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ABSTRACT 

Accurate chromosome segregation in eukaryotic cells requires proper 

functioning of the mitotic spindle. Improper distribution of chromosomes 

during cell division can lead to genetic disorder such as Down syndrome or 

contribute to cancer. The Mitotic spindle is composed of protein fiber called 

microtubules, which are polymers of a- and ~- tubulin. These cytoskeletal 

elements in eukaryotic cells perform essential functions during chromosome 

segregation in mitosis and meiosis and are essential in organelle positioning, 

secretion, cellular movement, and the establishment and maintenance of cell 

polarity. The microtubule-organizing center {MTOC) assembles and organizes 

microtubules and thus its function is essential to the process of cell division. y

Tubulin is a universal component of all microtubule-organizing centers {MTOCs) 

and plays an essential role in the formation of a functional, bipolar mitotic 

spindle. Because y-tubulin is an important component of the MTOC and appears 

to be intimately involved in MTOC function, an understanding of the proteins 
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associated with y-tubulin may provide insights into how MTOCs function. The 

objective this research is the molecular characterization of the Saccharomyces 

cerevisiae KRE31 gene and its protein product. KRE31 was identified through a 

yeast two-hybrid screen as a novel, previously uncharacterized, gene encoding a 

protein suspected of physically interacting with y-tubulin. The research 

presented here provides an initial characterization of the KRE31 gene and its 

protein product, Kre3lp, including determination of whether the gene is 

essential for viability, cellular localization of Kre3lp, and a system to test 

whether Kre3lp physically associates with budding yeast y-tubulin, Tub4p, 

under normal cellular conditions. 

Meiotic analysis revealed the KRE31 gene to be essential for viability indicating a 

crucial role for Kre31p in yeast. Kre31p was found to be localized to nucleus, 

likely the nucleolus, by fluorescence microscopy. In addition, a system has been 

developed for testing the physical interaction between Kre31 and Tub4 proteins 

under normal cellular conditions. This initial characterization leads to many 

interesting possibilities. The apparent nucleolar localization suggests a function 

independent of MTOC formation and function; however it does not rule out its 

involvement in MTOC related or dependent functions. The system developed 
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for testing in vivo association between Kre31p and Tub4p will aid in evaluating in 

which cellular process(es) the essential function(s) of Kre;31p are involved. 
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CHAPTERl 

INTRODUCTION 

1 

One of the fundamental processes of life is that a cell must duplicate its 

contents and divide through cell division to produce two genetically identical 

daughter cells. The cell division cycle is essentially divided into twu broad 

phases, interphase and mitosis. Chromosome segregation and cell division occur 

during mitosis. The replicated chromosomes must be aligned on a bipolar 

mitotic spindle in order to segregate. In other words, the formation of a bipolar 

mitotic spindle is absolutely essential to chromosome segregation. The mitotic 

spindle is composed of the cytoskeletal protein fibers, known as microtubules. 

The microtubule network also serves as a track for the transportation of many 

proteins, organelles and vesicles and thus helps target them to their correct 

positions in both interphase and the mitotic phase of the cell division cycle. In 

light of this, any alteration of microtubule organization would cause inaccurate 

chromosome segregation during cell division and mislocalization of organelles. 

This could, in turn, have severe consequences like deviation in the chromosome 
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number, a change often found in cancer cells and genetic disorders such as Down 

syndrome. For this reason and others, proper organization and functioning of 

microtubules is essential to many cellular events. 

During formation of the mitotic and meiotic spindles, microtubules 

undergo extensive polymerization and highly dynamic changes in their 

organization. The microtubule-organizing center (MTOC) assembles and 

organizes microtubules. Because the functions of microtubules are dependent on 

. 
the organization of the microtubules within the cell, an important aspect in 

understanding how microtubules function is to understand how the MTOC 

functions in regulating microtubule polymerization, orientation, and 

organization. 

Microtubules and the Cytoskeleton 

Microtubule structure is highly conserved among widely divergent 

organisms. These cytoskeletal filaments are composed of two closely related, 

highly conserved, globular proteins called a- and ~-tubulin, bound together by 

noncovalent bonds. The cytoskeletal fibers often span the entire cell length from 
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one end to the other, yet the individual protein subunits are very small in size. 

How then do they form such large structures? Electron microscopy reveals that 

the repetitive assembly of a large number of small, identical, tubulin subunits 

forms the filaments . 

Microtubules are formed by the polymerization of tubulin subunits. In 

vitro, microtubule polymerization is a two-step process: a rate limiting nucleation 

step followed by rapid elongation. The nucleation step involves the formation of 

short protofilaments consisting of a- and ~- tubulin dimers. During the 

elongation phase, the microtubule rapidly grows laterally and longitud~ally to 

form a sheet that closes into a cylinder. The long, linear strings of subunits 

associate with each other laterally to form protofilaments; thirteen of these 

protofilaments associate giving the hollow tubular structure of microtubule, 

which has a diameter of 25 nanometers. Each protofilament in a microtubule is 

assembled from subunits that all point in the same direction, for example, a

tubulin is down and ~-tubulin is up in each heterodimer. Therefore, each 

microtubule has a distinct structural polarity, formed by the end to end 

association of alternating a- and ~- tubulin subunits. This structural polarity 

leads to a difference in the rate of polymerization and depolymerization at the 

two ends of the microtubule. 



4 

During the cell cycle, cells need to quickly reorganize their cytoskeletal 

structures in response to different factors. The dynamic nature of microtubules 

allows rapid disassembly of filaments at one site and reassembly at another site 

far away, thus allowing cells to reorganize the filamentous network within 

minutes. The assembly and disassembly of microtubules results from 

polymerization of a- and ~- heterodimers and subsequent de-polymerization of 

the protofilaments, i.e. microtubules can toggle between growth and shortening 

phases. This intrinsic property of microtubules is known as dynamic instability 

(Desai and Mitchison, 1997). Because the tubulin polymers are held together by 

weak non-covalent interactions their assembly and disassembly can occur 

rapidly. 

Two key features affect the overall stability of microtubules. First, when 

the tubulin monomer concentration is above a critical concentration (Cc), tubulin 

heterodimers polymerize into filaments and the entire population of 

microtubules lengthens. At concentrations below the Cc, microtubules 

depolymerize and the all microtubules shorten. Because of the structural 

polarity of the microtubules, the rates of polymerization and depolymerization 

differ between the two ends; this difference occurs because the Cc at the plus end 



5 

is much lower than the Cc at the minus end, and thus growth of microtubules 

occurs preferentially at the plus end (Desai and Mitchison, 1997). 

The second factor affecting microtubule stability is whether GTP or GDP 

is bound at the plus, or fast growing, end of a microtubule. Each subunit of the 

heterodimer has a GTP binding site (Drechsel and Kirschner, 1995). The GTP 

bound to a-subunit is buried within the protofilaments and is never hydrolyzed 

to GDP. The nucleotide bound to ~-tubulin on the other hand is exchangeable. If 

the rate of tubulin assembly is faster than the rate of GTP hydrolysis then a cap 

of GTP subunit is generated at the plus end. However, if the GTP bound to ~

tubulin is hydrolyzed to GDP before the addition of new tubulin subunits to the 

plus end then microtubules undergo shrinkage or "catastrophe" which can be 

rescued only by addition of GTP bound ~-tubulin subunits at the plus end 

(Drechsel and Kirschner, 1995). The most current model suggests GTP 

hydrolysis causes tubulin to assume a curved conformation that destabilizes the 

microtubule lattice structure; this is the predominant driving force for rapid 

microtubule depolymerization. In essence, the overall stability of microtubules 

depends on the rate at which the GTP subunits are added to the plus end. 

During entry into mitosis the property of dynamic instability allows rapid 

remodeling of microtubule structures. Microtubules can quickly rearrange 
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themselves from a star-like cytoplasmic array emanating from the center of an 

interphase cell to a bipolar array that forms the mitotic spindle apparatus. The 

replicated chromosomes get attached to the center of the spindle. Chromosome 

attachment to the microtubule is a very dynamic process involving a "search and 

capture mechanism" (Mimori-Kiyosue and Tsukita, 2003). In this process, 

duplicated and separated MTOCs send out microtubules randomly, a subset of 

which grow towards the chromosomes, get attached on a specialized structure, 

known as the kinetochore, and thus become stabilized. 

