppressed by the deletion 

of KAR3. At 37°C, more than 50% of the cin8-3kip1∆kar3∆ cells contain intact spindles, 

and this number is reduced to less than 10% in cin8-3kip1∆ cells. This finding supports 

the notion that Kar3p is directly involved in generating the spindle collapsing force that 

balances the spindle elongating force generated by Cin8p and Kip1p (Saunders and Hoyt, 

1992). The motor function of Kar3p is essential for counteracting the spindle collapse 

associated with cin8-3kip1∆ genotype. Several mutations that fail to rescue spindle 

function in this genetic background map to the motor domain of Kar3p (Hoyt et al., 

1993). 
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It appears possible that Kar3p, like Cin8p and Kip1p, can also crosslink 

antiparallel microtubules. Coupled with its minus end-directed motor, it can then force 

the spindle poles to move towards each other. This idea is supported by the finding that 

Kar3p contains two microtubule binding domains (at the amino- and carboxyl-terminal). 

The bundling and motor functions of Kar3p are also consistent with its function in 

karyogamy. By crosslinking cytoplasmic microtubules of two mating nuclei, it can pull 

them towards each other (Meluh and Rose, 1990). In addition to its minus end-directed 

motile activity, Kar3p can destabilize microtubule at the minus ends, which might also 

contribute to its ability to generate an inward force on the preanaphase spindle (Endow et 

al., 1994). This idea is supported by the discovery that a tub2-150 mutation, which 

stabilizes microtubule, can suppress the preanaphase spindle collapse phenotype of the 

cin8-3kip1∆ mutant (Saunders et al., 1997a). 

 Kar3p has been detected at kinetochores by using CEN3 DNA affinity-

purification and by ChIP (Middleton and Carbon, 1994; Tanaka et al., 2005). Recent 

studies suggest that Kar3p may be directly involved in transporting chromosmes laterally 

along the spindle towards minus end following capture of detached kinetochores by the 

spindle (Tanaka et al., 2005). This function of Kar3p may be particularly important 

during a brief period of S phase when the kinetochore complex is disassembled due to 

CEN DNA replication (Kitamura et al., 2007). So far, Kar3p appears to be the only motor 

that participates in this process (Tanaka et al., 2007).  

In contrast to Cin8p and Kip1p, which only reside in the nucleus, Kar3p localizes 

to both nucleus and cytoplasm. This dual localization is consistent with the role of Kar3p 

in the integrity and dynamics of the mitotic spindle as well as that in nuclear fusion 
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during karyogamy. The localization patterns of Kar3p are tightly regulated by two 

accessory proteins, Cik1p and Vik1p. These two proteins form complexes with Kar3p 

independently, target it to different cellular locales, and contribute to distinct Kar3p 

functions. Kar3p-Cik1p complex plays roles in karyogamy and bipolar spindle assembly, 

whereas Kar3p-Vik1p complex mainly participates in microtubule depolymerization 

(Manning et al., 1999; Page et al., 1994).   

1.3.4.3 Kip3p 

Kip3p belongs to the Kinesin-8 family according to the new standardized kinesin 

nomenclature (Lawrence et al., 2004). It has an amino-terminal motor domain followed 

by a putative coiled-coil domain (Figure 1.10). Like Kar3p, Kip3p is localized to both 

spindle and cytoplasmic microtubules (DeZwaan et al., 1997). ChIP results show Kip3p 

to be associated with CEN DNA in a CBF3-dependent and Ndc80p-independent manner. 

Since the Ndc80 complex is required for the attachment of kinetochores to microtubules, 

Kip3p is more likely an integral component of the inner or central kinetochore complex. 

Two kinetochore functions of Kip3p have been described so far. First, it regulates 

poleward movement of chromatids during anaphase A. kip3∆ cells with 2-4 µm long 

spindles (a morphological marker of anaphase) display multiple kinetochore foci 

compared to only one coalesced focus in wild type cells. Second, Kip3p appears to be 

involved in regulating the dynamics of kMTs in G1 (Tytell and Sorger, 2006). 

Cytoplasmic Kip3p has been shown to provide an important spindle positioning (or 

nuclear migration) function similar to the dynein heavy chain. However, their roles can 

be assigned to two different phases: Kip3p is more likely to be involved in moving the 
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nucleus toward the bud site so that dynein may further translocate it through the bud 

neck. kip3∆ cells are viable, although large oscillations in the nuclear position have been 

observed (DeZwaan et al., 1997). A deletion of KIP3 is synthetically lethal with that of 

KAR3. The two proteins seem to perform overlapping functions essential for both spindle 

positioning and the structural integrity of bipolar spindles (Cottingham et al., 1999; 

DeZwaan et al., 1997). Treating kar3∆kip3∆ cells which carry a kar3-64 temperature 

sensitive allele on plasmid with the microtubule-destabilizing drug benomyl can partially 

suppress the temperature sensitivity of these cells, indicating an essential microtubule-

destabilizing function performed by them (Cottingham et al., 1999). 

1.4 PARTITIONING OF THE YEAST 2 MICRON PLASMID  

The 2 micron plasmid (also called 2 micron circle) is a 6318 bp double-stranded 

extrachromosomal element resident in the nucleus of most strains of Saccharomyces 

species (Clark-Walker and Miklos, 1974; Hartley and Donelson, 1980). The average copy 

number of the plasmid is around 40-60 per cell. The presence of 2 micron circle does not 

confer any advantage to its hosts. At the normal copy number level, its presence does not 

cause any significant disadvantage either. Therefore, it is recognized as a ‘benign’ 

parasitic DNA element whose selfish attributes have been optimized over evolutionary 

time (Broach JR, 1991).  

Under steady state conditions, the 2 micron plasmid behaves like a chromosomal 

replicon; it replicates once and only once per cell cycle using the same replication 

machinery used by chromosomes (Zakian et al., 1979). Upon a copy number drop, the 

plasmid can replicate more than once without violating the restriction that a replication 
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origin is fired only once during the S phase (Futcher, 1986). This unusual mode of copy 

number amplification is achieved with the assistance of a plasmid encoded site-specific 

recombination system (see below). Although the 2 micron plasmid does not harbor 

markers that are beneficial to its host, it is still propagated with nearly chromosome-like 

stability. This stable inheritance through generations implies the existence of molecular 

mechanisms that ensure the long-term autonomous survival of the plasmid. In the 

following sections, I will briefly review the strategies that account for the remarkable 

stability and high copy number of the 2 micron circle. 

1.4.1 The structure organization of the 2 micron circle genome 

Within the 6.3 kbp 2 micron circle genome, as shown in Figure 1.11, there are 

four open reading frames (ORFs) and four cis-acting DNA sequences (Broach et al., 

1979; Hartley and Donelson, 1980). The plasmid genome, schematically drawn in the 

shape of a dumbbell, is divided into two unique regions by two 599 bp inverted repeats 

within which are located the targets sites for a site-specific recombination reaction (Flp 

recombination site or FRT). The plasmid encoded site-specific recombinase Flp 

(pronounced ‘Flip’) binds to FRT sites and mediates strand cleavage and exchange 

between them. The recombination event is responsible for the presence of two isomeric 

forms (A and B) (See Figure 1.11) of 2 micron circle in host cells (Broach et al., 1982). 

The plasmid harbors only one autonomously replicating sequence (ARS or ORI) which 

partially overlaps with one of the inverted repeats. Located a few hundred bp away from 

the ORI is another cis-acting sequence called STB (stands for stability-conferring 

partitioning locus). The STB region can be divided into two subregions according to their 
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relative location with respect to ORI (Figure 1.12). The origin-proximal STB contains 

tandem direct repeats of approximately six copies of a 62 bp element. Up to four of the 

repeats can be removed without affecting STB function in plasmid partitioning.  The 

distal STB resides in the region between the HpaI and AvaI restriction sites (see Figure 

1.12). It is thought to influence the activity of the proximal STB by blocking any 

transcriptional activity through the repeats (Jayaram et al., 1983; Jayaram et al., 1985; 

Kikuchi, 1983). Similar to the low-copy bacterial plasmid partition system, 2 micron 

circle also encodes two partitioning proteins, Rep1p and Rep2p. Both of them are capable 

of association with STB region in vivo and this tripartite protein-DNA complex is 

essential for stably maintaining plasmid during cell division (Jayaram et al., 1983; 

Kikuchi, 1983). Raf1p (previously called D protein) is believed to positively regulate Flp 

expression, and thus accelerate copy number amplification response. Genetic evidence 

suggests that it antagonizes a presumed Rep1p-Rep2p repressor complex that negatively 

regulates FLP gene expression (Murray et al., 1987).  
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Figure 1.11 Organization of the 2 micron plasmid. In the standard dumbbell 
representation of the double-stranded circular plasmid, the parallel lines indicate the 
inverted repeats of the plasmids. Four open reading frames (REP1, REP2, FLP and 
RAF1) are highlighted, with the arrowheads pointing the direction of their transcription. 
REP1 and REP2 encoded proteins bind to the cis-acting DNA element STB and form a 
protein-DNA complex which plays an essential role in plasmid partitioning. The two FRT 
sites are the Flp recombinase binding sites. Interconversion of the plasmid between forms 
A and B is achieved by Flp-mediated recombination at the FRT sites. There is only one 
replication origin (ORI) on the plasmid which is located asymmetrically relative to the 
two FRT sites.  This figure is adapted from Velmurugan et al., (2003). 

 

 

 

Figure 1.12 Organization of the 2 micron circle STB element. The plasmid partitioning 
locus STB, contained between the PstI and AvaI sites, can be subdivided into two regions: 
“proximal” and “distal” with respect to ORI. STB-proximal contains the tandem array of 
5 to 6 copies of a 62 bp consensus sequence, and is central to plasmid partitioning. STB-
distal is important in maintaining the “active configuration” of STB-proximal. The shaded 
box within STB-distal represents a “silencer sequence”. Two plasmid transcripts directed 
toward the STB-proximal are terminated within STB-distal. A third transcript runs in the 
opposite direction and traverses the STB-distal. This figure is adapted from Jayaram M., 
(2004).
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1.4.2 Two systems, one for plasmid segregation and one for copy number control, 

are required for plasmid maintenance in the host 

As described before, active partitioning systems are found in the low-copy 

number bacterial plasmids to ensure their equal segregation during cell division. The 

need for active partitioning in the case of low copy plasmids to prevent plasmid loss is 

easy to understand. It is not obvious why 2 micron circle, a high-copy number plasmid, 

also relies on such a strategy rather than segregate by random diffusion. This finding is 

even more surprising when considered in the light of the amplification system, which can 

readily correct downward deviations from steady state copy number. Perhaps, the 

organization of the plasmid within the yeast nucleus poses some barrier to free diffusion 

of individual molecules. The organization and localization of the 2 micorn circle will be 

dealth with in several places of this thesis. 

In the absence of a functional Rep-STB system, a yeast plasmid that only contains 

just the 2 micron circle ORI or one that contains a chromosomal ARS (autonomously 

replicating sequence) element (called an ARS plasmid) is known to have a finite 

propensity to be retained in the mother side during segregation (Murray and Szostak, 

1983). This maternal bias leads to the high instability of ARS plasmids in cell populations 

growing in non-selective media. The extremely low loss rate of native 2 micron circle 

indicates that the presence of Rep-STB system helps the plasmid to overcome this 

maternal bias either by freeing the plasmids from diffusional constraints or by actively 

segregating them into different cell compartments. A number of recent studies from our 

laboratory favor the latter possibility. In the following two sections, I will first focus on 
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the partitioning system and important characteristics of the 2 micron circle segregation 

pathway so far revealed; I will then briefly describe a widely accepted model for the 

plasmid amplification system. 

1.4.2.1 The partitioning system 

As noted before, the plasmid coded proteins Rep1p and Rep2p and the cis-acting 

locus STB are the central components of the 2 micron circle partitioning system. Early 

genetic analyses suggested that the protein-protein and DNA-protein interactions play 

essential roles in forming a functional partitioning complex (Broach JR, 1991; Jayaram et 

al., 1983). Rep1p and Rep2p exhibit self- and cross- interactions detected by both in vivo 

yeast two-hybrid assays and in vitro pull down assays (Ahn et al., 1997; Scott-Drew and 

Murray, 1998)  (Velmurugan et al., 1998). Since 2 micron plasmids reside in the 

nucleus, it is not surprising that both Rep proteins are also found to be nuclear proteins, 

and their nuclear localizing sequences (NLS) have been mapped to their carboxyl-termini 

(Scott-Drew and Murray, 1998; Velmurugan et al., 1998). Yeast mono-hybrid assays and 

ChIP assays confirmed that both Rep1p and Rep2p are capable of associating with STB 

independently of each other (Mehta et al., 2002; Yang et al., 2004). However, it is still 

unclear whether these associations are direct or not (Livingston, 1982); more than likely, 

they are mediated with the assistance of host factor(s). Gel retardation assays showed that 

only [cir+] but not [cir0] cell extracts render a band shift, indicating the STB-binding 

activity certainly requires plasmid encoded proteins. Further analyses using biosensor 

(surface plasmon resonance) assays demonstrated that Rep1p and Rep2p purified using 

bacterial expression systems are unable to bind to STB. But mixing the purified proteins 
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with a urea-solubilized and dialyzed fraction of yeast [cir0] extract rescues their binding 

activity (Hadfield et al., 1995). This suggests that some host proteins somehow contribute 

to the binding process.  

More interesting discoveries were made when in vivo GFP-tagged plasmids could 

be visualized under the fluorescence microscope (Velmurugan et al., 2000). By inserting 

Lac operator arrays into 2 micron circle derived plasmids, highly dynamic but clustered 

plasmid foci have been clearly seen in live cells upon expression of GFP-Lac repressor 

fusion protein (Figure 1.13).  Colocalization of the plasmid foci with DAPI stains 

supports the conclusion that plasmids localize to the nucleus. Parallel assays with GFP 

repressor-tagged chromosomes and centromere plasmids (CEN plasmids) suggest that 

their segregation dynamics and kinetics and those of 2 micron-derived reporter plasmids 

are quite similar.  

Plasmids commonly form three to four foci per cell. These foci are clustered near 

the spindle pole body and colocalize with plasmid encoded Rep proteins. By contrast, this 

colocalization with Rep proteins is not a feature of ARS plasmids, which show more a 

diffused localization pattern (Figure 1.14). In time-lapse movies monitoring plasmid 

segregation in dividing cells, the plasmid is seen to remain clustered through all stages of 

the cell cycle. At the instant of segregation, the cluster splits into two, and each cluster 

moves rapidly in opposite directions. De-clustering of the plasmids has never been seen 

in the presence of functional Rep-STB system (Velmurugan S. and Jayaram M., 

unpublished data). Therefore, it is proposed that the actual segregation unit of the multi-

copy 2 micron plasmids can be viewed as one cluster, in some sense, analogous to a small 

haploid yeast chromosome. 
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Figure 1.13 Direct visualization of the 2 micron circle-derived plasmid in mother and 
bud during the yeast cell cycle. Multiple tandem copies of Lac operator sequence have 
been inserted into an STB containing plasmid. This reporter plasmid, when co-
transformed into a recipient yeast strain with a second plasmid designed to express a 
GFP-Lac repressor fusion protein, can be visualized by fluorescence microscopy. The 
reporter plasmid can then be monitored at different cell cycle stages. This figure is 
adapted from Velmurugan et al., (2000). 

 

 

Figure 1.14 Rep1p and Rep2p colocalize with 2 micron-derived plasmids. In this assay, 
Rep1 and Rep2 proteins are visualized by fluorescein-conjugated secondary antibodies 
directed against antibodies to the native proteins. The Lac operator containing 2 micron 
plasmid derivative is localized through its association with the Lac repressor. Plasmid 
detection is accomplished by Texas red-conjugated secondary antibodies to Lac repressor 
antibody. Chromosomes are shown by DAPI stain. This figure is adapted from 
Velmurugan et al., (2000).
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1.4.2.2 The amplification system 

Under steady state growth conditions, the partitioning system mediates equal or 

nearly equal plasmid segregation efficiently. On a rare occasion, missegregation may 

occur, leading to a drop in the plasmid copy number. The plasmid also harbors a strategy 

to correct the fall in copy number. The plasmid coded amplification system is brought 

into action under such circumstances.  

As mentioned earlier, the 2 micron plasmid contains a single replication origin in 

its genome. This origin, like chromosomal origins, fires only once during the S phase of 

each cell cycle (Zakian et al., 1979). Upon sensing a plasmid copy number drop, the 2 

micron circle encoded Flp site-specific recombinase, acting on its target binding sites 

(FRTs), will trigger the amplification process. The prevailing model for explaining this 

amplification process was proposed by Futher in 1986 (Figure 1.15) (Futcher, 1986). This 

model is based on the following facts: 1) Flp-mediated recombination between the two 

inverted FRT sites will result in relative inversion of the DNA segments bordered by 

these sites; 2) while one FRT site is located quite close to the ORI, the second one is quite 

distal to it (close to the replication termination site). A recombination event right after 

one of the replication forks passes through the proximal FRT site will invert one fork 

with respect to the other. As a result, the previously converging bidirectional replication 

forks will become unidirectional, and chase each other along the circular plasmid 

template. Multiple copies of the plasmid are spooled out by the rolling circle mechanism. 

A second recombination event can invert the unidirectional replication forks back to their 

bidirectional orientation, and terminate the amplification process. Single plasmid 



 43

molecules are resolved finally through either Flp mediated recombination or homologous 

recombination mediated by the host machinery.  

The timely switching on and off the amplification system would be another 

important issue in plasmid copy number control. The 2 micron plasmid has developed a 

finely tuned regulatory system for this purpose. As shown in Figure 1.16, the 

transcription level of Flp is tightly controlled by the joint action of Rep1p, Rep2p and 

Raf1p (Murray et al., 1987; Som et al., 1988). A complex formed by Rep1p and Rep2p 

acts as a negative regulator on FLP and RAF1 transcription, whereas Raf1p antagonizes 

the action of Rep1p-Rep2p to relieve this repression. When the plasmid copy number is 

maintained at the steady state value, the concentration of the Rep1-Rep2 repressor is 

sufficiently high to nearly turn off the expression of both Flp and Raf1p. Therefore the 

Flp mediated recombination occurs at an extremely low rate. The Rep1-Rep2 repressor 

also negatively regulates REP1 gene expression, so that oscillations of the levels of 

repressor are small at steady state. A reduction in plasmid copy number is accompanied 

by a fall in the repressor concentration, thereby relieving the repression it exerts on FLP 

and RAF1 expression (Murray et al., 1987). With Flp mediated increase in 2 micron 

circle copy number, the Rep1p level increases, and so does the Rep1-Rep2 repressor 

level. Once the repressor level exceeds the critical threshold, FLP and RAF1 genes are 

turned off, and normal steady state conditions are re-established. 
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Figure 1.15 A recombination-mediated amplification mechanism proposed by Futcher. 
Bidirectional replication starts at the origin of a plasmid molecule (a). The origin-
proximal FRT is duplicated first (b). A Flp-mediated recombination results in the 
inversion of the right part of the plasmid genome (c) causing the two replication forks to 
chase each other (d). Multiple copies of the 2 micron DNA are spun out (e) until a second 
recombination event (f) restores the original directions of fork movement (g). 
Termination of replication results in a template copy of the plasmid (i) and a concatamer 
containing multiple tandem plasmid copies (h) which can be resolved into monomers (j 
and k) by either Flp-mediated recombination or homologous recombination. This 
diagram is adapted from Futcher, (1986) and Volkert and Broach (1986). 

 

 

Figure 1.16 Regulation of the 2 micron circle gene expression by plasmid encoded gene 
products. The putative bipartite regulator Rep1-Rep2 (designated as R1R2 in the above 
diagram) negatively controls the expression of FLP (Flp), RAF1 (D) and REP1 (R1). The 
gene product of RAF1 (D) antagonizes R1R2 function, allowing the balance to shift 
towards recombination events when the plasmid copy number is below steady state level. 
This diagram is adapted from Som et al., (1988).
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1.4.3 A tendency of the 2 micron-derived plasmid to stay with chromosomes 

during normal segregation or during missegregation 

The ability to observe the 2 micron circle in live cells using the Lac 

operator/GFP-Lac repressor system makes it possible to study the plasmid segregation in 

greater depth. This technology revealed that the 2 micron circle-derived reporter plasmids 

and yeast chromosomes display very similar segregation dynamics and kinetics. This 

observation on the apparent coupling between plasmid and chromosome segregation 

prompted us to follow plasmid segregation in mutant yeast strains that missegregate 

chromosomes at the non-permissive temperature. The question of interest to us is: will 

factors involved in chromosome segregation also participate in the plasmid’s 

partitioning? Can this account for the nearly chromosome-like stability of the plasmid? 

The segregation pattern of the 2 micron-derived reporters plasmids was first 

screened in ipl1 mutant cells (Velmurugan et al., 2000). As described in section 1.31, 

Ipl1p is an Aurora B kinase involved in the process of generating bipolar spindle 

attachment of sister chromatids following DNA replication (Biggins and Murray, 2001; 

Kang et al., 2001; Pinsky et al., 2006; Tanaka et al., 2002). Chromosomes missegregate 

in ipl1 cells at the non-permissive temperature (Francisco and Chan, 1994). Interestingly, 

in the absence of functional Ipl1p, 2 micron-derived reporter plasmids also missegregate, 

and have a strong tendency to stay with the bulk of the chromosomes. This ‘co-

missegregation’ has been shown to be dependent on the Rep proteins. Thus, if plasmid 

and chromosome segregation are indeed coupled events, this coupling is likely mediated 

through the Rep-STB system. 
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More kinetochore mutants, including mutants in components of CBF3 complex 

(CTF13 and NDC10) and NDC80 complex (NDC80), were screened for plasmid 

segregation and showed similar results as those detected in ipl1 mutants (Mehta et al., 

2002). CTF13 and NDC10 gene products are inner kinetochore proteins which are 

essential for kinetochore complex formation (Doheny et al., 1993; Goh and Kilmartin, 

1993; Jiang et al., 1993). Ndc80p is located in the middle layer of the kinetochore. 

Microtubules are completely detached from the centromere/kinetochore complex in 

ndc80 mutant cells (Wigge et al., 1998; Wigge and Kilmartin, 2001).  

The mutants tested so far, that affect chromosome segregation at different steps, 

lead to a tandem missegregation of chromosomes and the 2 micron circle. It is reasonable 

to suspect that the above factors regulate the plasmid and chromosome partitioning in a 

similar manner. Chromosomes and the plasmid may share a common segregation 

pathway or at least overlapping steps in their individual pathways. 

In addition to the above results linking plasmids to chromosomes obtained from 

the segregation experiments, the 2 micron plasmids are detected in chromosome spreads, 

when essentially all of the other nuclear and cytoplasmic components have been washed 

away. Both Rep1p and Rep2p are indispensable for this association (Mehta et al., 2002). 

However, ectopically expressed Rep proteins are found on chromosome spreads even in 

plasmid-free cells (Yang X.M.’s unpublished data). These data imply that Rep proteins 

are able to tether to chromosomal DNA or other chromatin components and may further 

mediate the association of the plasmids with chromosomes.  

Based on the above data, a chromosome tethering model seems to be attractive in 

considering plausible 2 micron plasmid partitioning mechanisms. It is possible that the 
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plasmid cluster may attach to  a chromosome, so that replicated plasmid clusters can 

hitch-hike on sister chromatids during segregation. Such a mechanism has been found to 

be utilized by Epstein-Barr virus (EBV) (Harris et al., 1985; Ito et al., 2002) and bovine 

papillomavirus (Ilves et al., 1999; Lehman and Botchan, 1998), whose genomes exist as 

episomes in the nuclei. It is advantageous for these viruses to resort to such a tethering 

strategy, since it prevents the loss of viral DNA into the cytoplasm during breakdown of 

the nuclear membrane. However, the 2 micron plasmids do not face this risk, since the 

yeast nuclear membrane does not go through a disassembly and reassembly process at 

any cell cycle stage.   

Although the requirement of the STB locus and the Rep proteins in 2 micron circle 

partitioning is well established, the story does not end here. Instead, the whole process is 

much more involved than was originally anticipated. As noted, bacterially purified Rep1p 

and Rep2p are not able to associate with STB element in vitro, unless they are mixed with 

the yeast cell lysate extracted from plasmid free cells (Hadfield et al., 1995). This is the 

first indication that host factors may participate in the 2 micron circle partitioning. In the 

case of viral episomes, it has been shown that host factors facilitate the tethering of the 

papillomavirus to chromatin during segregation (Baxter et al., 2005; McPhillips et al., 

2005; Parish et al., 2006). To further explore the involvement of host factors in 2 micron 

circle partitioning, genome-wide dihybrid screens have been done using plasmid encoded 

Rep1p and Rep2p as baits (Yang X.M.’s unpublished results). These assays suggest 

several host encoded gene products as potential players in 2 micron circle segregation, 

including Brn1p (one of the subunits of the yeast condensin complex) (Lavoie et al., 

2000; Ouspenski et al., 2000) and Fun30p (a SNF2 type of transcriptional regulator 
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associated with chromatin remodeling complexes) (Sudarsanam and Winston, 2000). As 

will be discussed in the following sections, more host factors have been revealed in later 

investigations to play essential roles in plasmid partitioning.     

1.4.4 Host factors are involved in the plasmid partitioning process 

1.4.4.1 Does the cohesin complex pair replicated plasmids? 

During cell division, each daughter cell receives a single copy of each 

chromosome and thus a complete set of chromosomes. To accomplish this, replicated 

sister chromatids need to be ‘marked’ as identical products. This is achieved by their tight 

association mediated through the cohesin complex.  

In Saccharomyces cerevisiae, the cohesin complex consists of at least four 

subunits, Scc1p (also known as Mcd1p), Scc3p, Smc1p, and Smc3p (Michaelis et al., 

1997; Strunnikov et al., 1993; Toth et al., 1999). Mcd1p is the S. cerevisiae homolog of 

Rad21p which is shown to be required for proper chromosome segregation in 

Schizosaccharomyces pombe (Birkenbihl and Subramani, 1992; Tatebayashi et al., 1998). 

Smc1p and Smc3p both belong to the structural maintenance of chromosomes (SMC) 

family. Members of this family are ATPases that are highly conserved from bacteria to 

humans (Hirano, 1999; Strunnikov, 1998; Strunnikov and Jessberger, 1999). All four 

subunits of the cohesin complex are essential for viability. Mutations in these proteins 

cause premature separation of sister chromatids (Guacci et al., 1997b; Michaelis et al., 

1997; Toth et al., 1999). A protein complex formed by Scc2p and Scc4p is required for 

loading of the cohesin complex onto chromosomes (Ciosk et al., 2000). Further 
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establishment of cohesion during S phase requires another protein called Ctf7p (also 

called Eco1p) (Skibbens et al., 1999; Toth et al., 1999). The timely establishment of 

cohesion during S phase and its subsequent dissociation at the onset of anaphase are 

critical events to ensure faithful segregation of  chromosome sisters towards opposite 

cell poles (Michaelis et al., 1997; Uhlmann et al., 1999; Uhlmann and Nasmyth, 1998; 

Uhlmann et al., 2000). 

