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CHAPTER I 

INTRODUCTION 

Saccharomyces cerevisiae: A Model Organism 

Yeasts have made a massive contribution to our li\es in a variety of ways. The\ 

have been used for brewing, baking, pharmaceuticals and other industrial processes for a 

number of reasons. 

They possess relatively simple growth requirements and can be cultured easih. 

The conservation of most biochemical activities throughout a wide range of organisms 

has allowed for the use of .S. cerevisiae as a model eukaryote which has contributed 

immensely to our understanding of cell biology. S. cerevisiae exists in a haploid or 

diploid state and can reproduce both asexually and sexuall>, ha\ ing both the a and a 

mating types. It has a genome that has sixteen linear chromosomes and has been 

classified in the ascomycetes group of fiingi. It is generally considered nonpathogenic 

except in a very small number of susceptible individuals. The entire genome o{ S 

cerevisiae has been sequenced and is available on various public databases. The 

Saccharomyces proteome is currentK being mapped, which co\ers the entire range i>l 

proteins and thier fiinction. All of these factors allow us to use X cerevisiae as a model 

for studying many processes of cellular function including secretion through temperature 

sensitive mutants, cellular and nuclear organization as well as protein function, lor 

example, one model has utilized the Saccharomyces invertase protein as a marker \o\ the 

external localization of a gene fused to a hybrid transcript (51). Bcini: a n()npathi>genic 



model organism allows us to ufilize the qualities of S. cerevisiae to learn about other 

pathogenic organism including Candida albicans, C. dublienensis. Cryptococcoccus 

neoformans and other eukaryotic pathogenic fiingi. 

Cell Wall oiS. cerevisiae 

The cell walls of a variety of flmgi have been studied vigorously for a number of 

years. After disposing of the myth that the cell wall is an innocent bystander in the lite oi 

the organism, scientist now believe that the cell wall plays an important role in almost all 

areas of cellular function and processes. The structure (Figure 1.1) and function of the 

cell wall of the yeast S. cerevisiae has been of particular importance to a number of 

researchers. As with all fungi, this cell wall provides the structural support for the cell, 

protects against osmotic stress, maintains the physical shape characteristic and interacts 

with the environment surrounding the cell. 

J I. 
GPI-CWP 

P-1,3 glucans 

PM 

Figure 1.1. Molecular Model of the Yeast Cell Wall. The (}PI-anchored cell wall 
proteins are linked to the (3-1,3 glucans by a P-1,6 glucan molecule whereas the Pir cell 
wall proteins are linked directly to the p-1,3 glucans. The f̂ -l .3 glucan layer is held 
together by hydrogen bonding between individual chains and this is then linked to the 
innermost chitin layer. 
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Previous research has focused on S. cerevisiae and the structural components of the cell 

wall, and has allowed for the development of our current molecular model. The cell wall 

is made up of a network of p-1,3 glucan molecules that provides much of the structural 

integrity of the cell wall. Since p-1.3 glucan molecules have multiple nonreducing ends. 

it has been postulated that this may be the site of attachment for other cell wall molecules 

(44). Chifin, which is a p-1,4 polymer of N-acetyl-D-glucosamine and makes up a small 

amount of the cell wall by mass, is closeK associated with the plasma membrane and 

adds to the rigidity of the cell wall (35). Chitin can also be linked to side chains of P-1.6 

glucans (33). These p-1,6 glucan molecules are mainly found at the ver\- outside of the 

structural components of the cell wall and are closely associated with gl\cos> 1 

phosphatidylinositol (GPI) anchored proteins (35). These GPI anchored cell wall 

proteins (CWP) are covalently linked to the cell wall by a P-1,6 glucan, which then is 

covalently attached to a p-1,3 glucan molecule. Fifty-one GPI anchored proteins ha\c 

been postulated by genome in silico analysis (7). These GPI-CVv P differ from another 

class of cell wall associated proteins called the proteins with internal repeats (PIR). PIR 

proteins are covalently attached to the p-1,3 glucans directly (47). 

Proteins of the Cell Wall 

Even after the elucidation that there are fifty-one genes encoding GPI anchored 

proteins in the genome of iS. cerevisiae, the function of these has remained 1 ULCIV 

unsolved. Other cell wall proteins are involved in wall bios>nthcsis and breakdown and 

examples of these are glycosidases. glueanses, and chitinasc 1 lowe\cr. most ot the cell 



wall proteins have an effect on the porosit\ of the cell wall. These mainly influence the 

passing of high-molecular-weight molecules into and out of the cell. Zlotnik ei al 

showed that S. cerevisiae is resistant to spheroplasting by P-1-3 glucanases (69). The 

cells are only susceptible to the action of glucanase if they have been pretreated with a 

protease. This means that the proteins in the external leaflet of the cell wall exclude the 

glucanase from reaching the glucan which is in the internal leaflet of the cell wall. This 

porosity changes with the stage of growth of the cell and correlates to the different rates 

of incorporation of the mannoproteins onto the glucan (69). 

Another major funcdon of the cell wall is flocculation. This involves the 

formation of large clumps of cells when grown in liquid media b> utilizing the interaction 

of lectin-like proteins on the flocculating cell and mannan side chains of glycoproteins on 

the other cells (69). This process is dependent on the flocculation genes FLOl-5 (49). 

FLOl codes for a large protein that is GPI-anchored and ma> either act as the lectin itself 

or provide the framework for the lectin (34). 

Some of these cell wall proteins are also involved in cell to cell interaction and in 

adhesion, as is the case for the sexual agglutinins (Agal. Aga2 and Sagl )(41. 65). W hen 

S. cerevisiae mates, it need to recognize the other cell and change its confonnation. It 

does this through shmoo formation (39). This distinct cell shape is necessar>' tor matini: 

to occur and requires massive cell wall restructuring. The protein 1 ig2 allows for 

successfijl recognition and subsequent cell wall changes. .Another GPI-anchored protein. 

Egt2, is required for cell separafion after mating has occurred (1'^. 38). 



Secretion 

In order for the GPI anchored and PIR proteins to reach the periplasmic space and 

beyond they may proceed through the classical secretion pathway: .An o\ er\ iew tins 

pathway is shown in Figure 1.2 (53). The GPI anchored proteins can only be released b> 

treating the cell with glucanase and the PIR proteins are released by treating the cells 

with base (47). Other proteins can be released solely by reducing agents and may reach 

beyond the cell plasma membrane b\ an altematixe mechanism: this subject has recently 

been reviewed by Karl Kuchler (40). 

Classical Secretion 

Classical secretion proceeds through a number of steps in S. cerevisiae and is the 

same as was originally described by Palade in mammalian cells (50). Classically secreted 

proteins are first transported to the lumen of the endoplasmic reticulum (ER). Ihis can 

be achieved while the protein is being translated or it can be done posttranslationally. 

The first step in the export of a protein to the cell wall requires a signal recognition 

particle to recognize a signal sequence in the protein that is to be exported, fhe signal 

recognition particle is a cytoplasmic protein that selectively binds to ribosomes that arc 

translating proteins destined to be secreted. The entire complex then migrates to the 

endoplasmic reticulum where it interacts with the signal sequence 



0 
0 '0 

Figure 1.2. Overview of the stages of secretion. (1). The cotranslational extrusion of 
protein to be secreted into ER. (2). Posttranslational extrusion into the ER. (3). Vesicle 
budding off from ER destined to the cis-golgi network. (4). Vesicle before it is docking 
with the Golgi system. (5). Transition through the Golgi network where glycosylation 
and phosphorylation modifications occur. (6). Secretory vesicles bound to the newl\ 
forming bud. (7). Retrograde transport from the Golgi stacks back to the ER. (8). 
Cycling between the Golgi network and endosomes/ prevacuoles. (9). Endocytosis of 
plasma membrane components. (10). Maturation of prevacuoles into vacuoles. 



receptor and the translocation machinery. The newh forming protem is then extruded 

through the membrane into the lumen of the endoplasmic reticulum. This signal 

sequence is located on the N-terminus in the first 20-25 amino acid residues. This is 

composed of 4-5 positively charged residues on the amino terminus followed by a 

hydrophobic region of 5-15 residues and then a final 5-7 polar amino acids (56). This 

entire signal sequence will be cleaved off the protein by a signal peptidase directly after 

the signal sequence reaches the lumen of the ER. This signal peptidase clea\age site is 

located in the final polar residues of the signal sequence (66). Once the signal sequence 

has been proteolitically cleaved, the protein can continue through the secretor> process. 

While in the ER, proteins undergo a variety of changes including covalent modifications 

by N and 0-linked glycosylation with oligosaccharides, the formation of disulfide bonds, 

phosphorylation and the addition of the GPI anchors (17). It is also in the ER that the 

protein assumes its natural conformation. 

The proteins are then packaged into secretory vesicles to be transported to the 

Golgi apparatus. The secretory vesicles bud off from the ER to fuse with the cis-Golgi 

network and are coated by soluble cytosolic proteins. The coating proteins mediate the 

proteins being transported and the docking of the vesicles between compartments within 

the cell. Once inside the Golgi network, the protein undergoes further glycosylation 

while being transported from the cis-Golgi system to the trans Golgi s> stem (sO). I here 

are three possible fates for proteins that reach the trans-Ciolgi netwt^rk. Ihey can be 

transported to vacuoles, be sent to the plasma membrane or become a resident protein ot 

the Golgi system (36, 63, 11). Proteins to be secreted arrive at the plasma membrane \ la 



coated vesicles that will fuse with the membrane and release their contents to the 

extracellular space. The lipid components and the proteins embedded in the lipid 

component of the vesicles become fixtures in the plasma membrane. 

Altemati\ e Secretion 

Another class of rapidly growing proteins reaches beyond the plasma membrane 

but do not possess the consensus sequence for the N-terminal secretion signal sequence 

or the GPI- anchoring sequence. It has been postulated that these peptides get to the 

extracellular space by an alternative mechanism or non-classical secretion pathvva\. 