The Microtubule-organizing center (MTOC) 

Although microtubules have been shown to undergo self-assembly in vitro 

from high concentrations of purified tubulin subunits, they are nucleated in vivo 

at low tubulin concentrations. Under these conditions, the initiation of new 

microtubule ends is kinetically limiting. In order to overcome the kinetic barrier 

to nucleation, in vivo nucleation takes place primarily at morphologically distinct 

structures, collectively termed as microtubule organizing centers (MTOC) (Desai 

and Mitchison, 1997). The MTOCs function to initiate microtubule assembly and 
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anchor one end of the microtubules. MTOC facilitated nucleation is followed by 

the self assembly of tubulin subunits onto this tubulin seed, resulting in a 

defined orientation of all microtubules within a cell such that the minus ends of 

nucleated microtubules remain associated with MTOCs, while the fast-growing 

plus ends move away from MTOCs. The MTOC establishes polarity and 

orientation of microtubules during interphase and directs bipolar spindle 

assembly during mitosis. In this manner, the MTOC controls the number, 

orientation, and arrangement of microtubules in the cell and thus organizes and 

controls the microtubule network both spatially and temporally. 

The MTOC is referred to as the centrosome in animal cells and as the 

spindle pole body (SPB) in yeast cells. MTOCs are diverse in form and 

arrangement but have conserved biological function; they initiate nucleation of a 

cell's microtubules, i.e. de novo formation of microtubules from tubulin. The 

centrosome consists of a pair of centrioles surrounded by a complex protein 

matrix referred to as pericentriolar material (PCM). Centrioles are composed of 

microtubules arranged in nine triplets. It is the PCM, which contains all the 

proteins responsible for microtubule nucleation (Figure 1). 



Figure 1: Schematic diagram of the centrosome 
(Alberts et al., 2002). 
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As mentioned above, microtubule nucleation occurs with a specific 

polarity: the slow growing, or minus end, of the microtubule is attached' to the 

centrosome and the rapidly growing, or the plus end, is distal to the centrosome. 

This results in a geometrically stable, radial array of microtubule with a specific 

polarity in interphase and contributes to the formation of a bipolar spindle in 

mitosis. The a- and P-tubulins that comprise the microtubule belong to a small 

family of conserved proteins. Another member of the "tubulin family", y-

tubulin, which is located at the MTOC, seems to be the key factor in microtubule 

nucleation. 

y-Tubulin was first identified as a suppressor of a temperature sensitive P-

tubulin mutation in the fungus Aspergillus nidulans (Oakley and Oakley, 1989; 

Oakley et al., 1990; Weil et al., 1986). Since its discovery y-tubulin has been shown 

to be ubiquitously present in MTOCs in virtually every species and cell types 
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examined including human, yeast, fruit flies, frogs and plants (Horio et al., 1994). 

y-Tubulin is essential for viability and inhibition of y-tubulin function by an 

antibody or depletion of y-tubulin blocks microtubule nucleation. In an in vitro 

reconstitution of centrosome assembly study, Stearns and Kirshner (1994) 

showed that formation of centrosomes requires y-tubulin and that y-tubulin also 

binds to the minus ends of microtubules independently. These results suggested 

a direct role of y-tubulin as microtubule nucleator in vivo. y-Tubulin is a minor 

protein compared with the a- and ~- tubulin, making up less than 1% of total 

tubulin (Marschall et al., 1996). Sequence alignments of y-tubulins have revealed 

sequence identities of about 65-70% among themselves while their identities to a

and ~-tubulin is about 30% (Marschall et al., 1996). 

The discovery of y-tubulin led to the several important questions. First, is 

y-tubulin, like a- and ~- tubulin, present in all cells that have microtubule 

cytoskeletons, or is it a specialized molecule found only in organism with spindle 

pole bodies? Second, if it is universal, is it always associated with the 

microtubule organizing center, or might it be a component of functionally 

different microtubules in cells? Third, if it is limited to MTOCs does it play a role 

in the microtubule nucleation and/or anchoring? The recent discovery that y

tubulin is a universal component nucleating microtubules suggests a common 
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microtubule nucleation mechanism of the MTOCs involving y-tubulin (Horio et 

al., 1999). 

y-Tubulin is localized to the MTOC throughout the cell cycle and this 

localization is not dependent on the presence of microtubules (Moritz et al., 

2000). Soon after the discovery of y-tubulin it became apparent that y-tubulin is 

part of a much bigger complex, which may be the functional unit in microtubule 

nucleation. The highly conserved y-tubulin ring complex (y-TuRC) is the most 

well characterized y-tubulin complex capable of nucleating microtubules itself 

(Moritz et al., 2000). In somatic animal cells half of the y-TuRC is present in the 

cytoplasm and other half is at the base of the nucleated microtubules in the 

centrosomes (Stearns and Kirshner, 1994; Zheng et al., 1995). Currently a 

'template model' is favored to explain how y-TuRC may aid in nucleating 

microtubules. According to this model, non-tubulin proteins of the ring complex 

act as a scaffold on which 13 y-tubulin molecules are aligned. The y-tubulin 

molecules interact laterally with one another and each molecule sits at the base of 

one protofilament; a- and ~-tubulin subunits bind to y-TuRC and interact with y

tubulin. Thus the assembled tubulin molecules, flush with the minus end of 

microtubule, act as a 'template' or seed to nucleate microtubule assembly (Moritz 

et al., 2000) (Figure 2). 



Figure 2: 

Nucleation Poly

merization 

Models for y-TuRC aided microtubule assembly 
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The proteins in the y-tubulin complex act as a scaffold (green ~piral) 
on which 13 y-tubulin subunits (red circles) are aligned. a-tubulin 
(yellow circles) interacts directly with y-tubulin, thereby 
determining the polarity of microtubules. f3-tubulin is shown as 
blue circles. At least one of the scaffold proteins interacts with other 
components of MTOC (Pereira and Schiebel, 1997). 

This simple model however, must be modified, to incorporate the recent 

biochemical evidence suggesting y-TuRC must contain an even number of y-

tubulins, not the 13 that were originally proposed. In yeast the microtubule-

organizing center, and centrosome equivalent, is the spindle pole body (SPB). 

The budding yeast, S. cerevisiae, SPB has been studied extensively and several 

SPB proteins have been identified. A more divergent y-tubulin, Tub4p, is an 

intrinsic component of the SPB along with two other main SPB proteins Spc97p 

and Spc98p (§pindle ,gole Q.ody £Omponent) (Marschall et al., 1996; Knop et al., 

1997). As in animal cells, in budding yeast more than half of the total Tub4p is 
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soluble (Marschall et al., 1996) and is present in a multi protein complex (Knop et 

al., 1997). This complex runs on a sucrose gradient with a sedimentation 

coefficient of 65 (Knop et al., 1997), and is much smaller than the y-TuRC in 

animal cells, which runs at approximately 325 (Murphy et al., 1998). 

The 5PB in budding yeast, Saccharomyces cerevisiae, provides a system 

amenable to biochemical and genetic analysis and given the functional si~ilarity 

between the 5PB and the centrosome of higher eukaryotes, information obtained 

from studies in yeast have shown to be applicable to other organisms. For 

example, several 5PB components (such as 5pc97p, 5pc98p) have human 

counterparts indicating at least in some respects, the human and yeast MTOCs 

are quite similar at the molecular level (Murphy et al., 1998). The characterization 

of the 5PB components in yeast facilitated the identification of their counterparts 

in human cells, underscoring the utility of using a relatively simple system, the 

yeast cell, to answer complex biological questions. 
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The Yeast Spindle Pole Body 

Although the SPB is about 50 times larger than the ribosome, only a few 

components have been identified (Nguyen et al., 1998). This deficiency makes the 

identification of additional SPB components and their functional analysis an 

important task. Analysis of the S. cerevisiae SPB has revealed it to be a multilayer 

structure (Byers and Goetsch, 1975) with two classes of proteins present; those 

that interact with y-tubulin directly to form y-tubulin complexes and those .that 

tether y-tubulin complexes to the SPB and compose the "core" of the SPB. Initial 

thin section microscopy showed that the SPB is a complex, trilaminar disk

shaped structure, anchored in the nuclear envelope via "hook like" appendages 

that project from a "central plaque" (Helfant et al., 2002; Byers and Goetsch, 

1975). The central plaque is embedded in the nuclear envelope; the inner plaque 

is on the nuclear side of the central plaque, radiating nuclear microtubules, and 

the outer plaque is on the cytoplasmic side of the central plaque, radiating 

cytoplasmic microtubules. One unique feature of the yeast SPB is that the 

location of the inner and outer plaques in relation to the nuclear envelope is 

maintained during the entire cell cycle, since the nuclear envelope does not 

breakdown during mitosis. For this reason, in S.cerevisiae, there are two distinct 



populations of microtubules, nuclear and cytoplasmic, present throughout cell 

cycle. Nuclear microtubules function in SPB separation and the formation of 

bipolar mitotic and meiotic spindles. Cytoplasmic arrays are important for 

nuclear orientation and migration. There is a half-bridge structure adjacent to 

SPB along the cytoplasmic margin of nuclear envelope that serves as a platform 

for SPB duplication (Figure 3). SPB duplication occurs during interphase; the 

separation of the SPBs by nuclear microtubules allows for the formation of the 

bipolar spindle during mitosis and meiosis. 