A possible role of the cohesin complex in the 2 micron circle partitioning was 

originally explored based on the hypothesis that bridging of the plasmid clusters by 

cohesin may serve as a mechanism to ensure equal segregation. Such a mechanism 

seemed plausible since the plasmid segregates as a cluster, and therefore resembles a 

haploid chromosome in the partitioning process. Furthermore, as pointed out earlier, the 

stability of the plasmid is nearly the same as that of chromosomes. Results from ChIP 

experiments have shown a specific association of Mcd1p (and presumably cohesion 

itself) with 2 micron circle STB region in a Rep1p- and Rep2p- assisted manner. Like 

cohesin loading at chromosomal sites, plasmid-cohesin association also requires Scc2p 

and Scc4p. The cycle of Mcd1p association and dissociation at STB DNA and centromere 

regions follows almost the same timing during the cell cycle. The binding appears at 

early S phase and lasts until metaphase/anaphase transition. Timely cleavage of Mcd1p is 

a prerequisite for plasmid segregation. When a non-cleavable version of Mcd1p (Mcd1p-

nc) is overexpressed during a cell cycle, not only do sister chromatids fail to separate 

from each other but the duplicated plasmid clusters  also do not split apart (Mehta et al., 

2002).  
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More recently, by using ‘single-copy’ derivatives of the 2 micron plasmid, our 

laboratory has demonstrated that the cohesin complex recruited to the STB during S phase 

indeed causes cohesion between duplicated sister plasmids (Ghosh et al., 2007). This 

suggests the possibility that each plasmid molecule is paired with its sister molecule 

before separation, even though the plasmid cluster consists of multiple copies of identical 

individuals. By tagging two single-copy 2 micron plasmids with different colors 

(fluorescence tags), it has been found that the segregation of plasmid occurs in a sister-to-

sister fashion. Thus, like the CEN-based chromosome segregation, STB-based 2 micron 

plasmid segregation also follows a cohesin-mediated paring and unpairing mechanism.  

Duplicated sister chromatids are bi-oriented on the mitotic spindle at metaphase. 

Binding of kMTs emanating from opposite poles to each kinetochore will pull them away 

into different cell compartments during segregation. In case of the 2 micron circle, it is 

still unclear what force mediates the final separation of the sister plasmid clusters. It is 

possible that duplicated plasmid clusters tether to sister chromatids or to some nuclear 

substructures that get evenly distributed into two daughter cells. As will be discussed in 

the following sections, growing evidence suggests the involvement of the spindle, either 

directly or indirectly, in the plasmid partitioning pathway.     

1.4.4.2 Cse4p is incorporated into the plasmid partitioning locus STB 

The involvement of cohesin complex in the 2 micron circle partitioning makes it 

clear that a fundamentally similar mechanism is shared by the segregation process 

between chromosomes and plasmids. It is reasonable to ask then whether, in addition to 
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the cohesin complex, other chromosome partitioning factors are also purloined by the 2 

micron circle. 

By comparing the sequence of STB and chromosomal CEN, it is hard to find any 

similarity between these two regions. However, there are several characteristics shared by 

them which seem to relate them functionally. First, both STB and CEN DNA are cis-

acting DNA sequences involved in a fundamental process related to chromosomes and 

the 2 micron plasmid, namely, ‘partitioning’. Second, specialized chromatin structures 

are required for assembling protein complexes upon both these loci (Hsu et al., 2003; 

Tsuchiya et al., 1998; Wong et al., 2002). It has been reported that the loss rate of the 2 

micron plasmid is elevated when the RSC2 chromatin remodeling complex is inactivated 

(Huang et al., 2004; Wong et al., 2002). Third, both regions recruit the cohesin complex 

to assist segregation (Mehta et al., 2002; Michaelis et al., 1997). Forth, the CDE II 

element of centromere is highly A/T rich. STB DNA also has a high A/T content, 

although not as high as that of centromere. Fifth, to be functional, the two DNA elements 

need to be maintained free of transcription (Broach et al., 1979; Panzeri, 1984; Papacs et 

al., 2004). Nevertheless STB and CEN are distinct from each other not only in their 

structural organization but also in the high-order protein complexes assembled on them. 

In an attempts to check the potential association of kinetochore proteins (including 

Ndc10p, Ndc80p and Sli15p) with the STB region, none of the candidates showed 

positive binding in ChIP (Metha S.’s unpublished results).  

As has been pointed out earlier, the centromere DNA in S. cerevisiae is divided 

into three organizational elements. A histone H3 variant, Cse4p (the S. cerevisiae 

homolog of mammalian CENP-A), replaces histone H3 in the centromeric nucleosome 
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which is assembled at the CDE II element. This serves as a specific marker for the 

chromatin at the centromere region. Recent work from our laboratory has demonstrated 

the colocalization of Cse4p with the 2 micron circle in chromosome spreads (Hajra et al., 

2006). This finding has been verified by ChIP analysis as well. 2 micron-derived 

plasmids  have been found to associate with chromosome spreads in an ndc10 mutant, 

but not in a cse4 mutant, at the non-permissive temperature. ChIP results reveal that 

Cse4p binds specifically to the 2 micron circle STB region in a Rep1p and Rep2p 

dependent manner. Results of high-salt extraction assays suggest that Cse4p is 

incorporated into the nucleosome(s) wrapped by STB DNA. As noted earlier, chromatin 

remodeling at STB mediated by the RSC2 complex appears to be a critical step in 2 

micron circle partitioning (Huang et al., 2004; Wong et al., 2002). In the absence of wild 

type Cse4p, Rsc2p and Rsc8p (components of RSC2 complex) fail to bind to STB, and 

cohesin association with STB is also blocked. These observations attest to the importance 

of a centromere-like chromatin organization at STB in the equal segregation of the 2 

micron plasmid.  

In summary, the finding that Cse4p is a nucleosome component of the chromatin 

at the 2 micron circle partitioning locus suggests that this selfish genetic element has 

evolved a mechanism to utilize a centromere-specific histone marker to guide the 

formation of its own partitioning complex. 

1.4.4.3 A role of the mitotic spindle in 2 micron circle partitioning 

The funding that the mitotic spindle also plays special roles in 2 micron circle 

segregation was rather surprising at the time that it was made (Mehta et al., 2005; 
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Velmurugan et al., 2000). The spindle not only affects plasmid nuclear localization but 

also the loading of the partitioning factors at STB, including the cohesin complex and 

Cse4p (Hajra et al., 2006; Mehta et al., 2005). The known aspects of the involvement of 

the mitotic spindle in plasmid segregation are reviewed in detail in the background 

section of Chapter 3. The general layout of the remainder of this thesis concerning 

experimental results, their interpretation and future directions is outlined below. 

1.5 Chapters to follow 

The work presented in this thesis is focused on exploring the roles of the mitotic 

spindle and its associated motor proteins in the 2 micron plasmid partitioning pathway. 

The data collectively suggest that a plus end-directed motor, Kip1p, may promote capture 

of the plasmid by the spindle through its interaction with the 2 micron circle partitioning 

system, and facilitate plasmid localization in the nucleus. The strains, plasmids and 

various experimental methods that were utilized during the present study are described in 

Chapter 2. Chapter 3 summarizes the results from the segregation assays aimed to test 

whether nuclear motors of S. cerevisiae participate in 2 micron circle partitioning. We 

found that, out of the four nuclear motors, only deletion of KIP1 causes plasmid 

missegregation. In Chapter 4, we have further explored the possible interactions between 

Kip1p and the plasmid partitioning system. We found that Kip1p is recruited to the 

plasmid partitioning locus in a Rep1p and Rep2p dependent manner. We also examined 

the functional hierarchy of Kip1p in relation to other host factors in their interactions with 

the plasmid partitioning system. The results are consistent with Kip1p being an early 

participant in the plasmid partitioning pathway. Based on the findings summarized in 
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Chapter 4, we hypothesized that Kip1p may act as a bridging agent between the plasmid 

cluster and the spindle. It may also assist the transportation of the spindle associated 

plasmid cluster to its partitioning center. These expectations are generally supported by 

the results summarized in Chapter 5. We discovered that a single-copy reporter plasmid 

colocalizes with Kip1p at or in close proximity to the spindle pole body, very much like 

the localization of a CEN reporter plasmid and quite distinct from the localization of an 

ARS reporter plasmid. This specific localization of the STB plasmid is disrupted when 

Kip1p function is inactivated. Possible models for Kip1p’s role in 2 micron circle 

segregation are outlined in Chapter 6, together with a consideration of interesting 

questions that need to be answered to further broaden our knowledge of the mechanism 

of action of the 2 micron circle partitioning system. 
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CHAPTER 2 

Materials and Methods 

This chapter provides a brief summary of the materials and experimental 

procedures employed in this study. The plasmids and yeast strains constructed during the 

course of this work or generously provided by others are tabulated, along with a brief 

description of their relevant properties. Appropriate citations are given when referring to 

previously published strains, reagents and protocols.  

2.1  [CIR+] AND [CIR0] YEAST STRAINS  

The use of the 2 micron-derived reporter plasmids enables us to study the 

localization and segregation pattern of the 2 micron circle. These reporter plasmids 

contain 2 micron circle ORI and STB regions. However, they do not harbor the coding 

sequences for Rep1p and Rep2p. The native 2 micron circle partitioning system can be 

established by providing the Rep proteins in trans from the endogenous 2 micron 

plasmids or from expression vectors harboring the REP genes. In previous studies, as 

well as in this work, yeast strains that contain native 2 micron circles are designated as 

[cir+], whereas the strains free of 2 micron plasmids are designated as [cir0]. It is 

important to point out that, in the [cir+] background, the 2 micron-derived reporter 

plasmids behave essentially as native 2 micron circle; in [cir0] background, when Rep 

proteins are absent, they behave as ARS plasmids, which replicate autonomously but lack 
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the STB locus. Plasmids used for expression of the Rep proteins are listed under section 

2.2 in Table 2.2  
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2.2 STRAINS AND PLASMIDS USED IN THIS STUDY  

Table 2.1 Yeast strains used in this study 

 Strain MAT Genotype Source/Ref. 

S1 MJY124 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 [cir+] (Mehta et al., 2002) 

S2 MJY125 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 [cir0] (Mehta et al., 2002) 

S3 MJY312 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 MCD1-3HA::KanMX [cir+] (Mehta et al., 2002) 

S4 MJY3016 MATa ade2::GFP-LacI::ADE2 his3-11 leu2-3, 112 trp1 ura3-1 [cir+] (Ghosh et al., 2007) 

S5 MJY3017 MATa ade2::GFP-LacI::ADE2 his3-11 leu2-3, 112 trp1 ura3-1 [cir0] (Ghosh et al., 2007) 

S6 MJY3020 MATa his3-11 leu2::GFP-LacI::LEU2 trp1 ura3-1 RFPTetR [cir+] (Ghosh et al., 2007) 

S7 MJY3021 MATa his3-11 leu2::GFP-LacI::LEU2 trp1 ura3-1 RFPTetR [cir0] (Ghosh et al., 2007) 

S8 JT107 MATa ade2-101 ura3-1 his3-11 leu2-3,112 trp1 KIP1-EGFP::URA3 SPC42- 
CFP::TRP1 [cir+] 

(Tytell and Sorger, 
2006) 

S9 MJY3002 MATα ade2-101 his3-11,15 leu2-3 lys2-801 trp1Δ901 ura3-52 cse4::HIS3  
{pcse4-107HA} (cse4-107HA in pRS314) [cir+] (Hajra et al., 2006) 

S10 SBY617 MATa ade2-1 ura3-1 leu2-3,112 his3-11 trp1-1 can1-100 bar1Δ CSE4-
MYC12::URA3  [cir+] (Buvelot et al., 2003) 
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S11 MJY5020 MATa ade2-1 ura3-1 leu2-3,112 his3-11 trp1-1 can1-100 bar1∆ CSE4-
MYC12::URA3 kip1:: HisMX  [cir+] S. Hajra, UT Austin 

S12 MJY5021 MATa ura3 leu2 his3 ade2 ade3 RSC2-MYC::TRP1 [cir+] S. Hajra, UT Austin 

S13 MJY311 MATa ura3-52 his3-200 ade2-101 lys2-801 leu2-3,112 trp1-901 tyr1-501 
gal4-∆512 gal80-∆538 ade5::hisG::STBUAS-HIS3::HIS3[cir+] (Yang et al., 2004) 

S14 YPH499 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1 [cir+] Stratagene 

S15 MJY5001 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1  kip1:: 
HisMX  [cir+] This study 

S16 MJY5002 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1  cin8:: 
HisMX  [cir+] This study 

S17 MJY5003 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1  kar3:: 
HisMX  [cir+] This study 

S18 MJY5004 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1  kip3:: TRP1 
[cir+] This study 

S19 MJY5005 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 KIP1-13MYC::HisMX [cir+] This study 

S20 MJY5006 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 KIP1-13MYC::HisMX [cir0] This study 

S21 MJY5007 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 CIN8-3HA::TRP1 [cir+] S. Mehta, UT  Austin 

S22 MJY5008 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1  KAR3-
13MYC:: HisMX  [cir+] This study 

S23 MJY5009 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1  KIP3-
13MYC:: HisMX  [cir+] This study 

S24 MJY5010 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1 MCD1-
3HA::TRP1  [cir+] This study 
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S25 MJY5011 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1 MCD1-
3HA::TRP1  kip1:: HisMX  [cir+] This study 

S26 MJY5012 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1 MCD1-
3HA::TRP1  cin8:: HisMX  [cir+] This study 

S27 MJY5013 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1 MCD1-
3HA::TRP1 kar3:: HisMX  [cir+] This study 

S28 MJY5014 MATa ura3 leu2 ndc10-2 KIP1-13MYC::HisMX [cir+] This study 

S29 MJY5015 MATα ade2-101 his3-11,15 leu2-3 lys2-801 trp1Δ901 ura3-52 cse4::HIS3  
{pcse4-107HA} (cse4-107HA in pRS314) KIP1-13MYC::KanMX [cir+] This study 

S30 MJY5016 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 rsc2::URA3 KIP1-
13MYC::HisMX [cir+] (2µ-ADE2) This study 

S31 MJY5017 MATa his3-11 leu2::GFP-LacI::LEU2 trp1 ura3-1 RFPTetR KIP1-
EGFP::HisMX [cir+] This study 

S32 MJY5018 MATa his3-11 leu2::GFP-LacI::LEU2 trp1 ura3-1 RFPTetR KIP1-
EGFP::HisMX [cir0] This study 

S33 MJY5019 MATa ura3 leu2 his3 ade2 ade3 RSC2-MYC::TRP1 kip1::HisMX [cir+] This study 

S34 MJY5020 MATa Lys2-801 trp1-1 ura3-52 leu2-3,112 his3-∆200  kip1::HIS3 cin8-3 Dr.Chan Lab, UT 
Austin 

S35 MJY5021 MATa ura3-52 lys2-801  ade2-101  trp1∆63 his3∆200 leu2∆1 MCD1-
3HA::KanMX  kip3::TRP1  [cir+] This study 

S36 MJY5022 MATa ade2-101 ura3-1 leu2-3,112 trp1 his3-11 kip1::HisMx [cir0] This study 
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Table 2.2 Plasmids used in this study 

 Plasmid Salient features Source/Ref. 

P1 pSV1 256 copies of Lac operator sequence cloned 
into YEpLac181 (LEU2) (Mehta et al., 2002) 

P2 pSV4 GFP-Lac repressor cloned into YCpLac33 
(URA3) (Mehta et al., 2002) 

P3 pSV5 256 copies of Lac operator sequence cloned 
into YEpLac112 (TRP1) 

(Velmurugan et al., 
2003) 

P4 pSG1 PGAL1-CEN3-STB-ORI cloned into pSV5 (Ghosh et al., 2007) 

P5 pSG2 PGAL1 -CEN3-STB-ORI cloned into 
pRS306XTetO112 (URA3) (Ghosh et al., 2007) 

P6 pSV30 pRS402-GFPLacI (ADE2)  (plasmid for 
chromosomal integration) (Hajra et al., 2006) 

P7 pSV31 pRS406-GFPLac repressor (URA3) (plasmid 
for chromosomal integration) (Ghosh et al., 2007) 

P8 pSV2 256 copies of Lac operator sequence cloned 
into YCpLac111 (LEU2) 

(Velmurugan et al., 
2000) 

P9 pSTB 2 micron circle-derived plasmid harboring 
ADE2 

(Velmurugan et al., 
1998) 

P10 pCM26 PGAL1-3HA-REP1 in pRS406 (URA3) (plasmid 
for chromosomal integration) (Hajra et al., 2006) 

P11 pCM2 PGAL1-3HA-REP2 in pRS405 (LEU2) (plasmid 
for chromosomal integration) (Hajra et al., 2006) 

P12 pXY93 pJG4-5 expressing Rep1p Y317I (galactose 
inducible) Class I Rep1p mutant 

XM. Yang UT 
Austin 

P13 pXY76 pJG4-5 expressing Rep1p A50D (galactose 
inducible) Class II Rep1p mutant 

XM. Yang UT 
Austin 

P14 pSTB2 REP2 (under native promoter) cloned into 
YEp vector (ADE2 and LEU2) (Yang et al., 2004) 

P15 pKT128 EGFP tagging vector (SpHIS5) EUROSCARF 

P16 pGAD424 Vector for generating activation domain 
fusion protein Clontech 

P17 pHC1 KIP1-13MYC (under native promoter) cloned 
into the CEN plasmid pRS414 (TRP1) This study 

P18 pHC2 AD-KIP1 (under ADH1 promoter) cloned into 
pGAD424 This study 
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P19 2µ-ADE2 Native 2 micron plasmid with ADE2   (Ephraim L. Tsalik, 
1998) 

P20 pHC3 P-loop mutant of Kip1p-13Myc (under native 
promoter) in pRS414 (TRP1) This study 

P21 pHC4 PGAL1-6HA-REP1 in pRS406 (URA3) This study 

 

2.3  ANTIBODIES USED IN THIS STUDY 

Monoclonal anti-HA antibody and anti-Myc antibody (generated in mouse) used 

in the present assays were supplied by Covance, CA. They were used at 1:1000, 1:100 

and 1:100 dilutions in western blot, ChIP and immunoprecipitation analyses. Polyclonal 

anti-HA antibody supplied by Sigma and polyclonal anti-Myc supplied by Abcam are 

both generated in rabbit and were used at 1:1000 and 1:100 dilutions in western blot and 

immunoprecipitation assays, respectively. 

2.4  CULTURE CONDITIONS 

Yeast cells were grown in YEPD medium or the appropriate drop-out medium at 

30°C for wild type strains or 26°C for certain mutant strains. When temperature sensitive 

mutations were employed, cultures in mid-log phase were shifted to 37°C for 3 hr to 

inactivate the protein of interest. 

2.5  VISUALIZATION OF PLASMIDS IN LIVE CELLS 

Reporter plasmids (CEN, STB or ARS based) harboring 256 copies of Lac 

operator sequence were transformed into cells which contain the expression cassette for 

GFP-Lac repressor fusion protein either carried on a CEN plasmid or integrated into 

genome. The expression of GFP-Lac repressor, controlled by the HIS3 promoter, was 



 62

induced by adding His3p-specific inhibitor 3-AT (3-amino-1,2,4-triazole) into the 

cultures 1 hr before harvesting cells. Final concentration of 3-AT varied from 10 to 20 

mM according to different strain backgrounds.     

2.6  MICROSCOPY 

Fluorescence signals were detected using an Olympus BX-60 microscope. Images 

were taken using a Photometrics Quantix camera from Roper Scientific, and then 

processed by Metamorph (product of Universal Imaging CorporationTM, Downingtown, 

PA, USA) and PhotoShop CS (product of Adobe Systems Incorporated). 

2.7  SINGLE-COPY DERIVATIVES OF 2 MICRON REPORTER PLASMIDS 

Construction and experimental manipulations using single-copy 2 micron reporter 

plasmids are detailed in published work (Ghosh et al., 2007). Briefly, a typical reporter 

plasmid was constructed by incorporating both STB and a centromere into it. An 

inducible GAL1 promoter was placed upstream of CEN to conditionally inactive it by 

growing cells in galactose medium. When [cir+] cells were cultured in glucose or 

raffinose medium, the plasmid borne CEN was active, and dominant in plasmid copy-

number control whereas in galactose medium, only STB was functional. Figure 2.1 shows 

the detailed protocols for following the partitioning characteristics of single-copy 2 

micron reporter plasmids. Briefly, early log phase cells growing in 2% raffinose medium 

were treated with α-factor for 1 hr. Cells were harvested and subjected to continued 

treatment with α-factor in 2% glucose or galactose medium for an additional 2 hr before 

releasing them into pheromone-free glucose or galactose medium. Cells were followed 

through for one to two cell cycles as demanded by different experimental requirements.  
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Figure 2.1 Experimental procedure for following the behavior of a single-copy 2 micron 
reporter plasmid in cells released synchronously from G1 arrest. During the cell cycle in 
glucose medium, the centromere remains active; however, it is inactive during the cell 
cycle in galactose medium. The scheme is adapted from Ghosh et al., (2007). 

2.8  SYNCHRONIZATION OF YEAST CELLS  

2.8.1  G1 synchronization with α-factor 

Early log phase cells were treated with α-factor at final concentration of 8 μg/ml 

for BAR1 strains for 2 hr. Before harvesting, cells were checked by light microscopy for 

percentage of arrest. Flow cytometry (FACS) analysis was also used to confirm the result 

by DNA content per cell. In general, the percent of cells undergoing G1 arrest was >90%. 

2.8.2  G2/M arrest using nocodazole   

Exponentially growing cells were treated with either 1% DMSO (mock treatment) 

or 20 μg/ml of nocodazole in 1% DMSO for 2 hr. DMSO was used as a control since 

nocodazole stock was made by dissolving nocodazole powder (Sigma) in DMSO 

(Sigma). Around 85% of the cells were arrested at G2/M after 2 hr nocodazole treatment. 

Arrested cells were large-budded, showing a single DAPI stain in the mother 
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compartment. Cells at all cell cycle stages were detected in DMSO treated populations, 

since the solvent has no effect on cell cycle progression.   

2.9  FACS ANALYSIS 

FACS analysis were done following the protocol standardized in previous studies 

(Mehta et al., 2002). 

2.10 PLASMID SEGREGATION ASSAYS  

2.10.1 Segregation of multi-copy reporter plasmids 

Yeast cells containing the reporter plasmid and the expression cassette for GFP-

Lac repressor were cultured overnight in media that maintain the selection for the 

resident plasmids. The following day, cells were re-inoculated to an OD600 = 0.1 and 

permitted to grow for two generations to OD600 = 0.4. 3-AT was added to 10~20 mM and 

DAPI to 2.5 µg/ml, and incubation was continued for 1 hr before harvesting cells. Cells 

were then washed three times with sterile deionized water before checking them under 

the fluorescence microscope. Only large-budded cells with two equally distributed DAPI 

stains in both mother and bud were selected for further plasmid signal screen. At least a 

hundred cells were scored in each experimental group.  

2.10.2 Segregation of single-copy reporter plasmids 

Segregation assays were carried out with single-copy 2 micron reporter plasmids 

in different genetic backgrounds according to the procedure outlined in Figure 2.1. At 

approximately 2 hr after G1 release in galactose medium, more than 80% of the cells 

entered late anaphase or telophase. Cells released into glucose medium reached anaphase 
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by 90 min. Cells were harvested at these time points, washed with sterile deionized water 

and screened as described under section 2.10.1. 

2.11  MITOTIC STABILITY OF SINGLE-COPY REPORTER PLASMIDS 

Yeast strains containing a single-copy 2 micron derived reporter plasmid were 

grown in the appropriate drop-out medium, and subjected to procedures described under 

section 2.7 to establish G1 arrest and to inactivate CEN. Cells, collected from each 

sample were seeded on YEPD plates at a density of approximately 150-200 cells per 

plate. These cells provided the T=0 data set. Cells released from G1 arrest were allowed 

to pass through one cell cycle and enter G1 phase of the next cell cycle. Completion of 

the cell cycle took ~ 2 hr in galactose medium and ~1.5 hr in dextrose medium. Cells 

collected from each sample were seeded on YEPD plates (~150-200 cells per plate) to 

obtain the T=1 data set. The mother cultures were incubated for an additional 2 hr period 

in galactose and a 1.5 hr period in dextrose medium for cells to complete their second cell 

cycle and enter G1 of the third cycle. Cells from each sample were seeded on YEPD 

plates at roughly 150-200 cells per plate to collect the T=2 data set. By the third 

generation, there was a significant loss of cell cycle synchrony, and cells were not 

followed for further generations. After 2 days incubation, small colonies were formed on 

the T = 0-2 plates. All plates were replicated on selective plates and allowed to grow for 

two more days to distinguish cells harboring the reporter plasmid from those that had lost 

it.  

The fraction of plasmid-carrying cells at each of the three time points, T = 0, 1 

and 2, was calculated as the number of colonies on the selective plate divided by the 
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number of colonies on the corresponding YEPD plate. The instability index ‘i’, the 

plasmid loss rate per generation, was calculated according to the formula (Murray and 

Cesareni, 1986) 

)/ln(1
0 NII

N
i = ,  

where N represents the number of generations, I0 is the % of plasmid-containing cells at 

time zero and IN the % of plasmid-containing cells after N generations. In this particular 

experimental design, N = 1 and 2. 

2.12  CHROMATIN IMMUNOPRECIPITATION (CHIP) 

ChIP experiments were carried out as described previously (Mehta et al., 2002) 

with minor modifications. Briefly, around 20 OD600 units of log-phase cells were 

incubated with 1% formaldehyde to mediate DNA-protein crosslinking. The crosslinking 

time was adjusted in the range of 15 to 60 min for different proteins to get the least 

background. Typically, a 40 min to 1 hr period was used for motor proteins, and a 15 min 

to 30 min period was used for the cohesin subunit Mcd1p and the 2 micron plasmid 

encoded Rep proteins. Crosslinking was stopped by adding glycine to a final 

concentration of 125 mM. Cells were collected and washed three times with 25ml 

1×PBS. After the final wash and centrifugation, pelleted cells were resuspended in 1 ml 

lysis buffer (50mM HEPES-KOH pH7.5, 150mM KCl, 1mM EDTA, 10% glycerol, 0.1% 

Nonidet P-40, Roche protease inhibitors tablet). They were lysed by bead-beating (1 min 

×4, 2 min interval on ice between successive operations of the beater) at 4°C in the mini-

bead-beater-8 (BioSpec Products, Inc.). DNA was sheared into small fragments with an 



 67

average length of 500 bp by sonication using a Sonics Vibra Cell sonicator. Sonication 

was carried out at 40% amplitude for a total of 8 to 10 times of 20 sec cycle with 2 min 

interval in between cycles on ice. Sonicated samples were centrifuged at high speed to 

collect clear cell extracts. Each 500 µl extract was used in one immunoprecipitation assay 

with standardized amount of antibodies (see section 2.3). The immunoprecipitation 

mixture was rotated at slow speed on a rotary shaker at 40C overnight. Next day, a 50 µl 

aliquot of 50% protein A beads was added to pull down the antibody-protein-DNA 

complex. Beads were harvested by centrifugation and washed extensively with washing 

buffers for a total of 5 times. The protein-DNA complexes were eluted from the beads by 

incubating at 65°C for 45 min in the elution buffer. The crosslinking was reversed by 

65°C incubation overnight. Next day, incubation was continued at 37°C for 2 hr after 

adding 150 µl TE and 3 µl of 10 mg/ml proteinase K. DNA was purified by phenol-

chloroform extraction and precipitated with 0.3 M sodium acetate and 2.5 volumes of 

100% ethanol at -20°C for at least 2 hr. DNA was collected by high speed centrifugation 

for 30 min at 4°C and washed once with 500 µl 70% ethanol. Vacuum dried DNA pellets 

were resuspended in 30 µl TE (10:0.1) and used for PCR amplification. Different amount 

of DNA templates were used to capture the linear range of PCR amplification. The 

signals in gel were quantified using AlphaEaseFC software provided by Applied Science 

Inc. Three independent experiments were done for each assay and the bar graphs were 

plotted using the average values derived from them.  
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2.13 CO-IMMUNOPRECIPITATION ASSAYS 

Yeast cells were grown in 100 ml raffinose medium till early log phase (around 

OD600 = 0.15). Galactose was added to 2%, when protein expression required galactose 

induction, and incubation continued for 3 hr to an OD600 of 0.3. Cells were harvested, 

washed three times with ice-cold sterilized deionized water and resuspended in 1 ml cold 

lysis/IP buffer (20mM Tris pH7.5, 50 mM NaCl1, 10% glycerol, 0.1% Nonidet P-40, 

Roche protease inhibitors tablet). After adding approximately ¾ total volume of 0.5 mm 

glass beads (Soda Lime, BioSpec Products, Inc), cells were subjected to bead-beating 

until 30% to 40% of them were lysed. Cell debris was spun down at 12,500 rpm in an 

Eppendorf microcentrifuge for 5 min at 4°C. The supernatant was spun again for another 

15 min. For each IP, 500 µl of clear cell lysate was used, and antibodies were added, 

usually at 1:100 dilution of the stock titer. The mixture was rotated for at least 2 hr or as 

long as overnight at 4°C. A 50 µl aliquot of a 50% solution of protein A beads was added 

to pull down the antibody-protein-DNA complex. The beads were harvested by 

centrifugation and washed once with 1 ml IP buffer, and twice with 1ml high salt 

washing buffer (same as IP buffer, except that the salt concentration was 50 mM higher). 