These types of proteins have been shown to exist in all types of bacteria, \east and 

mammalian species. One of the most well defined pathways for alternative secretion 

proceeds through a family of ATP-dependent transport proteins, also called .\ fP binding 

cassette-transporters (ABC transporters) (29). 

ABC-Transporter Proteins 

The ABC-transporter proteins are \er\ well conserved among all the ditlerent 

organisms that possess them. Most are comprised of two ATP-binding motifs and two 

membrane sparming regions containing six a-helices (40). These .ABC-transporters 

appear to be very specific for the protein or other type of molecule that the> transler and 

most only transport one substrate (27). There are also a lamil> o\' ABC-transporter 

proteins that only possess one ATP-binding region and one membrane-spanning re.L'ion 

(40). The ABC-transporter familv has been shown to transp< r̂t a \ariet\ of coinpouiuis 
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across the membrane including proteins, sugars, ions, amino acids and peptides of all 

sizes. 

Alternative Secretion in Bacteria 

There are many different kinds of substrates exported from bacteria including 

toxins, proteases, cytolysins and hemolysins (24). It has been shown that the .ABC-

transporters can secrete certain toxins and several different compounds in the same 

family, even ones from different species of bacteria (25). Hemolysin A is the most 

characterized substrate for non-classical secretion in bacteria. This compound is secreted 

by a ABC-transporting system and requires the five genes hylA-D (37). The Ml\ A 

protein is synthesized as a pro-protein and is converted to the acti\ e tbrm b\ a fatl> aeyl 

transfer by the HlyC enzyme. The HlyB protein is the ABC-transporter and may tbrm a 

dimer to allow the active HlyA to cross the bacterial membranes (32). fhe function of 

the HlyD protein has not yet been characterized, but may involve interaction with TolC 

pump (67). The polypeptide product of the hlyA gene does produce a region that direet.s 

the completed protein to the transport system and can be considered a signal sequence 

This sequence however, is not cleaved and is located in the terminal 48 residues of the 

mature peptide. However, it is not considered a typical secretion signal sequence in 

bacteria (37). 



Non-Classical Export in Mammals 

The evidence supporting the existence of an alternative secretion pathwa\ is 

greater than the actual cloning and identifieafion of the proteins responsible for such a 

pathway in mammals. The majority of substrates that are candidates for alteniati\e 

secretion in mammals have been identified in humans. It seems that the immune s> stem 

possesses most of the proteins that may be secreted by a non-classical mechanism. 

Examples of these include interluekins l a and ip, complement factor \ l l la . two 

different fibroblast growth factors, among several other proteins (45, 1, 28). These 

proteins are thought to be secreted by this route for se\ eral reasons: the\ lack a traditional 

secretion signal, they are secreted in the presence of brefeldin A (which blocks classical 

secretion), none are glycosylated even though they possess the correct signals (meaning 

that they did not pass through the golgi). They do however still undergo some post

translational modification (55). ABC-transport systems have been proposed in the case 

of the TAPl and TAP2 proteins for the secretion of viral anfigens attached to the MUC. 

which of course lack a hydrophobic signal sequence (55). 

Export of a-Factor in Yeast 

The most thoroughly studied example of a non-classically exported compound in 

yeast is the mating a-factor that is required for mating in the budding species. Ihe a-

factor was shown to be secreted in temperature sensitive mutants of the classical 

secretion pathway after imposing the restrictive block b\ McCirath el al. ( 4 M .Aciise a-

factor is a 12-amino acid oligopeptide that is covalently modi lied at a numlxT ol residiR-. 

u 
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This is directed by a C-terminal sequence of 4 amino acids. The mature form of a-factor 

is famesylated and carboxymethylated on the C-terminal cysteine residue after the final 

three residues have been cleaved off (26). An N-terminal extension of se\ eral 

hydrophilic residues is added to the pro-product, and it is only after all these 

modifications that the active form can be secreted. Once these modifications have taken 

place, the ABC-transporter Ste6p can then transport a-factor across the membrane. This 

is dependent on the lysis of ATP by Ste6p (5). Other members of the Ste famih of 

proteins interact with a-factor, but none have been postulated to make up the membrane 

pore except Ste6p. Stel4p have been shown to possess famesyl transferase activit> and 

is probably involved in the maturation of a-factor (30). 

Candidate Proteins for Alternative Secretion in \'east 

The secretion of a-factor is not the only candidate for a protein being secreted by 

a non-classical mechanism in yeast. There are several other proteins that meet the 

requirements for being considered as alternatively secreted proteins, but the mechanisms 

have not yet been elucidated. These candidate proteins lack the signal sequence for 

exportation through the classical pathway, yet are still proven to be found outside the cell 

plasma membrane. In most cases, the idea of cell lysis or cell wall damage has been 

ruled out. Some of the first evidence for an alternative pathwa> utilized a temperaturc-

sensifive mutant defecfive in the sec 18 gene of the classical pathway. In this stud>, the\ 

found that some proteins were still exported e\en though the block had been impi^scd 

(10). 



There have been several proteins that have been foimd in the cell wall of a \arier\ 

of different fungi. Enolase is an enzyme that catalyses the dehydration of 2-

phosphoglycerate to phosphoenolpyruvate. Enolase was proven to be in the inner leaflet 

of the cell wall of C albicans associated with glucan, and later was disco\ered in the cell 

wall of 5". cerevisiae (4, 18). The presence of glycolytic enz\Tnes in the cell wall of fungi 

is not wdthout precedence. Phosphoglycerate kinase, glyceraldehyde phosphate 

dehydrogenase, and alcohol dehydrogenase have all been identified in the cell wall ofC 

albicans, and have all been experimentally verified through a variety of techniques (3, 23. 

52). Kluyveromyces lactis also expresses glyceraldehyde phosphate dehydrogenase, and 

its protein product has been identified in the cell wall. Pardo et al. also discovered the 

HsplSO and BgI2 proteins in the cell wall ofS. cerevisiae (15). The function of these 

proteins in the cell wall still remains a mystery. Some have postulated that they may not 

be functional; however, it has now been shown that glyceraldehyde phosphate 

dehydrogenase retains its enzymatic fimction while it is in the cell wall. This may also be 

the case for the other proteins of the glycolytic pathway in the cell wall. A 70 kDa heat 

shock protein (Hsp70), which also lacks the secretory signal sequence, has been reported 

to be in the cell walls of both S. cerevisiae and C. albicans (42, 43). 

The Hsp70 Familv in Saccharomyces cerevisiae 

The ability to respond rapidly to variation in environmental temperatures is one of 

the most fundamental responses to change possessed by any organism. I o a large part, 

these are done by a group of heat shock proteins, which were first identified as has ing a 



heat shock response element in the promoter region of the gene. Now many families of 

Hsps have been identified, and it has been found that they are encoded bv some of the 

most highly conserved genes throughout all forms of life (31). These genes are present 

from the most primitive bacteria all the way up to the complex human bod\. In the Hsp 

superfamily of genes, our laboratory is concerned with the Hsp70 family. 

There have now been more than 14 genes in S.cerevisiae classified as Hsp70s. 

which have been grouped into five different families from SSA through SSE (48, 60). 

The synthesis of fiie mRNA transcript from all of these genes is induced during a variet> 

of stressful situafions, however most also display relatively high levels of transcription 

throughout the stages of growth. The SSA family is a group of four genes ranging in 

similarity from 98% to 83% and is labeled SSAl, SSA2, SSA3 and SSA4 (31). In this 

family, SSA J and SSA2 are 98% alike; and if one is deleted, the remaining gene serves the 

necessary cellular funcfion and there is no apparent phenotype (68). However, if both ol' 

these genes are disrupted, the organism has trouble growing at higher temperatures (13). 

It is thought that this is possible due to the overproduction of SSA4. If all the genes of 

this family are missing, the organism cannot survive. A single mutation of SSA 3 and 

SSA4, or a double mutant of both genes, has no obvious phenotype (68). 

It was once believed that the Hsp70 group of proteins was confined to the 

intracellular space, but it has recently been found in the cell wall of both S cerevisiae and 

C. albicans. The only family of Hsp70s that has been localized to the cell wall is that ot 

the SSA genes and then only the Ssal and Ssa2 proteins (43). Several genes coding for 

cell surface proteins in C albicans were isolated from a cDNA expression librar>. I hcsc 
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were then shown to be members of the SSA family of Hsp70 genes. This was confirmed 

by the use of an indirect immimofluorescence assay using affmit>'-purified antibod\ 

specific to the fusion protein produced by the cDNA clone. Intact cells w ere also 

biotinylated with a non-membrane-permeable derivati\ e so c>losolic proteins can be 

disfinguished from cell surface proteins. The cellular extracts were then affinit> purified 

on a strepavidin column and Hsp70 detected by immunoblotting in the biotinylated 

fraction. Lopez-Ribot et al. also utilized immunoelectron microscopy to show that Hsp70 

is a cell wall protein. The biotinylation and indirect immunofluorescence experiments 

were repeated with S. cerevisiae and the SSAl and SSA2 genes of the Hsp70 famil\ were 

proven to be in the cell wall of this organism. These experiments confirm that SSAl and 

SSA2 are true cell wall proteins, and their extracellular location is not due to cell 1\ sis. 

With a single SSAl or SSA2 mutant, Hsp70 is still detected in the cell wall suggesting that 

one deletion can replace the other. 

Functions of Hsp70s 

The main funcfion of most Hsp70s is to bind polypeptides in their unfolded state. 