Figure 3: 

OUI4'1' piii'!UC 

intennediatc 

S. cerevisiae 
spindle pole body 

line I - - - -

intennediatc 
line 2 

fbridge 

satellite 

envelope 

inner plaque 
I and2 

nuclear 
microrubulcs 

The basic substructures of budding yeast spindle pole body 
(Helfant et al., 2002). 

14 

Recent cryo-electron microscopy and image processing have isolated SPBs 

revealed additional substructures of the SPB not detected by previous studies 
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(Bullitt et al., 1997). This includes two thin layers, ILl and 112 (intermediate line 1 

and 2) that form a barrier between the outer and central plaques. In addition, a 

beaded IPl (inner plaque) and IP2, which contain capped tips of microtubules, 

dissect the inner plaque. 

A combined approach of genetics and biochemistry has identified a 

number of SPB components over the years. Cdc31 protein was identified in a 

genetic screen and plays a role in SPB duplication. Another protein, Karl, aids in 

SPB duplication via interaction with Cdc3lp (Spang et al., 1995). Immuno

electron microscopy (Immuno-EM) of isolated SPBs identified the localization of 

these two proteins to be at the half-bridge. A third protein involved in initiating 

SPB assembly and its duplication is Spc42p. It is the smallest SPB component, 

localizes at the IL2, (Rout and Kilmartin, 1990) and is the central core around 

which the remaining SPB components assemble (Bullitt et al., 1997). Co

immunoprecipitation experiments illustrated the association of Spc42 with two 

other SPB subunits, Cnm67p (chaotic nuclear migration) and Nudlp/Spc94p 

(nuclear division; Elliot et al., 1999). These experiments further demonstrated 

that Cnm67p and Nudlp first form a complex in the cytoplasm and then migrate 

near Spc42p at the cytoplasmic side of the SPB (Wigge et al., 1998). Cryo-EM and 

image processing experiments demonstrated that the assembly of the SPB is 
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dependent on a core crystal composed of Spc42p. Taken together, these results 

suggest that Spc42p initiates SPB assembly and binds to Cnm1p-Nud1p to 

organize the cytoplasmic portion of the SPB. Spc29p, an essential SPB 

component (Elliot et al., 1999), interacts with the amino-terminal domain of Spc42 

and interconnects Spc42p to another protein Spc110, which is present in the inner 

plaque, in IPl. The finding that Spc29p interacts with the amino-terminus (N

terminus) of Spc42p and the carboxyl-terminus (C-terminus) of SpcllOp implies 

that Spc29p is a bridge between Spc42p at 112 and Spc110p at the central/inner 

plaques of the SPB (Wigge et al., 1998). 

Spcl10p localizes at the nuclear face of the SPB, with its N-terminal and C

terminal ends anchored at the inner and central plaques respectively. Spc110p is 

the largest SPB component and performs multiple functions. First of all, genetic 

analysis has shown that its coiled-coil domain acts as a spacer that determines 

the distance between the central and inner plaques of the SPB (Kilmartin et al., 

1993). The N-terminus of SpcllOp has also been shown to act as a central 

docking site and anchors the Tub4p complex at the inner plaque of the SPB 

(Knop and Schiebel, 1997). The interaction of Spc110p and Tub4p is thought to 

be indirect, via its binding to Spc97p and Spc98p. (Knop and Schiebel, 1997). 
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Finally, the C-terminus of SpcllOp interacts with Ca2+-binding protein, 

calmodulin (Cmd1p) (Geissler et al., 1996). 

The interaction between Cmd1p/calmodulin, a component of the central 

plaque, and SpcllOp ensures proper SPB assembly (Geissler et al., 1996). Some 

studies indicate that Cmd1 p acts in microtubule initiation by regulating Spc29p 

binding to Spc110p. Because Spc110p is not associated with the outer plaque, a 

different set of proteins must act as a docking site for the Tub4p complex Stt this 

location of the SPB. 

It has been shown that whereas Spc110p helps in docking the Tub4p 

complex at the inner plaque, another protein, Spc72 behaves as an anchor point 

for the Tub4p complex at the outer plaque (Nguyen et al., 1998). Interaction 

between Spc72p and Spc97p and Spc98p in a yeast two-hybrid assay suggests 

that, similar to the case with Spc110p, the N-terminus of Spc72 interacts with 

Spc97p and Spc98p (Nguyen et al., 1998). It is believed that the C-terminus of 

Spc72p and Spc42p carry necessary information as to which side of the SPB the 

proteins bind, although how Spc72 interacts with the SPB is not clear. In essence, 

the current model for the basic organization of the SPB is that Spc42p forms a 

crystalline layer at the center of the microtubule organizer and interacts with 

Spc110p and Spc72p. The Tub4p complex therefore binds to the nuclear side of 



--- -------------------

18 

the SPB by interacting with SpcllOp, binds to the cytoplasmic side of the SPB by 

interacting with Spc72p and is thus positioned to initiate microtubule 

polymerization. 

Cmdlp 

• •--------cytoplasmic mlcrotubula 

outer plaque 
Karlp 

Cdcltp 
~--half-bridae 

Spc IIOp---------~.1 -.--:.:..:_-:_-_-_-_-_-:-.:-.:-::-central plaque 
inner plaque 

Figure 4: 

nuclear 
4---------microtubuta 

Diagram of the Budding Yeast y-tubulin Homologue, Tub4p, and 
SPB components as they are currently believed to localize to 
MTOC substructures (Helfant et al., 2002) 

y-Tubulin is a specialized tubulin and several lines of evidence suggest it 

plays a key role in microtubule nucleation at the MTOC. It is an integral 

component of the SPB; it remains localized there even when microtubule are 
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depolymerized and is essential for viability in yeast (Stearns et al., 1991; Horio et 

al., 1991; Sobel and Snyder, 1995; Marschall et al., 1996; Spang et al., 1996). Proper 

Tub4p function is not essential for SPB duplication, but under restrictive 

conditions a temperature-sensitive allele of tub4 results in a monopolar spindle, 

instead of a bipolar spindle as the duplicated SPB fail to separate. The daughter 

SPB appears to be impaired in its ability to nucleate microtubules (Marschall et 

al., 1996), which is likely the cause of the failure in SPB separation. In contrast to 

the elongated bipolar spindles and short cytoplasmic microtubules seen in wild

type cells, cells depleted of Tub4p or with conditional mutations in tub4, have 

short bipolar or monopolar spindles and long cytoplasmic microtubules. It 

appears that the primary defect in tub4 mutants is failure to make a bipolar 

spindle and a secondary defect results in long cytoplasmic microtubules 

(Marschall et al., 1996). In addition, tub4 mutants have defects in nuclear 

migration and increased incidence of chromosome loss during mitosis (Sobel and 

Snyder, 1995; Spang et al., 1996). Taken together these data, along with the fact 

that y-tubulin forms a ring at the base of microtubules (Moritz et al., 2000); 

suggest that y-tubulin(fub4p must play a critical role in nucleating microtubules, 

which is essential for accurate chromosome segregation. 
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Although y-tubulin concentrates at the MTOCs, a substantial cytoplasmic 

pool of y-tubulin exists in almost all cell types in the form of a multi-protein 

complex. The cytoplasmic y-tubulin ring complex is found in two main 

complexes - the large y-tubulin ring complex (y-TuRC) and the small y-tubulin 

complex (y-tuSC), the size of the complexes differ, 365 versus 65, depending on 

the number of its associated proteins. In budding yeast, the y-tubulin ring 

complex, or the Tub4p complex, is composed of one molecule each of Spc97p and 

Spc98p and two molecules of y-tubulin (Davis et al., 1998). This complex, k_nown 

as y-tubulin small complex (y-tuSC), has a sedimentation coefficient of 65 

(Geissler et al., 1996, Spang et al., 1996, Knop et al., 1997). All 3 proteins in the 

complex are essential for cell viability (Marschall et al., 1996, Geissler et al., 1996, 

Knop et al., 1997). The relation between the cytoplasmic and SPB y-tubulin 

complex is not very clear. Presumably the complex assembles in the cytoplasm 

and is imported into the nucleus via a nuclear localization sequence (NLS) on 

Spc98p (Pereira et al., 1998). Therefore, it is Spc98p that is involved in localizing 

the Tub4p complex at the SPB to the outer plaque. Spc97p may be the factor 

required for positioning the entire yeast y-tubulin complex at the SPB and this 

positioning is essential for SPB duplication and function (Geissler et al. 1996). The 
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mechanism of nucleation of microtubules from MTOC, by y-tubulin and its 

associated proteins is conserved from yeast to human. 