Around 30 µl IP buffer and 5 µl 6× protein loading dye were added to each sample. After 

boiling for 5 min, samples were spun for 1 min at top speed in an Eppendorf 

microcentrifuge, and 25 µl supernatant from each sample was loaded onto an SDS-PAGE 

gel.  

                                                 
1 Although the normal salt concentration in the IP buffer was 50 mM NaCl, for some 
experiments this concentration was varied between 50 mM and 200 mM. 
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2.14 MONOHYBRID ASSAY 

The monohybrid assays were done following the protocol standardized in 

previous studies (Yang et al., 2004). Briefly, the assay used an engineered strain (S13, 

Table 2.1) which harbored a 375 bp regulatory cassette spanning the STB locus upstream 

of the basal promoter driving the expression of the HIS3 reporter cassette (Velmurugan et 

al., 1998). Kip1p, fused at its amino-terminus with the Gal4 transcriptional activation 

domain, was expressed from the plasmid pHC2 (P18, Table 2.2). The tester strain was 

transformed with either pGAD424 (P16, Table 2.2) or pGAD424-KIP1 (pHC2). Overnight 

grown cells were serially diluted five times at 1 to 10 ratio and were spotted on –His-Leu 

dextrose plates containing increasing amount of 3-AT (3-aminotriazole).  Growth of 

colonies was scored after 4 days of incubation at 30°C. 

2.15 MAPPING NUCLEAR LOCALIZATION OF REPORTER PLASMIDS BY Z-SERIES 

SECTIONING AND 2D PROJECTIONS 

The yeast strains used in this assay harbored a GFP-Lac repressor expression 

cassette inserted at the LEU2 locus in the genome. The gene encoding the spindle pole 

body component Spc110p was fused with RFP at its endogenous chromosomal locus. 

The single-copy 2 micron reporter plasmid carrying the Lac operator array was 

transformed into the cells to map plasmid localization. The plasmid residence zone was 

measured by optical sectioning of the yeast nucleus along the Z-axis. For each sample, 22 

sections at 0.25 μm thickness were examined, spanning 5.5 μm of total thickness. The 

sections showing the brightest (best focused) signal for the plasmid and that for the 

spindle pole were selected, and the vertical distance between the two sections was 



 70

calculated as “a = 0.25×N µm” (N is the number of sections in between of the picked 

two). The in-plane distance between the plasmid and spindle pole (designated a “b”) was 

calculated automatically by the Metamorph software after the sections showing both 

signals were stacked, deconvolved and projected as 2-D images. The shortest distance 

between the plasmid and the spindle pole (designated as “d”) was calculated by the 

following formula: 

22 bad +=  µm 

The mean distance was calculated by scoring at least 20 cells to obtain each data 

point.  

2.16 GENERAL EXPERIMENTAL PROCEDURES 

Yeast and bacterial transformations, yeast genomic DNA and plasmid DNA 

preparation, curing of the 2 micron plasmid from [cir+] strains, culturing of yeast and 

bacteria and other general experimental procedures were carried out by following 

protocols listed on the laboratory web page 

(http://www.sbs.utexas.edu/jayaram/jayaramlab_files/Protocols.htm).  
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CHAPTER 3 

The nuclear motor Kip1p is required for equal segregation of the 2 

micron plasmid  

3.1 SUMMARY 

1. Previous studies highlighted the importance of the mitotic spindle in the equal 

segregation of the 2 micron plasmid. We now find that, of the four nuclear motors 

in yeast, one (Kip1p) plays a critical role in plasmid segregation. This observation 

has been verified by monitoring the segregation behavior of single-copy and 

multi-copy reporter plasmids.  

2. Lack of Kip1p function disrupts the normal segregation mechanism in which the 

duplicated copies of the plasmid segregate as two clusters in a one-to-one fashion 

into daughter cells. The frequency of unequal segregation events goes up under 

this condition. A complete lack of segregation, with one daughter cell receiving 

no plasmid copies, is extremely rare.   

3. Absence of Kip1p does not have a measurable adverse effect, in our assays, on the 

segregation of a CEN reporter plasmid. This is consistent with previous 

observations that kip1∆ is not lethal to the cell, and its effect on the loss rates of 

chromosomes is quite modest. Of the two functionally redundant plus end-

directed motors of S. cerevisiae, Cin8p plays a more prominent role in spindle 

function and chromosome segregation. By contrast to Kip1p, lack of Cin8p 

function does not affect plasmid segregation. 
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3.2 BACKGROUND 

Segregation of sister chromatids depends on the orientation-specific interaction 

between chromosomes and spindle microtubules. The plus ends of the kinetochore 

microtubules (kMTs) interact with kinetochore complexes that are assembled on the CEN 

regions of individual chromosomes. Proper attachment of sister kinetochores in a bipolar 

fashion is required to silence the spindle checkpoint that would prevent metaphase cells 

from proceeding to anaphase. During anaphase, the force generated by the relative sliding 

of interpolar microtubules (or non-kinetochore microtubules, nkMTs), combined with the 

shrinkage of kMTs, is responsible for pulling the separated sisters towards opposite ends 

of the dividing cell (McAinsh et al., 2003; Westermann et al., 2007).  

The similarity in the segregation kinetics exhibited by the 2 micron plasmid and 

chromosomes, as observed in previous studies (Velmurugan et al., 2003), would be 

consistent with a possible role for the mitotic spindle in the plasmid partitioning pathway. 

This notion is strengthened by the observation that the Rep proteins, along with the 

plasmid cluster with which they are associated, localize in close proximity to the spindle 

pole. This is also the locale where centromeres are congressed to form a cluster 

(Velmurugan et al., 2000). If we accept the possibility that the mitotic spindle is required 

for plasmid partitioning, a relevant related question would be whether the role of the 

spindle is direct or indirect in this process.  

It should be re-emphasized that multiple copies of a 2 micron reporter plasmid in 

unbudded cells are arranged into a finite number of foci (roughly 3 to 5 in most cells) that 

remain closely clustered. At no stage of the cell cycle has a declustering of the plasmid 

foci been observed. In time-lapse analysis (see Figure 3.1), replication of the plasmid 
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molecules during S phase can be inferred by the rough doubling in the intensity of the 

fluorescence tag placed on them (GFP-Lac repressor bound to a Lac operator array on the 

plasmid). If there is an increase in the number of foci at this stage, it is not immediately 

apparent at the resolution of the microscopy assay. Furthermore, association of duplicated 

plasmid copies mediated by the cohesin complex (Guacci et al., 1997) would further 

impede the distinction among individual foci. In anaphase, the splitting of the plasmid 

cluster into two separate clusters is followed by their immediate and rapid movement 

away from each other. These features of plasmid segregation are suggestive of an active 

pulling force, reminiscent of that exerted by the mitotic spindle. This force would be 

passive if the separating clusters hitch-hike on sister chromatids; it would be active if the 

duplicated plasmid clusters are attached to microtubules from opposite spindle poles. In 

principle, analogous to kinetochores, the plasmid partitioning complex assembled at STB 

may mediate this biorientation. 
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Figure 3.1 Segregation kinetics of the 2 micron plasmid in a wild type host strain. The 
fluorescence-tagged 2 micron circle reporter plasmid was followed after bud emergence 
(0 min) through one cell cycle by time lapse microscopy. The plasmid fluorescence was 
doubled in the 6 to 18 minute period (early S phase), and plasmid segregation occurred in 
the 42 to 48 minute interval. Observations using a fluorescence-tagged chromosome 
indicated nearly identical kinetics of segregation (data not shown). The results are taken 
from Velmurugan et al. (2003).
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The utilization of the mitotic spindle by extrachromosomal elements for their 

propagation is not without precedent. Recent studies on human papillomavirus (HPV) 

suggest that the HPV genomes behave like minichromosomes during viral DNA 

partitioning. The origin recognizing proteins (E2s) of three common HPV types, HPV-11, 

HPV-16, and HPV18, have been shown to associate with mitotic spindles. Furthermore, 

an HPV origin-containing plasmid attaches to spindle fibers in an E2-dependent manner. 

In addition, α-, β-, and γ-tubulin subunits are co-immunoprecipitated with the E2 protein 

(Van Tine et al., 2004). More recently, the binding of a mitotic kinesin-like protein 2 

(Mklp2) by the E2 protein, as well as their colocalization, has been reported (Yu et al., 

2007). Thus, it is feasible that the association of HPV genome with mitotic spindles is 

mediated through the virus encoded E2 protein and a host encoded plus end-directed 

motor protein. As pointed out earlier, BPV-1 and Epstein-Barr virus rely on tethering 

their genomes directly to chromosomes in order to accomplish efficient partitioning into 

daughter cells (Harris et al., 1985; Ilves et al., 1999; Ito et al., 2002; Lehman and 

Botchan, 1998). Therefore, it would appear that different animal viruses with an episomal 

existence have evolved distinct methods to partition their genomes during cell division: 

either tether to chromosomes, or directly bind to the mitotic spindles. 

The possibility that a plasmid from yeast would utilize one or more of the 

strategies employed by viral episomes for its stable propagation is quite intriguing. In an 

initial effort to address the puzzle of how the spindle might fit into the scheme for 2 

micron circle stability, plasmid segregation was screened in the mtw1-1 mutant yeast 

strain (Mehta et al., 2005). As a kinetochore protein, Mtw1p is required for establishing 

the biorientation of sister chromatids on the mitotic spindle (Pinsky et al., 2003). The 
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tension across kinetochore-microtubule connection is lost in mtw1-1 mutant, and the 

spindle checkpoint is activated in an Ipl1p dependent manner. Despite checkpoint 

activation, chromosome segregation still occurs in a certain fraction of the cells in a 

population. Unlike most of the other kinetochore mutants which arrest in metaphase with 

a short spindle and a single DNA mass positioned at the bud neck, the short spindles in 

mtw1-1 mutant cells often migrate into the bud with all the attached chromosomes, 

leaving unattached chromosomes in the mother compartment (Pinsky et al., 2003). 

Plasmid distributions were screened in those mtw1-1 cells that contained two well 

separated chromosome masses, but not necessarily equal, as revealed by DAPI staining. 

Strikingly, the plasmids were found to have a strong tendency to co-migrate with the 

short spindles into the bud (Figure 3.2) (Mehta et al., 2005). This result suggests that, 

during segregation, the 2 micron circle maintains its association with the spindle and/or 

the spindle-attached chromosomes. 
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Figure 3.2 The 2 micron plasmid tends to co-migrate with spindle and/or spindle 
attached chromosomes in the mtw1-1 mutant strain at the non-permissive temperature. 
The 2 micron circle reporter plasmid and the spindle were visualized by indirect-
immunofluorescence as red and green, respectively. Chromosomes were viewed by DAPI 
stain (blue). The results are taken from Mehta et al. (2005). 
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The results from the mtw1-1 mutant experiment, combined with the observations 

on plasmid segregation when chromosomes are forced to missegregate, suggest plausible 

mechanisms for 2 micron plasmid segregation. It may not be simply chromosome 

tethering, nor spindle attachment, per se that is central to the partitioning process. Rather, 

it is a combination of the two that is important, one leading to the other to lay the 

framework for segregation. Association of the plasmid cluster with the spindle may be 

the first step in its localization to its specific nuclear address (in close proximity to the 

centromeres). With this positioning, it has a high probability of contacting a 

chromosome, perhaps any one of the sixteen chromosomes, which is attached to the 

spindle. Once the chromosomal association is established, plasmid segregation will be 

guaranteed to follow cohesin mediated segregation of sister chromatids. In this scenario, 

it is the chromosome-plasmid co-entity, which we may call the ‘plasmosome’, that is 

segregated by the spindle.  

We do not favor a chromosome independent and spindle dependent plasmid 

segregation mechanism at this time, because of the current lack of evidence to suggest bi-

orientation of plasmid clusters on the spindle. In unpublished work, we did not notice an 

increase in the loss rates of plasmids harboring two copies of STB. Unlike centromeres, 

STB does not appear to be under tension, which is expected when two STB copies present 

in cis attach to spindles from opposite poles. Of course, if there is a mechanism to 

proscribe biorientation of two cis copies of STB, no plasmid instability will result. We 

believe that such an exclusionary mechanism is unlikely as there is no precedent for it. As 

is suggested by the mtw1 mutant experiments, spindle localization may be a mechanism 

that the plasmid has evolved to not only ensure association with a spindle attached 
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chromosome but also avoid the risk (however small that might be) of association with a 

chromosome that may fail to attach to the spindle. 

Whether or not the segregation of the 2 micron circle is directly linked to 

chromosome segregation, all results so far suggest that the integrity of the mitotic spindle 

is a critical requirement for plasmid segregation. Almost every known step of the plasmid 

partitioning pathway, except for the association of the Rep proteins and perhaps 

components of the RSC2 chromatin remodeling complex with STB, is blocked in the 

absence of an intact spindle (Hajra et al., 2006; Mehta et al., 2005; Mehta et al., 2002; 

unpublished data). Treating cells with nocodazole to destabilize microtubules alters the 

pattern of Rep proteins and the STB-derived reporter plasmid distribution in the nuclei. 

After spindle disassembly, the previously compact signals from fluorescence tagged Rep 

proteins become more diffused. In addition, the plasmid clusters tend to be more loosely 

organized (Velmurugan et al., 2000). Nocodazole treatment also abolishes the association 

of the cohesin complex with STB, although cohesin association with chromosomal loci 

remains intact (Mehta et al., 2002). Binding of the Rep proteins to STB is not affected in 

the drug treated cells. By using different temperature-sensitive mutants of tubulin 

subunit, it has been shown that only the absence of nuclear (but not cytoplasmic 

microtubules) adversely affects cohesin recruitment at STB. When nocodazole is washed 

off and the cell cycle is allowed to resume, cohesin rebinds to STB. However, this 

delayed association of cohesin with plasmids is not functional, and they missegregate at a 

high rate. By contrast, chromosomes go on to segregate normally. This is because cohesin 

loading at centromeres and chromosomal arm sites is not blocked by nocodazole. When 

the spindle is reassembled after removal of the drug, sister chromatids held together by 
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cohesin can establish biorientation. These observations clearly suggest that the timing of 

cohesin association with STB is critical. Cohesin loaded outside of the S phase does not 

support equal partitioning of the 2 micron circle (Mehta et al., 2005). Apparently, the 

spindle mediated organization and localization of the plasmid cluster are early critical 

events for initiating the assembly of the partitioning complex. However, the molecular 

mechanisms underlying this spatial control have so far remained unclear. 

In thinking more about the involvement of the spindle in 2 micron circle 

segregation, we turned our attention to spindle associated motor proteins for reasons 

enumerated below. Five of the six kinesin related motor proteins of Saccharomyces 

cerevisiae have demonstrated roles in spindle function (Hildebrandt and Hoyt, 2000). Of 

these, Cin8p and Kip1p (kinesin-5 family) are entirely nuclear, Kar3p (kinesin-14 family) 

and Kip3p (kinesin-8 family) are nuclear as well as cytoplasmic, and Kip2p (kinesin-7 

family) is exclusively cytoplasmic. Recent studies have revealed that, in addition to their 

conventional roles on mitotic spindle assembly, all the nuclear motors associate with 

kinetochores and display distinct functions (Tanaka et al., 2007; Tanaka et al., 2005; 

Tytell and Sorger, 2006). Cin8p and Kip1p crosslink microtubules at their plus ends and 

assemble them in bundles, and in so doing contribute to the bilobed organization of 

kinetochores during metaphase. Kar3p has been shown, in a rather artificial system, to 

mediate poleward transport of kinetochores after they associate with the spindle in 

metaphase arrested cells. This function suggests that Kar3p may act during a brief 

window in S phase to promote the recapture of kinetochores that become dissociated 

from the spindle during DNA replication. Kip3p plays a role in the timely 
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depolymerization of kinetochore microtubules during anaphase and synchronized 

poleward movement of chromosomes. 

  As already noted, the nuclear localization of the 2 micron plasmid is quite similar 

to that of centromeres. Furthermore, there are close parallels in the dynamics and 

segregation kinetics of 2 micron reporter plasmids and CEN based reporter plasmids or 

chromosomes (Ghosh et al., 2007; Velmurugan et al., 2000). The multiple functional 

contributions of motor proteins at kinetochores suggested to us that the critical role of the 

spindle in 2 micron circle partitioning may be mediated through one or more of these 

motors. In principle, a spindle associated motor protein may deliver the plasmid cluster to 

a locale where it has the opportunity to potentially tether to a chromosome and/or have 

ready access to host factors that participate in the plasmid partitioning pathway. In order 

to examine whether this idea is tenable, as described in this chapter, we first checked 

whether or not the 2 micron plasmid segregates equally in the absence of individual 

nuclear motor proteins. 

3.3 RESULTS 

3.3.1  A 2 micron plasmid derived high copy reporter plasmid missegregates in the 

absence of Kip1p 

We first followed the segregation of a multi-copy reporter plasmid pSV1 (P1, 

Table 2.2, Chapter 2) harboring the 2 micron origin, STB, as well as a 256 copies of Lac 

operator array (Velmurugan et al., 2000) in a [cir+] or an isogenic [cir0] host strain (S1 

and S2, Table 2.1, Chapter 2). This plasmid does not harbor the REP1, REP2, FLP and 
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RAF1 loci. However, in the [cir+] host, the Rep1 and Rep2 proteins could be acquired in 

trans by pSV1 from the resident 2 micron circles. By contrast, in the [cir0] host, the Rep-

STB system could not be active for pSV1 partitioning. 

A pre-culture of the tester strain grown overnight under selection for pSV1 and 

the GFP-Lac repressor expression plasmid (P2, Table 2.2, Chapter 2) was diluted into 

fresh medium to a low optical density at 600 nm (OD600=0.2; ~2x106 cells/ml), and 

grown for two to three generations (5 hr) under conditions that induce GFP-Lac repressor 

expression. Plasmid fluorescence was scored in the subset of late anaphase or telophase 

cells in the population, namely, those large-budded cells displaying two equal DAPI-

staining zones separated into the mother and daughter cell compartments. 

As has been observed in prior studies, in the [cir+] host strain expressing GFP-Lac 

repressor, pSV1 revealed itself most often as a cluster of approximately 3 to 5 fluorescent 

foci in the nucleus. Equal segregation of the plasmid, indicated by equal number of 

fluorescent foci in the mother and daughter compartments (n:n), was not significantly 

different between the wild type strain and its cin8∆, kar3∆ and kip3∆ derivatives (S14, 

S16, S17, S18, Table 2.1, Chapter 2) (Fig 3.3A). However, the kip1∆ strain (S15, Table 

2.1, Chapter 2) displayed a large increase in the frequency of unequal plasmid 

segregation (n:≠n). 

The data presented in Figure 3.3B subdivide the types of segregation into three 

classes: equal (I), unequal (II and III) and failed segregation (IV and V). Lack of plasmid 

segregation (n:0; classes IV and V) was rare in the kip1∆[cir+] strain, the segregation 

defect being largely accounted for by the unequal type (classes II and III). The effect of 

Kip1Δ on plasmid segregation was less pronounced than the absence of a functional Rep-



 83

STB system, as revealed by the results from the [cir0] strain. In particular, there was a 

high fraction of n:0 segregation in this host strain (Figure 3.3B; column 2). The 

distributions of the equal, unequal and non-segregation classes were more or less the 

same for the wild type and cin8∆ strains (Figure 3.3B; columns 1 and 4). 

Comparing class II with III and class IV with V, we detected a clear propensity 

for the majority of the plasmid foci and the entire plasmid cluster, respectively, to be 

retained in the mother cell compartment. This tendency, which was true for the wild type, 

kip1∆ and cin8∆ strains, is consistent with the previously noticed mother bias of ARS 

plasmids during segregation (Murray and Szostak, 1983). The Rep-STB system is 

believed to assist the balanced segregation of the 2 micron plasmid by alleviating this 

bias. By contrast to the STB-reporter, a CEN-based reporter plasmid pSV2 (P8, Table 2.2, 

Chapter 2) (Velmurugan et al., 2000), with a copy number of roughly one per cell, did not 

show a higher incidence of missegregation when Kip1p function was ablated (Figure 

3.3C). It is known that chromosomes do not suffer a significantly higher loss rate in a 

kip1∆ strain, presumably because Kip1p function is covered by Cin8p (Hoyt et al., 1992).   
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Figure 3.3 Segregation assays of a multi-copy STB reporter plasmid or a CEN reporter 
plasmid in wild type and nuclear motor deletion strains. A. Segregation of the STB 
reporter plasmid (pSV1) was assayed in [cir+] host strains deleted individually for each of 
the four nuclear motor protein genes. Controls were provided by isogenic wild type 
strains containing or lacking the native 2 micron plasmid ([cir+] and [cir0], respectively). 
At least a hundred cells were scored for each assay, and the results are plotted here as the 
mean of three sets of repeats with the standard deviations indicated. B. Based on the 
presence or absence of plasmid foci, as well as the numbers of such foci, in the two cell 
compartments, segregation patterns were classified into five categories, I-V (for details, 
see text). C. Segregation of a CEN reporter plasmid (pSV2) in wild type and kip1∆ cells 
was assayed in the [cir+] background. The results were not different in isogenic [cir0] host 
strain (data not shown). The plasmids were tagged by green fluorescence (Velmurugan et 
al., 2000) using Lac operator-GFP-Lac repressor interaction, and chromosomes were 
stained with DAPI.
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To verify that the effect of plasmid missegregation was indeed caused by kip1∆, 

and not due to other mutations harbored originally by the host strain or generated during 

the experimental processes, we cloned wild type KIP1 obtained by PCR amplification 

from its original chromosomal locus into a CEN-based vector (P17 = pHC1, Table 2.2, 

Chapter 2), and carried out complementation assays. The authenticity of the KIP1 clone 

was confirmed by DNA sequencing. The function of Kip1p expressed from pHC1 was 

first tested in a cin8-3 kip1∆ strain (S34, Table 2.1, Chapter 2) for its ability to support 

the double mutant growth at 37°C (Figure 3.4A). If the cloned KIP1 were non-functional, 

the strain would be effectively kip1∆ cin8∆ at the non-permissive temperature and 

therefore inviable. After ascertaining its authenticity, the ability of the clone to 

complement Kip1p function in plasmid segregation in a kip1∆ host strain was examined. 

As shown in Figure 3.4B, only functional Kip1p rescued plasmid segregation after being 

transformed into the kip1∆ strain; the empty vector did not have any effect. 

The above findings suggest the possibility that one of the four nuclear motor 

proteins of S. cerevisiae, namely, Kip1p specifically promotes equal segregation of the 2 

micron plasmid. One caveat, though, is that the segregation assay is not strictly 

quantitative, since the counting of multiple fluorescent foci that are quite closely 

clustered with each other can be subjective. Furthermore, the assumption that equal 

number of foci translate into equal number of plasmid molecules may not be strictly valid 

either. As described below, we revised the assay using a single-copy derivative of an STB 

based reporter plasmid to verify that the Kip1p effect on plasmid segregation is genuine.  
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Figure 3.4 Complementation of kip1∆ by cloned KIP1 in the segregation of an STB 
reporter plasmid. A. The functionality of Kip1p expressed from the CEN plasmid pHC1 
was tested by introducing it into cin8-3 kip1∆ cells by transformation. Individual 
transformants containing the KIP1 clone or the vector alone were grown at 26°C and 
37°C for two days. B. Plasmid segregation assays were carried out in kip1∆ [cir+] cells 
transformed with the empty vector or the vector harboring KIP1. 
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3.3.2 A single-copy STB reporter plasmid shows a high loss rate when deprived of 

Kip1p 

The potential impact of kip1∆ on the stability of the native 2 micron circle is 

expected to be mollified by the high plasmid copy number coupled with the operation of 

the Flp recombinase mediated plasmid amplification system. The decrease in copy 

number resulting from unequal segregation events will therefore be quickly corrected. At 

low plasmid copy numbers, and in the absence of a functional amplification system, the 

lack of Kip1p function is expected to manifest a stronger effect on plasmid propagation. 

To test whether this is indeed the case, we followed the inheritance of a unit copy 2 

micron reporter plasmid during cell division in the kip1∆ strain.  

The plasmid pSG1 (P4, Table 2.2, Chapter 2) used for the segregation assay 

contained, in addition to the 2 micron circle replication origin and STB, a copy of CEN3 

fused to the GAL1 promoter (Figure 3.5A) (Ghosh et al., 2007). Furthermore, this 

plasmid could be fluorescence tagged via the Lac operator-GFP-Lac repressor interaction 

by expressing the repressor from a vector integrated into the chromosome (P6 and P7, 

Table 2.2, Chapter 2). The plasmid copy number was maintained close to unity in glucose 

or raffinose-grown cells by virtue of the centromere, which is dominant over STB in copy 

number control. Plasmid segregation could be forced to become entirely dependent on the 

Rep-STB system by galactose driven transcription through the centromere. The rationale 

behind these experiments is to start with a single-copy state of the reporter plasmid, and 

follow its behavior during a single cell cycle under CEN control or STB control or in the 

absence of a partitioning system.  
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As shown in Figure 3.5B, we can manipulate pSG1 to mimic CEN, STB and ARS 

reporter plasmids by employing specific combinations of growth media 

(glucose/raffinose or galactose) and host backgrounds ([cir+] or [cir0]). When the [cir+] 

host strain goes through a cell cycle in glucose, both CEN and STB will be active. In 

principle, the plasmid may utilize either CEN or STB for its segregation under this 

condition. According to a number of observations from our laboratory, a plasmid 

containing an active CEN together with an active STB is indistinguishable from a normal 

CEN plasmid. When the cell cycle proceeds in galactose, active transcription through the 

centromere region presumably disperses the protein complex assembled on it, and 

therefore inactivates the CEN. As a result, the plasmid will be only under the control of 

STB for segregation. For [cir0] host strains, since there are no native 2 micron circles to 

provide the Rep proteins, the Rep-STB system will not be functional. When the [cir0] 

cells are cultured in glucose, the plasmid will be only under CEN control. Since neither 

CEN nor STB is functional in [cir0] strain growing in galactose, the plasmid essentially 

behaves as an ARS plasmid. 

The general experimental scheme for assaying plasmid segregation is outlined in 

Figure 3.5C. Cells grown in raffinose medium, thus maintaining the reporter plasmid at a 

copy number of one, were arrested in G1 with α factor. They were further conditioned in 

glucose or galactose medium in the presence of α factor. These cells were then released 

into either glucose or galactose medium, and the progress of the cell cycle was followed 

by light microscopy as well as FACS analysis. Cells were harvested at time points past 

DNA replication (2×C). Plasmid segregation was scored in populations representing 

>80% anaphase or telophase cells, as indicated by well separated and equal DAPI masses 



 90

in the two cell compartments. Based on several assays, anaphase cells were predominant 

at 1.5 hr in glucose and 2 hr in galactose. 