In this instance they are acting like a molecular chaperone and can also participate in the 

folding of a polypepfide in a stepwise fashion (22). Therefore, Hsp70s are required in 

order for proteins to assume their natural, functional conformation inside the cell. 1 he 

polypeptide-binding domain is located close to the C-terminus in the final 27 kl)a ot the 

mature Hsp70, and the N-terminus possesses an ATP-binding domain w ith vcr> weak 

ATPase acfivity (20). This activit>- is so weak that the Hsp70 itself cannot he responsible 
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for hydrolyzing ATP. and must therefore stay in the ATP-bound form in which it cannot 

bind polypeptides. A DnaJ protein is needed to cany the pohpeptide and associate with 

the Hsp70 before it can proceed. The DnaJ then causes the hydrolysis of ATP and the 

peptide can now move and bind to the Hsp70 (21). Another major function of Hsp70 

proteins is their ability to help proteins translocate across cellular membranes. This ma\ 

be due to the fact that proteins that have already reached a defined three-dimensional 

structure cannot cross membranes. Hsp70 proteins hold other proteins in the linear state. 

This is why they have been shown to be involved in a large 250 kDa complex that is 

required to help certain proteins cross membranes (59). 

Hsp70s and the Heat Shock Response 

As their name suggests, the Hsp70s are intimately involved in the heat shock 

response. They play an active role in protecting naturally folded proteins from 

undergoing denaturization while in the stressful situation of increased temperature. The 

Hsp70s and their homologs have been shown to protect some of the most sensitive and 

crucial elements of the cell from heat inacfivation (12). They may accomplish this by 

simply not allowing the denatured proteins to form large aggregates. The I lsp70s are 

also involved in the regulation of the heat shock response. When the gene tor the Ssa 1 

protein is overexpressed, there is a reduction in expression from both the VS. 1 / and .SX-IV 

loci (16). This suggests that the role of Ssal is one of negative control. Also supporting 

this is the fact that when the SSAl gene is knocked out, one sees a dramatic up regulaiion 

from the SSA4 locus (64). 
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Multiple Ftmctions of the Hsp70s 

The super family of Hsp70 proteins are involved in numerous cellular activities. 

They are needed to survive an increase in temperature, and are needed inside the cell in 

order to carry out normal cellular functions. Along with aiding in the regulation of the 

heat shock response and acting as a molecular chaperone, they also are invoh ed in 

uncoating clathrin coated vesicles and preventing proteolysis (9). The Hsp70s ha\ e also 

been shown to be associated with steroid hormone receptors and the tumor suppressor 

protein p53 (14). Because Hsp70s display so many fiinctions within the cell and seem to 

interact with such a variety of proteins, it has long been the goal of researches to 

elucidate how the protein accomplishes this. It is now believed that the partner protein 

that interacts with Hsp70 causes it to customize its conformation and perform so man\ 

different fiinctions inside and outside the cell (54). Different Hsp70s are found in almost 

every cellular compartment, and these Hsp70s are not functionally interchangeable e\ en 

though the similarity of the proteins may be very dramatic (98%). This phenomenon, 

along with the multiple actions of Hsp70s, could be due to the localization of certain 

partner proteins and their binding to the Hsp70 protein at highly specific regions (54). 

Since Hsp70 has been localized to the cell wall, its function in the cell wall is still under 

investigation and may have more to do with its cytosolic functions than with any function 

it has in the cell wall. 
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Aim of this Research 

While the existence of alternative secretor>' pathways has now been h\pothesized 

for a number of different proteins, over a wide range of organisms, and only relativeh 

few pathways have been completed. It is the goal of this research to identif> pathways 

that are involved in the secretion of Hsp70 proteins to the cell wall in 5 cerevisiae. Tliis 

can be accomplished by several different mechanisms. Hsp70 can interact w ith proteins 

involved in an alternative secretory pathway, or it may self-tranlocate across the plasma 

membrane. If it is a substrate for an alternative seereton. pathway, it w ould ha\ e to 

interact with other proteins to accomplish the secretion. If self-translocation accounts for 

the appearance of Hsp70 in the cell wall, the requirements for secretion would lie within 

Hsp70 itself. The goal of this project it to devise a mechanism to identily proteins that 

interact and translocate Hsp70 to the cell surface. 

While trying to accomplish the task of identifying proteins invoked in the 

secrefion of the Ssal protein, we first decided to use methods described b> Lopez-Ribot 

et al. (43). The observation that Hsp70 can be located at the cell surface by 

immunofluorescence was used to try and select for mutants. In this case, fluorescence-

acfivated cell sorting may be used to separate cells expressing surface Hsp70 from non-

expressing cells in a mutagenizing populadon. However, the antibod\ utilized in the 

original study was different from that used in this study and ma\ have not recognized 

surface exposed epitopes of intact cells. A selection approach was then devised to use a 

physiological marker for Hsp70 secrefion. This approach relied on the secretion ot an 

Hsp70-invertase fusion protein in a sue' (invertase negative) strain such that cells that 

P 



secrete the fusion would grow on media where sucrose is the onl\ a\ ailable carbon 

source and those that fail to secrete the fusion would not grow. This could then be used 

to identify secreting and non-secreting cells in a mutagenized population. 



CHAPTER II 

MATERIALS AND METHODS 

Microbial Strains and Vectors 

Saccharomyces cerevisiae strains T211, a mating type, GAL2, /7Z53-11,15. leul-

3,112, lys\, lys2, trpX, ura3-52, and T212, a mating type, GAL2, his 3-11.15 Ieu2-3A 12, 

lysl, lys2, trpl-A\, ura 3-52, ssalwHlSS, ssa2:: LUE2 were obtained from Dr. Elizabeth 

Craig at the University of Wisconsin in Madison, WI. S. cerevisiae strain BY4742, a 

mating type, his', leu, lys', and ura'v^as used in the mating experiments. A derivative of 

BY4742 was also used in the mating experiments and is his', leu, lys'. ura' and 

SUC2::G4l^. The BY4742 strains are from Research Genetics and the Yeast Deletion 

Table 2.1. Yeast Strains Used in this Study. 

Strain Name 

T211 

T212 

BY4742 

Genotype 

Mat a his3-ll,15, leu2-3.112, lysl lvs2. 
trpl, ura3-52 
Mata,/2/5i-77.75. Ieu2-3.112, lysl. Iys2, 
trpl, ura3-52', ssal::HIS3, ssa2:: LUE2 
Mat alpha, his3Dl, leu2D0, lys2D0, ura3D0 

Reference 

M0I.& Cell. Biol. 
7:2568-2577(1987) 
Mol.iS: Cell. Biol. 
7:2568-2577(1987) 
Research (lenetics 

BY4742suc2' 

T21\suc2' 

211Uv«c2' 

Mat alpha, his3Dl, leu2D0, lys2DO, 
ura3D0, SUC2::G418 
Mat a. his3-ll,15, Ieu2-3,n2, lysl, lvs2, 
trpl, ura3-52, suc2::URA3 

Mat a, his3-ll,15, Ieu2-3J}2. lysl, lvs2, 
trpl, ura3-52, sue2 

Research (lenetics 
Rcffi 12321 
rhis Studv 

Ihis Srudv 
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Project. Escherichia coli strain TOPI OF' was purchased from Invitrogen (Carlsbad. CA) 

with the genotype F'{/(3d''Tn70(Tet^)} mcrA Aimrr-hsdRMSmcrBC) (t)80ZAM15 

AlacX14deoR recAX i7raD139 A{ara-leu)l 691 gaRJ galK rspL end A] nupG and was 

used for simplified producfion of the vectors used in this study. All the yeast strains used 

in this study are shown in Table 2.1. 

Several different vectors were created for use in this study utilizing the yeast 

integrative vector pRS306 (Figure 2.1). first described by Sidorski ei al. (62). The 

presence of the replication machinery for propagation in both E. coli and S. cerevisiae 

allowed this plasmid to be used as a shuttle vector; the ampicillin resistance and uracil 

genes permitted for selection in E. coli and S. cerevisiae, respectiveh. The pMPY-ZAP 

plasmid was utilized in the deletion of the SUC2 gene in the S. cerevisiae strain T211 imd 

was provided by Dr. Brandt Schneidar (TTUHSC, Lubbock, TX). 

Media and Growth Conditions 

E. coli strains were grown in Luria Bertani (LB) medium containing 1% tr\ptone 

(Difco Laboratories, Detroit, MI), 0.5% yeast extract (Difco Laboratories), and 1% NaCl 

(Fischer Scienfific, Fair Lawn, NJ). Ampicillin (Sigma Chemical Corporation, St. 1 (Uiis. 

MO) was added to a final concentration of 50 ug/ml when selective pressure in /•; coli 

was needed. These cultures were grown in 50 ml flasks containing 10 ml LB in an orbital 

shaker at 220 rpm at 37° C. Luria Bertani agar plates were made by supplementing the 

LB media with 20% granulated agar (Fisher Scientific). 
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PRS306 
4373 bp 

Kpn\ (2100) 

Xho\ (2081) 

Sal\ (2075 

aa\ (2067) 

Siii\ (848) 

Figure 2.1. The Yeast Vector pRS306. This vector was used to construct several 
different plasmids. It contains ampicillin resistance and uracil genes to allow for 
selection in E. coli and S. cerevisiae, respectively. 
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S. cerevisiae cultures were grown at 30° C on the orbital shaker at 180 rpm in 

Yeast Extract Peptone and Dextrose medium (YEPD). YEPD is composed of 10% yeast 

extract (Difco Laboratories), 20% peptone (Difco Laboratories) and 20% Dextrose 

(Fischer Scienfific). Yeast Nitrogen Base medium (^TsB. 0.67% [Fischer Scientific]) 

supplemented with 20% Dextrose, 20% granulated agar and the appropriate concentration 

of individual amino acids without uracil was used for selecfion of plasmid retention in X 

cerevisiae as described in Methods in Yeast Genetics by (2). Sucrose plates contained 

2% sucrose (Fisher), 0.67% YNB (Fisher), 0.2% amino acid mix lacking uracil, and 2% 

agar (Fisher). 

Preparing Cell Wall Extracts 

In this study, we were interested in a soluble protein component of the cell wall. 