Although significant progress has been made in the field in understanding 

the molecular mechanism underlying microtubule nucleation there are number 

of important questions that remain to be solved. For example, how is the 

biogenesis of functional Tub4p complex is regulated? In other words, what are 

the proteins involved in regulating biogenesis or localization of the Tub4p 

complex? In an effort to identify proteins that function in conjunction withy

tubulin, Marschall and Steams employed a yeast-two hybrid screen. The 

rationale for the screen was that proteins that physically associate with y-tubulin 

might represent novel SPB components, proteins involved in y-tubulin(fub4p 

complex biogenesis, or regulators of y-tubulin(fub4p complex function and/or 

localization 

The yeast two-hybrid method is based on the fact that certain eukaryotic 

transcription activators are modular (Field and Song, 1989). For example, Gal4p, 

a positive transcriptional regulator of the GAL pathway, which involves 

expression of proteins involved in galactose metabolism, consists of a site

specific DNA-binding domain and an acidic transcription activation domain 

(Keegan et al., 1986). The DNA-binding domain binds to an upstream activating 
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sequence (UAS) found in the promoters of GAL genes. The transcription 

activation domain interacts with other components of the transcription apparatus 

to initiate transcription. The binding and activation domains are separable and 

can function as independent units. The individual domains themselves do not 

associate with each other, and when expressed together in a yeast cell, are unable 

to activate transcription at a GAL promoter. In the Gal4-based two-hybrid 

system, if protein (or amino acid) sequences fused to the binding and activation 

domains are able to interact with each other, then the binding and activation 

domains are brought together on the DNA and a functional transcriptional 

activator is reconstituted. This interaction is reflected in the transcription of 

reporter genes. 
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A Gal4-based two-hybrid screen, utilizing a Tub4p-DNA binding domain 

fusion, identified five genes that encode proteins that interact with y-tubulin, one 

of which was Kre31p/Gti4p (gamma-tubulin interacting protein; Marschall and 

Steams, personal communication). The KRE31 gene encodes a protein of -65 

kilo-Daltons (kD). In an effort to elucidate whether Kre31p might play a role in 

Tub4p biogenesis or function, or MTOC function, I undertook a preliminary 

characterization of this, here to, uncharacterized protein. My initial 

characterization focused on determining if this gene is essential for viability, 

localizing the Kre31 protein, and determining whether Kre31p might function in 

conjunction with y-tubulin by determining whether the two proteins can be co

immunoprecipitated from yeast cells. 



Yeast strains and media 

CHAPTER2 

MATERIALS AND METHODS 

Yeast strains used in the study: 
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TSY800 MAT ala ADE2/ade2 his3-&00/his3-&00 leu2-3,112/leu2-3,112 lys2-

801/lys2-801 ura3-52/ura3-52 

DBY4974 

GPYl 

MATa his3-&00 leu2-3,112 lys2-801 ura3-52 

MAT a/t1 ADE2/ade2 his3-&00/his3-&00 leu2-3,112/leu2-3,112 lys2-

8011lys2-801 ura3-52/ura3-52, kre31::HIS3 

The media used for growing yeast was synthetic dextrose (SO) and 

synthetic galactose (Sgal) lacking Uracil (0.67% Bacto-yeast nitrogen base without 

amino acids, 2% Glucose or 2% galactose, 2% Bacto-agar, (0.77g CSM-URA Q

Biogene/liter). For localization study, strains requiring expression of a plasmid 

borne Kre31-GFP were grown on SGal-URA + 0.2% glucose. For tetrad analysis 

the cells were sporulated on sporulation plates (1% Potassium acetate. 2% Bacto-

GAL STAT!t lJNlV~lTY HAYWARD UIAAAY 



26 

agar) and the resulting spores were germinated on YPD (Yeast extract, 

bactopeptone, dextrose) plates. 

Construction of Plasmids 

Construction of pSK+KRE31 

DNA sequences encoding the entire KRE31 coding region, plus -600 bp of 

DNA 5' to the coding region and -400 bp of DNA 3' to the coding region were 

amplified from the S. cerevisiae genomic library, yPHl using primers TFT80.1 and 

TFT 80.2 (Table 2 and see below); the primers contain Xhoi and Sad restrictions 

sites, respectively. The resulting -2.8 kb PCR product was purified using a 

{QIAgen PCR purification column} and digested with Xho I + Sac I. This 

fragment was ligated to Xho I+ Sac I digested pSK+ (Stratagene) to produce the 

plasmid pSK+KRE31 (see below). 



Figure 6: 
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HindU I 

pSK+KRE31 

Schematic diagram of pSK+ KRE31 
The insert KRE31 ORF is located -600bp 3' to Xhol site 
-400bp 5' to Sac I site. The ORF is 1.7 Kb in size. 

Plasmid construction for cloning KRE 31 sequences into di~ferent 

expression vectors began by amplifying the open reading frame (ORF) of the 

KRE31 gene using polymerase chain reaction (PCR). The template for the 

amplification was plasmid pSK+KRE31. The maps of the various plasmid 

vectors utilized are shown below (Figure 7). 



Figure 7: 
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ACTl terminator 

pTS210 
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Schematic diagram of the vector pT210 
pTS210 is an expression plasmid which allows for the 
inducible expression of sequences inserted in the multiple 
cloning site, etc. 
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GGATCC GC AI\GCTT GC TCTAGA 

------ -----E 'g ~ 
.;g :r x 

GFP 

pTS395 

0 
z 

ACT 1 terminator 

Schematic diagram of the vector pTS395 
This expression vector allows for the inducible expression of 
GFP tagged protein inserted in the multiple cloning: 
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Schematic diagram of the vector pTS515 
This expression vector allows for the inducible expression of 
HA tagged protein inserted in the multiple cloning. 

The 5' and 3' oligonucleotide primers were commercially synthesized, 

each one was complementary to a short sequence located 5' upstream or 3' 

downstream of the ORF sequence to be amplified; table 1 lists the primers used 

in the study. The DNA strands of the ORF act as a template for amplification, 

which become separated by heating and then annealed to excess amount of 

primers. Each PCR was performed using an appropriate pair of primers 

(described below), Vent polymerase or Taq polymerase (New England Biolabs), 

the proofreading heat-stabile DNA polymerases, with the Thermopol supplied 

with the enzyme and 2mM each of the four deoxynucleoside triphosphates 

(dNTPs). Vent polymerase catalyzes the new DNA strand synthesis by adding 
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nucleotides to the primers. The desired DNA sequences were amplified using the 

PCR parameters outlined in Table 2. The DNA sequence was amplified 106 fold 

within hours. 

Table 1 

Primer index 

Name Sequences (5'-3') 

TFT80.1 S'CCG CTC GAG CCT ACT ACC CTA TCT ATA CC3' with Xho1 site 

TFT80.2 S'GCG GAG CT CGA CCA AGA GAA CAC TGT GC3' with Sacl site 

TFT80.3 S'GGC GGA TC GAC ACA ATG GGT CAC AAG3' with BamH1 site 

TFT80.4 S'GCC ~CT AGA CCC GAA TCT GCT CAA TGC C3' with Xba1 site 

GIG4.5 S'GGC CT AGA GAC ACA ATG GGT CAC AAG3' with Xba1 site 

Primers used for amplification of specific DNA sequences for construction of 
plasmids. Shaded areas indicate restriction sites added for facilitation of 
subcloning. 
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Table 2 

PCRprogram 

Step Description 

1 94 oc for 45 sec - denaturation 

2 52°C for 45 sec - annealing 

3 72°C for 3 min - elongation/synthesis 

Repeat steps 1-3 for 25 or 30 cycles (depending on source of template DNA) 
. 

4 72°C for 10 min- to ensure complete synthesis/elongation of all strands 

Construction of KRE31-pTS395 

The DNA sequences encoding the protein coding region/ open reading 

frame (ORF) of KRE 31 were amplified using TFT 80.3 and TFT 80.4 primers and 

the PCR program mentioned above; the 1.7 Kb KRE31 ORF cloned into pSK+ 

KRE31 served as a template (Figure 16). The Xbal site in TFT 80.4, the C- terminal 

primer, · ensures that the KRE 31 ORF is in frame with GFP in pTS395. The 

purified PCR product was digested with BamH1 and Xbal. The vector pTS395 

was digested with BamH1 and Xbal followed by treatment with calf intestinal 
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alkaline phosphatase (ClAP) (37°C, 1 Hour incubation) to prevent reclosing (self

ligation) of vector. Following restriction digestion both the vector and insert 

DNA fragments were gel purified using QIAgen Gel Extraction kit according to 

the manufacturer's instructions. The ends generated by the restriction digestions 

of insert and vector are complimentary to each other; the vector and insert were 

ligated together overnight at 16°C. The products of the ligation reaction, i.e. the 

recombinant plasmids, were introduced (transformed) into E. coli and 

transformants were isolated by ability to grow on LB-Amp (Luira-Bertani broth

ampicillin) plates. A few transformants were selected and grown overnight in 

LB Amp liquid cultures at 37°C. The plasmids were isolated using QIAgen mini

prep spin columns according to the manufacturer's instructions. In order to 

confirm that the isolated plasmids were correctly constructed, i.e. had the 

expected structure, they were digested with BamH1 and Xbal and the digested 

plasmid DNA was electrophoresed using a 1% agarose gel (see result). Plasmids 

containing the correct insert were introduced into diploid and haploid strains, 

TSY800 and DBY4974 respectively, using a lithium acetate method (described 

later). 
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Construction of KRE31-pTS 515 