The equal segregation (1:1) and missegregation (2:0) patterns of pSG1 are 

assembled in Figure 3.6. The lack of Kip1p function caused a marked increase in the 

incidence of 2:0 segregation of pSG1 in the [cir+] genetic background when its 

centromere was galactose-inactivated and partitioning was under Rep-STB control 

(Figure 3.6A; column 3). To provide a frame of reference, the frequency of 2:0 

segregation of pSG1 was scored in galactose medium in a [cir0] derivative of the host 

strain, which expresses functional Kip1p but lacks the Rep1 and Rep2 proteins (Figure 

3.6A; column 2). The deleterious effect of kip1∆ on plasmid segregation was not 

observed when the pSG1 centromere was maintained functional in glucose medium 

(Figure 3.6B). 
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Figure 3.5 Assaying segregation of a single-copy derivative of an STB reporter plasmid. 
A. Features of a single-copy PGAL1-CEN-STB hybrid plasmid are schematically 
diagrammed. The PGAL1-CEN sequence represents the conditional centromere that can be 
inactivated by GAL1 promoter driven transcription. B. The states of competence or 
incompetence of the partitioning systems present on the single-copy reporter plasmid in 
[cir+] or [cir0] host strains in glucose or galactose medium are summarized. C. The 
experimental procedure for the single-copy reporter plasmid segregation assay is 
schematically diagrammed.  
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Figure 3.6 Effect of kip1∆ on the segregation of a single-copy derivative of an STB 
reporter plasmid.  Segregation of the single-copy STB reporter plasmid (pSG1) was 
examined by following the procedure illustrated in Figure 3.5C. The plasmid was tagged 
by green fluorescence, and chromosomes were stained with DAPI.  A. The [cir+] host 
strain harboring pSG1 was released from G1 arrest into galactose medium to keep CEN 
control off and STB control on. B. In the control assay, cells were released into glucose 
medium to keep CEN active. 
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3.3.3 Estimation of the loss rate of a single-copy STB-reporter plasmid per cell per 

generation in the absence of Kip1p 

In order to further corroborate the data from the microscopy analysis and to 

quantify the rate of plasmid loss, we resorted to a plating-out assay. Again, raffinose 

grown [cir+] or [cir0] cells were arrested in G1 and then allowed to proceed through 2 

generations in either glucose or galactose medium. Cells harvested at the start point 

(T=0), end of one generation (T=1), and end of two generations (T=2) were scored for the 

presence of the TRP1 marker harbored by the pSG1 plasmid (Figure 3.7A). This was 

done by seeding an appropriate number of cells (roughly 100 to 200 per plate) on non-

selective medium (YPD plate) and replicating the colonies after 2-3 days of growth on to 

Trp drop-out plates. The loss rate of the plasmid per generation (referred to as the 

instability index) was calculated using the formula )/ln(1
0 nff

n
i ×= , where n  

represents the number of generations, 0f  and nf  refer to the fraction of plasmid bearing 

cells at start (T = 0) and the end (T=1 and T=2), respectively (Murray and Cesareni, 

1986).  

As shown in Figure 3.7B, in glucose grown cells, with the pSG1 centromere being 

kept active, the plasmid loss rates per generation were quite small without functional 

Kip1p or in the absence of the Rep proteins ([cir0] background). In galactose grown cells, 

with the pSG1 centromere being inactive, the plasmid loss rate per generation became 

significantly large in the kip1∆ strain. Not unexpectedly, the loss rate was even higher in 

the [cir0] host strain (lacking Rep1p and Rep2p) expressing active Kip1p. Note that, in 
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the wild type [cir+] strain, pSG1 was less stable in galactose grown cells than in glucose 

grown cells. This result is consistent with previous observations that centromere based 

plasmid partitioning is more efficient than Rep-STB based partitioning.  

The data from the different experiments summarized here collectively argue for 

an important role for the Kip1p motor protein in the equal segregation of the 2 micron 

plasmid. They also indicate that the closely related plus end-directed motor Cin8p, as 

well as the Kip3p and Kar3p motors, is not required for plasmid segregation. 

Furthermore, the effect of Kip1 on the stable propagation of the plasmid is not as strong 

as that of the plasmid partitioning proteins Rep1p and Rep2p. 
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Figure 3.7 Loss rate of a single-copy STB reporter plasmid. A. The fractions of plasmid 
bearing cells obtained at start (T=0; release from G1 arrest) and end of the first 
generation (T=1) and the second generation (T=2) were plotted. At T=1 and T=2, the cell 
population consisted of >90% unbudded or small budded cells. As explained in the 
diagram to the right of the plot, the individual symbols, open or filled, represent the 
carbon source employed and the status of the CEN or STB controlled partitioning activity. 
B. The loss rate per generation (the instability index) under different conditions was 
estimated as described in the text. The numbers were obtained as the mean values from 
three independent experiments.  
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3.4 DISCUSSION 

Cell biological studies over the past several years, especially those employing 

fluorescence tagged reporter plasmids, have provided new insights into the partitioning of 

the 2 micron plasmid. Furthermore, molecular genetic and biochemical analyses of the 

interactions between the plasmid partitioning system and chromosome segregation 

factors have suggested possible mechanisms for how the plasmid is able to maintain itself 

in yeast cell populations with stability comparable to that of chromosomes. Among the 

host factors the are integral to chromosome segregation but also participate in the plasmid 

segregation pathway are the cohesin complex, the RSC2 chromatin remodeling complex, 

and the histone H3 variant Cse4p (Hajra et al., 2006; Mehta et al., 2002; Yang et al., 

2004). However, despite the remarkable recent progress that we have made in uncovering 

multiple lines of evidence linking 2 micron circle segregation and chromosome 

segregation, one fundamental question remains unanswered: what is the force that 

mediates chromosome-like segregation of the 2 micron plasmid? The present finding 

that a spindle motor promotes equal plasmid segregation, which according to earlier 

findings is absolutely dependent upon spindle integrity (Mehta et al., 2005), appears to 

provide an important piece of this puzzle. 

Two models for plasmid partitioning currently under consideration envisage equal 

segregation either through plasmid hitch-hiking on sister chromatids (Figure 3.8A) or 

through spindle assisted, but chromosome independent, plasmid movement to daughter 

cells (Figure 3.8B). A third model, which is less favored than the first two, invokes 

plasmid attachment to a subnuclear structure that is partitioned equally between daughter 
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cells (Figure 3.8B). The fact that plasmid segregation in live cells, when followed by 

time-lapse fluorescence microscopy, closely parallels chromosome segregation in 

dynamics and kinetics makes spindle mediated plasmid segregation, either directly or 

indirectly through plasmid-chromosome association, quite attractive. However, because 

of the small size of the yeast nucleus with the consequent resolution limits imposed on 

fluorescence microscopy, it has been impossible to prove or disprove satisfactorily 

plasmid–chromosome or plasmid-spindle association. So far, we have not been able to 

establish conditions that permit normal 2 micron circle segregation while chromosome 

segregation is impaired. The converse, plasmid missegregation under conditions of 

normal chromosome segregation, is easy to realize. For example, disabling the cis- or 

trans-acting components of the plasmid partitioning system results in high plasmid loss 

with no adverse effect on chromosome segregation. Alternatively, spindle disassembly at 

the time of DNA replication followed by post-replication spindle reassembly causes 

plasmid missegregation. Chromosomes segregate normally under this experimental 

regimen as sister chromatids, held together by the cohesin complex, can establish 

productive attachments to the restored spindle. Thus, despite several lines of 

circumstantial evidence that are tantalizing, the precise mechanism of 2 micron circle 

segregation remains an enigma. 

Microtubules, the principal infrastructure for chromosome segregation, are 

responsible for providing the force necessary for pulling apart sister chromatids during 

anaphase of the cell cycle (Inoue and Salmon, 1995). The kinetochore complex 

assembled on the centromere region acts as a bridge which connects each sister of a pair 

of sister chromatids to a single spindle (in budding yeast) emanating from opposite 
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spindle poles (He et al., 2000). Unattached kinetochores, attachment of a single 

kinetochore (monotellic attachment) or attachment of both kinetochores in a monopolar 

fashion (syntellic attachment) will activate spindle-checkpoint by a mechanism that 

senses lack of tension between sister kinetochores (Pinsky et al., 2006). Dynamic cycles 

of kinetochore-spindle association and dissociation orchestrated by the Ipl1 kinase are 

responsible for breaking improper attachments and ensuring sister chromatid 

biorientation. The systems that monitor sister chromatid attachments to the spindle and 

those that correct defective attachments act in a highly coordinated fashion to ensure that 

each daughter cell receives a full set of chromosomes. It is not surprising that a 

considerable amount of the cell’s metabolic energy is invested in the action of multiple 

mechanisms that partake in or oversee the high fidelity transmittance of the genome from 

parent to progeny. It would indeed be a clever evolutionary strategy for a selfish DNA 

element to take advantage of this nearly fool-proof segregation machinery for its own 

stable propagation. From this perspective, the idea that the plasmid cluster is tethered to 

one of the yeast chromosomes is a particularly attractive one. Potentially the cluster 

might be tethered to different chromosomes during individual cell cycles, provided there 

are multiple plasmid tethering sites distributed over several or all chromosomes. The 

possibility of the existence of more than one plasmid tethering site per chromosome 

cannot be discounted either. Following DNA replication, the duplicated clusters will 

attach to sister chromatids, and the cohesin bridge will keep the sister plasmid and sister 

chromatids paired until the onset of anaphase. During segregation, the plasmid clusters 

will hitch-hike on sister chromatids towards opposite poles. 
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As noted earlier, the 2 micron circle segregates as a unit copy cluster, which is 

reminiscent of the segregation of a haploid chromosome. The assembly of the cohesin 

complex at the STB locus and the consequent bridging of the duplicated plasmid clusters 

(or sister clusters) provides a one-to-one counting mechanism for faithful plasmid 

segregation (Mehta et al., 2002). This cohesin mediated binary counting of plasmid 

clusters would be beneficial in partitioning, regardless of whether sister chromatids carry 

the plasmid clusters along or whether they are directly pulled apart by the mitotic spindle. 

An intriguing possibility has emerged from the findings summarized in this 

chapter, namely, that the plasmid may actually use the mitotic spindle as a means of 

localizing itself at its partitioning center. In order to find its way to the spindle, the 

plasmid may utilize the spindle associated motor Kip1p. The plasmid partitioning center 

is in the close vicinity of the spindle pole, a locale conducive to potential plasmid-

chromosome attachment. The finding that an STB reporter plasmid segregates 

preferentially with the spindle or spindle attached chromosomes when the Mtw1 protein 

is inactivated is consistent with this scenario (Mehta et al., 2005). 
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Figure 3.8 Two models for equal segregation of the 2 micron plasmid. A. In the 
chromosome hitch-hiking model, the plasmid cluster tethers to a chromosome. The 
plasmid molecules are duplicated to form two sister clusters that are bridged by the 
cohesin complex. The paired clusters attach to sister chromatids, which are also held 
together by cohesin.  The clusters segregate equally when cohesin is disassembled 
during anaphase and sister chromatids are pulled apart by the mitotic spindle. B. In the 
chromosome-independent segregation model, plasmid segregation is not directly coupled 
to chromosome segregation. This model does not specify what pulling force is 
responsible for plasmid segregation. In principle, the mitotic spindle could provide this 
force. 
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  The motivation for the experiments summarized in this chapter was twofold. 

First, the findings from previous work done in our laboratory suggested rather 

unconventional roles for the mitotic spindle in 2 micron plasmid segregation, including 

cohesin assembly at STB and Cse4p-STB association (Mehta et al., 2005). Although the 

underlying significance of these findings still remains rather murky, some clarity is 

beginning to emerge as a result of the present investigations. Second, evidence presented 

in a recent report suggests that kinesin motors play hitherto unsuspected roles at 

kinetochores (Tytell and Sorger, 2006), raising the possibility that one or more of these 

proteins could potentially function at the partitioning locus of the 2 micron circle as well. 

Our discovery that one of the two plus end-directed kinesin family motors of S. 

cerevisiae is specifically required for plasmid segregation is therefore satisfying. 

Inactivation of any of the other three nuclear motors does not affect plasmid segregation. 

Based on our initial findings, we hypothesize that, by interacting with the plasmid 

partitioning system, Kip1p may assist the plasmid to associate with the mitotic spindle 

and find its way to its partitioning center. We shall examine these notions in further detail 

in the chapters to follow. 

Our results demonstrate that lack of Kip1p function increases the frequency of 

unequal segregation of the 2 micron plasmid but rarely causes segregation failure 

(formation of a plasmid-free daughter cell). By contrast, the latter event is quite frequent 

when the Rep-STB system is made non-functional. We suspect that the effect of kip1∆  　

on the stability of the native 2 micron plasmid would be quite subtle. This is because the 

Flp mediated amplification reaction would be able to correct any decrease in copy 

number resulting from missegregation. The organization of the STB plasmids employed 
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as reporters in the segregation assays cannot support amplification. Hence the effect of 

kip1∆ on these plasmids would be magnified. 

Note that, under normal conditions, the 2 micron plasmid segregates as a cluster 

of plasmid foci (or as a unit copy entity). Hence equal segregation would be 1:1, and 

missegregation 2:0. Yet, cases of plasmid loss are rarely observed in the kip1∆ strain in a 

segregation assay conducted with a multi-copy reporter plasmid. Rather, the distribution 

of plasmid foci in the daughter cells from a given division event tends to be unequal. We 

suspect that there is a loosening of the plasmid cluster when Kip1 function is abrogated. 

A subset of the plasmid molecules may disengage from the cluster and become more 

diffusible. If so, their segregation would follow a random or at least a quasi-random 

mode. Given the high copy number of the plasmid, the probability of a daughter cell 

failing to receive the plasmid during a division event would be quite small. Native Kip1p 

is proposed to assemble into a homotetramer with its globular motor domains arranged 

distally (Gordon and Roof, 1999). This structure is consistent with its ability to crosslink 

parallel and/or antiparallel microtubules through the motor domains. It is possible that 

Kip1p may also crosslink 2 micron circles by interacting directly or indirectly with the 

STB locus to promote their clustered organization. This idea is consistent with the 

findings reported in Chapter 4.  

The two plus end-directed kinesin-5 family motors, Cin8p and Kip1p, of S. 

cerevisiae carry out overlapping functions that include bundling of kinetochore 

microtubules and maintenance of metaphase spindle length by opposing the force exerted 

by the minus end-directed Kar3p motor. Either KIP1 or CIN8 can be deleted without 

causing cell lethality, but the double deletion results in inviability. A number of genetic 
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analyses suggest that Cin8p has a more prominent role than Kip1p in spindle function and 

chromosome segregation (Hoyt et al., 1992; Tytell and Sorger, 2006). According to Hoyt 

et al. (Hoyt et al., 1992), the estimated chromosome loss rates in cin8∆ and kip1∆ strains 

are 1.3×10-4 and 5.3×10-6, respectively, compared to 7.1×10-6 in the control wild type 

strain2. By contrast, only the absence of Kip1p and not of Cin8p is detrimental to 2 

micron circle segregation. We did not detect a significant difference in the plasmid 

missegregation rate between the wild type and cin8∆ mutant (Student-t test, level of 

significance p=0.084) whereas the effect of kip1∆ is more dramatic (p=0.0016). 

Although selfish DNA elements make use of their hosts’ genetic potential for 

their survival and propagation, there is an upper limit to the extent of this molecular 

exploitation. Beyond this limit, the fitness of the host will be compromised to such a 

degree that the dependent element will also be faced with a disadvantage. The rather 

stringent control operating on the amplification system of the 2 micron circle, and hence 

the maintenance of steady state copy number, is an important aspect of how the plasmid 

moderates its selfishness to maximize its fitness. In a similar vein, we find that, out of the 

two motor proteins with similar functional attributes, the plasmid utilizes the one that is 

less important for its host.  

                                                 
2 The loss rate was deduced from the data in Table II published in Hoyt MA et. al. (1992) for the 
frequencies of chromosome loss. In these calculations, we have assumed that the incubation time of 72 hr 
for the cultures at 26°C on YPD plate is equivalent to 15 generations. 
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3.5 APPENDIX TO CHAPTER 3 

3.5.1 Construction of the Kip1p P-loop mutant and its functional test 

 A typical Walker ATPase consists of two peptide motifs, A and B (Walker et al., 

1982). The consensus sequence in motif A is GXXXXGKT/S (X, any residue), with 

serine substituting for threonine in some cases. The lysine residue is essential for ATP 

binding (Story et al., 1992), and the threonine/serine residue facilitates nucleotide 

hydrolysis by forming hydrogen bonds with aspartate/glutamate in the Walker B motif 

and with a bound water molecule (Bell, 2005). The Walker B motif is generally located 

50 to 130 residues downstream of the Walker A lysine residue, and has the consensus 

sequence ZZZZD (Z represents a hydrophobic amino acid) (Yoshida and Amano, 1995). 

The role of the aspartate is to chelate Mg2+ of the bound Mg-ATP complex so as to 

accomplish substrate orientation for nucleophilic attack by an activated water molecule 

(Pai et al., 1990; Story et al., 1992). Crystal structure studies (Abrahams et al., 1994; 

Berchtold et al., 1993; Chattopadhyay et al., 2000) have revealed that the Walker 

ATPases utilize the conserved peptide motifs to form a loop surrounding the nucleotide, 

with the nearly invariant lysine and threonine residues contacting phosphate-oxygen 

atoms. Therefore this overall structural design is popularly known as the Walker loop or 

P-loop (phosphate binding loop).  

A P-loop mutant form of Kar3p (minus end-directed kinesin family motor of 

budding yeast), generated by a single amino acid substitution (G 479 to E) located in 

motif A, has been described in literature (Meluh and Rose, 1990). This mutation results 

in a ‘rigor’ dominant form of Kar3p which shows enhanced microtubule binding in vivo. 
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Similar mutants have also been generated in kinesin heavy chain and studied in mouse 

fibroblast cell lines (Nakata and Hirokawa, 1995). In vitro analyses show that these 

kinesin mutants are able to bind to microtubules but cannot dissociate from them even in 

the presence of ATP. The microtubule motility is also abolished in these mutants.  

To test whether the ATPase function of Kip1p is required for 2 micron plasmid 

partitioning, a P-loop mutant of Kip1p (P20, Table 2.2, Chapter 2) was generated by PCR 

mutagenesis of the wild type MYC tagged KIP1 cloned on a CEN plasmid (P17, Table 

2.2, Chapter 2). The conserved terminal GKT triad of the Walker A motif was changed to 

AAA, and the predicted amino acid changes were confirmed by DNA sequencing. Two 

of the resulting mutant clones were tested for their ability to support growth of cin8-3 

kip1∆ cells at 26°C and 37°C (Figure 3.8). Inviability at 37°C denotes that the mutants 

have lost Kip1 function, and are unable to complement the cin8 mutation. The expression 

of these mutant proteins was confirmed by western blotting (Figure 3.9).
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Figure 3.9 Functional test of Kip1p P-loop mutant in cin8-3 kip1∆ strain at 26°C and 
37°C. The cin8-3 kip1∆ host strain was transformed with the vector alone, the wild type 
KIP1 clone or two independent clones of the P-loop mutant derivative. Growth was 
assayed at the permissive and non-permissive temperatures. 

 
 
 
 
 

 
 

Figure 3.10 Western blot analysis for the expression of the Kip1p P-loop mutant 
constructs. The transformants of the cin8-3 kip1∆ host strain harboring KIP1 or the P-
loop mutant form of the gene (described under Figure 3.9) were grown to log phase at 
26°C and shifted to 37°C for 3 hr before preparing extracts for western blot analysis. 
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3.5.2  Results 

3.5.2.1  kip1∆ cells transformed with the P-loop mutant show a high percentage of 

metaphase arrest (or slowdown) phenotype in a cycling population 

We noticed that when a kip1∆ [cir+] strain was transformed with the P-loop 

mutant, a cycling population showed a relatively high proportion of large budded cells 

with a typical ‘metaphase’ DAPI staining pattern compared to the parental strain or its 

wild type progenitor. We believe that the mutant Kip1p motor exhibits a partially 

dominant ‘rigor’ phenotype similar to that described for the P-loop mutant of Kar3 motor 

(Meluh and Rose, 1990). The sessile motor would interfere with spindle elongation 

causing cells to be blocked or delayed in metaphase. 

3.5.2.2 A multi-copy 2 micron reporter plasmid missegregates in kip1∆ cells expressing 

the P-loop mutant  

The competence of the P-loop mutant of Kip1p in 2 micron plasmid segregation 

was tested in a standard segregation assay using the fluorescence tagged multi-copy  

reporter plasmid pSV1. The missegregation frequency of this plasmid was as high in the 

presence of the P-loop mutant as in the absence of Kip1p. The requirement of the motor 

function of Kip1p in 2 micron plasmid segregation suggests that Kip1p likely promotes 

active transport of the plasmid to its nuclear locale.    
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Figure 3.11 Cells transformed with the P-loop mutant of Kip1p shows increased 
percentage of metaphase arrest or delay. The indicated strains were grown to mid-log 
phase, and cells scored by microscopy after staining with DAPI. Among the large budded 
cells, those with a single DAPI mass at the bud neck and those with two DAPI masses 
separated into the mother and daughter compartments were counted. 

 

 

Figure 3.12 Cells transformed with the P-loop mutant do not support equal segregation 
of the 2 micron plasmid. The experimental strain harbored the same multi-copy 
fluorescence-tagged reporter plasmid pSG1 used for the segregation assay described in 
Chapter 1. Distribution of plasmid foci were scored in large budded cells (anaphase or 
post-anaphase) with well separated chromosome masses. 
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CHAPTER 4 

Functional analysis of the interactions of the motor protein Kip1p with 
the 2 micron plasmid partitioning system 

4.1 SUMMARY 

1. Kip1p association with the 2 micron plasmid is specific to the STB locus, and 

requires both Rep1 and Rep2 proteins.  

2. Kip1p association with STB is renewed during the cell cycle at the G1-S transition 

period, which coincides with the de novo assembly of the plasmid partitioning 

complex. Once established, Kip1p-STB association continues through the rest of 

the cell cycle.  

3. Kip1p is required for cohesin recruitment at STB and for establishing cohesion 

between replicated plasmid copies.  

4. Kip1p interacts with Rep2p when assayed by immunoprecipitation. No interaction 

is detected with Rep1p. Perhaps, this interaction is indirect. 

5. Kip1p-STB interaction is spindle independent, and is consistent with Kip1p being 

responsible for guiding the plasmid to the spindle. Interactions of STB with other 

nuclear motors occur subsequently, and are not critical for plasmid segregation.  

4.2 BACKGROUND 

The high copy number of the 2 micron plasmid (~60 per cell), combined with its 

capacity to adjust copy number to the steady state value by amplification, would suggest 

that random segregation is eminently suitable for its stable propagation. The probability 
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that a daughter cell will receive no plasmid during cell division can be estimated from the 

Poisson  distribution with a mean μ = 60 [P(κ) = e−μ (μκ/κ!)] (Poisson, 1837). The value 

for P(0) = e-60 = 9.36×10-14, which is negligible. The observed loss rate of the native 2 

micron plasmid is orders of magnitude larger, in the 10-5 to 10-4 range. Obviously, the 

plasmid molecules are not freely diffusible, being arranged into a small number of foci 

and the foci being further compacted into a single cluster.  

 The plasmid partitioning system could, in principle, function in one of two ways. 

It could decluster the foci and disperse them to render replicated plasmid molecules 

diffusible, and thus capable of random segregation. Alternatively, it could mediate the 

active partitioning of replicated plasmid molecules as two clustered units; sister clusters. 

The evidence so far suggests that the normal mode of 2 micron circle segregation follows 

the latter mechanism. To accomplish this chromosome-like segregation mode, the Rep-

STB system poaches factors involved in chromosome partitioning, for example, Cse4p, 

RSC2 complex and cohesin complex (Hajra et al., 2006; Mehta et al., 2002; Wong et al., 

2002; Yang et al., 2004). As revealed by the studies summarized in Chapter 3, the Kip1p 

motor protein is required for equal segregation of the 2 micron plasmid. Kip1p plays 

important roles in chromosome segregation as well, although it can be replaced by the 

Cin8 motor with nearly complete retention of function (Saunders and Hoyt, 1992). The 

plasmid, on the other hand, is specifically dependent on Kip1p. 

Consistent with the fact that chromosome segregation and 2 micron circle 

segregation pathways appear to be strongly coupled, mutations that lead to chromosome 

missegregation cause the plasmid cluster to missegregate in tandem with the bulk of the 

chromosomes (Mehta et al., 2002; Velmurugan et al., 2000). This coupling can be broken 
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by inactivating the Rep-STB system, by depolymerizing the mitotic spindle or by deleting 

KIP1 (Mehta et al., 2005; this study). Under these conditions of plasmid missegregation, 

the tendency is for the entire plasmid cluster or the majority of plasmid foci to be retained 

in the mother compartment. The direction of this bias is the same as that observed for 

ARS plasmids that carry a replication origin but lack a partitioning system (Murray and 

Szostak, 1983). The mother bias is somewhat ameliorated in the kip1Δ background in a 

qualitative sense. The daughter cells are almost never devoid of plasmid even though they 

tend to receive fewer plasmid foci. Perhaps lack of Kip1 function may alter plasmid 

organization in such a way as to cause some disassociation of the foci from each other or 

the escape of one or more plasmid molecules from individual foci. A certain degree of 

randomness might thus be introduced in plasmid segregation. 

The functionality of the 2 micron circle partitioning system is critically dependent 

on self- as well as cross-interactions of Rep1p and Rep2p  in addition to the interactions 

of each of these proteins with STB (Ahn et al., 1997; Scott-Drew and Murray, 1998; 

Sengupta et al., 2001; Velmurugan et al., 1998; Velmurugan et al., 2000). Either a subset 

or all of these tripartite interactions are required for the recruitment of Cse4p and the 

cohesin complex at STB (Hajra et al., 2006; Mehta et al., 2002). The finding that 2 

micron circle partitioning is dependent on Kip1p raises the immediate question whether 

this motor protein interacts with the Rep-STB system. If it does, which would seem 

likely, how specific is this interaction? Is the cell cycle timing of this interaction 

consistent with Kip1p being an authentic component of the plasmid partitioning 

complex? And how does this interaction fit into the scheme of previously established 

interactions between the Rep-STB system and factors involved in chromosome 
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segregation? The experiments summarized in this chapter were designed to answer these 

questions. 

4.3 RESULTS 

4.3.1 Kip1p associates specifically with the 2 micron circle partitioning locus  

To reveal the molecular mechanisms underlying the function of Kip1p, we first 

looked for a potential interaction between Kip1p and the plasmid partitioning locus by a 

yeast monohybrid assay (Yang et al., 2004). This assay monitors the interaction between 

a given DNA sequence (STB in our case) and a partner protein by the enhanced 

transcriptional output from a chromosomally located HIS3 reporter gene. The engineered 

chromosomal HIS3 locus harbored a 375 bp regulatory cassette spanning the STB locus 

upstream of its basal promoter (Velmurugan et al., 1998). The strain MJY311 (S13, Table 

2.1, Chapter 2) also contained a plasmid (P18, Table 2.2, Chapter 2) constitutively 

expressing a hybrid protein formed by the in frame fusion of the Gal4 transcriptional 

activation domain to the amino-terminus of Kip1p.  

Overnight cultures of the experimental and control strains were spotted at various 

dilutions on -His, -Leu dextrose plates containing increasing amounts of 3-AT (3-

aminotriazole), an inhibitor of His3p. Cells transformed with vector alone (and not 

expressing the activation domain (AD)-Kip1p fusion protein) produced basal levels of 

His3p, enough to support growth in –His dextrose medium.  However, they grew poorly 

in the presence of 3-AT at or greater than 25 mM concentration. If the AD-Kip1p fusion 

protein is able to associate with STB (the upstream activating sequence), transcription of 
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the HIS3 reporter will be stimulated. As a result, the strain should become resistant to 

higher concentrations 3-AT.  Challenging the cells with 3-AT in the 0-50 mM range 

revealed a clear-cut growth advantage for the strain expressing AD-Kip1p compared to 

the control strain lacking this protein (Figure 4.1A). This outcome is consistent with an 

interaction between Kip1p and STB.  