These proteins can be extracted from the cell wall under mild reducing conditions, fhese 

proteins were removed fi"om the cell wall as describe by Cassnova et ^/. (8). A culture of 

the appropriate strain was inoculated and allowed to grow overnight to the 

midlogorithmic phase of growth. The cells were harvested by centrifugation at 3000 rpm 

and then washed twice in sterile water. The cell wall proteins were then isolated by 

resuspending the cells in ammonium carbonate (1.6g/L [Sigma]) and adding 2-

mercaptoethanol to 2% and then incubating at 37°C for 30 min. The suspension was 

centriftiged at 3000 rpm and then the supernatant filtered through a 0.45 îm (1 isher) {o 

remove any cells that may have remained. The filtrate was dialy/ed for 48 hrs aeamst 

water to remove the 2-mercaptoethanol and then Kophilized. 
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Preparafion and Purification of a Polyclonal Antibody to Hsp70 

The 17 C-terminal amino acids of the Ssal protein (APPAPEAEGPTVEE\'D) 

were synthesized and conjugated to the hemaglutinin molecule by the Louisiana State 

University core protein laboratory. A solution was prepared by the addition of 0.5 ml this 

conjugated peptide to 1.0 ml of the Ribi Adjuvant System (RIBI ImmunoChem Research 

Inc. Hamilton, MT). This mixture was then injected intradermally into the back of a 

rabbit. Three weeks later the injection was repeated. The rabbit was then bled 10 days 

after the second boosfing and the antibody (PAb-Ssal) purified by ammonium sulfate 

(Fisher) precipitation. The whole blood obtained from the rabbit was incubated at 37°C 

for one hour then transferred to 4°C overnight. This was then centrifuged at 3000g tor 30 

minutes. The supernatant was transferred to a clean beaker. While the serum was being 

stirred, saturated ammonium sulfate was added until the final mixture was 50"b saturated 

ammonium sulfate. This solution was again centrifuged at 3000g for 30 minutes. The 

supernatant was removed and discarded. The pellet was suspended in 0.5 volumes ot the 

starting volume in PBS. This was dialyzed against PBS overnight and the concentration 

determined by the Bradford method. 

Western Blotting 

Western blotting was done by standard techniques (57). Protein extracts were 

resuspended in water and the concentration determined b\ the Bradford method (6). fen 

micrograms of the protein extracts were loaded onto a 12.5"() sodium dodec>l sultate-



polyacrylamide gel and run at 100 volts. The proteins were transferred using a semi-dr\ 

electric blotter (Hoefer Scientific Instruments, San Francisco) to a nitrocellulose 

membrane (Bio-Rad Laboratories, Hercules, CA). The membrane was then incubated at 

room temperature for 1 hr in a 10% Bovine Serum Albtimin (BSA [Sigma]) solution to 

effectively block any nonspecific binding. The membrane was rinsed with Tris-ButTered-

Saline (TBS) and a 1 to 100 dilution of the antibody, anti-Hsp70, was applied in BSA and 

incubated for 1 hr at 37°C. The primar\ antibody was rinsed and the membrane washed 

3 times in TBS. A 1/100 solution of the secondary antibody, goat anti-rabbit conjugated 

to peroxidase (Sigma), in TBS was then incubated with the membrane for 1 hour at 37'̂ Ĉ  

Three final washes were done in TBS and the peroxidase was developed according to the 

supplier with 4-chloro-l-napthol (Sigma) and hydrogen peroxide (Sigma). 

Indirect Immunofluorescence 

The indirect immunofluorescence assays were done on the T211 and 1212 strains 

of S.cerevisiae. The polyclonal anfi-Hsp70 antibody, that was described earlier, was used 

to detect the cell surface locafion of Hsp70 using a fluorescein isothiocyanate (FH C ) 

conjugated secondary anfibody. The cells were grown overnight in 10 mis of \PD in a 

50 ml flask. The cell density of the culture was determined microscopically on a 

hemacytometer, and a new 50 ml culture was inoculated to a densit\ of 5x10" cells'ml 

culture. This culture was incubated on an orbital shaker at 180 rpm and 30°C for 3 io s 

hours, to a final density of 2x10^ cells/ml. The cells were then harvested in a sterile ^0 

ml Falcon polypropelene centrifuge tube (Fisher Scientific) at 3000 \ g lor 5 minutes 



The supernatant was decanted and the cells washed three times with 25 mis of PBS. The 

cell were then resuspended in 50 mis of PBS keeping the concentrafion 2x10 cells ml. 

Two hundred microliters were then taken and the anfi-Hsp70 polyclonal antibody w as 

added to a concentration of 1 to 100. This was then incubated at 37°C for 1 hr. After the 

incubation the cells were again wash three times in PBS and resuspended in 200 f.il PBS. 

The anti-IgG anfibody conjugated to FITC (Sigma) was then added to a concentration of 

1 to 100 and incubated at 37°C for 1 hr. The cells were again wash three times in PBS 

and resuspended in 200 jil PBS. The cells were then examined w ith a Nikon Labophot 

microscope equipped for epifluoresence. 

Construction of Plasmid 

The SUC2 gene was utilized as a genetic marker to select for cells that either can 

or cannot secrete the SSAX gene. In order to do this, an in-frame fusion between the two 

genes (the enfire SSAX gene fused to the N-terminus of the SIJC2 gene lacking its own 

secrefion signal) was created and then cloned into pRS306 with the inducible MKT3 

promotor just upstream of the fusion as described below. 

Splice Overiap Extension (SOE) Polymerase Chain Reaction (PC^R) 

SOE PCR was used to splice two genes together in the correct orientation. 1 he 

primary PCR reacfions (Figure 2.2) were carried out in an Ericomp thermoc\cler using 



250 1̂1 thin walled microfuge tubes (Phenix Research, Hayward. CA). The 50 \iX 

reactions consisted of 1 ng of 5. cerevisiae genomic DNA Research Genetics. Hunts\ ille. 

5'-....ATGTCAAAAGCTGTCGGTATTGATTTAGG....-3' 

+1 +29 
3'- CC AGGTTGGC AACTTCTTC A ACT A... .-5' 4 
+1903 C2 + 192 

5'- ACAAACGAAACTAGTGATAGACCTTTGG 

TGTTTGCTTTGATCACTATCTGGAAACC GGCTGGGGTCAATGGACC1. 

+64 C2 +91 +1741 
C4 

+ 17S9 

Figure 2.2. Primers Designed for SOE PCR. (A) The PCR primer design for the SSA I gene uses 
primers CI and C2. CI was designed starting at the start codon and has 29 bases of homology to the 
SSAl gene with a ///W///restriction enzyme site incorporated to the 5' side of the SS.41 homology as 
detailed in Table 2.2. Primer C2 was designed at the end of the SSA 1 gene not including the stop 
codon with another 28 bases complement to the C3 primer and SUC2. (B). Primer C3 was designed 
to amplify the SUC2 gene lacking its own signal sequence (+1-+63). Primer C4 was designed 200 
bases downstream of the stop codon of SUC2. It has 20 bases of homology to SUC2 and has a Nott 
restriction enzyme site (Table 2.2) to clone the fiision into pRS306. 

26 



Table 2.2. Oligonucleotides Used in PCR Reactions. Restriction sites: 
Hindlll sites are in red. Xhol sites are in blue. Kpiil sites are in green. 
NotI sites are pink. 

Primer 

CI 

C2* 

C3 

C4 

SI 

ZAPl 

ZAP2 

Ul 

U2 

Z2 

Ml 

M2 

Sequence 

5'-GCGATCGTCAAGC 1 IGAGCTCAT-
GTCAAAAGCTGTCGGTATTGATTT-
AGG-3' 
5'-GCCCTTGTTGGGTGTGAAGTGGA-
CCAAAGGTCTATCACTAGTTTCGTI-
TGTATCAACTTCTTCAACGGTTGGA-
CC-3' 
5'-ACAAACGAAACTAGTGATAGACC-
TTTGG-3' 
5'-GCTATCTGCCTCGAGc.C CiCiCCXlC-
TCCAGGTAACTGGGGTCGGG-3' 
5'-ACGATCGTCAAC.C 1 1 GAGC ICAT 
GACAAACGAAACTAGIGAGACC r 1-
TGG-3' 
5'-TTTTCTCTCAGAGAAACAA(iCAA-
AACAAAAAGCTTTTCTnrCAC lAA-
CGAAAGGGAACAAAAGC rCiG-3' 
5'-CTATTTTACTTCCC IT AC rICiGAA-
CTTGTCAATGTAGAACAAArlA 1C (J-
ACCACTATAGGGCGAA rKiCi-3' 
5'-ACGACTTTTTTTTTl r(i(i-3' 

5'-ACATAAAGAACAAAl rCC-3' 

5'-GCATATTTGAGA AG A 1 (1C( 1( iCC-3' 

5'- ACGATCGrC(.(. 1 \( ( iWi("(Ki( -
GTTTAATTTA(ilAClAACA(lA(iA(-V 

5'-GCTATCTGC A \( i( 1 1 A I ("(lA l( \ I I -
A A T l A T A C T n A i r C I 1(11 lAl lAl 1- i 
AIAC 3' 1 
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AL), (200 îM of dCTP, 200 îM of dTTP, 200 îM of dATP, 200 ^M of dGTP. luM of 

each appropriate primer (CI with C2 or C3 with C4 [Table 2.2 and Figure 2.2]). 20 units 

of High Fidelity Polymerase (Boerinhger-Mannheim, Pleasanton, CA) and IX 

concentration of reaction buffer (20mM Tris-HCl. lOOmM KCl, ImM dithiothreitol, 0.1 

mM EDTA). 

The primers were designed by using sequence information from the 

Saccharomyces Genome Database. A Hindlll site was incorporated into the 5' primer tor 

SSAl PCR product and a Notl site was incorporated into the 3' side of the SUC2 product. 