The same technique described above was used to create a plasmid that expresses 

a hemagglutinin (HA) epitope-tagged version of the Kre31 protein. TFT 80.3 and 

GIG4.5 served as primers to amplify the 1.7 Kb KRE31 ORF from pSK+KRE31 (as 

described above). The resulting PCR fragment was gel purified, followed by 

restriction digestion with Xbal, and ligated with the vector, pTS515 that had been 

digested with Xbal. The ends generated by the restriction digestions of insert and 

vector are complimentary to each other; the gel purified insert was ligated into 

the vector. The ligated plasmids were recovered and amplified in E.Coli and 

miniprep DNA from the transformants was digested with Xbal to check for 

presence of the insert. But since the insert could be potentially ligated to the 

vector in either direction, the correct orientation was determined by digesting the 

construct with Hindlll (see result). The correct construct was introduced into 

haploid and diploid yeast strains and analyzed by Western blotting as described 

later. 
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Construction of pTS 210-KRE31 

As previously described, KRE31 coding sequences were amplified using 

primers TFT 80.4 and TFT 80.4 and pSK+KRE 31 as a template. The amplified 

PCR fragment and GAL promoter containing vector pTS210 were digested with 

BamH1 and Xba1 and ligated, which places the KR£31 ORF under the 

transcriptional control of the GAL1,10 promoter, a strong, inducible promoter. 

Digestion with BamH1 and Xba1 was used to confirm construction was correct 

(see Results). 

Introduction of the plasmids into yeast (yeast transformation) 

After the various plasmids were successfully constructed they were 

introduced into yeast diploid strain TSY 800 and/or haploid strain DBY4974 (see 

strain table). A lithium acetate protocol was used for transformation. A freshly 

streaked colony was inoculated into rich media and incubated for 16-20 hours. 

This culture was then used to inoculate a 50ml culture to a density of 2 X 106 

cells/mi. The freshly inoculated culture was grown to log phase and cells were 
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harvested when the culture reached a concentration of 4 x 1Q7 cells/mi. Cells 

resuspended first in TE (10 mM Tris, pH 7.5, 1 mM EDTA), then pelleted by 

centrifugation and resuspended in lithium acetate (LiAc) solution (10mM Tris 

pH 7.5, 1mM EDTA-100mM lithium acetate mix) at a concentration of 2 x 109 

cells/mi. the cell was mixed with 1 J.lg transforming DNA and 30 J.lg single 

stranded salmon sperm carrier DNA in a microfuge tube; the role of carrier DNA 

is to increase the efficiency of DNA getting into the yeast by helping with 

precipitation and aggregation of the DNA. 700 J.ll of sterile 40% polyethylene 

glycol (PEG)/LiAc solution (LiAC solution containing 40% w/v PEG 3350 MW) 

was added and mixed thoroughly with the contents of the tube. The tube was 

then incubated at 30°C for 30 minutes followed by heat shock at 42°C for 15 

minutes. The transformants were selected on selective media (SDC-ura or SDC

his, depending on the selectable marker on the DNA being introduced). Once 

transformants were obtained, isolated yeast colonies were picked to streak for 

single colonies to make sure each cell contained the plasmid of interest. 
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Construction of pSK+HIS3 plasmid and making of heterozygous KRE31/Kre31 

diploid strain 

Construction of pSK +kre31::HIS3 

To generate a DNA segment that could be used for the in vivo replacement 

of the S. cerevisiae KR£31 ORF with a selectable marker, the KRE31 coding region 

(KR£31 ORF) was replaced by the HIS3 gene in plasmid pSK+KRE31. To remove 

the KR£31 coding region from pSK+Kre31 the plasmid was digested with Clai 

which cleaves the plasmid into two fragments: 1 containing the entire KR£31 

ORF plus a small amount of flanking yeast sequences, the other containing pSK+ 

DNA plus- 500 bp of yeast flanking DNA 5' and -200 bp of yeast flanking DNA 

3' of the KR£31 ORF. The pSK+ containing fragment was gel purified and ligated 

with a DNA fragment containing the S. cerevisiae HIS3 gene to produce the 

plasmid pSK+kre31::HIS3. In order to generate blunt ends and make the ends of 

the vector compatible with the insert DNA ends, the vector was treated with 

Klenow. enzyme in the presence of dATP, dCTP, dGTP, and dTIP (2mM each) 

followed by alkaline phosphatase treatment. In the presence of dNTPs, Klenow 



37 

uses the single-stranded overhang (generated by restriction enzyme digestion) as 

a template to synthesize a complementary strand, resulting in a double stranded 

DNA with a "blunt" end. For generating the HIS3 gene with blunt ends plasmid 

yDP-H was digested with BamHl then treated with Klenow in the similar way. 

The plasmid was amplified in bacteria and isolated as mentioned earlier. The 

correct construction of the plasmid was confirmed by digesting with Sad and 

Xhol and analyzing the results DNA fragments using agarose gel electrophoresis 

(see result). 

Production of a yeast strain heterozygous (wild-type/null) at the KRE31locus 

A DNA fragment containing the entire HIS3 gene flanked by yeast 

sequences upstream and downstream of the KRE31 gene was obtained by 

digesting pSK+kre31::HIS3 with Xho I + Sac I. After incubating the digestion 

reaction at 6()<>C to inactivate the restriction enzymes the product of the digestion 

was introduced into the yeast diploid strain TSY800 as described and 

transformants were selected on synthetic defined media lacking histidine. 
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The yeast strain containing the KRE31 "knock out" (KRE31 ORF replace with 

HIS3 gene) was sporulated (induced to undergo meiotic division) by patching on 

agar plates containing 1% potassium acetate and incubating at 25°C for 7 days. 

The meiotic products (spores) were isolated using a tetrad dissection scope. 

Tetrad dissecting microscope 

Tetrads were selected and dissected using a Zeiss Tetrad Advanced yeast 

dissection microscope. The microscope consists of a fixed stage with adjustable 

stage movement and a stable stage mounted micromanipulator. The microscope 

is complete with long-working-distance optics for viewing through the inverted 

petri dish. The separation of ascospores or tetrads was carried out with simple 

glass micro needles attached to the micromanipulator. 
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Tetrad analysis of KRE31/kre31 null diploid 

Sporulated cultures usually consist of unsporulated vegetative cells, four 

spore asci, three, two, and one-spore asci. Dissection requires successful 

identification of four-spored asci and relocation of each of the four ascospores to 

separate positions where they will form isolated colonies upon germination. The 

procedure requires digestion of ascus wall with zymolyase lOOT solution (0.5 

mg/ml in 1M sorbitol) (Seikagaku America, Inc.) without dissociating th~ four 

spores from the ascus. The ascus wall was digested by placing a wad of cells in 

50 ul of O.lM sodium phosphate buffer (pH 7.0). 5 ul Zymolyase lOOT 

(Seikagaku America, Inc.) solution (0.5 mg/ml in 1M sorbitol) was added and the 

reaction was incubated for 10 minutes at 30oC. A small amount of zymolyase 

treated cells were plated in a single line on a YPD plate. The plate was 

positioned such that the inoculum was in the field over the micro needle and 

micromanipulation could be implemented directly on the surface of the agar in 

the petri dish. The micro needle can be considered as platform to which the 

spores are transferred from the plate. The microneedle is used to move each of 

the four spores of the tetrad to a particular location on the plate. Once the spores 
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were transferred to the new position, the individual spores were then separated 

by repeating the process (FigurelO). 30 tetrads were dissected. 

Figure 10: 
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Schematic diagram of tetrad dissection 
(b) The four-spored cluster known as tetrad was picked up 
by the microneedle from · a random field of sporulated 
culture (a). (c)-(f) sequential separation of cluster of four 
ascospores approximately 5 mm apart on petri dish. 

Fluorescent microscopy 

The GFP-fusion protein within the cells could be readily detected by 

fluorescence microscopy. The principle of fluorescence microscope is very 
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similar to an ordinary light microscope with few exceptions. For example, the 

illuminating light from a very powerful light source is passed through two sets 

of filters-the first one filter out the unwanted light before it reaches the specimen 

and the second one filters the light reflected by the specimen. The first filter is 

selected such a way that it allows passing only the wavelength that excites the 

particular fluorescent dye; whereas the second filter blocks out this light and 

passes only those wavelength emitted by the specimen when the GFP protein 

fluoresces (Figure 11). 