To verify Kip1p-STB association, we carried out chromatin immunoprecipitation 

(ChIP) assays in a strain (S19, Table 2.1, Chapter 2) in which the chromosomal KIP1 

locus was manipulated to express a Kip1p-13Myc fusion protein from the native KIP1 

promoter. The thirteen tandem copies of the Myc epitope were present as an in frame 

extension of the Kip1p carboxyl-terminus. In this assay, crosslinked chromosomes were 

sheared to 500 bp on average, and immunoprecipitated with anti-Myc antibody. The 

presence of a suspected sequence in the pellet was assayed by PCR with suitable primers. 

In a [cir+] strain, supplying Rep1p and Rep2p from the native 2 micron circle, we 

detected the ChIP signal for Kip1p at both STB and centromere (CEN3). However, a 

DNA locus from the arm region of chromosome V was not pulled down (Figure 4.1B). 

The association between Kip1p and STB was specific, since we do not detect Kip1p 

signal at other regions of the 2 micron circle genome, including REP1, REP2 or FLP 

(Figure 4.1C). 
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Figure 4.1 Kip1p associates specifically with the 2 micron plasmid partitioning locus 
STB. A. In the yeast monohybrid assay, the host strain harboring the HIS3 reporter 
showed higher resistance to the His3p inhibitor 3-AT when transformed with a plasmid 
expressing AD-Kip1p than when transformed with the vector alone. B. Chromatin 
immunoprecipitation assays were done in wild type [cir+] strains using an antibody to 
Myc-tagged Kip1p. The native 2 micron plasmid served as the reporter for potential 
Kip1p-STB association. C. Other plasmid loci were also checked for Kip1p binding, 
including the coding regions for Rep1p, Rep2p and Flp. Amounts of DNA templates in 
the PCR reactions (B, C) were titrated to capture the linear range of amplification. The 
signals in gel corresponding to ethidium bromide stained DNA bands were quantified 
using the integrated density value (IDV) measured by AlphaEaseFC software (Alpha 
Innotech). The ‘relative ChIP signal’, in this assay as well as others to follow, was 
estimated as the ratio of the signal from a ChIP sample (+) to that from the corresponding 
‘no antibody’ control (-).  In plotting the bar graphs, the signal obtained for STB was set 
as one. Signals at other chromosome or 2 micron circle loci were normalized to that for 
STB. The error bars represent the standard deviation of the mean values derived from 
three separate experiments. The input DNA template, which serves as a positive control 
for PCR, is denoted by ‘IN’.
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4.3.2 Kip1p-STB association occurs in a Rep1p and Rep2p dependent manner  

The 2 micron encoded Rep proteins are capable of binding to STB in a mutually 

independent manner, and both are required for the assembly of the cohesin complex at 

STB (Mehta et al., 2002). The incorporation of histone H3 variant Cse4p into the STB 

chromatin also requires both Rep proteins (Hajra et al., 2006). By contrast, our 

unpublished results showed that some of the components of the chromatin remodeling 

complex RSC2 associate with STB even in [cir0] host strains in which both Rep proteins 

are absent. Based on these results, we suspect that there is some hierarchy in the binding 

of host factors to STB. Exploring the timing and interdependence of these events should 

provide better insights into the assembly of a functional partitioning complex at STB.  

To address the possible dependence of Kip1p-STB interaction on the Rep proteins, 

the ChIP assays were carried out in a [cir0] strain (S20, Table 2.1, Chapter 2) harboring 

an STB-reporter plasmid (P9, Table 2.2, Chapter 2). In order to supplement the Rep 

proteins, one at a time or both simultaneously, they were expressed individually or in 

combination from chromosomally integrated cassettes by galactose induction (pCM26 

and pCM2, respectively; see Table 2.2, Chapter2; P10 and P11). No association of Kip1p 

with STB was detected in the absence of the Rep proteins or in the presence of only one 

of the two; however, simultaneous presence of Rep1p and Rep2p restored Kip1p-STB 

association (Figure 4.2).  

The above results were further supported by experiments in which different 

Rep1p mutants were used to test their ability for mediating Kip1p-STB association. Point 

mutations in Rep1p have been described that selectively abrogate its interaction with STB 
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(Class I mutants) or with Rep2p (Class II mutants) (Yang et al., 2004). Class I mutants of 

Rep1p retain their interactions with Rep2p whereas Class II mutants are normal in their 

interaction with STB. A typical Class I mutant Rep1p(Y317I) (P12, Table 2.2, Chapter 2) 

or a Class II mutant Rep1p(A50D) (P13, Table 2.2, Chapter 2) was transformed into the 

host strain S20 together with a plasmid expressing a wild type Rep2p partner (P14, Table 

2.2, Chapter 2). As shown in the bottom left rows of Figure 4.2, neither the Class I nor 

the Class II Rep1p mutant was able to sustain Kip1p-STB association. As expected, the 

interaction between Kip1p and CEN3 was not affected by mutations that impair Rep1p 

function or by the complete absence of the Rep1 and Rep2 proteins.   

The sum of the ChIP analysis data, in conjunction with the results from the 

monohybrid assays, reveals specific association of Kip1p with STB in a Rep1p and Rep2p 

assisted manner. The interactions of Rep1p with both STB and Rep2p have to be 

preserved for this association to take place. According to these data, one would imagine 

that, during the process of building the partitioning complex at STB, Kip1p joins STB 

after the Rep proteins have done so. To further test this idea, we checked for the 

association of the Rep proteins with STB in the absence of Kip1p. In a [cir+] host strain 

deleted for KIP1 (S15, Table 2.1, Chapter 2.1), HA tagged Rep1p or Rep2p was 

expressed individually by galactose induction. The results in Figure 4.3 showed that 

kip1∆ has no effect on the association between the Rep proteins and STB. Previous 

studies found that the Rep proteins do not interact with centromeres (Mehta et al., 2002). 

As expected, this interaction was found to be also negative in kip1∆ background (Figure 

4.3 lower row).   
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Figure 4.2 Kip1p-STB association requires functional Rep1p and Rep2p. ChIP assays 
were carried out in [cir0] host strains by supplementing Rep1p (R1) and/or Rep2p (R2) by 
expressing them from the GAL1 promoter. The Class I Rep1p mutant used here has a 
point mutation at amino acid 317 (Y to I), and is unable to interact with STB. The Class II 
Rep1p mutant has a point mutation at amino acid 50 (A to D) which makes it unable to 
interact with Rep2p. Wild type Rep2p was expressed from its native promoter to partner 
the Class I or Class II Rep1 mutant. The relative ChIP signals were plotted after 
normalizing them to a value of 1 for the signal obtained with Rep1p plus Rep2p. 

 
 
 

 

Figure 4.3 Association of the Rep proteins with STB is independent of Kip1p. 3HA-
Rep1p or 3HA-Rep2p was expressed in a [cir+] strain deleted for KIP1. Anti-HA 
antibody was used to pull down either Rep1p or Rep2p during chromatin 
immunoprecipitation.  
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4.3.3 Association of Kip1p with STB and centromere as a function of the cell cycle 

The assembly of the partitioning complex at the STB locus is triggered as cells 

exit G1 and enter S phase during each cell cycle. The association of STB with the Rep1 

and Rep2 proteins, the specialized histone H3 variant Cse4p and components of the 

RSC2 chromatin remodeling complex is renewed during this window of the cell cycle 

(Figure 4.4). The organization of the cohesin complex at STB, a key step in the plasmid 

partitioning pathway, also occurs early in S phase. Cohesin assembly at STB is critically 

dependent on the presence of functional Rep proteins, Cse4p and the RSC2 chromatin 

remodeling complex. Is the association between Kip1p and STB cell cycle dependent? 

And if so, how is the timing of this association related to that of the other components of 

the plasmid partitioning complex? 

A ChIP analysis was performed at 15 min intervals along the cell cycle following 

the release of cells from α factor induced G1 arrest. Kip1p was associated with STB in 

G1, but exited from STB for a brief period during transition to S (Figure 4.5). The 

association was re-established in early S, and persisted through the remainder of the cell 

cycle and into G1 of the next cell cycle. The transient disassociation and reassociation 

was repeated as cells proceeded once again into S phase. The cell cycle dependence of 

Kip1p-STB association was remarkably similar to that of Kip1p-CEN3 association. 

The timing of Kip1p association with STB during the cell cycle as well as the 

lifetime of this association are consistent with Kip1p being required for equal segregation 

of the 2 micron plasmid. The pattern is quite similar to what has been previously 

observed for the association of Rep1 and Rep2 proteins with STB.  
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Figure 4.4 Renewal of protein-DNA associations at STB occurs during late G1/early S 
window of the cell cycle. Time course ChIP assays revealed that the Rep proteins, Cse4p, 
the RSC2 complex and cohesin are enlisted by the plasmid in a coincident or nearly 
coincident fashion. The data for Rep1p and Rep2p and Mcd1p (*) are taken from Mehta 
et al. (2002). The data for Cse4p (**) are taken from Hajra et al. (2006). The data for 
Sth1p, the ATPase component of the RSC2 complex (***) are taken from Huang et al. 
(2004). 
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Figure 4.5 Association Kip1p with STB during the cell cycle. ChIP assays were 
performed by releasing G1 arrested cells into the cell cycle and harvesting cells every 15 
min for analysis. One complete cell cycle and the early part of the subsequent one were 
followed. Progress of the cell cycle was checked by following cell morphology by light 
microscopy as well as by FACS analysis. 
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4.3.4 The role of Kip1p in the scheme for the assembly of partitioning factors at 

STB 

We have shown in the present study that Kip1p binds to STB with the assistance 

of the Rep proteins, whereas the association of Rep1p or Rep2p with STB is independent 

of Kip1p (Figure 4.2 and 4.3). Furthermore, the time course ChIP analysis has revealed 

that both Kip1p and Rep proteins associate de novo with STB at the same or nearly the 

same time, as the cell cycle proceeds from G1 into S phase (Figure 4.4 and 4.5). The 

recruitment of other host factors required for plasmid partitioning, Cse4p, components of 

the RSC2 complex and the cohesin complex also occurs with similar cell cycle timing. 

We wished to know where Kip1p functions in the hierarchical scheme of the plasmid 

partitioning pathway. Is it required for the association of host factors involved in plasmid 

partitioning with STB? In this section, we have checked the effect of Kip1 deletion on the 

ability of some of these factors to assemble at STB. Conversely, we have interrogated the 

dependence of Kip1p-STB association on these factors. 

4.3.4.1 Kip1p is required for cohesin recruitment at STB 

As has been noted before, the multi-subunit protein complex cohesin is essential 

for equal segregation of yeast chromosomes (Michaelis et al., 1997). It keeps sister 

chromatids paired so that they can be biorientated on the mitotic spindle. At the onset of 

anaphase, cohesin is cleaved and sister chromatids are pulled apart towards opposite 

poles (Ciosk et al., 1998; Cohen-Fix et al., 1996; Uhlmann et al., 1999). Our previous 

results showed that the cohesin complex, which provides the binary counting mechanism 
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during chromosome segregation, also plays a similar role in plasmid segregation. The 

cohesin complex binds to the 2 micron plasmid partitioning locus STB assisted by the 

Rep proteins (Mehta et al., 2002). Cohesin assembly at STB further leads to cohesion 

between replicated plasmids in a sister to sister fashion (Ghosh et al., 2007). The timely 

loading of cohesin on  the plasmid during S phase and cleavage of the Mcd1p subunit of 

this complex during anaphase are essential steps in the 2 micron circle segregation 

pathway (Mehta et al., 2002). To check whether cohesin assembly at STB is dependent on 

Kip1p (and specifically this nuclear motor) or not, we performed ChIP assays in wild 

type and motor protein deletion strains. In addition, we also directly assayed the effect of 

kip1Δ on the cohesion of a fluorescence tagged unit copy STB reporter plasmid in 

metaphase cells (following plasmid replication). 

In a kip1∆ background (S25, Table 2.1, Chapter 2), the assembly of cohesin at 

STB, as assayed by ChIP using antibodies to Mcd1p, was abolished. By contrast, cohesin 

assembly at CEN3 and a chromosome arm cohesin binding site (ChrV) were not affected 

by the deletion (Figure 4.6A). To see whether other nuclear motors have similar effect as 

Kip1p, we further checked cohesin-STB association in host strains in which CIN8, KAR3 

and KIP3 were deleted individually (Figure 4.6B) (S26, S27 and S35, Table 2.1, Chapter 

2). Absence of  any of these motors did not block cohesin recruitment at STB. The 

specific effect of kip1∆ on cohesin assembly at the plasmid STB region, but not at 

centromeres or chromosome arms, accounts, at least in part, for the increased rates of 

unequal segregation of the 2 micron circle in the kip1∆ strain. 
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Figure 4.6 Cohesin assembly at STB is adversely affected by kip1∆. A. ChIP assays were 
done in a [cir+] kip∆ strain expressing HA-tagged cohesin subunit Mcd1p. The presence 
of Kip1p ChIP signal was checked for the plasmid STB locus, chromosome III 
centromere, and a cohesin binding site on the arm region of ChrV. B. Cohesin association 
at STB and ChrV were checked in wild type and individual motor deletion strains by 
ChIP. In A, the relative ChIP signal was normalized to a value of 1 at STB; in B, the 
normalization of STB and ChrV signals were to STB and ChrV signals, respectively, from 
the wild type strain being set to 1. 
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4.3.4.2 Lack of Kip1p function results in failure of cohesion between sister copies of a 

unit copy STB reporter plasmid 

To further verify the above results on cohesin-STB association, we looked for the 

suspected loss of cohesion, caused by kip1Δ, between replicated plasmid copies using the 

single-copy STB reporter plasmid pSG1 (P4, Table 2.2, Chapter 2) described earlier (see 

Chapter 2 2.7 and Chapter 3 3.2.2 for further details on this plasmid). A fluorescence 

based cell biological assay has been widely used for checking the effect of mutations that 

could potentially affect chromosome cohesion (Mayer et al., 2001; Michaelis et al., 1997; 

Wang et al., 2000). In this assay, one signal per DNA mass in metaphase cells 

demonstrates that sister chromatids (tagged by fluorescence using the interaction between 

an operator array and the cognate fluorescent hybrid repressor) are paired whereas two 

separated signals indicate that they have not paired or have precociously dissociated. 

Although the fluorescence tagged multi-copy STB reporter plasmids always exist as a 

single cluster in the yeast nucleus, the cluster normally consists of three to five individual 

foci in around 60% of the cells examined (Velmurugan et al., 2000). Because of the 

clustering of several individual plasmid foci, it is technically almost impossible to 

directly apply the standard cohesion assay to the 2 micron plasmid. As described before, 

by cloning a centromere sequence into the STB reporter plasmid, its copy number can be 

reduced to one or close to one (Figure 4.7B) so as to permit the cohesion assay to be 

performed (Ghosh et al., 2007). When cells are made to go through a cell cycle in 

galactose medium, the CEN harbored by the reporter plasmid is inactivated, and plasmid 

partitioning becomes entirely Rep-STB controlled. 
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Cells of the [cir+] host strain, grown in raffinose medium, were first arrested in G1 

and then released into the cell cycle in the presence of galactose or glucose. Samples 

were taken at 60 minutes (for cells growing in glucose) or 90 minutes (for cells growing 

in galactose) after release. At these time points, the respective cell populations contained 

2×C chromosome content as indicated by FACS analysis (data not shown). These 

metaphase cells, typically showing enlarged buds with a single chromosome mass at the 

mother-bud neck, were screened for the number of fluorescence dots representing the 

replicated copies of the reporter plasmid. As noted previously (see Figure 4.7C), a single 

dot would indicate two cohesed copies of the plasmid whereas two separate dots would 

suggest a lack of cohesion between sister plasmids. For wild type cells, around 70% of 

the cells from the galactose medium (CEN inactive; STB active) and 80% of cells from 

the glucose medium (CEN and STB active) contained a single fluorescent dot. In the 

absence of Kip1p, there was a large increase in the uncohesed fraction of the plasmid 

sisters when STB alone was active, but this effect was not observed when the plasmid 

borne CEN was active (Figure 4.7D).  

The large number of metaphase cells with two dots in the kip1∆ strain did not 

result from the preexistence of two plasmid foci (prior to replication) in the cell 

population assayed.  Examination of the α factor arrested cells before being released 

from G1 showed that the vast majority of them (~90%) contained a single fluorescent dot 

in both the wild type and kip1Δ strains  (Figure 4.7E). 

 



 126

 

 

 

 

 

 

 



 127

 

 

 

Galactose*/G1 = Raffinose grown/α factor; galactose/α factor 
Glucose*/G1 = Raffinose grown/α factor; glucose/α factor 
 
Figure 4.7 Cohesion between the replicatd plasmid molecules is lost in a kip1∆ strain. A. 
The scheme for the cohesion assay is schematically diagrammed. As described earlier for 
the plasmid partitioning assay (Figure 3.5C; Chapter 3), cells grown in raffinose were 
arrested in G1 using α factor. They were then treated as indicated, and allowed to resume 
the cell cycle in glucose or galactose medium. B. Cloning of a CEN3 sequence into a 
multi-copy STB reporter plasmid (left) reduced the plasmid copy number to one or nearly 
one (right). In 90% or more of cells, the CEN-STB plasmid was seen as a single 
fluorescent focus. In the rest of the cells, the vast majority contained two foci. Three or 
higher number of foci were rarely encountered. The average copy number of the plasmid 
was also verified by Southern blot analysis of restriction enzyme digested total yeast 
DNA (Ghosh et al., 2007). C. Metaphase cells, obtained at 60 min and 90 min after 
release from G1 into glucose and galactose, respectively, were screened for the presence 
of one plasmid dot (cohesion) or two dots (no cohesion). D. The left and right panels 
show the results for cells going through the cell cycle in galactose and glucose, 
respectively.  During the cell cycle in galactose, CEN was inactive and STB active; 
during the cell cycle in glucose, CEN and STB were active. E. Cells first arrested in G1 
with α factor in raffinose and then maintained in galactose or glucose in presence of the 
pheromone prior to release (see the scheme in A) were scored for the fraction containing 
a single plasmid dot.
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4.3.4.3 The incorporation of Cse4p into the STB chromatin occurs in a Kip1p 

dependent manner 

The histone H3 variant Cse4p in yeast acts as a hallmark for centromeric 

chromatin and is essential for normal centromere structure and kinetochore functions 

(Meluh et al., 1998; Stoler et al., 1995). Recent studies found that it is also incorporated 

into the 2 micron circle STB chromatin, and plays essential roles in plasmid segregation 

(Hajra et al., 2006). The results suggested that a functional plasmid partitioning complex 

can only be organized on a Cse4p containing chromatin. A mutant form of Cse4p 

prevents Rep2p from binding to STB, and abolishes cohesin association with the plasmid. 

What is the inter-dependence between Kip1p and Cse4p with respect to their STB 

association? To answer this question, we first performed ChIP in the kip1∆ strain 

expressing Myc tagged Cse4p from its endogenous chromosomal locus (S11, Table 2.1, 

Chapter 2). In the absence of Kip1p, Cse4p could still be incorporated into the CEN 

chromatin but not the STB chromatin (Figure 4.8A). This result indicates that, like 

cohesin-STB association, plasmid specific recruitment of Cse4p at STB also requires 

Kip1p.  

Based on the above data, we suspected that role of Kip1p is prior to that of Cse4p 

in the plasmid partitioning pathway, and therefore its association with STB might not 

require Cse4p. To test this idea, we checked by ChIP whether Kip1p could be detected at 

STB in the absence of functional Cse4p. In this experiment, we used a temperature 

sensitive (Ts) mutant of Cse4p (S29, Table 2.2, Chapter 2) as cse4Δ cells are not viable 

(Hajra et al., 2006). Cells were first grown to mid-log phase at 26°C and then shifted to 
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37°C for three hours to inactivate Cse4p. Contrary to our expectation, Kip1p signal was 

lost at STB but was still present at centromere at the non-permissive temperature (Figure 

4.8B).  

One interpretation of this result is that a Cse4p containing nucleosome is required 

for Kip1p-STB association. However, we believe this to be unlikely as there are caveats 

to be considered. Presence of the Cse4p mutant inside the nucleus is not equivalent to the 

cse4∆ situation. Previous studies showed Cse4p mutant can still bind to centromeres and 

STB, although their functions as partitioning loci for chromosomes and plasmids, 

respectively, are compromised (Glowczewski et al., 2000; Hajra et al., 2006). Cse4p 

mutant might act in a dominant negative fashion to prevent Kip1p-STB association by 

forming defective STB chromatin whereas a Cse4p-free nucleosome at STB maybe able to 

support Kip1p binding. Results from cell cycle ChIP experiments are consistent with this 

idea (Figure 4.4 and 4.5): Kip1p and Rep proteins can associate with STB during G1 

phase, even though Cse4p is absent, having exited from STB in late telophase (Hajra et 

al., 2006). It is also known that the Cse4 mutant prevents Rep2p-STB association without 

affecting Rep1p-STB association. Since both Rep1 and Rep2 proteins are required for 

Kip1p to associate with STB, the effect of the cse4 mutant in blocking Kip1p-STB 

association may be explained by the absence of Rep2p at STB. 

Our finding that Kip1p-CEN association is not disrupted by the mutant Cse4p is 

interesting. The CEN binding CBF3 complex, which contains Ndc10p, is essential for the 

incorporation of Cse4p into the single altered nucleosome present at the point 

centromeres in yeast (Hajra et al., 2006; Ortiz et al., 1999). In the absence of Cse4p, some 

of the components of the inner kinetochore complex still bind to centromeres; however, 
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the central and outer complexes cannot be assembled (Collins et al., 2005). Our results 

suggest that Kip1p is capable of associating with the partially assembled (and non-

functional) kinetochores formed in the presence of the mutant Cse4p. 
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Figure 4.8 Cse4p association with STB occurs in a Kip1p dependent manner. A. ChIP 
analyses were carried out in wild type [cir+] and kip1Δ [cir+] strains. The relative ChIP 
signal for STB from the wild type strain was set at 1, and the other signals were 
normalized to this value. B. ChIP assays were performed in a [cir+] host strain expressing 
a Ts mutant of Cse4p. In normalizing the relative ChIP signals, the value for STB from 
the 26°C assay was kept as 1. 
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4.3.4.4 Kip1p-STB association is lost in an rsc2∆ mutant strain 

Remodeling of nucleosome organization and/or nucleosome phasing by chromatin 

remodeling complexes changes the ability of DNA to interact with proteins, and therefore 

plays important roles in gene regulation and other functional attributes of DNA (Cote et 

al., 1994; Owen-Hughes and Workman, 1994; Vignali et al., 2000). One class of the 

several chromatin remodeling complexes present in S. cerevisiae is called the RSC 

complex. At least two forms of the RSC complex have been identified, RSC1 and RSC2 

(Cairns et al., 1999). The two complexes share core components, including the ATPase 

Sth1p, but differ in having their unique component, either Rsc1p or Rsc2p. They were 

identified as homologs of SWI/SNF chromatin remodeling complex, and share with the 

latter at least three homologous polypeptides, including the ATPase subunit. The majority 

of components of the RSC complex are essential, and are more abundant in the cell than 

those of the SWI/SNF complex (Cairns et al., 1996). Individual deletions of RSC1 or 

RSC2 loci are not lethal to cells. 

A previous study showed that the RSC2 complex, but not the RSC1 complex, is 

essential for maintaining the functional chromatin architecture at STB and for normal 

stability of the 2 micron circle (Wong et al., 2002). It has also been demonstrated that 

cohesin association with STB is blocked in the rsc2∆ background (Yang et al., 2004). As 

mentioned earlier, the assembly of the 2 micron circle partitioning complex is initiated at 

G1/S transition during each cell cycle. One might imagine that concomitant with or 

immediately after replication, the STB chromatin of each new plasmid copy is remodeled 

by the RSC2 complex to confer competence for organizing a functional partitioning 
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complex. To check whether the special STB chromatin is a prerequisite for Kip1p-STB 

association, we looked for this interaction by ChIP in wild type and rsc2∆ strains (S30, 

Table 2.1, Chapter 2). Since the native 2 micron plasmid has a high loss rate in the rsc2∆ 

background, we transformed a 2 micron derived plasmid ‘2µ-ADE2’ (P19, Table 2.2, 

Chapter 2) into the rsc2∆ strain to prevent potential false negative results in ChIP assays. 

By culturing cells in adenine drop-out medium, the 2µ-ADE2 plasmid was maintained in 

the population and served as a reporter for the interaction. As shown in Figure 4.9A, 

Kip1p lost its association with STB but not with centromere in rsc2∆ cells. This result 

showed that the chromatin structure formed at STB as a result of RSC2 mediated 

remodeling is likely a pre-requisite for Kip1p binding. This effect may not necessarily be 

direct, since Kip1p-STB association requires the plasmid encoded Rep proteins. Rep1p 

cannot bind to STB in the absence of Rsc2p even though Rep2p can (Yang et al., 2004). 

Recall also that a Class I Rep1p mutant, which cannot interact with STB, does not support 

Kip1p-STB association (see Figure 4.2). The effect of rsc2∆ on Kip1p-STB association 

therefore could be mediated through the loss of Rep1p from STB. Consistent with the 

scenario that remodeling of STB chromatin by RSC2 sets the stage for Kip1p recruitment, 

Rsc2p binding to STB was found to be independent of Kip1p (Figure 4.9B).  

Based on the cumulative results from the ChIP experiments, we conclude that the 

association of Kip1p with the 2 micron STB locus is a relatively early step in the plasmid 

partitioning pathway. This occurs presumably before the loading of Cse4p, and certainly 

before the assembly of the cohesin complex at STB. As a microtubule associated motor 

protein, Kip1p might function to guide the plasmid to the plus end of the microtubule or 

to a spindle attached kinetochore by interacting with the plasmid partitioning system. The 
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function of a pre-partitioning complex formed in G1, consisting of the Rep proteins and 

Kip1p, may be to restrict the plasmid cluster to a specific locale, the plasmid partitioning 

center, inside the yeast nucleus.  After replication, a fully functional partitioning 

complex can be assembled on the remodeled STB chromatin to mediate equal plasmid 

segregation. Additional experiments described in the following sections of this chapter 

also provide evidence that is consistent with this model.
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Figure 4.9 Chromatin structure at STB induced by the RSC2 chromatin remodeling 
complex is important for Kip1p binding. A. ChIP assays were done in a wild type [cir+] 
strain and a derivative strain deleted for the RSC2 gene. The relative ChIP signals were 
normalized against a value of 1 for STB for the wild type strain. B. Wild type [cir+] strain 
or its derivative deleted for KIP1 was used to check Rsc2p association with STB and a 
centromere locus. The Rsc2p ChIP signal at STB in the wild type strain was kept equal to 
1 for normalization. 
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4.3.5 Consideration of plausible alternative mechanisms for the association 

between Kip1p and STB 

Recent studies from Sorger and colleagues have revealed that Kip1p associates 

with CEN DNA in a CBF3-dependent manner (Tytell and Sorger, 2006) and that this 

association is lost in the ndc80-1 mutant. The CBF3 complex, which binds to the CDE III 

region of centromeric DNA, is the primary scaffold upon which kinetochore assembly is 

initiated by sequential organization of the inner, central and outer kinetochore complexes.  

Binding of kinetochores to microtubules cannot take place in the absence of functional 

Ndc80p, which is a constituent of the central kinetochore complexes. Kip1p either 

requires intact kinetochore-microtubule connection for centromere association, or may be 

recruited to kinetochores by the central kinetochore complex. It is possible that the 2 

micron plasmid may acquire Kip1p indirectly through interaction with the kinetochores. 

Alternatively, Kip1p may be directly recruited to STB, likely by interacting with one or 

both of the Rep proteins. These considerations raise the following questions. Does the 

association of Kip1p with the plasmid STB locus need an intact kinetochore complex? 

Does Kip1p interact with the Rep proteins? If such an interaction is detected, is it 

resistant to spindle depolymerization? What is the effect of spindle disassembly on 

Kip1p-STB association? Experiments described in the following several sections address 

these issues and provide further insights into the possible role of Kip1p in plasmid 

segregation. 
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4.3.5.1 Kip1p-STB association is not dependent on an intact kinetochore  

In the ndc10-2 mutant strain, kinetochores are defective at the non-permissive 

temperature because of the failure to assemble a functional inner kinetochore complex. 