A list of the primers used is outlined in Table 2.1, and depending on which reaction was 

run, a different set of primers may be utilized. The PCR was run with a denaturization 

step at 94 °C for two minutes, followed by 30 cycles of 95°C for 30 seconds, 60° for "̂ 0 

seconds and 68°C for 3 minutes. Then a final extension was done at 72°C for 10 

minutes. Each PCR reaction was nm at room temperature for 1 hour at 80 \o\is on a 

0.8% SeaKem GTG agarose (BioWhittaker, Vallensbaek Strad, Denmark) TBI: gel 

(0.045 M Tris-Borate, 0.001 M EDTA pH 8.0), and then gel extracted using the Qiagen 

Qiaex II gel extraction kit (Qiagen, Valencia, CA) to remove primers and excess 

dNTPs. The gel was stained with 15 |LI1 10 mg/ml ethidium bromide. The 50pl product 

of the gel extraction was then checked for purity by loading 5 pi on another O.S" o 1 Bl 

gel. The concentration was determined by UV spectroscopy. 

In the second PCR reaction, the overlapping sequences thai are present betueen 

the first two PCR products annealed and extension occurred at the free 3' phosphates. 

This resulted in the entire fusion product. The reaction was carried oui under 

2S 
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CI C3 

\ 

SSAl SUC2 

A) C2 \ « 

i PCR la PCR lb 

SSAl C2 SUC2 

B) CI 

\ 

C4 

I PCR 2 

C) 

SSAl SUC2 

Figure 2.3. SOE PCR. (A), hi the first PCR reacfions, two separate fragments of DNA 
are amplified using primers CI, C2, C3, C4. Primer C3 has 50 basepairs thai are 
complementary to the terminal portion of the C4 primer and the SUC2 gene. (i^). 1 he 
two separate fragments are then gel extracted to rid the mixture of primers C2 and ('3 
After this is done they are combined together in another PCR reaelion using onl\ CI and 
C4 as the amplification primers. (C). Since there is homology between the two pieces ol 
DNA, the entire in-frame fusion will be produced. 

29 



conditions simtlar to the first PCR except that the primers and template used changed. 

Only primer CI and C4 were required in this reacfion and the templates used were the 

primary PCR products generated earlier. The entire SOE PCR is shown in Figure 2.3. 

Cloning into pRS306 

All the genetic techniques were performed as previously described (Maniatis, 

CSHL (57)). Before the ftision could be cloned into the pRS306 (Figure 2.5), the MET3 

promoter had to be cloned into the plasmid. The MET3 promoter was amplified from .S". 

cerevisiae genomic DNA using the same technique as described for the amplification of 

SSAl and SUC2, except primers Ml and M2 were added to the reaction. Ml and M2 

(Figure 2.4) ampified the 500 basepairs of the region immediately upstream of the MET3 

gene. The MET3 promoter PCR product was digested with 20 units HindXXX (New 

England Biolabs, 

3^• J2ATATTATTATTGTTCTTATTTCAT A n AA I K i . . . 5 ' 

-33 0 

5'...-CGTTTAATTTAGTACTAAC AG AG AC... 3' 

-500 -476 

Figure 2.4. Primers Used in Cloning the MET3 Promoter. The primers were designed 
as shown above with a Kpnl site incorporated into the 5' side of the M1 primer and a 
Hindlll site incorporated into the M2 primer. 
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Beverly, MA [NEB]) in NEB buffer 2 (10 mM Tris-HCl. 10 mM MgCl:. 50 mM NaCl. 1 

mM dithiothreitol, pH 7.0) for three hours at 37°C. followed by addition of 20 imits Kpnl 

(NEB) and subsequent incubation at 37°C for 3 hours. This digested product was then 

run on a 0.8% agarose (BioWhittaker) TBE gel and extracted as described earlier in this 

manuscript. The same procedure was used to prepare the plasmid. pRS306, for ligation. 

All ligafions were carried out at 15°C ovemight using 10 units of T4 DNA ligase (NEB) 

in 10)̂ 1 volumes according to the manufacturers protocol. The next day. one microliter ot 

the ligation mixture was used to transform E. coli cells as described by Maniatis et al. 

URA 

Kpnl(6011) 

Xhol(5992) 

5^/1 (5986) 

Met 

Xhol(5672) 

/////dl 11(5480) 

aal(5199) 

Kpnl(5001) 

£coRI(4754) ^ / J 

Clal{46\4) 

ssa 

£c-oRI (4459) 

FxoR\07\^) 

.W 1(4046) 

Figure 2.5. The SSA::SUC2 Fusion Cloned into pKS3()Omet3. Ihe SSA! SI I '2 gene 
fusion was cloned into the Hindlll dnd Aoll sites in front of the \fi:r3 priMiioter. uhieh 
was cloned into the Kpnl and Hindlll sites. 
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Briefly, the TOPI OF' cells purchased from Invitrogen were incubated on ice for 30 

minutes with 1 |il of the ligation mixture. The cells were then heat shocked for 90 

seconds at 42°C. One milliliter of sterile LB was then added and the cells incubated at 

37°C for 1 hr. The E. coli cells were then plated on LB-ampicillin (50mg ml), and were 

grown up at 37°C ovemight. A single colony was chosen from the transformation plate 

and grown to saturation LB-ampicillin media, and the new plasmid pRS306-ME r3P was 

isolated using the QLAprep Spin Miniprep kit (Qiagen). This DNA was then used to 

clone the SSA1::SUC2 fusion. The fiision and plasmid pRS306-MET3P were digested 

with Hindlll followed by digestion with Xhol as describe abo\ e. After gel purification of 

the two digested products, they were ligated together and transfomied into E. coli. The 

entire construct containing the MET3 promoter and fusion, shovvn in Figure 2.5. was 

purified using the QIAprep Spin Miniprep kit (Qiagen) from E. coli and transfomied into 

S. cerevisiae as described later in this manuscript. 

In order to determine if the fusion was made in-frame, primers were designed to 

sequence across the junction. The plasmid was isolated as previously described using the 

Qiagen Midi Prep kit and sent to the Texas Tech Biotechnology (ore Facitlit\ and 

sequenced using the Big-Dye Terminator Cycle Sequencing Ready kit (Perkin-I-lmer. 

Shelton, CT) on an automated ABI PRISM 377 XL DNA Sequencer (Perkin-Flmer) 

using the manufacturer's protocol. The primer used was 100 ba.sepairs immediateK 

upstream of the junction inside the SSAl gene and its sequence was 

5'-C ATGTCTAAGTTGTACCAA(iCTC.(n(i(i-V 



Before the experiments could proceed, a negati\ e control plasmid had to be 

constructed. Using the same techniques described above, the SLC2 gene lacking its own 

signal sequence was cloned into the pRS306-MET3P. After the SL'C2 gene was 

amplified out with primers SI and C4. the product was cloned into the plasmid using 

HindUI and Notl. This plasmid was given the name pRS3065'L C2 

Deletion of the SUC2 gene in S. cerevisiae 

In order to detect the Ssal protein at the cell surface using the enz>Tnatic acti\ it> 

of invertase, the SUC2 gene must first be deleted in the S. cerevisiae strain (Figure 2.6). 

The gene deletion was carried out using pMPY-ZAP, a reusable PCR-directed disruption 

cassette. 

Amplification of the pMPY-Zap Cassette 

The pMPY-Zap cassette contains the URA3 gene fianked by 500 basepairs of 

hisG repeats on a plasmid, which is stable and can replicate in E. coli. About 50 

basepairs of homology was needed to insure the recombination event would occur and 

replace the SUC2 gene with the uracil auxotrophic marker. These 50 basepairs were 

designed into a 5' extension of the primer, which also has 18-20 basepairs of homology to 

the region immediately upstream of the hisG repeats of the pMP\'-/.ap plasmid. fable 



-200 ZAPl 

5 ' . . .-TTTTCTCTC.AGAG.AAACAAGCAAAAC.AA.-VA.AGCTTTTCTTTTCACTAACGAA-
.'XGGG A AC AAA.AC JCTCC. . .3 ' 

148 

hisG LRA3 hisG 

+1 
pMPY-ZAP 

+ 1900 

PCR 

SUC2 I hisg 
i 

URA3 hisg 
PCR Product 

SUC2 

Crossove 

Transform into 
S. cerevisiae 

Crossover 

SUG. 

Comnlete Deletion in i After 
Crossovers 

URA 3 

Figure 2.6. Deletion of the SUC2 Gene with the pMPY-ZAP Gene Deletion Cassette I Kiim primers 
ZAPl and ZAP2, with homology to the SUC2 gene (red) and the pMPY-ZAP (blue) plasmid. the 
PCR reaction was run and the product shown. The product ha.s homology to the .S7 ('2 gene and 
contains the URA3 gene for selection of the crossover event. Ihe crossover event occurs alter the 
PCR product is transformed into S. cerevi.siac and the complete deletion is shown I his experiment 
effectively replaces the SUC2 gene with the gene deletion cassette. 
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2.1 shows the ZAPl and ZAP2 primers that were used for this experiment. The PCR 

reaction w âs carried out as described by Schneider et al. and was a 50 |ul reaction, which 

contained 20 ng of pMPY-ZAP, 100 pmol of each primer with the appropriate butYer and 

MgCb concentrafions (58). Five units of the High Fidelit\' poKmerase (Boehringer 

Mannheim) were added and the following reaction was run: one c>cle for 5 minutes at 

94° C, one minute at 50° C, and three minutes at 68° C followed by 20 cycles at one 

minute at 94° C, one minute at 50°C. and three minutes at 68°C. 

Transformation of 5. cerevisiae 

The PCR product pMPY-ZAP is a linear piece of DNA with 50 bp of homolog\ 

on both sides that are homologous to the regions immediately upstream and downstream 

of the SUC2 gene, which was used directly in the transformation of '̂. cerevisiae strain 

T211. A 5ml culture of was grown ovemight to saturation in YEPD. fhe cell density of 

the culture was determined microscopically on a hemacytometer, and a new 50 ml culture 

was inoculated to a density of 5x10^ cells/ml culture. This culture was incubated on an 

orbital shaker at 180 rpm and 30°C for 3 to 5 hours, to a final density of 2\ 10 cells ml. 