LIGHT 
SOURCE 

eyepiece 

3 3 second barrier filter: cuts out 
unwanted fluorescent signals, 
passing the specific green 
fluorescein emission between 
520 and 560 nm 

2 beam-splitting mirror: reflects 
light below 510 nm but 

L-----------1-----____.J transmits light above 510 nm 
1 

1 first barrier filter: lets through 
only blue light with a wavelength 
between 450 and 490 nm 

_..__ __ objective lens 

c::::==:!::=:=J- object 

Figure 11: Schematic representation of Fluorescence microscopy (Alberts, et al.) 
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Cells were fixed by adding formaldehyde to a final concentration of 3.7% 

and incubating at room temperature for 1 hour. GFP fluorescence was visualized 

in cells that had been fixed with formaldehyde. A fluorescein filter set (Hi-Q 

FITC; Chroma Technology Corp., Brattleboro VT) was used on Carl Zeiss, Inc., 

(Thornwood, NY) microscope equipped with a HBO mercury lamp and 100/1.3 

objective lens. 

Western analysis of transformed yeast 

Once the HA-fusion constructs were in TSY800 or DBY4974 yeast cells, 

fusion protein expression in these cells was tested by immunoblotting (Western 

Blot). This technique allows detection of proteins by antibody-antigen 

interactions. Yeast cells containing various plasmids were incubated overnight 

at 30°C in selective minimal media lacking uracil. After 16-20 hours of 

incubation, yeast cells were pelleted and then lysed to obtain proteins. For every 

2mls of overnight culture, SOJ.!l of glass beads and SOJ.!l of SDS loading buffer 

(Methods in Yeast Genetics) were added. Vortexing the cells at high speed in the 

presence of small glass beads breaks open the cells so proteins can be extracted. 
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SDS loading buffer contains sodium dodecyl sulfate (SDS), a denaturing 

detergent, used to bind proteins and neutralized their charge. This enables 

proteins to be separated based on their molecular size. Along with the SDS 

loading buffer, 2-Mercaptoethanol (2-ME) is also added during protein 

solubilization. 2-ME reduces disulfide bonds, which may impede movement 

through a polyacrylamide gel matrix. In addition, the celllysates were heated at 

95°C for five minutes, to ensure complete unfolding of proteins, and placed on 

ice. 

The lysates, along with a protein marker, were loaded onto a 3% stacking I 

8% resolving polyarcylamide gel and the protein in the lysate were separated by 

electrophoresis. Proteins migrate in response to an electrical field through pores 

in the gel matrix. The stacking gel was run at 130-150 V and the resolving gel was 

run at 220-250V in Laemmli buffer (0.25M of Tris base, O.SM Glycine, 0.04M SDS) 

for 30 minutes. The remaining binding sites on the membrane were blocked by 

immersing the membrane in 1% BSA. After probing with the anti-HA antibody, 

the membrane was washed and incubated with a secondary antibody, a donkey 

anti-mouse IgG conjugated to Alkaline Phosphatase (GAM-AP), that binds to the 

anti-HA antibody-HA-epitope bearing protein complexes. The blot was treated 

with ECF (Bio-Rad) a luminescent substrate, and in the presence of alkaline 
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phosphatase, a phosphate group was cleaved from the substrate forming a 

highly fluorescent product. This allowed detection of the position of the HA

epitope-bearing protein using X-ray film. 

After the proteins were separated on the polyacrylamide gel, they were 

electrophoretically transferred by electroblotting onto a nitrocelluose membrane 

(Bio-Rad) that was treated to bind and immobilize proteins. The transferred 

proteins are bound to the surface of the membrane and are accessible to the 

primary antibody, Convance monoclonal HA.ll, a mouse monoclonal antibody 

which recognizes the HA epitope. 



CHAPTER3 

RESULTS 

Determining whether KRE31 is essential for viability 
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Preliminary characterization of a novel gene initially focuses on 

determining whether the gene is essential for survival. This is importan~ as it 

allows one to assess the importance of a protein, the product of the gene. For 

example, if we find a protein to be essential for viability, then one could conclude 

that the protein must be playing very important role in the cell, perhaps related 

to SPB. A non-essential protein may also play an important, but not absolutely 

essential, role; in most of the cases, the protein becomes essential with the 

deletion of genes encoding proteins fulfilling similar functions, which work in 

parallel pathways. In either case, determining whether a protein is essential for 

viability is an important initial step in characterization of a protein with 

unknown function. 
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To determine whether the KRE31 gene is required for viability a diploid 

strain is generated where one copy of the gene is replaced with a gene that serves 

as a selectable marker; in this study the HIS3, a gene that encodes an enzyme 

involved in histidine biosynthesis, was used. The HIS3 gene allows for the 

selection of cells expressing the enzyme imidazoleglycerol-phosphate 

dehydratase, thereby allowing cells to grow on medium lacking histidine. The 

construction of the diploid strain TSY 800 where one copy of wild type KRE31 

coding region is replaced by a nutritional marker, the HIS3 gene, is described in 

"Materials and Methods" (page 36). Figures 12 and 13 confirm the successful 

amplification of KRE31 ORF and cloning into pSK+ vector. 

(Kb) 1234: 56789 

2.0 
15 
u 
0.11 

2.8Kb 

Figure 12: PCR amplification of KRE31 and its flanking DNA sequence 
This is the initial amplification of DNA from yPH1 genomic library 
using TFT80.1 and TFT80.2 as primers. Lane 1 represents the 
standard 1 Kb DNA markers. Lane 4 and Lane 8 show the expected 
2.8 Kb amplified products of KRE31 ORF and the flanking sequence 
using Taq and Vent polymerases respectively. 
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Confirmation of the structure of the pSK+KRE31 
Lane 1 represents the standard li<b DNA ladder. The miniprep 
DNA was digested with Pvull to check for the correct construct. 
Lane 2 shows the excepted 2.8 Kb amplified product of KRE31 
ORF. 

Tetrad dissection analysis of the TSY 800/kre31::HIS3 to determine if KRE31 

gene is essential in yeast 
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Under low nitrogen nutrient condition, yeast cells stop diving and 

proceed into meiotic sporulation, resulting in the production of 4 haploid 

daughter spores. The diploid cell wall containing all the four spores is known as 

tetrad. The outer cell wall can be digested away and the four spores can be 

separated and the genetic make up of each spore can be determined directly by 
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examining the phenotype as each spore divides mitotically to produce a 

vegetative colony. This is known as "tetrad dissection". Hence, when the tetrads 

are dissected and the individual spores are separated using the dissecting scope 

on an YPD plate, the spores will germinate and form colonies if they were viable. 

Since formation of a spore is a random meiotic event the chance of receiving the 

wild type copy of a gene from its mother is 50%; the other 50% of the spores will 

receive the "mutated" copy (the copy where KRE31 coding region is replaced by 

H/53). Hence, if a gene is required for life, we would expect to see only two 

viable spores from a single tetrad owing to the wild type copies of the gene and 

the other two spores will not be viable. The figure below shows that when 

dissected TSY800/gig4::HIS3 rich media we get two viable and two non viable 

spores. In addition, all colonies are unable to grow in the absence of exogenous 

histidine (data not shown), indicating they do not contain a functional HIS3 gene 

and therefore contain a wild-type copy of KRE31. These data clearly indicate 

that the KRE31 gene is an essential for viability. Interestingly, spores lacking a 

functional KRE31 gene fail to germinate, indicating an importance of the gene 

product during germination. 
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Figure 14: Tetrad dissection analysis of TSY800/gig4::HIS3 strain. 
30 tetrads were successfully dissected. 2 spores from each tetrad 
are viable, two are nonviable, do not form colonies, indicating that 
KRE31 function is required for growth. Further inspection reveals, 
that the 2 nonviable spore fail to germinate. 

Kre3lp is localized to the nucleolus 

The KRE31 gene was identified in a yeast two-hybrid screen set up to 

identify proteins that interact physically with Tub4p. The aim of the screen was 

to identify novel SPB components, regulators or Tub4p function, and/or other 
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proteins that perform their function in conjunction with Tub4p. Obviously, the 

role or function of a protein within a cell is significantly dependent on its location 

within the cell. For example, if a protein, such as Kre3lp, resides at the SPB, it 

may be playing a direct role in nucleating microtubules by interacting withy

tubulin Tub4p. Similarly, if it turns out that it is localized to the cytosol that may 

lead to the several suggestions regarding the protein's function. For example, 

perhaps the protein is part of a cytoplasmic complex that may be somehow 

involved in the recruitment of soluble y-tubulin complex to the SPB. 

Alternatively, the protein might modulate SPB function by interacting with 

Tub4p, and/or may play a role in Tub4p stability. Hence the purpose of 

determining the subcellular localization of Kre31p is the gain insight into how 

Kre31p may function. 