As a result, normal chromosome segregation is severely impaired (Kopski and Huffaker, 

1997). Our previous studies showed that the 2 micron plasmid shows a strong tendency to 

missegregate in tandem with the bulk of the chromosomes in this mutant background 

(Mehta et al., 2002).  However, plasmid localization in chromosome spreads and cohesin 

association with STB are not affected by the mutation (Mehta et al., 2005). In order to 

check whether an intact kinetochore complex is required for Kip1p-STB association, we 

performed ChIP experiments in the ndc10-2 mutant strain. As expected, the association 

of Kip1p with CEN3 was blocked at the non-permissive temperature (37°C). However, 

there was no effect on Kip1p association with STB (Figure 4.10).  

We conclude that an intact kinetochore complex is not involved in mediating 

Kip1p association with STB. Clearly, the 2 micron plasmid does not acquire Kip1p from 

the pool of Kip1p that is associated with centromeres. Furthermore, a functional 

interaction between the plasmid and the kinetochore complex as a prerequisite for the 

recruitment of Kip1p to STB from a source extraneous to kinetochores can be ruled out as 

well.  



 138

 

 

 

 

 

 

Figure 4.10 Kip1p association with STB is not dependent on an intact kinetochore 
complex. ChIP assays were performed in a [cir+] host strain containing a point mutation 
(A914T) in NDC10 (Pearson et al., 2003) and expressing the Kip1p-13Myc hybrid 
protein. Cells grown at 26°C to mid-log phase provided the control for the permissive 
state (active Ndc10p). Mid-log phase cells were shifted to 37°C for 3 hr to inactivate 
Ndc10p. ChIP signals were normalized to a value of 1 for STB for the 26°C sample. 
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4.3.5.2 Kip1p interacts with Rep2p in both [cir+] and [cir0] background; interaction 

with Rep1p is not detected  

As a special multi-subunit protein complex that plays essential roles in 

chromosome segregation, the kinetochore complex has been studied extensively to 

understand how it is organized and regulated. To date, over 60 subunits have been 

catalogued, and they are organized into at least 14 sub-complexes (McAinsh et al., 2003). 

Coimmunoprecipitation (co-IP) and copurification assays have proven to be powerful 

methods to identify and characterize the kinetochore sub-complexes. Along with yeast 

two-hybrid assays, they have provided important information regarding interactions both 

within and among these sub-complexes (Cheeseman et al., 2002; Cheeseman et al., 2001; 

Janke et al., 2001; Janke et al., 2002; Lechner and Carbon, 1991; Uetz et al., 2000). 

As our current working model posits, a partitioning complex, similar to but 

perhaps less intricate than the kinetochore complex, is organized on the 2 micron circle 

through protein-DNA and protein-protein interactions anchored by the Rep-STB system. 

Yeast two-hybrid assays and in vitro pull down assays have already revealed the 

interaction of the Rep proteins between themselves and with host proteins (Ahn et al., 

1997; Velmurugan et al., 1998). A set of affinity trap experiments that utilizes TAP-

tagged Rep1p or Rep2p to capture other components of the plasmid partitioning complex 

and identify them by mass spectrometric analyses is currently being carried out. Since the 

recruitment of Kip1p at STB requires both the Rep proteins, we wished to test whether 

Rep1p or Rep2p or both could physically interact with Kip1p. 
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Immunoprecipitation assays were carried out in [cir+] or [cir0] strains engineered 

to express Kip1p-13Myc from the native KIP1 promoter. Rep1p or Rep2p derivatives 

carrying three tandem copies of the HA tag at the amino-terminus was expressed by 

galactose induction from pCM26 and pCM2, respectively. Immunoprecipitation of Rep2p 

using antibodies directed to HA pulled down Kip1p in extracts from the [cir+] strain 

(Figure 4.11A; left). Coimmunoprecipitation of Kip1p was not detected in an analogous 

Rep1p pull down assay (Figure 4.11A; right). 

Reciprocal IP, using Myc-directed antibodies, was carried out in a [cir+] host 

strain expressing Myc-tagged Kip1p or a control strain expressing native (untagged) 

Kip1p (Figure 4.11B). As expected, Rep2p, tagged with 3HA, was associated with the 

immunoprecipitated Kip1p-13Myc (Figure 4.11B; left). Neither the untagged Kip1p nor 

Rep2p was immunoprecipitated by the Myc-directed antibodies when the strain did not 

express the epitope-tagged Kip1p. A similar experiment to examine the potential 

coimmunoprecipitation of Rep1p (tagged with HA) with Kip1p-13Myc had to be 

modified, as 3HA-Rep1p co-migrated with the IgG heavy chain. By adding three more 

HA sequence units to the amino terminus of 3HA-REP1 and generating 6HA-REP1 (P21, 

Table 2.2, Chapter 2), we were able to separate the tagged Rep1p from the IgG heavy 

chain. The results with this slower migrating version of Rep1p were in agreement with 

the previous observation that Rep1p does not interact with Kip1p by the criterion of 

immunoprecipitation (Figure 4.11B). We did detect a faint band with the expected 

molecular mass of 6HA-Rep1p in the Kip1p immunoprecipitate. However, this band was 

present at nearly the same level in the mock immunoprecipitate obtained with the 

untagged Kip1p as well.  
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To test whether Rep1p is required for the interaction between Rep2p and Kip1p, 

we repeated the immunoprecipitation using HA directed antibodies in a [cir0] strain 

expressing either 3HA-Rep1p or 3HA-Rep2p in a galactose inducible manner (Figure 

4.11C). Again, the Rep2p immunoprecipitate included Kip1p whereas the Rep1p 

immunoprecipitate did not.  

To check the strength of association between Kip1p and Rep2p, we challenged 

their interaction with increasing salt concentrations (from 50 mM to 200 mM NaCl) in 

the IP solution (Figure 4.11D). Compared to the standard salt concentration (50 mM) 

used in the previous IP experiments , 100 mM NaCl in the IP buffer resulted in more 

efficient pull down of Kip1p in the Rep2p immunoprecipitate.  The extents of Kip1p pull 

down were more or less the same at 50 and 150 mM NaCl whereas that at 200 mM NaCl 

was clearly lower. Kip1p is reported to exist as a tetramer with kinesin motor-related 

globular domains at both ends and long stalks in the middle (Gordon and Roof, 1999). 

Sedimentation analysis by analytical ultracentrifugation has suggested a conformational 

change of Kip1p from a compact, more globular form to the extended form when the 

sodium chloride concentration is increased from 50 mM to 100 mM. Viewing our results 

from the co-IP assays in the context of salt dependent conformational changes in Kip1p, 

we conclude that Kip1p has a stronger interaction with Rep2p in its extended form than 

compact form. 

The observed interaction between Rep2p and Kip1p is compatible with the 

finding that the recruitment of Kip1p at STB is dependent on the Rep proteins. 

Furthermore, the immunoprecipitation data from the [cir0] strain reveal that Rep2p-Kip1p 

interaction is independent of the presence of the Rep1p. The inability of Rep1p to 
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coimmunoprecipitate Kip1p or vice versa is rather surprising, as Rep1p is essential for 

Kip1p association with STB and furthermore Rep1p can interact with Rep2p. Our results 

suggest that Rep1p may play an indirect role in a process that assists Rep2p to mediate 

Kip1p-STB association.
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Figure 4.11 Coimmunoprecipitation of Kip1p with Rep proteins. A. The [cir+] host strain 
used in these assays contained MYC-tagged KIP1 under the control of the endogenous 
promoter and HA-tagged REP1 or REP2 driven by the GAL1 promoter. Cells were grown 
either in glucose medium to suppress Rep proteins expression or in galactose medium to 
induce their expression. Anti-HA antibody was used to pull-down the Rep proteins. The 
presence of Kip1-13Myc co-IPed with 3HA-Rep proteins was checked by western 
blotting using anti-Myc antibody. B. Reciprocal IP was done in the same [cir+] host strain 
as in A plus an additional isogenic control strain in which KIP1 was not epitope tagged. 
Cells were grown in galactose medium to induce the expression of 6HA-Rep1p or 3HA-
Rep2p. Anti-Myc antibody was used to pull-down the tagged Kip1p. The presence of Rep 
proteins co-IPed with Kip1p was checked by western blotting with anti-HA antibody. C. 
The interaction of Kip1p with Rep proteins was checked in a [cir0] host strain expressing 
either galactose induced 3HA-Rep1 or 3HA-Rep2 as well as Kip1p-13Myc from the 
native KIP1 promoter. D. Kip1p-Rep2p interaction was tested in IP buffers containing 
increasing amounts of sodium chloride, 50 mM being the standard condition. HA tagged 
Rep2p was pulled down by anti-HA antibody and the presence of co-IPed Kip1p was 
checked by blotting with anti-Myc antibody.
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4.3.5.3 The associations of Kip1p with Rep2p and STB are not sensitive to spindle 

depolymerization 

The Rep1 and Rep2 proteins interact with STB in the yeast nucleus independently 

of each other, and this interaction is resistant to depolymerization of the mitotic spindle 

using nocodazole (Yang et al., 2004). However, integrity of the nuclear spindle is critical 

for the incorporation of Cse4p into STB chromatin as well as the assembly of the cohesin 

complex at STB (Hajra et al., 2006; Mehta et al., 2002). The roles of Kip1p in 

chromosome segregation are critically dependent upon or pertain directly to the integrity 

of the mitotic spindle (Roof et al., 1992; Tytell and Sorger, 2006). This is because Kip1p, 

in its supernumerary function to that of Cin8p, is directly involved in the assembly of the 

spindle and maintenance of the force balance that dynamically modulates spindle length. 

Additionally, the association of Kip1p with centromeres, and its role in the clustered 

organization of kinetochores that follows, cannot be accomplished in the absence of the 

spindle. Therefore spindle localization of Kip1p is essential for its functions related to 

chromosome segregation. Since Kip1p interacts with Rep2p and its association with STB 

is dependent on both Rep proteins, we wondered whether spindle integrity per se is 

required for Kip1p to execute its function in 2 micron plasmid segregation. As pointed 

out, previous work has demonstrated that the interaction of the Rep proteins with STB is 

insensitive to nocodazole treatment. There were two questions that we wished to address: 

(1) is Kip1p-Rep2p interaction blocked by spindle disassembly? (2) How is Kip1p-STB 

association affected by the lack of the mitotic spindle?  
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Coimmunoprecipitation of Rep2p with Kip1p was tested in extracts prepared from 

log phase cells treated with nocodazole for 3 hr. The conditions of the assays were the 

same as those described for the results shown in Figure 4.11A. Over 85% of the 

nocodazole treated cells were arrested at G2/M, as estimated by the proportion of large 

budded cells in the population. Kip1p-Rep2p interaction was detected in the sample from 

nocodazole treated cells (Figure 4.12; left). As expected from previous data, Rep1p 

immunoprecipitation did not bring down Kip1p (Figure 4.12; right). 

Given that spindle disassembly does not interfere with Rep2p-Kip1p interaction 

(Fgiure 4.12) or the association of the Rep proteins with STB (Mehta et al., 2005), one 

would predict that Kip1p-STB association is unlikely to be dependent on spindle 

integrity. This expectation was tested by ChIP analysis in nocodazole treated cells. The 

association of Kip1p with STB was not blocked by nocodazole (Figure 4.13). By contrast, 

Kip1p was not detected at CEN3 in the treated cells. 
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Figure 4.12 The [cir+] host strain and the coimmunoprecipitation protocols were the 
same as described under Figure 4.11A, except that cells were arrested in G2/M by 
treatment with nocodazole. The galactose induced 3HA-Rep1p (right panel) or 3HA-
Rep2p (left panel) were immunoprecipitated with anti-HA antibody. The 
immunoprecipitate was probed for Kip1p-13Myc by western blotting using anti-Myc 
antibody. The control lanes depicting glucose grown cells, repressed for Rep protein 
expression, shown here are the same as in Figure 4.11A. 

 
 
 
 

 
 

Figure 4.13 Kip1p association with STB but not CEN is independent of spindle integrity. 
ChIP assays were carried out in a [cir+] host strain expressing Kip1-13Myc. Cells grown 
to mid-log phase were treated with DMSO or nocodazole for 3 hr before harvesting. The 
ChIP signals for STB and CEN were normalized using a value of 1 for the DMSO treated 
control samples. 



 148

4.3.6 A spindle dependent association of Cin8p, Kar3p and Kip3p with STB 

All four nuclear motor proteins in S. cerevisiae have been shown to associate with 

centromeric DNA by ChIP (Tanaka et al., 2005; Tytell and Sorger, 2006). Cin8p and 

Kip1p fail to associate with centromeres when either the CBF3 complex (part of the inner 

kinetochore complex) or the Ndc80 complex (part of the central kinetochore complex) is 

inactivated. Association of Kip3p with centromeres also occurs in a CBF3 complex 

dependent manner, but is independent of the Ndc80 complex. Therefore, Kip3p is 

proposed to be a component of the core kinetochore complex whose recruitment is not 

dependent on the attachment of kinetochores to microtubules. Although early analysis 

suggested that Kar3p is localized almost exclusively to SPBs (Zeng et al., 1999), recent 

studies utilizing ChIP and co-localization showed that it also associates with centromeres 

and/or kinetochores, perhaps preferentially to those that have been detached from the 

spindle (McAinsh et al., 2003; Tanaka et al., 2005). Based on functional similarities 

between CEN and STB plasmids in nuclear localization and segregation (Ghosh et al., 

2007; Hajra et al., 2006; Mehta et al., 2002; Velmurugan et al., 2000), we wished to 

know whether the nuclear motors other than Kip1p can also be recruited to STB. In 

addition, we wished to test whether these potential associations are dependent on a 

functional mitotic spindle. 

ChIP assays were carried out in [cir+] host strains containing epitope-tagged 

CIN8, KAR3 and KIP3 present at their original chromosomal locales. All tags were 

positioned at the carboxyl-termini of these motors, and they were expressed from their 
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native promoters. We detected the ChIP signals for all three motors at STB (Figure 4.14). 

However, their associations with STB were lost in nocodazole treated cells. 

The ChIP results are consistent with the interpretation that the association of 

Kip1p with STB, which does not require an intact spindle, precedes that of the other three 

motor proteins. Kip1p may guide the plasmid to the spindle, and promote the association 

of the other microtubule associated motors with STB. As revealed by the segregation 

results (Figure 3.3), Kip1p is the only motor protein required for stable plasmid 

propagation. 
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Figure 4.14 Association of Cin8p, Kar3p and Kip3p with STB is sensitive to spindle 
disassembly. ChIP assays were carried out in a [cir+] host strains expressing Cin8p tagged 
with 3HA and Kar3p or Kip3p tagged with the 13Myc. The epitope tags were present at 
the C-termini of these proteins. Cells were treated with DMSO or nocodazole as under 
Figure 4.13. ChIP signals for the nocodazole treated samples were estimated relative to a 
value of 1 for the respective DMSO treated controls. 
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4.4 DISCUSSION 

4.4.1 Distinct roles of the Kip1 motor protein in chromosome segregation and 2 

micron plasmid segregation 

The studies presented in this chapter demonstrate the role of a specific nuclear 

motor protein, Kip1p, in S. cerevisiae in promoting equal segregation of the 2 micron 

plasmid. Furthermore, our analysis provides insights into the molecular mechanisms by 

which Kip1p interacts with the plasmid partitioning system. Although the other three 

nuclear motors, Cin8p, Kip3p and Kar3p, also associate with the plasmid STB locus (as 

detected by ChIP), these associations differ from that of Kip1p in one important aspect. 

Whereas association of Kip1p with STB is independent of spindle integrity, that of the 

other motors requires an intact spindle. This key difference has implications (see below) 

on how Kip1p is likely to assist 2 micron plasmid partitioning. Our investigations have 

also documented interesting differences in the interactions of the Kip1 motor with the 

STB locus and centromeres, indicating important functional contrasts in its mechanism of 

action during chromosome segregation and plasmid segregation. 

As one of the nuclear motors of S. cerevisiae, Kip1p acts in concert with Cin8p to 

promote assembly and maintenance of the mitotic spindle (Saunders and Hoyt, 1992). In 

several respects, Kip1p functions are redundant to those of Cin8p. Both of them are plus 

end-directed motors, and cells are viable in the absence of either of the two proteins but 

not both. They bundle kinetochore microtubules at the plus ends and therefore lead to the 

congressed bilobed organization of kinetochores in metaphase cells (Saunders and Hoyt, 

1992; Tytell and Sorger, 2006). Although neither cin8∆ nor kip1∆ is lethal, Cin8p 
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appears to play more essential roles in the above functions, and the effects of cin8Δ on 

chromosome segregation are more drastic than those of kip1Δ. In contrast to the roles of 

these motors in chromosome segregation, we observed a specific effect of kip1∆ on 2 

micron circle segregation. By characterizing the interactions of Kip1p with the plasmid 

partitioning system, analyzing their dependence on spindle integrity, determining the cell 

cycle timing of Kip1p-STB association, and probing the functional relationships between 

Kip1p and the recruitment of Cse4p and the cohesin complex at STB, we have obtained 

insights into the probable execution point(s) of Kip1p relative to other host factors that 

participate in the 2 micron segregation. Our results suggest this motor protein acts at an 

early step in the plasmid partitioning pathway. 

4.4.2  Kip1p-STB association is not predicated upon the assembly of functional 

kinetochores or the association of Kip1p with kinetochores; however, it is cell 

cycle regulated 

We have found that Kip1p associates with STB under conditions that block its 

binding to centromeres. These include the inactivation of the inner kinetochore complex 

by the ndc10 mutation or disassembly of the mitotic spindle by nocodazole. The 

recruitment of Kip1p at STB but not at centromeres is absolutely dependent on the Rep1 

and Rep2 proteins. These differences in the associations of Kip1p with the plasmid STB 

locus and the chromosome CEN regions suggest a clear-cut demarcation in how Kip1p 

participates in the pathways of chromosome and plasmid segregation. Results from ChIP 

analyses indicate that, except for a short duration in the G1-S window, Kip1p stays 

associated with STB for nearly the entire duration of the cell cycle (Figure 4.5). The cell 
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cycle timing of Kip1p-STB association and the lifetime of this complex are consistent 

with Kip1p being an authentic component of the 2 micron plasmid partitioning system. 

The transient dissociation of Kip1p from STB as cells exit from G1, followed by its 

reassociation with STB in early S phase, is remarkably similar to the cell cycle dynamics 

of the Rep proteins at STB (Yang et al., 2004). 

4.4.3  Interaction between Kip1p and the plasmid partitioning proteins 

 Coimmunoprecipitation assays have revealed the interaction of Kip1p with Rep2p 

but not Rep1p, even though both Rep proteins are essential for Kip1p-STB association. 

Furthermore, this association also requires that interactions of Rep1p with Rep2p and 

with STB are maintained intact. The failure to observe coimmunoprecipitation of Kip1p 

and Rep1p is rather surprising. One trivial possibility is that Kip1p interaction with 

Rep1p, being weaker than that with Rep2p, is destabilized under the conditions of 

immunoprecipitation employed. Alternatively, somewhat analogous to kinetochore 

organization, the plasmid partitioning complex may be assembled in a hierarchical 

fashion from two or more sub-complexes. Interaction of a sub-complex containing Rep1p 

and Rep2p with STB may be a pre-requisite for recruitment of a second sub-complex 

containing Rep2p and Kip1p, even though the two sub-complexes may not directly 

interact.  
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4.4.4  The spindle dependence of Cse4p-STB and cohesin-STB association is likely 

mediated through Kip1p  

A recent study from our laboratory has suggested that cohesin-STB association 

occurs subsequent to Cse4p-STB association, which, in turn, is disrupted by spindle 

depolymerization (Hajra et al., 2006). Current work demonstrates that Kip1p-STB 

association is not dependent on spindle integrity. Furthermore, functional Kip1p is 

required for both Cse4p and cohesin association with STB. Taken together, these results 

suggest that Kip1p-STB association facilitates the interaction of the 2 micron circle with 

the spindle, and thereby enables it to acquire Cse4p and the cohesin complex. We noted, 

though, that the Cse4-107 mutant, which can be detected at STB even at the non-

permissive temperature, prevents Kip1p-STB association. This result likely reflects a 

dominant negative effect of the mutant Cse4p when positioned at STB rather than a 

requirement of functional Cse4p for the interaction of Kip1p with STB. We have evidence 

from cell cycle ChIP experiments to suggest that Cse4p-free STB chromatin is competent 

for associating with Kip1p (Figure 4.5). In G1 arrested cells, Kip1p can be detected at 

STB by ChIP, even though STB is free of Cse4p at this cell cycle stage (Hajra et al., 

2006). We have shown that Cse4p dissociates from STB at some point between late 

telophase and cytokinesis, perhaps coincident with spindle disassembly following 

completion of chromosome segregation (Hajra et al., 2006). Previous biochemical 

experiments have suggested that the major portion of Kip1p is degraded as cells 

transition from metaphase into anaphase (Gordon and Roof, 2001). Our data would argue 

that the small pool of Kip1p that escapes anaphase destruction remains associated with 

STB as well as centromeres. 
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4.4.5   Competence of the STB chromatin for Rep1p and Rep2p assisted 

recruitment of Kip1p is conferred by the RSC2 chromatin remodeling 

complex; Kip1p directs plasmid localization   

 Our data show that Kip1p is lost from STB in an rsc2∆ strain or in the absence of 

either of the two Rep proteins. They suggest that remodeling of the STB chromatin by the 

RSC2 remodeling complex is a pre-requisite for the Rep protein assisted recruitment of 

Kip1p at STB. The plasmid bound Kip1p, by mediating spindle attachment, may assist the 

specific localization of the 2 micron plasmid in the nucleus in close vicinity of the spindle 

pole. Our working hypothesis is that the Kip1 motor promotes the transport of the 

plasmid to its ‘partitioning center’, thus specifying an important spatial regulation in 2 

micron circle segregation. At this locale, which is where the congressed centromeres are 

also localized, the plasmid may have ready access to host factors like Cse4p and the 

cohesin complex because of their relatively high local concentrations. Alternatively, this 

precise localization of the plasmid may facilitate its direct tethering to one of the yeast 

chromosomes. An early observation regarding spindle function in 2 micron circle 

segregation was that the cluster of plasmid foci becomes less cohesive in addition to 

being delocalized from its normal nuclear address when the spindle is disassembled 

(Mehta et al., 2005). If the function of Kip1p, as we suspect, is in localizing the plasmid 

through spindle association, then deletion of the KIP1 gene should have the same 

deleterious effect on 2 micron circle localization as spindle depolymerization. The 

experiments described in the next chapter will address this issue in further detail. 
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4.5  APPENDIX TO CHAPTER 4 

Under this ‘appendix’, we discuss three aspects regarding Kip1p-STB interactions 

that are not fully resolved by the experiments detailed in this chapter. One concerns the 

failure to observe interaction between Kip1p and Rep1p in a coimmunoprecipitation 

assay. Because of the well established interaction between Rep1p and Rep2p (Ahn et al., 

1997; Velmurugan et al., 1998), the straightforward prediction from the observed 

interaction between Kip1p and Rep2p is that Kip1p should also interact with Rep1p. The 

other has to do with the somewhat contradictory observations that the Kip1p-STB 

association occurs prior to and is required for Cse4p incorporation at STB, yet this 

association is disrupted when Cse4p is inactivated by a Ts mutation. We have also tested 

in initial ChIP assays whether the P-loop mutant of Kip1p (described in Chapter 3) is still 

capable of interaction with STB.  

4.5.1  Interaction of Kip1p with the plasmid partitioning system: alternative assays 

for possible Kip1p-Rep1p interaction 

We wish to retest the potential interaction between Kip1p and Rep1p using a 

yeast two-hybrid system. Since this assay is based on transcriptional output resulting 

from the interaction, the signal is amplified over a period of time, providing a more 

sensitive readout for even short lived interactions. Provided the interaction between 

Kip1p and Rep2p is direct, we argued that we may have a better chance of detecting it 

using a bacterial two-hybrid assay (Ding et al., 2002). By removing the pair of potential 

interactors from their native yeast environment, there is a high probability that other 

competing interactions involving the two proteins could be avoided. In this assay, one 
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protein is expressed in E. coli as a fusion to the Bacillus subtilis DivIVA protein while its 

suspected partner is coexpressed as a fusion to GFP. DivIVA is a cell division protein 

that first localizes to mid-cell, and then translocates to and persists at the poles after 

division is completed (Marston et al., 1998). This predominant polar localization is 

reproducible in E. coli as well. Protein-protein interaction is reported by the sharp 

colocalization of the GFP fluorescence signal with DivIVA. Unfortunately, we found that 

Kip1p-GFP or GFP-Rep2p (also GFP-Rep1p), when expressed in E. coli, localizes to the 

poles. Therefore, the proposed assay had to be abandoned. We would like to test whether 

GST-Rep2p or Kip1p-GST purified using an E. coli expression system is able to pull 

down Kip1p and Rep2p, respectively, from yeast cell extracts. As pointed out earlier, we 

are attempting to enrich and characterize the 2 micron ‘partitioning complex’ by TAP-

tagging Rep1p or Rep2p. It would be interesting to see if mass spectrometry identifies 

Kip1p as one of the proteins present in the complex. 

 4.5.2  Does Kip1p-STB association precede Cse4p-STB association or vice versa? 

Our current data are most easily explained by a scheme in which Kip1p-STB 

association is required for the assembly of Cse4p containing STB chromatin. The one 

disconcerting observation was that inactivation of Cse4p by a Ts mutation results in the 

loss of Kip1p-STB association. Because the mutant protein is not excluded from STB, we 

suspect that it keeps the STB chromatin in a configuration that cannot accept Kip1p. We 

will attempt to clarify this issue by using a strain harboring a Cse4p degron (Morey et al., 

2004). In this strain, the native CSE4 locus is engineered to express, from the ANB1 

promoter, an HA-tagged version of the protein which is also a substrate for Ubr1p 
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(ubiquitin ligase) dependent degradation. The ANB1 promoter can be repressed by the 

heme-dependent repressor Rox1p. The UBR1 and ROX1 genes are placed under a copper 

inducible promoter. In the presence of copper, the transcription of CSE4 is repressed by 

Rox1p and, at the same time, the translated protein is targeted by Ubr1p for degradation. 

A complete depletion of Cse4p can be achieved in approximately 5 hr after copper 

induction, as assayed by western blot analysis. We will employ the degron strategy to test 

by ChIP whether Kip1p can be detected at STB in cells that are devoid of Cse4p. Quite 

recently a protein essential for kinetochore function, Scm3p, has been demonstrated to be 

the factor responsible for recruiting Cse4p to centromeres (Camahort et al., 2007; 

Mizuguchi et al., 2007; Stoler et al., 2007). It will be interesting to test whether Cse4p 

recruitment at STB is also Scm3p dependent and, if it is, whether Kip1p can associate 

with STB when both Scm3p and Cse4p are depleted.  

4.5.3 Kip1p P-loop mutant fails to associate with STB and CEN 

Preliminary data from ChIP assays showed the Kip1p P-loop mutant does not 

associate with the STB locus or centromeres (Figure 4.15). As a suspected “rigor” mutant, 

Kip1p P-loop mutant is expected to bind too tightly to microtubules. As a result, its 

normal dynamics would be impaired. It would also be non-motile since it can not 

hydrolyze ATP. Either of these mutant phenotypes could be responsible for blocking its 

association with STB or CEN. Absence of Kip1p binding to STB explains the observed 

plasmid missegregation.
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Figure 4.15 Mutations generated in the ATPase domain (P-loop) of Kip1p abolishes its 
association with both STB and CEN3. ChIP assays were carried out in [cir+] strains 
deleted for KIP1. The strain was also transformed with a CEN plasmid bearing a Myc- 
tagged Kip1p mutant (P-loop mutant) (more detailed information on the construction and 
characteristics of this mutant can be found in the Appendix to Chapter 3). 
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CHAPTER 5 

Localization of the single-copy 2 micron reporter plasmid in the yeast 
nucleus: A role for Kip1p is specifying plasmid address 

5.1  SUMMARY 

1. Using the spindle pole and Kip1p localization as landmarks, we mapped the 

location of single-copy reporter plasmids in the yeast nucleus at different stages of 

the cell cycle. These reporters harbored an STB or CEN based partitioning system, 

or lacked an active partitioning system altogether (ARS reporter plasmid). The 

localization of an STB plasmid is identical to that of a CEN plasmid in the vast 

majority of the cells and quite different from that of the ARS plasmid. 