The cells were then harvested in a sterile 50 ml Falcon polypropelene centrifuge tube 

(Fisher Scienfific) at 3000 x g for 5 minutes. The supernatant was decanted and the cells 

washed with 25 mis of sterile water. The cells were suspended and centrifuged again. 

After decanting the supernatant, 1 ml of l.OM LiAc (Sigma) was used io resuspend the 

cells, which were then transferred to a 1.5 ml microfuge tube (Phenix). fhe cells were 

^̂  



pelleted at 15,000 rpm on a bench top microfuge, and the LiAc was removed with a 

pippette. The cells were again resuspended in LiAc to a fmal volume of 500pl. 

The cells were then transferred to separate 1.5 ml microfuge tubes in 50 pi 

aliquots. The basic transformation mix was added in the following order: 240 pi 

polyethylene glycol (Sigma) 50% w/v, 36 pi of 1.0 M LiAc. 25 pi ss-DNA (Sigma) 2.0 

mg/ml, and 50 pi of water containing the SOE-PCR product. There was 10 pg of the 

PCR product added. The entire mixture was then vortexed and incubated at 30° C for 30 

min. The microfuge tubes were then transferred to a 42° C water bath for 20 minutes to 

heat shock the cells. Following a centrigugation at 6000 rpm for 15 seconds, the 

transformation mix was removed. The pellet was resuspended ver\ carefull> in 1 ml of 

sterile water to wash the cells. After this, 200 pi of the mixture was spread on YNB 

plates that lack uracil and grown for two to four days to select for the recombination 

event between the PCR product and the SUG2 gene. 

In order to transform the now 5'wc2"cells with a plasmid that also utilizes the URA 

selectable marker, the URA gene used in the pMPY-ZAP cassette needed to be excised. 

This recombination event occurred between the flanking hisG repeats and lea\es the ///,s( i 

in the place of the SUC2 gene. Five-fluoroorotic acid (5-FOA [USBiological. Swampcott, 

MA]) is converted into a lethal by-product in cells that possess a functional URA} gene, 

and therefore the recombination event between the hisG repeats is selected for when the 

cells are grown in the presence of 5-FOA. Briefly, the cells were grown to the mid-

logarithmic phase in YEPD and then transferred to a YNB agar plate containting Ig 1. 5-

FOA. Ten ura' colonies were selected and tested for the lack of growth on sucrose 
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media, and these then be transformed using a functional U114 gene as the selectable 

marker. This strain was named 2XXI]suc2' 

Confirmation of the SUC2 Deletion 

At this point, the yeast have been transformed with the pMPY-ZAP PCR product, 

and transformants have been selected for by growth on YNB agar plates that lack uracil. 

The next step is to confirm that the cassette was integrated in the correct location within 

the SUC2 locus. This was tested in a variety of ways. 

Confirmation by Growth on Sucrose 

Since a ftinctional SUC2 gene is required for the cells to grow w hen sucrose is the 

only available carbon source, the strains in which the pMP^ -ZAP cassette is correctU 

integrated will not be able to grow on sucrose plates. Indi\ idual colonies were plated 

onto -URA YNB glucose plates lacking uracil, and then replica plated onto N'NB sucrose 

plates lacking uracil and incubated for 3-5 da> s at 30° C. 

Confirmation by Mating 

Mating experiments can be useful for determining which gene has been deleted it 

a known deletion is available. Dr. Brandt Schneider (Lubbock, TX) provided a smtable 

.S". cerevisiae SUG2 delefion strain (reference number 12321). a den\ative of B>'4742 

from Research Genetics (Table 2.1), and this used in crosses to the .S7 ("2 deletion 

(T21 XsucZ) that was produced in this stud\ Mating experiments are a form of nutrilional 



complementation; a functional SUC2 gene in one strain will be able to allow for growth 

of the diploid on sucrose media. One small colony of T21 l5wc2', mating t\pe a, was 

picked with a sterile toothpick from a YPD plate and innoculated onto another YPD plate 

in a spot roughly 5nim in diameter. The BY4742 strain, mating r\pe a. was then 

inoculated and spread in exactly the same spot. This was allowed to grow ovemight at 

30° C. The colonies were then transferred to a YNB plate which lack tryptophan and 

uracil to select for cells that have mated, and are now diploid in nature. This was again 

incubated at 30° C ovemight, and then colonies were transferred to a sucrose plate that 

lack uracil and tryptophan to determine if the correct gene has been disrupted. 

Confirmation by PCR 

PCR can also be used to determine if the disruption cassette has integrated in the 

correct location. Colonies from T21 Xsuc2' were used in this step. These cells ha\e the 

SUC2 gene deleted and the entire disruption cassette integrated into the genome, and is 

therefore URA^. Primers Zl and Z2, along with Ul and U2 (Table 2.1). were used in the 

orientation shown in Figure 2.7, to produce several distinct bands when the reaction were 

run. A toothpick was used to pick up a small portion of the T21 Xsuc2' strain, and was 

placed in 5 pi solution of water in a 250 pi microfuge tube and boiled for 5 minutes. Ihis 

solution was used to run the appropriate PCR reaction. There was one cycle t)f 5 minutes 

at 94°C, 1 minute at 50°C, and 3 minutes at 72°C, followed by 20 cycles at I minute at 

94°C, 1 minute at 50°C, and 3 minutes at 72°C using Taq polymerase (Sigma) in the 

appropriate buffer and magnesium chloride concentrations as reccMiimended by the 
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supplier. In order to further characterize the legifimacy of using PCR to show that the 

cassette has been integrated properiy, one of the PCR products was cloned using a TOPO 

TA Cloning Kit purchased from Invitrogen. After the product was cloned, it was sent for 

sequencing from the T7 and Ml3 reverse primers at the Texas Tech Biotechnolog> Core 

Facility. 

-200 -174 +210 

5'... AAAGATTTGACGACTTTTTTTTTTTGG.. .3' 

Ul 
3'. CCTTAAACA-VGAAArACArC. 

+212 

5'.. GCATATTTGAGAAGATGCGGCC . 3' 

+ 1300 Z2 + 1322 

Figure 2.7. The Orientafion of the Primers Used in the PCR Confimialion of the suc2 
Delefion. Ul is in the immediately upstream of the SUG2 gene and U2 is immediateK 
downstream where as Z2 is inside the functional URA3 gene. If the cassette is in the 
correct location there will be distinct bands produce by the PCR reactions i s . 
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Transformafion of 71 lU:5^c2'with vRS306-SSAX:SUG2 

The same transformation procedure for the introduction of pRS306-55.41 :SUL^ 

into T211 :suc2' was used for the transformation of T211 with the PCR product from 

pMPY-ZAP. Rather than the 20 ng used previously. 100 ng of plasmid DNA was added 

to the transformation mix. Again, the transformants were selected for on YNB glucose 

plates that lack uracil and allowed to grow for 3-5 days at 30° C. After the 

transformafion of T211 sucT with pRS306-SSAX:SUG2. the transfomiants were tested to 

see if the secrefion of SSAX could be detected using the enzymafic acfivity of invertase. 

The transformants were grown on YNB glucose plates that lack methionine and uracil 

and then serial dilutions were transferred to YNB sucrose plates that lack methionine and 

uracil. If the SSAX portion of the ftision is able to direct the construct to the cell surface, 

the cell will be able to grow on the sucrose plates. A negative control plasmid, 

pRS306S'f/C2, was also transformed into the T211 ,vz/c'2 that had the SI 'C2 gene without 

its own leader sequence under the control of the MET3 promoter. This will be used as a 

negative control in order to make sure that it is the SSAl portion and not the SIX '2 

portion that targets the fusion to the cell surface. 
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CHAPTER m 

RESULTS 

Confirmafion of Hsp70 in the Cell Wall 

In order to study the secrefion of SSAl and SSA2 to the cell wall, Hsp70 had to be 

confirmed to be in the cell wall. Cell wall extracts were prepared as described from T211 

and T212 and run on a 12.5% SDS-PAGE gel. The cell wall protein extracts were then 

transferred to a nitrocellulose membrane and visualized using Western blotting with the 

polyclonal Hsp70 antibody as the primary antibody and anti-IgG conjugated to horse 

radish peroxidase (EIRP) as the secondary antibody. The results of this experiment are 

shown in Figure 3.1. A single sharp band was produced in lane 1 (the T211 strain) and 

had an electrophoretic mobility around 70 KDa MW. As expected, there was no 

reactivity in the ssal and ssa2 mutant strain T212 (lane 2). 

Figure 3.1. Western Blot of Hsp70 in the Cell Wall of S. cerevisiae. Lane I: Cell wall extract 
from S. cerevisiae strain T211. Lane 2: Cell wall extract from T2I2. I he reactivity shown in 
lane 1 is at 70 KDa MW and corresponds to the Hsp70 protein. 
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Indirect Immunofluorescence Assavs 

Since the polyclonal anti-Hsp70 antibody exhibited specific reactivity' to one 

protein in the cell wall extract of T211 and none in strain T2112. it was postulated that 

immunofluorescence assays could be performed that would allow the detection of Hsp70 

at the cell surface. This would allow for the selection of mutants that do not secrete 

Hsp70. Therefore, strain T211 was used as a positive control and strain T212 as a 

negative control in testing if Hsp70 could be detected using immunotluorescence. .'\fter 

repeated experiments testing the fluorescent activity of both strains after incubation with 

the primary (anti-Hsp70) and secondary antibodies (anti-IgG conjugated to FITC), no 

significant distinction could be made between the two types of cells. Some experiments 

produced too high backgrotmd, and some produced no detectable fluorescence. Due to 

the irreproducibility of the immunofluorescence assays, this method was abandoned for a 

physiological assay. 