The plasmids used to produce the appropriate green fluorescent protein 

(GFP)-tagged fusion protein for the sub cellular localization study is shown in 

Figure 17. KRE31 coding sequences were amplified using PCR and inserted into 

pTS395, an expression plasmid that allows for the production of a fusion protein 

contains a protein of interest fused to the GFP. GFP is a spontaneous fluorescent 

protein isolated from jellyfish often used as a tag for looking at sub-cellular 

localization of the proteins using a fluorescent microscope. 
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GFP protein as a molecular tag 

GFP protein was originally isolated from jellyfish Aequoria victoria. The 

protein can function as a transgene; it can be cloned and introduced into cells of 

other species. GFP can function as a protein tag as it tolerates N-and C-terminal 

fusion to a broad variety of protein, which, in most cases retains their native 

function. Within a couple of hours after the introduction of the fusion protein, it 

undergoes self-catalyzed posttranslational modification and generates a bright 

fluorescent center shielded within the interior of a barrel-like protein. GFP has as 

excitation peak at 395 nm and its emission peak is at 508 nm. Upon UV 

irradiation, the GFP molecule absorbs light at 395 nm in the blue range and by 

energy transfer fluoresces green light at longer wavelength 509 nm allowing the 

fused protein to be visible. The greatest advantage of using GFP over epitope 

tagging is that one can track a tagged protein in live cells. 
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Schematic diagram of GFP spectrum 
The maximum excitation and the emission wavelengths of several 
commonly used dyes are shown here in relation to the 
corresponding color of the spectrum. The energy emitted by a dye 
molecule is essentially of lower energy than the energy absorbed 
and this accounts for the differences between the excitation and the 
emission peaks (Alberts, et al.). 

Construction of pTS395-KRE 31, a plasmid that allows expression of the GFP-

tagged protein, and confirmation of its structure 

Full length KRE31 ORF (open reading frame) was inserted in an 

expression vector, pTS395, which puts expression of inserted sequences under 

the control of a galactose inducible promoter. The KRE31 sequences were 

inserted so that they are "in frame" with the GFP sequences in the vector, 
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resulting in the regulated expression of a GFP-tagged Kre31 p . The plasmid 

design allows for expression of the GFP fusion under the control of the Gal-

promoter; because of this the fusion protein is expressed when cells are growing 

in the presence of galactose, but not expressed if galactose is absent from the 

growth medium. The construction of this plasmid is described in "Materials and 

Methods". The figure 16 and 17 show the KRE31 ORF was successfully 

amplified and cloned into pTS395 vector. 

2.0 
1.5 
1.0 

1.71<b 

Figure 16: The PCR amplification of KRE 31 ORF 
The KRE31 ORF was amplified using TFT80.3 and TFT 80.4 primer 
pair and vent polymerase. Lane 1 is the standard DNA marker; 
lane 2 shows the expected 1.7 Kb amplified product. 

In order to confirm that the plasmid generated was correct in terms of 

orientation, restriction digestion analysis was performed. Plasmid DNA isolated 

from pTS395-KRE31 transformants was digested with Xbal and BamHI and 

fractionated on an agarose gel. Lanes 5 and 6 in figure show that the plasmids 
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that were successfully constructed because the products of digestion yielded the 

expected sized fragments of 1.7 Kb (insert-KRE31) and 9 Kb vector (pTS395). 
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Figure 17: Confirmation of the structure of pTS395-KRE 31 
Miniprep DNA was digested with Xbal and BamHI to check for the 
correct construct. If the construction is correct, the sizes of 
fragments from the double digest are -8 Kb owing to the restricted 
vector and 1.7 Kb owing to the insert. Lane 1, I KB ladder; lane 6-9 
miniprep DNA from 4 independent transformants digested with 
Xbal and BamHI. Note that lanes 6 and 7 show the expected 
banding pattern (ignore lanes 2-5). · 

The expression plasmid with the desired construct was introduced into 

wild type diploid, TSYBOO, and haploid, DB4974, yeast strains. The resulting 

strains carrying Kre31-GFP protein were grown both in media containing 

galactose, where the fusion protein would be expressed, and in media lacking 

galactose, where the fusion protein would not be expressed and visualized using 
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fluorescence microscopy. Cells growing in the absence of galactose served as a 

negative control. 

Subcellular localization of Kre31-GFP 

Initial analysis using fluorecence microscopy revealed that we were 

successful and expressing a Kre31-GFP fusion protein in vivo and the p~otein 

appeared to be a nuclear protein. The GFP staining colocalized with DAPI 

staining, which stains DNA, confirming the observation that Kre31p is indeed a 

nuclear protein. Cells grown in the absence of galactose did not produce any 

signal when observed under the microscope, indicating that the GFP staining is 

the GFP staining reflects the location of the Kre31-GFP fusion and not an artifact 

(data not shown). A more careful observation suggested that the protein is 

actually present in the nucleolus within the nucleus. 
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(a) 

(b) 

Figure 18: Fluorescence image showing nuclear localization of Kre31p 
(a) The inset arrow indicates the DAPI stained nucleus within the 

same cell confirming that GFP staining co-localizes with DAPI. 
(b) The inset arrow indicates the GFP-stained nucleus within a cell. 
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Overexpression of Kre31p does not have any toxic effect on cell growth 

The vector, pTS210, used to construct a plasmid where transcription of the 

KRE31 ORF is under control of the Gal promoter is shown in Figure 7; the 

appropriate insertion of KRE31 coding sequence puts the gene under the control 

of the Gal promoter, which is a strong, inducible promoter. Figure 19 confirms 

the successful cloning of KRE 31 into the pTS210 vector. 
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Figure 19: Confirmation of pGAL-KRE31 plasmid 
The miniprep DNA was digested with Xbal and BamHI to check 
for the correct construct. If the construction is correct, the sizes of 
fragments from the double digest are -8 I<b owing to the restricted 
vector fragment and 1.7 I<b owing to the insert fragment. Lane 1, 1 
KB ladder; lane 2-5 miniprep DNA from 4 independent 
transformants digested with Xbal and BamHI. Note that lanes 2, 4 
and 5 show the expected banding pattern. 
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In the presence of galactose the promoter is active leading to the over

expression, usually 50-300 fold, of the KRE31 gene. The diploid strain, TSY-

800/kre31::HIS3 harboring the pTS210-KRE31 plasmid (named GPYl), was 

streaked in duplicate on YPD (the sole carbon source is glucose) and YPGal (the 

sole carbon source is galactose) plates. In this strain one copy of wild type KRE 

31 gene is replaced by the HIS3 gene via homologous recombination. Because 

the introduced copy of KRE31 gene is under the control of a Gal promoter, only 

when the cells are in grown in galactose-containing medium will the gene be 

transcribed, resulting in over expression of the gene. If the over expression of 

Kre31p has any harmful effect on cell growth that would be reflected in slower or 

reduced growth. The figure 20 shows that there is no growth defect when grown 

on YPGal plate, as cells seem to grow to the same extent as the control YPD plate. 
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GPYl 

Glucose Galactose 

Figure 20: Comparison of cell growth on Glucose and Galactose. 
Four independent colonies were streaked on both glucose (control) 
and galactose plate. The growth pattern shows the growth rate is 
similar in both the glucose and galactose plate. 

Devising a system to determine whether Kre31p and Tub4p physically 

associate in vivo 

Although Kre31p may associate with Tub4p in yeast cells, as indicated by 

the two-hybrid assay, this doesn't necessarily mean that Kre31p binds Tub4p in 

vivo. The two- hybrid screen may give a "false positive" result, often due to the 

fact in the two hybrid assay both proteins are expressed at artificially high levels. 

In order to determine that the Kre31 p-Tub4p two-hybrid interaction reflects a 
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relevant, legitimate in vivo association between these two proteins, and is not 

simply a consequence of the assay, the result needs to be validated. A co

immunoprecipitation experiment can be used to confirm protein-protein 

interactions in vivo and provide insight into whether Kre31p functions in 

conjunction with Tub4p by being physically associated with it, i.e. by forming a 

protein-protein complex. 

Co-immunoprecipitation is a purification procedure to determine if two 

different molecules (usually proteins) interact. An antibody specific to the 

protein of interest is added to a cell lysis. Then the antibody-protein complex is 

pelleted usually using protein-G sepharose, which binds most antibodies. If there 

are any protein/molecules that bind to the first protein, they will also be pelleted. 

Identification of proteins in the pellet can be determined by western blot (if an 

antibody exist) or by sequencing a purified protein band. 

Our localization study suggests that these two proteins may not be 

associated with each other since Kre31p is located in the nucleus. But still that 

does not exclude the possibility that a fraction of the protein might be cytosolic 

and does. interact with soluble fraction of Tub4p. Also, most of SPB components 

reside on the nuclear envelop; nucleolar Kre31p could very well interact with 

SPB components that are in close proximity. 
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The plasmid, pTS515, used to construct the appropriate hemagglutinin 

(HA)-tagged fusion protein for the immuno-pecipitatiion study is shown in 

figure 9. The HA tag is derived from an epitope of the influenza hemagglutinin 

protein, which has been extensively used as a general epitope tag in expression 

vectors and to which a high affinity antibody is commercially available. 