2.  Deletion of Kip1p delocalizes the STB plasmid in the nucleus, as estimated by the 

distance between the plasmid and the spindle pole body. By contrast, the 

corresponding distance of the CEN or ARS plasmid is not affected by the deletion. 

5.2 BACKGROUND 

As pointed out earlier, the segregation kinetics, during the yeast cell cycle, of 

chromosomes (or centromeric plasmids) and 2 micron circle derived plasmids are quite 

similar to each other (Velmurugan et al., 2000). This phenomenon suggests that the 

segregation process of the plasmid occurs in parallel or overlaps with that of 

chromosomes. Indeed, over the years we have discovered that several host factors which 

play critical roles in chromosome segregation also function in the 2 micron circle 

partitioning pathway (Hajra et al., 2006; Mehta et al., 2005; Mehta et al., 2002; Yang et 
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al., 2004). The successful construction of the single-copy STB reporter plasmids allowed 

us to visualize the cohesion between sister copies of the plasmid as well as their one-to-

one segregation in live cells (Ghosh et al., 2007). These recent time lapse analyses are in 

agreement with previous observations documenting the concordance between 2 micron 

reporter plasmids and a tagged chromosome or a centromere plasmid in the dynamics and 

timing of their segregation.  

During the yeast cell cycle, Kip1p shows a readily recognizable bilobed 

localization pattern along the short distance of 1 to 1.2 µm that separates the duplicated 

spindle poles in metaphase (Tytell and Sorger, 2006). This characteristic shape arises 

from the association of Kip1p with the kinetochores of the duplicated sets of sixteen yeast 

chromosomes, followed by clustering of the Kip1p associated kinetochores. Inactivation 

of the inner kinetochore protein Ndc10p by a temperature sensitive mutation disrupts the 

bilobed organization of Kip1p without affecting its localization along spindle 

microtubules. As suggested from the results in the previous chapters, Kip1p likely 

promotes segregation of the 2 micron plasmid by mediating its attachment to the mitotic 

spindle at an early stage of the cell cycle. According to this notion, spindle integrity is 

essential for the plasmid to localize to its correct nuclear address, where the partitioning 

process is initiated. Since the single-copy STB reporter plasmid permits localization of 

the 2 micron circle more precisely in the relatively small yeast nucleus, we have 

attempted to investigate the presumed spatial regulation on plasmid segregation imparted 

by Kip1p using a cell biological assay. The rationale is to first localize the plasmid with 

respect to two well characterized landmarks in the yeast nucleus, the spindle pole and 

Kip1p, whose conspicuous bilobed form in metaphase cells also denotes the disposition 
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of congressed kinetochores. We may then eliminate KIP1 function to ask how the 

plasmid position is affected with respect to the spindle pole landmark. 

5.3 RESULTS 

5.3.1 Localization of Kip1p and spindle pole bodies at different cell cycle stages  

To set the frame of reference, we first mapped the relative locations of Kip1p and 

spindle pole bodies in G1, S, metaphase, anaphase and telophase cells. The data 

presented in Figure 5.1 were obtained from a [cir+] wild type strain; but those from an 

isogenic [cir0] strain were almost identical (data not shown). Kip1p was visualized by 

fusing EGFP to its carboxyl-terminus; spindle pole bodies were visualized by tagging 

them with Spc42p harboring a carboxyl-terminal fusion of CFP (S8, Table 2.1, Chapter 

2). The patterns shown in Figure 5.1 were representative of ≥ 90% of the cells belonging 

to each of the cell cycle stages. 

In G1 cells (unbudded cells in a cycling population or cells arrested with α factor), 

Kip1p formed a single focus that was coincident with or at least overlapped the spindle 

pole body (Figure 5.1A). In S phase cells, defined by emergence of the nascent bud or by 

the small bud size, the spindle pole bodies (presumably duplicated) could not be resolved, 

and their fluorescence signal merged, at least partially, with that from the Kip1p focus 

(Figure 5.1B). Thus, within the resolution limits of microscopy, the G1 and S phase 

patterns of Kip1p relative to the spindle pole body were virtually indistinguishable. In 

metaphase cells, consistent with the findings of Tytell and Sorger (2007), Kip1p formed a 

signature bilobed pattern sandwiched between the clearly resolved pair of spindle pole 
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bodies (Figure 5.1C). In large budded cells denoting anaphase/telophase, with each 

compartment containing a single spindle pole body and a clearly segregated DAPI mass, 

two types of Kip1p localization were observed. One was characterized by a linear array 

of Kip1p puncta that defined the extremities of the spindle (the positions of the spindle 

pole bodies) as well as its orientation along the mother-bud axis (Figure 5.1D). We have 

classified these cells as anaphase cells. The other was typified by the nearly complete 

disappearance of Kip1p puncta, except for two surviving distally positioned Kip1p foci, 

each of which was associated with a spindle pole body (Figure 5.1E). These cells 

otherwise resembled anaphase cells in their spindle pole and DAPI patterns. We have 

equated this pattern with telophase cells. For our purposes, the most informative cell 

cycle stage is metaphase, when the landmarks of choice, the spindle pole and Kip1p, are 

optimally resolved from the standpoint of locating duplicated copies of a reporter plasmid 

with respect to them. Note that the plasmid sisters may or may not be cohesed, depending 

on whether a CEN or STB based plasmid partitioning system is kept active or not. 
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Figure 5.1 Relative localizations of Kip1p and spindle pole bodies at different cell cycle 
stages. Kip1p and the spindle pole body component Spc42p were visualized by 
fluorescence microscopy in live yeast cells expressing Kip1p-EGFP and Spc42p-CFP 
simultaneously. Red (pseudo-colored for cyan) and green colors represent spindle poles 
and Kip1p, respectively. A. In a cycling population, G1 cells were defined as those 
without buds. Alternatively, cells were arrested in G1 by treating them with α factor. B. 
Cells at the point of bud emergence or with small buds were deemed to be in S phase. C. 
The criteria for metaphase cells were two clearly resolved spindle pole bodies within the 
mother compartment with a distance of less than 2 µm in between, and a single DAPI 
mass located close to the bud neck. D, E. Anaphase and telophase cells were 
distinguished by the presence and absence, respectively, of a linear array of Kip1p puncta 
along the spindle length. In both cell types, the duplicated spindle pole bodies and 
chromosomes (stained with DAPI) were clearly segregated into the two opposite cell 
compartments. 
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5.3.2 A single-copy STB reporter plasmid shows similar localization patterns as a 

CEN plasmid with respect to Kip1p during the cell cycle 

After having established the localization profiles of Kip1p in relation to the 

spindle pole body at different stages of the cell cycle, we mapped the relative positions of 

the single copy STB, CEN and ARS plasmids, fluorescence-tagged by [TetO]112-RFP-

TetR interaction, within the context of the Kip1p reference frame. As noted in the 

previous chapters, the same reporter plasmid can be manipulated to behave as a CEN, 

STB or ARS plasmid by functionally inactivating its STB and CEN individually or in 

combination (see Figure 3.5). Raffinose grown cells were arrested in G1 with α factor, 

further conditioned in glucose or galactose in presence of the pheromone, and then 

released into the cell cycle (Figure 5.2). The [cir+] host strain was employed to keep both 

STB and CEN active (glucose) or STB alone active (galactose). The isogenic [cir0] strain 

was employed to keep CEN alone active (glucose) or to keep both CEN and STB inactive 

(galactose). Cell samples were withdrawn from the culture at the indicated times and 

examined by fluorescence microscopy to visualize the reporter plasmid and Kip1p. In 

these assays, the cell cycle stage was assigned from a combination of criteria: cell 

morphology, the pattern of DAPI staining and the localization of Kip1p, as deduced from 

the results depicted in Figure 5.1. The time delay in sampling, for a given cell cycle stage, 

between glucose and galactose grown cells was due to the longer generation time in 

galactose. The sum of the data for the localization patterns of the reporter plasmids in 

relation to Kip1p is assembled in Figure 5.3. The results for the CEN alone active 
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condition are omitted from the figure as they were no different from those for the CEN 

and STB active condition. 

In G1 cells, the plasmid and Kip1p were seen as single fluorescence dots. There 

was coincidence between the signals from Kip1p and the CEN plasmid in every cell 

examined (Figure 5.3A, middle column of the top row). The STB plasmid (Figure 5.3A, 

left column of the top row) and the ARS plasmid (Figure 5.3A, right column of the top 

row) showed the same localization pattern as the CEN plasmid in 76% and 27% of the 

cells, respectively. In the remaining cells, the localization of these reporter plasmids was 

distinct from that of Kip1p (Figure 5. 3 A, left and right columns of the bottom row).  

During S phase, the fractions of cells showing coincidence or nearly complete 

overlap between plasmid and Kip1p signals for the STB and CEN reporters were 72% and 

96%, respectively (Figure 5.3B, left and middle columns of the top row). The 

corresponding value for the ARS reporter was 22% (Figure 5.3B, right column of the top 

row). In the majority of cells (78%), the ARS plasmid signal was separated from the 

Kip1p signal, either as a single dot (20%) or as two separate dots (58%) (Figure 5.3B, 

right column of the middle and bottom rows). These combined patterns were displayed 

by 28% and 4% cells harboring the STB plasmid (Figure 5.3B, left column of the middle 

and bottom rows) and the CEN plasmid (Figure 5.3B, middle column of the middle and 

bottom rows), respectively.  

The single plasmid dot in the case of the STB and CEN reporters in S phase and 

metaphase cells is expected because, concomitant with replication, cohesion of plasmid 

sisters is established. A less likely possibility for the existence of the single dot is the lack 

of plasmid replication. The two separate dots observed for the STB plasmid result most 
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likely from a failure to establish cohesion. For the ARS plasmid, the single dot can only 

be due to either absence of replication or colocalization of duplicated plasmid copies by 

chance. Note that ARS plasmids are not capable of recruiting cohesin or establishing 

cohesion.  

Localization of a single plasmid dot (indicating cohesion of plasmid sisters) at 

either the dead center of the typical bilobed pattern of Kip1p, or slightly off-center, was 

observed in all of the metaphase cells examined for the CEN reporter (Figure 5.3C, 

middle column of the top two rows) and in 80% of the cells for the STB reporter (Figure 

5.3C, left column of the top two rows). This pattern accounts for only 10% in cells 

containing the ARS plasmid, understandably because of the absence of plasmid cohesion 

following replication (Figure 5.3C, right column of the top two rows). In 20% of the 

cells, the STB reporter localized as a single dot (cohesed sisters) or two separate dots 

(uncohesed sisters) away from the bilobed Kip1p (Figure 5.3C, left column of the bottom 

two rows). These two patterns accounted for 90% of the metaphase cells containing the 

ARS reporter, with the two dot plasmid pattern being the predominant one (Figure 5.3C, 

right column of the bottom two rows). 

The anaphase and telophase cells could be broadly divided into two classes, one 

that shows equal (1:1) plasmid segregation (Figure 5.3D and E, top two rows) and the 

other that shows unequal (2:0) segregation (Figure 5.3D and E, bottom two rows). For the 

equal segregation class, the data for each of the three reporter plasmids were remarkably 

similar to those for the G1 and S phase cells shown in Figure 5.3A and B. Each cell 

compartment of an anaphase or telophase cell may thus be considered as equivalent to a 

G1 or S phase cell with respect to plasmid and Kip1p localization. Of course, in anaphase 
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cells, our reference points are only the Kip1p foci at the extremities of the spindle and not 

those decorating the length of the spindle. In cells showing unequal plasmid segregation, 

the plasmid foci were almost always separated from the proximal spindle pole, and 

showed a clear bias for their retention in the mother cell compartment (Figure 5.3D and 

E, bottom two rows). 

The sum of the data from Figure 5.3 indicate that, during G1, S, metaphase and 

telophase, the fluorescence signal from a CEN reporter plasmid almost always colocalizes 

with that from Kip1p, which in turn is coincident with or overlaps the spindle pole body. 

This is also true of anaphase, except that Kip1p forms a string of additional foci along the 

spindle in such cells. These results are consistent with the finding that Kip1p is a 

component of the kinetochore complex (Tytell and Sorger, 2006) and the fact that 

kinetochores are attached to the plus ends of the short microtubules extending from the 

spindle pole body. An STB reporter plasmid also shows a similar pattern of colocalization 

with Kip1p as the CEN plasmid. The frequency of this colocalization is somewhat less 

for the STB plasmid compared to the CEN plasmid. The localization of an ARS reporter 

plasmid is starkly different from that of the CEN and STB reporter plasmids. These 

observations have potential implications for the chromosome tethering model for plasmid 

segregation.  
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Figure 5.2 Experimental protocol for localization of a reporter plasmid with respect to Kip1p in cells at different cell cycle 
stages. In the unit copy CEN-STB reporter plasmid, CEN was maintained active in glucose (or raffinose) or inactived in 
galactose, as required. Raffinose grown cells were arrested in G1 with α factor, conditioned in glucose or galactose for 2 hr in 
the presence of the pheromone, and released into the cell cycle at time zero. Cells cycling in glucose were scored by 
fluorescence microscopy at 0, 30, 60, 75 and 90 min. The corresponding time points for cells cycling in galactose were 0, 60, 
90, 105 and 120 min, respectively. These time points represent, in increasing order, cells in G1, S, metaphase, anaphase and 
telophase stages of the cell cycle. 
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Figure 5.3 Co-localization of Kip1p-EGFP with a single-copy reporter plasmid in live 
cells. The reporter plasmid of interest, placed under STB or CEN partitioning control or 
devoid of a partitioning system, was tagged with red fluorescence by [TetO]-[RFP-TetR] 
interaction. Kip1p was tagged with green fluorescence via fusion to EGFP. A minimum 
of 20 cells were scored for each plasmid at each cell cycle stage.  
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5.3.3 The effect of kip1Δ on the nuclear address of a single-copy reporter plasmid 

Having demonstrated that the disposition of an STB plasmid with respect to the 

spindle pole is similar to that of a CEN plasmid, we next wanted to examine what effect 

Kip1p might have on the specialized localization of these two plasmid types. We 

therefore measured the distance of single-copy reporter plasmids with respect to the 

spindle pole body in G1 arrested wild type and kip1Δ cells. More precisely, the same 

plasmid was employed in these assays, but conditions were manipulated, as described for 

the experiments depicted in Figure 5.2, to make it behave as a CEN, STB or ARS reporter. 

The spindle pole body was visualized by expressing a hybrid version of Spc110p 

fused at its carboxyl-terminus to RFP (S31 and S32, Table 2.1, Chapter 2). The fusion 

cassette was placed at the SPC110 chromosomal locus, and expression was driven by its 

native promoter. To quantify the effect of kip1Δ, the plasmid to spindle pole body 

distance was measured in the following way (see Figure 5.4A). The residence zones of 

the spindle pole (red fluorescence) and plasmid (green fluorescence) were demarcated by 

Z-series optical sectioning of the yeast nucleus into consecutive 0.25 μm thick individual 

layers. The vertical displacement ‘a’ between the spindle pole body and the plasmid was 

estimated as the distance between the two layers that displayed the highest red and green 

fluorescence intensities, respectively (Figure 5.4B). The horizontal displacement ‘b’ 

between the spindle pole body and the plasmid was calculated by the Metamorph 

software after the sections showing fluorescence signals were stacked, deconvoluted and 

projected as 2-D images. The shortest plasmid to spindle pole distance was calculated as 
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22'' bad += .  For the STB plasmid, this distance increased significantly from 0.60 μm 

in the wild type strain to 1.16 μm in the kip1Δ strain (Figure 5.4C and D). The lack of 

Kip1p function did not affect the ‘d’ values for the CEN plasmid or the ARS plasmid or 

the plasmid in which both CEN and STB were active. 

The data from Figure 5.4 reveal that, in the absence of Kip1p function, the 2 

micron plasmid cannot occupy its normal nuclear address in close proximity to the 

spindle pole body. Rather, its localization resembles that of an ARS plasmid. The location 

of a CEN plasmid is unaffected by kip1Δ. These findings corroborate the conclusion, 

arrived at from experiments detailed in Chapter 4 that the Kip1p effect on 2 micron circle 

segregation is mediated through a spatial control of plasmid localization. 
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Figure 5.4 Distances of reporter plasmids from the spindle pole in G1 arrested cells. 
Distances between a single-copy CEN-STB reporter plasmid (tagged by [Lac operator]-
[GFP-Lac repressor]) and the spindle pole body (tagged by Spc110-RFP) were measured 
in wild type and kip1∆ strains. Conditions were employed so as to selectively 
activate/inactivate CEN or STB harbored by the plasmid. The CEN control of partitioning 
was on in glucose and off in galactose regardless of whether cells were [cir0] or [cir+]. 
The STB control of partitioning was on in the [cir+] background but off in the [cir0] 
background irrespective of the carbon source. A. The method for calculating the distance 
between the plasmid and the spindle pole body is schematically illustrated. Further details 
are given in the text. B. By Z-series sectioning of the nucleus into 0.25 µm layers, the 
signal from each layer was captured and analyzed for the fluorescence intensity. C. The 
mean values of ‘d’ for the reporter plasmid were estimated after manipulating its 
partitioning control as indicated. The error bars represent standard deviation of the mean. 
The sample size for each data point was ≥ 20. D. The Student’s t-test was used to 
calculate the level of significance (p) of the difference between d values in wild type and 
kip1∆ strains. 
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5.4 DISCUSSION 

Results presented in this chapter provide insights into how a motor protein is 

capable of influencing the segregation mechanism of an extrachromosomal element 

resident in the yeast nucleus. Combined with the data assembled in Chapters 3 and 4, the 

current observations suggest that the Kip1p motor helps bring the 2 micron plasmid 

cluster to its partitioning center, presumably by mediating plasmid association with the 

spindle.  

Earlier work from our laboratory showed that the tightness of the 2 micron cluster 

as well as its localization at or intimately close to the spindle pole is absolutely dependent 

upon spindle integrity (Mehta et al., 2005), The present study provides a plausible 

explanation for the spindle effect on plasmid localization, and implicates Kip1p as a key 

player in mediating this effect. The single-copy reporter plasmid employed in our assays 

improves resolution of fluorescence microscopy considerably over a multi-copy plasmid 

used in previous studies. As a result, we were able to map its nuclear position with 

greater precision with respect to Kip1p and the spindle pole body.  Furthermore, we 

could demonstrate the role of Kip1p in 2 micron plasmid localization by measuring its 

distance from the spindle pole body in the presence and absence of functional Kip1p. 

Our findings demonstrate a near perfect correlation in the colocalization between 

a CEN reporter plasmid and a Kip1p focus that is coalesced with the spindle pole. A 

similar correlation exists for the STB reporter plasmid as well, although the strength of 

the correlation is not as high. Such a correlation is absent for an ARS plasmid. There is no 

CEN or STB plasmid association with the other Kip1p foci arrayed along the length of the 

spindle, away from the spindle pole bodies, in metaphase cells. The results are consistent 
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with the 2 micron plasmid cluster being located at or in the immediate vicinity of the plus 

end of kMTs. This plasmid location is suggestive of potential plasmid chromosome 

association although direct evidence is lacking at present for such an association. 

Alternatively, the plasmid cluster may be at or close to the plus end of a microtubule, not 

necessarily a kMT, perhaps through interaction of the partitioning complex assembled at 

STB with the spindle. The plus end-directed translocation activity of the Kip1p motor 

would be consistent with this possibility. In this situation, the STB and the associated 

protein complex would functionally mimic a CEN and the associated kinetochore 

complex. The plasmid cluster would then behave as an impostor chromosome as far as 

segregation is concerned. As pointed out before, evidence for spindle mediated pulling of 

plasmid clusters in opposite directions is lacking. Insertion of two STB copies into a 

reporter plasmid does not result in its instability, a clear distinction from the insertion of 

two CEN copies. Thus the available evidence tips the balance in favor of a spindle and 

chromosome dependent mechanism over a spindle dependent but chromosome 

independent mechanism for 2 micron circle segregation. 

A key observation to emerge from the current investigations is that kip1Δ causes 

the distance of an STB reporter plasmid from the spindle pole body to be nearly doubled 

whereas that of a CEN reporter plasmid remains unchanged. The STB reporter in the 

absence of functional Kip1p resembles an ARS plasmid in its separation from the spindle 

pole body. The extent of the displacement of the STB plasmid in the kip1Δ background 

measured in this study is remarkably similar to that observed for a multi-copy plasmid in 

a previous study when the spindle was disassembled by nocodazole treatment (Mehta et 
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al., 2005). Furthermore, the association of Kip1p per se with the STB locus is 

independent of spindle integrity (results presented in Chapter 4). Taken together, these 

three observations suggest that Kip1p acts in conjunction with the mitotic spindle in order 

to specify the characteristic nuclear address of the 2 micron circle. 

There could be several explanations for why chromosomal attachment to the 

spindle, as evidenced by the location of the CEN reporter plasmid at the spindle pole, is 

unaffected in the kip1Δ strain. The association of kinetochores with microtubule plus 

ends may be independent of the motor proteins that interact with or form part of the 

kinetochore complex. Alternatively, Cin8p may more than compensate for the lack of 

Kip1p in kinetochore-spindle attachment, as it is known to do in all steps of the 

chromosome segregation pathway. Or, the spindle attachment function may be mediated 

by one of the other two nuclear motors, Kar3p and Kip3p. There is some evidence to 

suggest that Kar3p may be involved in assisting detached kinetochores to find their 

proper location at the plus ends of kMTs (Tytell and Sorger, 2006; Tanaka et al., 2005). 

However, the step at which Kar3p helps this process appears to be lateral translocation 

along the spindle rather than reassociation of the kinetochore with the spindle (Tanaka et 

al., 2007; Tanaka et al., 2005).  Clearly, unlike the situation with the 2 micron plasmid, 

none of the individual nuclear motor proteins is critical for chromosomal attachment to 

the spindle. Yeast cells can tolerate single deletions of each of the motor protein genes, 

although some of these deletions do increase the rates of chromosome loss to different 

extents (Hoyt et al., 1992). 

Based on the outcomes of the fluorescence microscopy summarized in this 

chapter, the following scenarios would be consistent with how Kip1p facilitates the 
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spindle pole proximal localization of the 2 micron circle. We suggest that Kip1p mediates 

the capture of the plasmid cluster by the spindle through a bipartite interaction, with STB 

on the one hand and the spindle on the other. If this association is with a kMT, the 

directionality of Kip1p movement will deliver the plasmid cargo to the plus end. If the 

association occurs with a nkMT distal to the spindle pole body, the plasmid will have to 

be transported in the opposite direction. One may imagine two possible ways of doing 

this. Microtubule dynamics, causing regression at the plus end, may mediate the 

poleward translocation of the plus end associated Kip1p along with its plasmid cargo. 

Alternatively, the spindle associated plasmid cluster may switch its motor association, 

and travel towards the minus end in a Kar3p assisted fashion. As shown by our results, 

the 2 micron plasmid can associate with Cin8p, Kip3p and Kar3p in a strictly spindle 

dependent manner. Kar3p has been suggested to mediate the movement of chromosomes 

along the spindle towards the spindle pole body (Tanaka et al., 2007; Tanaka et al., 

2005). We shall reconsider some of these points and their implications in the following 

chapter (Chapter 6). 

Regardless of the precise mechanism, Kip1p mediated plasmid localization is a 

critical step in the 2 micron circle segregation pathway, either by promoting the tethering 

of the plasmid to a chromosome or by helping the plasmid move to a locale where 

important chromosomal segregation factors are present in high local concentration. 
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5.5  APPENDIX TO CHAPTER 5 

5.5.1  Kip1p is not fully destroyed during metaphase to anaphase transition of 

cells; it is detectable at all stages of the cell cycle 

Here we wish to address the apparent discrepancy between our findings and the 

general inference from published literature that Kip1p is virtually absent in cells from 

anaphase through G1 phases of the cell cycle. 

As has been pointed out earlier, the results from our analyses do not agree with 

the conclusion from previous biochemical studies that essentially the entire pool of 

cellular Kip1p is degraded as cells transition from metaphase into anaphase (Gordon and 

Roof, 2001). We have detected Kip1p signal all through the cell cycle by visualizing 

fluorescence tagged Kip1p in live cells as well as by ChIP assays that probe Kip1p 

associated with CEN or STB (see Figure 5.1 and Figure 4.5). Based on our data, we 

would suggest that at least a finite pool of Kip1p escapes anaphase destruction, and 

presumably remains associated with STB and centromeres.  

According to our data, the Kip1p signal in G1 phase was less intense than that in 

S phase or metaphase, but was still readily detectable (Figure 5.5). As mentioned earlier, 

during anaphase, Kip1p localization was seen a series of puncta from pole to pole along 

the length of the spindle. In scoring a large number of cells, we noticed that there are two 

distinct types of Kip1p localization at this cell cycle stage (Figure 5.6). In one case, the 

stronger signals were located in the middle of the spindle, with the signal intensity fading 

away towards the spindle poles (Figure 5.6 upper row).  In the other, the signals were 

strongest at or in immediate proximity of the spindle poles, and those towards the spindle 

midzone were fainter (Figure 5.6 lower row).  Furthermore, this latter pattern was also 



 185

characterized by clearly identifiable discontinuities in the fluorescence signal between 

puncta. 

Previous studies have shown that Kip1p and Cin8p are responsible for the spindle 

pole separation during anaphase by their plus end-directed movement, thus forcing polar 

spindles to slide away from each other (Straight et al., 1998). This function is consistent 

with the central localization of Kip1p which crosslinks nkMTs emanating from opposite 

poles. As the motor heads step forwards in the plus end-direction from this crosslinked 

state, they will push the microtubules backwards and force the spindle pole bodies to 

move away from each other. We believe that the strong midzone signal for Kip1p seen in 

one class of anaphase cells is caused by the bundling of nkMTs. We suspect that this 

represents a stage early in anaphase before the active degradation of Kip1p is underway.  

The anaphase cells that display a reduction of Kip1p signal near the middle of the 

spindle are likely those in which Kip1p destruction has been initiated. Alternatively, or 

additionally, there could be some relocation of Kip1p to kMTs. The reported degradation 

of Kip1p during anaphase (Gordon and Roof, 2001) is thus likely to be targeted 

specifically to the pool of Kip1p associated with  nkMTs. 
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Figure 5.5 Kip1p signals in G1 cells are less intense than those in metaphase cells, but 
are easily detectable. EGFP tagged Kip1p and CFP tagged Spc42p (spindle pole 
component) were visualized simultaneously by fluorescence microscopy in live yeast 
cells. Pseudo-colored red and green represent spindle poles and Kip1p, respectively. 
Chromosomes were stained with DAPI (blue). 