Construction of Gene Fusion 

In order to study the secretion and identity other proteins that interact w ith 1 lsp7() 

while it is being secreted, a selection method had to be designed. The SIX '2 encodes the 

invertase enzyme that allows cells to grow on sucrose. Therefore, a gene fusion between 

an SSA gene and the SUC2 gene was designed that would hopefull> allow for the 

selecfion of secrefion of Hsp70. The Ssal portion should direct the fusion to the cell wall 

where the Suc2 portion will have enzymatic acfi\ ity. If this is placed in a suc2 strain, we 

will be able to select for growth on sucrose. The SSA 1 and .S7 ( 2 gene fusion was 
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constructed using SOE PCR, then cloned into a vector that would allow for the 

expression of the fusion clone. The first PCR products were amplified as detailed in the 

materials and methods secfion and can be seen in Figure 3.2. The band at approximately 

1.9 Kb product in Lane 2 of Figure 3.1a (created using primers CI and C2) represents the 

amplified product of the SSAX gene. The product in Lane 2 of Figure 3.1b represents the 

SUC2andis 1,6 Kb in size. 

a) 

1.9 Kb 

b) 

1.6 Kb 

500 bp 

Figure 3.2. The Primary PCR Products of the SSAX Gene and the SUC2 Gene. Lane la: 1 Kb 
ladder. Lane 2a: SSAX primary PCR product. Lane lb: SUC2 primary PCR product. Lane. 2b: 
Kb ladder 

After the first PCR products were obtained and purified by gel extraction, the 

second PCR reaction was done. This reaction utilized the CI and C4 oligonucleotides, as 

shown in Figure 2.2, for primers and the primary PCR products as the template DNA. 

The 3.4 Kb fragment in Figure 3.3 represents the fmal SOE PCR product, and some 

major side products can be seen at about 1.6 Kb. 
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3.4 Kb ̂ ^ ^ ^ ^ H 4.0 Kb 
3̂.0 Kb 

2̂.5 Kb 
1.6 Kb ̂ ^ . . ^ • I H 1.5 Kb 

1.0 Kb 

Figure 3.3. The SOE PCR Product. The 3.4 Kb product is the gene fusion produced by SOE 
PCR between the SSAX gene and the SUC2 gene. The 1 Kb ladder is shown in the far right lane. 

Cloning Gene Fusion Into pRS306 

After the SOE PCR fiision product was generated, it was incorporated into the 

pRS306 plasmid. This plasmid allows for selection and replication in both E.coli and S. 

cerevisiae and has the MET3 promoter for expression in S. cerevisiae. The inducible 

MET3 promoter had been cloned into the Kpn\ and HindXU sites of the multiple cloning 

site in pRS306 as shown in Figure 2.5. A HindllX restriction enzyme site was 

incorporated on the 5' side of the N-terminus of the SSA X PCR product and a Not 1 

restriction site was incorporated into the 3' side of the C-terminus of the .S'(/C2 product 

(Figure 2.2 and Table 2.2). Therefore, these sites were used to clone the entire fusion, 

under the control of the MET3 promoter, into pRS306. After the fusion was ligated \n\o 

pRS306, the mixture was transformed into E. coli and isolated b\ a plasmid prep. A 

restricfion digest was performed on the resulting plasmid, which is shown in figure r4 . 
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This gel was run after the plasmid had been digested with HindXXX and NotX. The 3.4 Kb 

band represents the digested fusion and the 4.9 Kb band represents the linearized pRS306 

plasmid containing the MET3 promoter. 

4.9 Kb 
3.4 Kb 

500 bp 

Figure 3.4. Restriction Digest of pRS306metSSAlSUC2. The 3.4 Kb band is the result of a 
Hindlll and Notl double digest, dropping the fusion out of the pRS306 plasmid (4.9 Kb band) that 
still contains the MET3 promoter. The far right lane contains the 1 Kb ladder. 

Verification of the Fusion Gene 

After plasmid pRS306metSSAlSUC2 was constructed, and the size of the insert 

confirmed by restriction digest, the junction between the two genes needed to be \erified. 

This was to be done in order to prove that the fusion was constructed in-frame. A primer 

was created to sequence across the junction as detailed in the Materials and Methods 

section and the sequence determined. After analysis, the sequence of the juncti(Mi 

between the two genes was shown correct. This is shown in figures 3.5 and A.3. 
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5'-...CCGJTGA^C^ ^GliC AVACAAACGAAACr VG luA ^. . .3 ' 

Figure 3.5. Sequence from the .S'.S'.̂  / and Si'C2 Fusion Junction. The red sequence is from the C 
terminus of the SSAl gene and the blue sequence is from the N-terminus of the SL C2 gene. 

Deletion of the SLC2 Gene 

In order to use invertase activity to select cells that transport the fusion, the cells. 

which will express the fusion construct {2XX\Jsuc2'). must not have any in\ertase acti\ity. 

Therefore, the SUC2 gene must be deleted from this strain to provide the strain for 

transformation. Utilizing PCR with primers ZAPl and ZAP2 to amplify a portion of the 

pMPY-ZAP cassette that contains the URA3 gene flanked b\ hisG repeats on either side 

(Figure 2.6), and transforming this product into 5. cerevisiae strain T211, carried out the 

site-specific deletion of the SU(^2 gene. This method allowed the I ̂ /?.̂ 3 gene to first 

replace the gene of interest, and then select for cells with the deletion b\ plating on media 

without uracil. The PCR product of the cassette is shown in figure 3.6 as a band of 

approxamately 2.1 Kb in length. A smaller band around 600 bp in length is also shown, 

and probably represents amplification of the /?/.s(i repeats. 

Confirmation of the .S7 C2 Deletion 

After the transfomiation with the PCR disruption cassette, the integration ol the 

cassette needs to be verified. Fifty colonies were selected from the transformant cells 

that grew on -URA YNB agar plates. These l'R.\ , strain 1211 v/c ^ . cc l̂onics ha\c the 

pMPY-ZAP cassette PCR product integrated somewhere in the genome. I he ^0 
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2.1 Kb 

600 hHiME^?^ 0̂0 bp 

Figure 3.6. pMPY-ZAP PCR Product. In the right lane is the 1 Kb ladder. In the left lane is the 
result of the PCR reaction with primers that have 18-20 bp complementary to the cassette and 50 
bp of homology to the SUC2 gene. The major product at 2.0 Kb represents the entire PCR 
cassette, while the band at 600 bp represents the amplification of the hisG repeats alone. 

transformants selected were grown up on -URA plates with glucose as the carbon source, 

and then replica plated to -URA sucrose plates. Out of the 50 colonies, 48 of them still 

grew when only sucrose was present as the carbon source; therefore, the cassette is not 

integrated into the SUC2 gene. The two that did not grow represent the desired strain and 

were further characterized. Before other experiments could proceed, the uracil 

auxotrophic marker had to be recovered in the T2X Xsuc2' strain. This was accomplished 

by selecting for recombinafion between hisG repeats by growing the cells in the presence 

of 5-FOA. 5-FOA is toxic to cells that have a ftinctional URA3 gene and therefore selects 

for this recombinafion event. The cells that were recovered after plating on 5-F()A plates 

were given the name 21 Xl]suc2'. 

The next confirmafion experiment involved mating the 21 lU\//c'2 strain to 

several different strains of 5*. cerevisiae. T21 l5wc2'was mated to a .ST 'C2' strain and the 

daughters should be SUC2\ T2X Xsuc2' was also mated to a suc2- where the daugiiicrs 
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should be suc2'. However, the mating of the two suc2' strain produced a SUG2' strain. 

After this conflicfing result, the control plates were done, shown in figure 3.8, to tr> and 

discern why this occurred. In region 1 of Figure 3.7. the 21 X\]suc2' strain was mated to a 

SUC2^ strain, BY4742. Ln region 2, the same 2XXUsuc2' strain was mated to a mutant of 

BY4742suc2. Both of these mating experiments produced offspring that can metabolize 

sucrose and grow when sucrose is the only available carbon source. Region 3 is 

211U5Mc2", and regions 4 and 5 are BY4742 strains that cannot grow without tr\ptophan 

in the media, all three showed no growth in this experiment. The last two regions, 6 and 

7, are BY4742suc2' strains that are trp' and did not grow. It should be noted that growth 

in quadrant 2 of Figure 3.8 could possibly be due to a mix up in strains from Research 

Genetics and may not be due to the incorrect deletion done in this study. In order to 

prove that the correct deletion was made the PCR confirmation was done. 

Figure 3.7. Mating Experiments Plated on a-URA, TRP YNB Sucrose Plate. Region I Mate 
between 21 l\Jsuc2 and BY4742. Region 2: Mate between 211 Usuc2 and BY4742.v//( 2 strain 
Region 3: 21 lU>swc2'. Region 4 and Region 5: BY4742. Region 6 and Region 7; BY4742,s/vc2 
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Other controls were done to determine the abilit\' of these strains to grow on 

sucrose plates. These plates are shown in Figure 3.8. Plate a is a -URA YNB sucrose 

and plate b is a -TRP YNB sucrose plate. Strain 1 is a cross between 2XX\Jsuc2' and 

BY4742. This diploid organism grows on sucrose w îthout either uracil or tr>ptophan. 

Strain 2 is 21 XUsuc2' and does not grow under either condifion. Strain 3 is the BY4742 

suc2' mutant and showed only growth on the - TRP plate. The last strain, strain 4, is 

BY4742 and was able to grow on the -TRP plate but not on the -URA plate. 

a) b) 

Figure 3.8. Mating Experiments. Cells were plated on (a) - URA or (b) -TRP sucrose YNB 
Plates. Secfion 1: Mate between 2XX\Jsuc2' and BY4742 suc2 strain. Section 2:2111 lsuc2 
Section 3: BY4742 suc2'. Section 4: BY4742. 