Appropriate cloning and insertion of a DNA segment encoding a protein of 

interest, Kre3lp, into pTS515 allows for the creation of a fusion protein 

containing Kre31p fused to the HA epitope. The HA tagged protein can be 

specifically detected by an anti-HA antibody during western analysis and 

expression of the fusion protein can be controlled by the carbon source in the 

growth medium. 

The construction of pTS515-KRE31 is discussed in details in "materials 

and methods". Figures 21, 22 and 23 show successful amplification of the insert 

(full length Kre31p) followed by cloning into the pTS515 vector. 
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Amplification of KRE31 ORF. 
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The KRE31 ORF was amplified using TFT80.3 and GIG4.5 
primer pair and vent polymerase. Lane 1 is the standard 
DNA marker; lane 2 and show the expected 1.7 Kb amplified 
products. 

In order to confirm that the plasmid generated was correct in terms of 

orientation, restriction digestion analysis was performed. Plasmid DNA isolated 

from pTS515-KRE31 transformants was digested with Xbal and fractionated on 

an agarose gel. Lanes 6 and 7 in figure 22 show that the plasmids that were 

successfully constructed because the products of digestion yielded the expected 

sized fragments of 1.7 Kb (insert-KRE31) and -8Kb vector (pTS515). 
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Confirmation of the structure of pTS515-KRE31. 
Miniprep DNA was digested with Xbal to check for the correct 
construct. If the construction is correct, the sizes of fragments from 
the double digest are -8 Kb owing to the restricted vector fragment 
and 1.7 Kb owing to the insert fragment. Lane 1, I KB ladder; lane 
1-8 miniprep DNA from 8 independent transformants digested 
with Xbal. Note that lanes 4, 6 and 7 show the expected banding 
pattern. 

However, since the Xba1 ends are complimentary, the cloning didn't force 

correct orientation of insert. As a result, there should be two opposite 

orientations of the HA fusion protein depending on which direction the insert 

ends joined the vector ends. Hence, the isolated plasmids were digested with 

Hindlll to identify the plasmids with correct insert. Figure 23 shows the results 

of Hindlll digestion of plasmids 6 and 7 shown in the above figure. 
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Figure 23: Confirmation of the orientation of pTS515-KRE31. 
Miniprep DNA was digested with Hindlll to check for the correct 
orientation of the insert. The correct orientation would yield one 
300bp, one 600bp and one 8Kb fragment, where as the reverse 
orientation would produce one 800bp, one 600 bp and one -8Kb 
fragment. Lane 1, I KB ladder; lane 9 and 10 are the miniprep DNA 
from lane 6 and 7 from previous figure. Note that lane 10 shows 
the expected banding pattern (ignore other lanes). 

The newly constructed plasmid with correct orientation was introduced 

into wild type haploid (DBY 4974) and diploid (TSY800) strains and independent 

transformants were isolated. 
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Western analysis to confirm fusion proteins expressed in transformed yeasts 

Successful co-immunoprecipitation requires that the Kre3lp-HA fusion be 

expressed in vivo. After introduction of the construct into the yeast strain TSY-

800 (See materials and methods, p.), immuno-blotting (western analysis) was 

used to confirm that the transformed yeast cells are actually expressing the 

fusion protein. Protein extracts were prepared from cells that were grown in the 

presence or absence of galactose. The extracts were fractionated using SDS-PAGE 

and blotted onto nitrocellulose. The fusion protein contains the HA epitope at its 

C-terminus and thus can be readily detected by commercially available 

Convance monoclonal HA.ll primary antibody and goat anti mouse secondary 

antibody. The secondary antibody is coupled to an enzyme alkaline phosphatase 

which, in presence of appropriate chemicals, (substrates) leads to the local 

formation of a colored precipitate. This reveals the location of the secondary 

antibody that is coupled to the enzyme and hence the location of the antigen

antibody complex to which the secondary antibody is bound. Since each enzyme 

molecule acts catalytically to generate many thousands of molecules of product, 

even tiny amounts of antigen can be detected. Figure 24 shows a western blot of 
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KRE31/pTS515 plasmid containing TSY800 transformants. The band at 65,000 D 

indicates that these cells are indeed expressing the fusion protein 

65,000 D 

39,000 

29,000 

20,000 

1 2 3 4 5 6 

AntiHA 
antibody 

Figure 24: Confirmation of the in vivo expression of Kre31p-HA fusion protein 
The transformed cells containing pTS-KRE31 plasmid were immuno
blotted using Anti HA antibody. The correct expression would yield 
a protein of size 65,000D. Lanes 1-6 confirm the correct in vivo 
expression of the Kre31-HA fusion protein. 
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The purpose of this research was to characterize a budding yeast gene 

identified in a yeast two-hybrid screen as potentially interacting with y-tubulin 

and the protein, Kre31, encoded by this gene. Tetrad analysis shows that KRE31 

gene is an essential for viability. This observation is consistent with a genome 

wide systematic deletion study (Giaever et al., 2002) that confirms the finding, 

thus suggesting that this gene must be playing an important cellular role in 

budding yeast. Fluorescence microscopy revealed that the Kre31 protein is 

localized to the nucleus, specifically to the nucleolus. This was a bit surprising 

since it has been previously shown by two-hybrid interaction that the full length 

Kre31p binds to Tub4p, so one would rather expect it to be localized either at SPB 

or in the cytoplasm. However, there are examples of proteins, which reside in 

the ·nucleus, specifically at the nucleolus, and yet bind to microtubules; for 

example, Cbf5, a centromeric DNA binding protein, interacts with microtubule in 

vitro and is localized to nucleolus (Cadwell et al., 1997). Nuclear location of 
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Kre31 protein may be indicative of its role in different cellular processes such as 

transcription, RNA biogenesis or splicing. Another hypothesis is the nucleolus 

and the 5PB could possibly "contact" or touch one another within the nucleus, 

via Kre31p alone or along with other associated proteins. However, this 

hypothesis is speculative and needs further investigation. 

The overexpression of Kre31 p does affect the overall cell growth on plates, 

although when overexpressed in liquid overnight culture the cells seemed to 

grow slowly (data not shown) indicating it might have slight effect on cell 

growth. This is not unusual of the proteins that are 5PB components (~eissler et 

al., 1996), as overexpression of 5PB component might result in formation of 

defective microtubule structures causing cells to grow slowly. 

A recent study partially elucidates the possible molecular function of 

Kre31p. Dragon et al. (2002) have shown that Kre31 is actually involved in the 

biogenesis of small ribosomal subunit RNA. Kre31p binds to U3 small nucleolar 

RNA (snoRNA) and is part of a larger ribonucleoprotein (RNP) complex, 

composed of twenty eight proteins. The U3 snoRNA along with the RNP 

complex are required for the biogenesis of 185 ribosomal RNA, which associates 

with small subunit of ribosome. This RNP complex has been termed as the small 

subunit (55U) processome since its components are required for pre-185 rRNA 
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processing. Furthermore, Kre31p colocalizes with MpplO protein, which is a 

known nucleolar marker protein confirming the fluorescence microscopy results 

presented here. Electron microscopy reveals that when Kre31 along with U3 

snoRNA are conditionally depleted in glucose media, it leads to the loss of 

"terminal knobs" on nascent pre-rRNA suggesting that they are required for 

"terminal knob" formation. The "terminal knobs" of the nascent pre-rRNA are 

involved in rRNA biogenesis and include some of the pre-rRNA processing 

machinery. Moreover, the size of a "terminal knob" is roughly the same as that 

of the 55U processome. Owing to the size correlation between 55U processome 

and the terminal knobs, involvement of U3 snoRNA and 55U processome in 

terminal knob formation and the requirement for the 55U processome and the 

terminal knobs in rRNA biogenesis, it has been hypothesized that the terminal 

knobs on the nascent pre-rRNA may represent the 55U processome. In fact, one 

of the 55U processome components, Imp4, co-immnunoprecipitates with the 355 

near the 5'end, further supports the idea of 55U processome being a component 

of the terminal knob. The complexity of 55U processome indicates it could have 

multiple functions; for example, some initial evidence suggests that it could also 

be playing a critical role in folding the pre-185 rRNA by acting as a pre-rRNA 

chaperone. 
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However, the above findings do not exclude the possibility that Kre31 p is 

also involved in a SPB, or microtubule, related function. Clfl is a pre-mRNA 

splicing factor, which genetically interacts with the activators of yeast vesicular 

transport (Russell et al., 2000). To further investigate if there is a link between 

RNA biogenesis and SPB function, an important experiment would be to find out 

if Kre31p interacts physically with Tub4p. This would provide insight into 

whether Kre31 may play multiple roles within the cell. 

As a first step towards testing the physical interaction between Tub4p and 

Kre31p, a system was successfully developed where HA tagged Kre31 was being 

expressed in vivo. 
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