 

 

 

Figure 5.6 Kip1p apparently localizes to both kMT and nkMT during anaphase. In 
anaphase cells, an array of Kip1p puncta, in addition to one focus each at each spindle 
pole, was detected along the length of the spindle. In one class of cells, the midzone 
signals were more intense than the polar signals (top row). In the second class, the signal 
at the poles were stronger compared to the midzone signals (bottom row). The 
fluorescence tagging of Kip1p and Spc42p and the protocols for microscopy were as 
described under Figure 5.5. 
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CHAPTER 6 

Summary, conclusions and future perspectives 

6.1 SUMMARY AND CONCLUSIONS  

The most significant novel finding from this study is that the budding yeast 2 

micron plasmid enlists the assistance of the Kip1p motor protein for associating with the 

mitotic spindle and positioning itself at its partitioning center. In line with the current 

thinking on the mechanisms for plasmid segregation, this specific nuclear address, in 

immediate proximity to the spindle pole body, provides the plasmid cluster with one of 

two opportunities. One possibility is that the multi-copy plasmid cluster attaches itself to 

one of the chromosomes, so that duplication and segregation of sister clusters occur in 

association with sister chromatids. The alternative possibility is that the specific plasmid 

location in the vicinity of congressed kinetochores, an abundant source for host factors 

involved in chromosome segregation, allows the plasmid to channel at least some of these 

factors towards the assembly of its own partitioning complex. At this time, we do not 

know whether the role of the Kip1 motor is in merely mediating plasmid-spindle 

association or actively transporting the plasmid to its destination. We do know that 

mutations in the ATP binding loop of Kip1p, which abolish motor activity, destroys the 

ability of Kip1p to promote equal plasmid segregation. Riding a nuclear motor for 

passage to a specific nuclear location, if true, would be a hitherto unsuspected aspect of 

the spatial regulation of 2 micron circle segregation.  
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Of the two redundant plus end-directed motors Cin8p and Kip1p of yeast, Cin8p 

plays a more prominent role in chromosome segregation (Roof et al., 1992; Saunders and 

Hoyt, 1992). Taking advantage of the lesser of the two motors is a shrewd strategy for a 

selfish DNA element whose replication and propagation will undoubtedly have a bearing 

on the fitness of its host.  

The mitotic spindle is the central infrastructure that is crucial for chromosome 

segregation in eukaryotes. According to current thinking, the 2 micron plasmid utilizes 

the spindle for its segregation in one of two ways. The plasmid may tether itself to (and 

behave as an extension of) a chromosome during segregation. Or, the spindle may play a 

chromosome independent, but as yet unspecified, role in plasmid segregation. 

Recent studies have revealed that spindle-like structures may be important for 

chromosome and plasmid segregation in prokaryotes as well (Jones et al., 2001; Kruse et 

al., 2003; Moller-Jensen et al., 2003; Moller-Jensen et al., 2002; Moller-Jensen et al., 

2007; van den Ent et al., 2002). The organizational and functional similarities and 

contrasts among bacterial plasmids, the yeast plasmid and certain viral episomes in the  

organization and molecular functions of their partitioning systems reveal a direct or an 

indirect reliance on cytoskeletal elements as a scaffold during their segregation processes 

(Barbera et al., 2006; Botchan, 2004; Van Tine et al., 2004; You et al., 2004). Whether 

these different systems arose as independent solutions dictated by specialized cellular 

contexts or share a common evolutionary descent followed by divergence under distinct 

host environments remains an open question. 
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6.1.1 Transport of the 2 micron plasmid to its partitioning center by Kip1p: 

plasmid capture by the spindle  

Based on the cumulative findings from the present studies, we suggest the following 

plausible models for the action of Kip1p in 2 micron plasmid segregation (Figure 6.1). 

Kip1p associated with STB may serve a bivalent adaptor function to crosslink plasmid 

molecules to initiate their clustering as well as to promote capture of the plasmid cluster 

by the spindle (Figure 6.1A and B). The spindle–plasmid association could be augmented 

by interaction between independent pools of Rep1 and Rep2 proteins present on STB and 

on the spindle. In an earlier study, we noticed that the Rep proteins, localized primarily at 

or close to the spindle poles, form a decreasing concentration gradient towards the 

spindle midzone (Velmurugan et al., 2000). The bundling of microtubules by Kip1p 

could potentially contribute to further compaction of the plasmid cluster (Figure 6.1C). If 

the plasmid cluster contacts a kMT, the directed translocation of the Kip1p motor can 

transport the cluster to the plus end of the microtubule (Figure 6.1D). If contact is made 

with a nkMT distal to the spindle pole body, the plasmid must be moved in the opposite 

direction. This may be achieved by transferring the plasmid cargo to the minus end-

directed Kar3 motor protein (Figure 6.1E, bottom right). Evidence of cargo transfer 

between motors traveling in opposite directions has been documented in higher 

eukaryotic systems. A striking example is the intermittent movement of influenza viral 

particles utilizing plus and minus end-directed microtubule based motilities in the 

perinuclear region prior to viral fusion with endosomes ((Lakadamyali et al., 2003). 

Recent evidence suggests that the Kar3 motor associated with kinetochores may transport 

chromosomes towards the spindle poles along the side of microtubules (Tanaka et al., 
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2007; Tanaka et al., 2005). One could also envisage poleward movement of the plasmid 

cluster independent of a minus end-directed motor protein. In principle, microtubule 

disassembly at the plus end, where the Kip1p associated plasmid cluster is expected to be 

located, and the consequent shrinkage of the spindle will effectively bring the cluster 

closer to the spindle pole body (Fgiure 6.1E, top right).Regardless of the mechanism, 

localization in the immediate proximity of kinetochores would be conducive to plasmid 

chromosome attachment (Figure 6.1F, right) or acquisition by the plasmid of 

chromosome segregation factors such as Cse4p and the cohesin complex (Figure 6.1F, 

left).  

 How does spindle disassembly during late telophase affect plasmid localization? 

In principle, the STB associated Kip1p that is resistant to proteolysis during anaphase can 

keep the plasmid in contact with the plus ends of the regressing microtubules. We suggest 

that, as is believed to be the case for yeast chromosomes, the plasmid cluster is, in effect, 

bound to microtubules essentially throughout the cell cycle. Recent studies suggest that 

kinetochores may transiently dissociate from the spindle, perhaps during replication of 

centromere DNA, and reattach to the spindle within a short time (Kitamura et al., 2007). 

The 2 micron plasmid cluster may also go through a spindle detachment and reattachment 

process as the remnant components of the previous partitioning cycle are ejected from 

STB. Our ChIP analysis (Chapter 4) does indicate a window at the G1-S transition stage 

of the cell cycle when Kip1p association with CEN as well as STB is either absent or at 

least greatly reduced. Within the resolution limits of the ChIP assays, it is not possible to 

pinpoint the time of Kip1p dissociation from STB (or CEN) or the duration of this 

dissociation. Even if the 2 micron circle cluster is transiently disengaged from the 
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spindle, reattachment of the cluster to the spindle followed by its precise localization can 

be accomplished by mechanisms outlined in Figure 6.1D and E.  
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Figure 6.1 Models for the possible roles of Kip1p in the 2 micron plasmid partitioning pathway. A, B. Kip1p may crosslink 
the plasmid molecules by bridging their STB loci to help their clustering. Furthermore, Kip1p may promote crosslinking of the 
plasmid cluster with the mitotic spindle. C. Bundling of microtubules by Kip1p may help compact the plasmid cluster further 
after its association with the spindle. D. Kip1p may transport the plasmid cluster to the plus end of a kMT. E. A plasmid cluster 
associated with a nkMT distal to the spindle pole body may translocate poleward either laterally with the assistance of the 
minus end-directed Kar3p or in an end-on fashion via spindle dynamics. F. The spindle pole proximal localization of the 
plasmid cluster, facilitated by Kip1p, may enable it to gain easy access to the chromosome segregation factors (left) or to 
associate with a spindle attached chromosome (right). 
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6.1.2  The 2 micron circle partitioning pathway 

Based on our current knowledge regarding the association of the Rep proteins and 

host factors with STB as a function of the cell cycle, we propose the following scheme for 

the 2 micron plasmid partitioning pathway. In G1, following the previous partitioning 

cycle, the STB chromatin is devoid of Cse4p and the RSC2 remodeling complex but is 

still associated with Rep1p, Rep2p and Kip1p (Yang et al., 2004; Hajra et al., 2006; this 

study). This is the post-partitioning quiescent state of STB. We suspect that the 2 micron 

plasmid cluster is still associated with microtubule(s) during this stage, either directly or 

indirectly via chromosome tethering. The plasmid and the associated Rep proteins are 

localized in close proximity to the spindle pole body in G1 cells (Velmurugan et al., 

2000; this study). Nocodozale treatment or kip1Δ causes displacement of the plasmid 

from this position as well as dispersal of the Rep proteins. As cells start their exit from 

G1, the RSC2 complex associates with STB (Huang et al., 2004), and promotes the 

transient dissociation followed by reassociation of Rep1p-Rep2p-Kip1p, presumably 

through remodeling of the STB chromatin (Yang et al., 2004). The plasmid-microtubule 

association may be briefly breached and then reestablished during this process. We 

propose that Kip1p dependent recapture of the plasmid and its localization to the 

partitioning center trigger further downstream events that include Cse4p recruitment and 

cohesin assembly at STB followed by establishment of cohesion between sister plasmids 

in a replication coupled manner (Hajra et al, 2006; Mehta et al., 2002; Ghosh et al., 2007; 

this study). The RSC2 complex at least partially disassembles from STB following 

cohesin recruitment, as suggested by ChIP analysis targeting its ATPase subunit Sth1p 
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(Huang et al., 2004). Anaphase disassembly of cohesin results in plasmid segregation 

(Ghosh et al., 2007; Mehta et al., 2002). In late telophase, perhaps coincident with spindle 

disassembly, Cse4p leaves STB to complete the partitioning cycle (Hajra et al., 2006). 

We do not know how the protein dynamics observed at STB relate to the 

replication timing of this locus. Centromeres have been shown to detach from 

microtubules for ~1-2 min as they undergo replication because of at least partial 

disassembly of kinetochores (Kitamura et al., 2007). Reassembly of kinetochores is 

required for microtubules to recapture detached sister kinetochores. It is unlikely that 

replication of the STB locus follows exactly the centromere paradigm. Although plasmid 

replication proceeds normally in the absence of spindle, cohesin assembly at STB and 

plasmid cohesion are blocked under this condition (Mehta et al 2005; Ghosh et al., 2007). 

Thus, spindle assisted plasmid capture and localization are, in all probability, completed 

prior to plasmid replication. This localization could potentially be a chromosome 

tethering event.   

 Although the scheme for 2 micron circle partitioning diagrammed here is 

generally consistent with most of the available evidence, a couple of observations are not 

readily accommodated by it. For example, results from ChIP assays indicate that 

association of Kip1p with STB is dependent on the RSC2 complex, and Kip1p function is 

a pre-requisite for Cse4 incorporation at STB (this study). A reasonable deduction from 

these observations is that rsc2Δ should block Cse4p-STB association. ChIP analysis has 

yielded a contrary result (Hajra et al., 2006). One explanation for this discrepancy is that 

Kip1p promotes Cse4 recruitment at STB without itself interacting with STB. We 

consider this an unlikely possibility. A more plausible explanation is that lack of RSC2 
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leaves the STB chromatin in a nonfunctional state that still permits an aberrant association 

with Cse4p. In the rsc2Δ background, Rep1p is not detected at STB by ChIP even though 

Rep2p is (Yang et al., 2004). Functional Cse4p association with STB requires both Rep1p 

and Rep2p (Hajra et al., 2006). Furthermore, choesin assembly at STB is also blocked in 

the absence of the RSC2 complex (Yang et al., 2004). 

 In conclusion, despite some of the uncertainties indicated, the pathway outlined in 

Figure 6.2 integrates the known interactions between host factors required for 

chromosome segregation and the 2 micron circle partitioning system in the context of the 

yeast cell cycle. It would be worthwhile to further examine and refine the critical early 

events that occur in the G1-S interval (Figure 6.3) to initiate plasmid partitioning. 
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Figure 6.2 The steps of the 2 micron circle partitioning pathway as a function of the cell 
cycle. Chromatin remodeling at STB mediated through the RSC2 chromatin remodeling 
complex and assembly of the partitioning complex initiated during G1-S transition, 
including incorporation of the histone H3 variant Cse4p at STB, permit cohesin 
recruitment followed by replication coupled cohesion of duplicated plasmid molecules 
(Mehta et al., 2005; Mehta et al., 2002; Yang et al., 2004). The RSC2 function is 
presumably completed at this stage, and this complex or at least components of it 
dissociate from STB (Huang et al., 2004). Disassembly of cohesin in anaphase triggers 
equal segregation of the plasmid into daughter cells. The histone H3 variant Cse4p exits 
STB just prior to cytokinesis, perhaps concomitant with spindle disassembly (Hajra et al., 
2006). We do not know whether the indicated steps proceed in a chromosome associated 
state of the plasmid or in a chromosome independent manner. A more detailed view of 
the protein dissociation and association events at STB to initiate the pathway is presented 
in Figure 6.3.
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Figure 6.3 Proposed protein dynamics at STB associated with the de novo assembly of the 2 micron circle partitioning 
complex during the cell cycle. In G1 cells, the STB chromatin from the previous partitioning cycle is associated with Rep1p, 
Rep2p and Kip1p, but is free of Cse4p. Recruitment of the RSC2 chromatin remodeling complex is perhaps the earliest event 
in the assembly of the new partitioning complex. The remnant proteins are ejected from STB through RSC2 activity, and are 
then recruited back to the reorganized STB chromatin. Kip1p associated with STB is thought to facilitate plasmid spindle 
interaction and precise plasmid localization. Plasmid replication, Cse4p recruitment, cohesin assembly and plasmid cohesion 
occur as the next critical sequence of events.
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6.1.3 Similarities between the partitioning mechanisms of the 2 micron plasmid 

and episomal viral genomes 

 The genomes of Epstein-Barr (EBV), Kaposi’s sarcoma-associated herpes 

(KSHV) and bovine papilloma (BPV) viruses attach to the host chromosomes as a 

mechanism for efficient partitioning in dividing cells (Botchan, 2004; Harris et al., 1985; 

Lehman and Botchan, 1998; Shinohara et al., 2002; Simpson et al., 1996; Voitenleitner 

and Botchan, 2002; You et al., 2004). Chromosome tethering would provide an effective 

safeguard against the viral episomes being excluded into the cytoplasm when the nuclear 

membrane breaks down and reassembles during ‘open’ mitosis. A common logic in these 

different systems is the utilization of a virally encoded protein that can bridge the viral 

genome and a host chromosome during mitosis through bivalent protein-DNA and 

protein-protein interactions. This match-maker protein has a dual function. It promotes 

viral replication by binding to the origin in interphase. It also assists viral partitioning by 

associating, in mitosis, with a locus proximal to or overlapping the origin and containing 

repeated binding motifs. Tethering is mediated via interaction of this protein with a 

cellular protein that binds to the chromosomes. The relevant sandwiching associations are 

between EBNA1 and human EBP2 proteins in the case of EBV and between E2 and the 

double bromodomain protein Brd4 in the case of BPV (Shire et al., 1999; Wu et al., 2000; 

You et al., 2004). In a variation of this theme, the latency-associated nuclear antigen 

(LANA) of KSHV docks on to chromosomes by interacting with nucleosomes through 

the folded region of histones H2A and H2B (Barbera et al., 2006). Additionally, LANA-

Brd4 interaction also contributes to targeting viral genomes to host chromosomes (You et 
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al., 2006). This basic tethering mechanism appears to be further embellished by the 

involvement of additional host factors. For example, the loading of the papilloma E2 

protein on chromosomes is dependent on its interaction with the cellular DNA helicase 

ChlR1 (Parish et al., 2006a).  

More recently, a plus end-directed a mitotic kinesin-like protein MKlp2 has been 

shown to interact with the papilloma E2-viral DNA complex in a cell cycle dependent 

manner (Yu et al., 2007). During late mitosis, a subpopulation of E2 colocalizes with 

MKlp2 in the spindle midzone/midbody. It has been suggested that MKlp2 may assist the 

poleward translocation of viral genomes in association with the microtubule plus ends. 

The role of the mitotic spindle and the spindle associated Kip1p motor in critical steps of 

2 micron plasmid segregation may, in some respects, be related to the proposed function 

of MKlp2 in papilloma virus partitioning. 

In a departure from the bovine paradigm of attachment to chromosomes, human 

papilloma viruses (HPVs) appear to associate with the mitotic spindle in an E2 dependent 

fashion (Van Tine et al., 2004). The cell cycle dynamics of E2 association with the 

spindle are consistent with a ‘viro-centromere’ based and spindle mediated equal 

segregation of viral ‘minichromosomes’. Analogous to the spindle pole/centromere 

proximal localization of the 2 micron plasmid, the E2 proteins from animal and human 

papilloma viruses belonging to seven genera have been shown to bind to chromosomal 

locales adjacent to centromeres/kinetochores (Oliveira et al., 2006).  

 The relative locations of the replication origin and STB in the two micron plasmid, 

the repeated sequence motifs in the ORI-proximal half of STB, and the localization of 

Rep1p, Rep2p and of the plasmid itself (in a Rep1p and Rep2p dependent manner) in 
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chromosome spreads (Jayaram et al., 2004; Jayaram M., 2004; Mehta et al., 2002) are 

reminiscent of the strategies that viral episomes employ for attachment to chromosomes. 

As noted repeatedly in this thesis, current data are consistent with a model in which 

duplicated 2 micron clusters hitchhike on sister chromatids to daughter cells, although a 

chromosome independent segregation mechanism cannot be ruled out entirely. 

Furthermore, recent experiments have revealed a cohesin mediated chromosome-like 

sister-to-sister segregation of the 2 micron plasmid. Strikingly, the ChlR1 helicase 

required for stable propagation of bovine papilloma virus is also involved in sister 

chromatid cohesion (Parish et al., 2006b; Skibbens, 2004). However, pairing of 

duplicated viral genomes by cohesin has not been reported. One recent study suggests 

that the non-stochastic distribution of Epstein-Barr virus genomes into daughter cells is 

achieved through association with sister-chromatids during cellular DNA replication 

(Kanda et al., 2007). A second study has revealed that the colocalization of duplicated 

EBV plasmids in pairs is the basis for their non-random partitioning (Nanbo et al., 2007). 

It has been speculated that duplicated plasmids, attached to sister chromatids, segregate in 

a sister-to-sister fashion. 

6.1.4 Comparison of 2 micron plasmid and bacterial plasmid segregation systems 

At the organizational level, the 2 micron plasmid and bacterial plasmid 

segregation systems have remarkable similarities. However, there are no discernible 

functional similarities between the two. The bacterial systems also code for two 

partitioning proteins referred to as Par proteins, which interact with a cis-acting 

partitioning locus (the plasmid centromere). For two well characterized systems, Type I 
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and Type II, one of these proteins is a DNA binding anchor protein with a partner that is 

either a Walker-box ATPase or an actin-like ATPase (Ebersbach and Gerdes, 2005). 

More recently, a plasmid partitioning mechanism, Type III, based on an ancient tubulin 

homologue, perhaps in conjunction with a DNA binding partner protein, has been 

unveiled in Bacillus thuringiensis (Larsen et al., 2007). In the best understood case of 

type II partitioning of the E. coli plasmid R1, the dynamic actin-like ParM filaments 

capture parR bound plasmid molecules at either end, and push them apart to opposite 

poles by filament growth (Campbell and Mullins, 2007; Moller-Jensen et al., 2003). In 

the more widespread type I system, filaments formed by the Walker-box ATPase ParA 

contact ParB associated with plasmid centromeres, and traverse the cell length in an 

oscillatory fashion (Ebersbach and Gerdes, 2005). How ParA oscillations dispatch 

plasmids to opposite poles is not clear. In the least understood Type III system, the TubZ 

GTPase forms flexible dynamic filaments that exhibit treadmilling behavior (Larsen et 

al., 2007). The mechanism by which the force generated by treadmilling is utilized for 

plasmid segregation remains to be elucidated. 

 Despite their individual mechanistic distinctions, segregation of bacterial 

plasmids, the yeast plasmid and viral episomes is mediated by their association with actin 

or tubulin based dynamic filaments either directly or through chromosome attachment. 

6.2 FUTURE PERSPECTIVES 

The results presented in this work have confirmed and extended previous studies 

that revealed a role for the mitotic spindle in the nuclear localization of the 2 micron 

plasmid and its normal segregation. We have now demonstrated that the Kip1 motor is 
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critical for the spindle mediated spatial regulation of plasmid segregation. This aspect of 

Kip1p function is quite different from its traditional role in chromosome segregation. 

Recent studies by Tanaka’s group showed that CEN plasmids (minichromosomes) that 

have been forced to detach from the spindle can be captured by the spindle and 

transported towards the pole (Tanaka et al., 2005). The translocation event is dependent 

on the Kar3 nuclear motor. The latest results from Tanaka and colleagues indicate that 

transient dissociation of kinetochores at the time of centromere replication, followed by 

their reassociation with the spindle and translocation to the plus ends of kMTs, is a 

normal feature of the S. cerevisiae cell cycle (Kitamura et al., 2007). 

 6.2.1  Does Kip1p mediate plasmid capture by the spindle? 

In the immediate future, we would like to test the hypothesis that Kip1p promotes 

plasmid capture by the spindle to trigger its spindle pole proximal localization. We will 

attempt to establish a system analogous to that described by Tanaka and colleagues 

(Tanaka et al., 2005) to visualize the reassociation between a detached reporter plasmid 

and the spindle. In one strategy, we will treat cells with nocodazole to disassemble the 

spindle. Under this condition, a multi-copy reporter plasmid shows at least partial 

declustering, the plasmid foci occupy a larger residence zone and their distances from the 

spindle pole are increased (Mehta et al., 2005). Since the nocodazole effect is reversible 

with respect to spindle assembly, we will first test whether removal of the drug causes the 

plasmid to return to its normal distance from the spindle pole. A strain containing a GFP 

tagged single-copy STB reporter plasmid and RFP tagged Spc110p will be used to 

measure the relative distance between the plasmid and the spindle pole in untreated, 
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nocodazole treated and recovering cells. We will also perform similar assays in the kip1∆ 

background to test whether plasmid capture and translocation are blocked by lack of 

Kip1p function. We will follow up the population assays with time-lapse analyses in 

individual cells to obtain better estimates of the kinetics of the capture and translocation 

events. Implicit in these assays is the assumption that the spindle is responsible for 

capturing this plasmid and facilitating its movement. We will verify the validity of this 

assumption by modifying the assays to visualize the GFP tagged reporter plasmid, along 

with CFP-tagged spindle (CFP-Tub1p), under the different conditions describe above. 

6.2.2   Does detachment and recapture of the plasmid occur during G1-S transition? 

A rather puzzling issue concerns the protein dynamics at STB during the G1/S 

transition window of the cell cycle. From cell cycle ChIP analyses, we have found that 

Rep1p, Rep2p and Kip1p dissociate and then reassociate with STB as cells traverse this 

segment of the cell cycle (Yang et al., 2004; this study; Figures 6.2 and 6.3). Formally, at 

least two possible reasons could be imagined for this phenomenon. The passage of the 

replication machinery through STB may cause transient disassembly of proteins 

associated with it. Alternatively, protein dissociation may be due to an active remodeling 

of the STB chromatin, perhaps mediated by the RSC2 complex. We wish to test these 

possibilities experimentally. We suspect that, unlike the situation with centromeres, 

replication does not dislodge STB from its spindle associated state. Earlier observations 

have shown that cohesin assembly at STB and establishment of plasmid cohesion, which 

is believed to be coupled to replication, are absolutely spindle dependent (Mehta et al., 

2005). 
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 The timing of the protein dissociation events at STB, as measured by ChIP, 

suggests that the event happens during the G1-S window, just before or at the time of bud 

emergence (see Figure 4.3 and Yang et al., 2004). The 2 micron circle harbors an early 

replication origin, and each plasmid molecule replicates once per cell cycle (Zakian et al., 

1979). We will construct an STB reporter plasmid in which the native origin is replaced 

by a late firing origin from one of the chromosomes. We will perform ChIP assays to test 

whether the protein dissociation event at STB is delayed to match that altered plasmid 

replication time. We will also employ well characterized mutations to block replication 

initiation (cdc6) (Tanaka et al., 1997) or delay replication initiation without affecting bud 

emergence (clb5Δ and clb6Δ) (Schwob and Nasmyth, 1993) to determine what effect 

they have on protein recycling at STB. Finally, we will protect STB from an advancing 

replication fork by placing the rDNA replication pause sites Ter1 and Ter2 in their 

functional orientation on either side of the 2 micron circle origin. The tandem Ter1-Ter2 

sites, contained within a 130 bp sequence, mediate replication pause in a unipolar 

fashion, with the assistance of the Fob1 protein (Mohanty and Bastia, 2004). In a fob1∆ 

strain expressing Fob1p from a galactose inducible promoter, we will check whether 

cycling of the STB binding proteins occurs normally in glucose but is blocked in 

galactose.  

Testing whether remodeling of the STB chromatin by the RSC2 remodeling 

complex is involved in expelling bound proteins from STB is somewhat complicated by 

the fact the RSC2 complex is required for the association of at least some of the proteins 

with STB. For example, Rep1p is not detected at STB by ChIP in an rsc2Δ strain. 
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However, Rep2p association with STB is not affected by this deletion (Yang et al., 2004). 

As mentioned earlier, the RSC2 complex is required for functional nucleosome 

organization at STB and for normal 2 micron circle segregation (Huang et al., 2004; 

Wong et al., 2002; Yang et al., 2004). We will carry out cell cycle ChIP in an rsc2Δ 

strain or strains harboring mutations in distinct components of the RSC2 complex to test 

whether this complex plays a role in the cycling of Rep2p at STB. It should be noted, 

though, that we cannot rule out the action in tandem of chromatin remodeling and DNA 

replication to bring about the cycling of proteins at STB. 

6.2.3  Further tests of the plasmid-chromosome tethering model  

Although the idea of chromosome tethering of the 2 micron circle is appealing, 

the small size of the yeast nucleus combined with the resolution limits of fluorescence 

microscopy makes it technically challenging to settle this issue unequivocally. 

Chromosome spreads have revealed the presence of an STB reporter plasmid in them in a 

Rep1p and Rep2p dependent manner (Mehta et al., 2002). Once again, whether this 

represents true association or colocalization of the plasmid with chromosomal domains at 

subnuclear anchor points is debatable. The integrity of the nuclear substratum may not be 

fully destroyed during the preparation of the spreads. The chromosome spread assays also 

demonstrated that Rep1p and Rep2p can associate with the spreads in a mutually 

dependent manner. However, the presence of an STB plasmid is not essential for this 

association. We intend to expand the chromosome spread assays by employing a variety 

of conditions that we suspect will prevent plasmid chromosome association, including 

kip1Δ. In addition, we will combine these assays with sedimentation of chromatin in 
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sucrose gradients and probing the association of the 2 micron plasmid with the chromatin 

pellet using quantitative PCR.   

We are attracted by the possibility of reconstituting the 2 micron circle 

partitioning system, at least partially, in higher eukaryotic cells. The obvious advantage is 

the large size of the nucleus and the resultant higher resolution in microscopy. Initially, 

we will express the Rep proteins, individually or in combination, in human 293 or HeLa 

cells to assay their association with chromosomes. If successful, we will introduce into 

these cells an STB reporter plasmid maintained by the EBV partitioning system (Kapoor 

et al., 2001) which can be conditionally inactivated. This reporter plasmid can also be 

tagged by the [GFP-Lac repressor] fluorescence tagging scheme. We will ask whether the 

plasmid can associate with metaphase chromosomes in a Rep1p and Rep2p assisted 

fashion when the EBV partitioning system is non-functional. 

The EBV partitioning system has been functionally reconstituted in S. cerevisiae 

(Kapoor et al., 2001). A plasmid harboring the viral partitioning locus can be propagated 

stably in yeast provided the viral partitioning protein EBNA1 and its interacting cellular 

partner hEBP2 are coexpressed. It has been assumed that plasmid stability results from 

tethering of the plasmid to chromosomes but there is no direct evidence for such 

tethering. We will combine this reconstituted system with appropriately designed reporter 

plasmids in chromosome spread and chromosome pelleting assays to test the 

hypothesized plasmid-chromosome association. We will also utilize two unit copy 

reporters based on the EBV partitioning system tagged by red and green fluorescence, 

respectively, to test whether plasmid segregation occurs in a sister-to-sister fashion as is 

generally believed to be the case.
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