Another method employed to determine if the pMPY-ZAP PCR product 

integrated into the correct site in S. cerevisiae strain T21 Xsuc2' utilized the specificit\ of 

PCR. PCR was run using primers primer pairs Ul with U2 and U2 with 72 (figure 2.7). 
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The latter primer pair will only amplify a specific region of DNA if the casseUe has been 

integrated properiy into strain T21 Xsuc2' (lane 8, Figure 3.9). WTien primers Ul and Ul 

are used, a 1.9 Kb fragment should be observed when compared to the 2.3 Kb fragment 

of the deletion to the parental strain. Lanes 1 and 2 contain DNA from a wild t>pe 5. 

cerevisiae straia Lane 1 used primers Ul and Zl (Table 2.1) and showed no 

amplification. Lane 2 had the Ul and U2 primers and produced a band approximately 1.7 

Kb in length. Lane 3 was left empty as a negative control. Lanes 4-6 utilized template 

DNA from the original T21 Xsuc2' strain. Lane 4 contains primers Ul and Zl. Lane 5 

had no template DNA and was a negative control. Lane 6 again used the Ul and U2 

primers, and a band of approximately 1.7 Kb in size was produced. Lane 7 and 11 

contain the Kb ladder. Lanes 8-10 contain template DNA from the 1211 .s7/c-2 strain. 

Inlane 8 the primers Ul and Zl were added and the product is about 900 bp in length. 

There was no template DNA added to the lane 9 reaction. The band of approximateh 2.3 

Kb shown in lane 10 was produced by the Ul and U2 primers. Therefore, 1 am confident 

that the correct deletion was made and the results of the mating of the two SUG2 minus 

strains can be ignored. 

To further show that the deletion cassette was integrated into the correct location 

of the chromosome, the PCR product in lane 10 of Figure 3.9 was cloned into a PCR 

cloning vector and sequenced. The partial sequence is shown in Figure 3.10 and noted in 

the appendix in Figures A.5 and A.6, the sequence analysis shows 200 basepairs of .S7 ('2 

interrupted by the delefion cassette containing the hisG repeats. 
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1.8 Kb 

900 bp 

Figure 3.9. PCR Delefion Confirmation. Lane 1 used primers Ul and Zl and contained wild t\pc 
S cerevisiae. The same DNA was used in lane 2 but primers U1 and U2 were used. I anes 4-0 
use DNA from the T211 strain. Lane 4 utilized primers Ul and Zl whereas lane 5 contained no 
template DNA. The 1.7 Kb band in lane 6 was produced by the Ul and U2 primers. Lane 8 is 
the product of the Ul and Zl primers when DNA from T211 suc2' was used. Lane 9 contained 
no template DNA. The 2.2 Kb band in lane 10 was produced by the U1 and U2 primers w ith 
T211 suc2' DNA. Lanes 7 and 11 contained the 1 Kb ladder. 

5'...GCATTCGCCCTTGCCTAA(iGGCTCT. ...WACiCn lie 11 1! ( \( 1 A \( c, \ \ \uu(, \ . 
A) CAAAAGCTGCJTACCGGGCCCCCCCTCGAGACT.. .3 ' 

B) 5'...TGGTAATTCGCCCTTAACAAAiTCCAGG...AACA\AI I \ K ( , \ ( 1 \( I \ I \u(,(,c 
GAArrGTAGCTCCACTCAGCGCCTGATTGCGAT...3' 

Figure 3.10. Sequence Analysis of the PCR Confirmation. (A) The upstream sequence from 
primer Ul (Figure 2.7). (B) The downstream sequence from primer 112 (figure 2.7). I he 
sequence in blue is a portion of the TA vector used to clone the PCR product, fhe portion in red 
is the region of the SUC2 gene. The green segment is the start of the deletion cassette and the 
black is the hisG repeats. 

Growth of 21 XXJsuc2' cells with the Fusion on Sucrose Media 

In order to test our hypothesis that the SSAl portion of the fusion will transport 

the fusion to the cell wall and the SUG2 portion will allow the cells [o grow on Microsc 

plates, the plasmid needs to be transfomied into 21 IU.v;/f2'. fhe transtornicd cells \scrc 
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selected for retention of the plasmid on -URA YNB glucose plates and then transferred 

to -URA YNB sucrose plates to test the hypothesis, hi Figure 3.11. Fus denotes the 

21 XVsuc2' carrying pRS306metSSAlSUC2 strain. The Sue lanes are the same 

21 XVsuc2' strain except that it carries only the SUC2 gene without its leader sequence. 

The wt stands for a URA^ strain that is able to grow without supplemented uracil or 

methionine. The I strain is a strain that is unable to grow without uracil supplemented in 

the media. Methionine was not added to the media because transcription from the \fET3 

promoter is induced in its absence. Plate a is -URA, +MET glucose, whereas plate b is 

-URA, -MET glucose. The wt, Fus, and Sue all show growth under these conditions. 

The I strain, however, does not show growth. Plate c is a -URA, +MET sucrose plate 

and plate d is -URA, -MET sucrose. Only the wild-type strain showed growth on plates 

c and d. From these observafions, it is obvious that the SSAl-SIX 7 fusion did not restore 

growth on sucrose in a sue2' strain. 
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Figure 3.11. Growth of Strains on Glucose and Sucrose Plates. Plate a: -URA, +MET YNB 
glucose. Plate b: -URA, -MET YNB glucose. Plate c: -URA, +MET YNB sucrose. Plate d: -
URA, -MET YNB sucrose. The wild type strain grew on all the plates. The Fus and Sue strains 
only grew only on the glucose containing plates. 

53 



CfLAPTER W 

DISCUSSION 

The main goal of this project was to enable the identification of proteins present 

in S. cerevisiae that may be involved in the secretion of Hsp70 to the cell wall. In order 

to achieve this goal, a selecfion method to screen for the presence of flsp70 in the cell 

wall needed to be developed. 

Immunofluorescence 

Hsp70 was detected in the cell wall of 5*. cerevisiae by Lopez-Ribot (43) through 

a variety of methods. This was confirmed through the use of Western blot analysis using 

a polyclonal antibody to the C-terminus of the Hsp70 protein. Therefore, 

immunofluorescence assays on intact cells using the same antibody were attempted. Lhis 

would allow a Fluorescence-Acfivated-Cell-Sorter (FACS) to screen for mutants that are 

not able to secrete Hsp70. However, repeated indirect immunofluorescence experiments, 

using a parental S. cerevisiae strain (T211) that has SSAl and SSA2 and a mutant strain 

(T212) that does not possess SSAl and SSA2, did not allow significant distinction 

between the degree of fluorescence emitted by the positive and negative controls. 

Potential reasons for this include either the lack of specific antibody binding or the 

problem of high background intensity. 

There are several reasons why there would have been an absence of fluorescence 

in the cells. The polyclonal anfibody produced in this study was created using the last 17 
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C-terminal amino acids of the Hsp70 protein. Therefore, the localization of the protein 

and that of the C-terminal amino acids becomes important once Hsp70 reaches the cell 

wall. The epitopes recognized by the antibody may not ha\ e been accessible to the 

anfibody on intact cells. This could be due to fact that the epitope on the mature protein 

was not in the correct conformation and therefore did not allow sufficient binding of the 

antibody to the epitope. This epitope could have been masked by the three-dimensional 

conformation of the protein itself. Another possible explanation is that the epitope was in 

the correct conformation and on the exterior of the protein, but that it was hidden b> 

some of the other components of the cell wall. All of these would have led to the failure 

of the Hsp70 specific antibody to bind to Hsp70. 

Another possibility for the inability to distinguish between the positive and 

negative control would be the presence of high background fluorescence on both 

samples. This would mask any lower levels of fluorescence emitted b\ the antibody 

when Hsp70 is present in the cell wall. The secondary antibody, anti-IgCi conjugated to 

FITC, could have exhibited non-specific binding to the cell wall, or the cells themselves 

could also have exhibited a high level of autofluorescence. Both of these options could 

accoimt for the high levels of background fluorescence. Because there were difficulties 

detecting the presence of Hsp70 in the cell wall through immunofluorescence, an 

altemate approach was taken. 
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Invertase as a Reporter EnzMne 

Since the immunofluorescence assays did not offer a \ iable option to screen for 

cells that secreted Hsp70, another experiment was designed that allow ed for the detection 

of Hsp70 when it is present in the cell wall. The SUG2 gene encodes for two ditTerenth 

regulated gene products that cleave sucrose into monosaccharides. The larger RN.A 

encodes a protein that is secreted into the periplasmic space while the smaller fomi of 

invertase is located within the cell. In order for a cell to metabolize sucrose, the 

enzymatic activity of the protein from the larger gene product is required to be localized 

outside the cell membrane. Therefore, cells that do not have a functional Suc2 protein 

beyond the cell membrane cannot grow on media where sucrose is the only a\ ailable 

carbon source. Since the SSAl protein is secreted to the cell wall, a protein fusion to the 

SUC2 protein should allow suc2' S. cerevisiae cells to then grow on sucrose. 

Gene Fusion 

The difference between the two gene products that are produced from the SI ('2 

locus involves the secretion signal. The larger construct is transcribed w ith the sccrctii>n 

signal sequence; whereas, the shorter product does not have this sequence. The gene 

fiision produced in this study attaches the N-terminus of the SUG2 gene without its signal 

sequence to the C-terminus of the SSAl gene. Therefore, the Ssal protein portion of the 

gene fusion should direct the entire construct to the cell wall and the Suc2 portion should 

display its enzymatic acfivity and allow the cell to metabolize sucrose. 1 he gene fusion 

was constructed as shown in Figures 2.2 and 2.7. The SSA I gene was amplified without 
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the stop codon and with 50 bp of homology to the N-terminus of the SUG2 gene (Figure 

3.1 and 2.2); whereas, the SUC2 gene was amplified without its signal sequence and a 

stop codon (Figure 2.2 and 3.1). These two PCR products were then used in the SOE 

PCR reaction shown in Figure 2.7. This construct was designed so that the two genes 

were fused together in-frame. This is important because the Suc2 protein has to retain 

enzymatic activity and an out-of-frame fusion would not preserve this activit>. This 

fusion was then cloned into the Hindlll and Notl sites of the pRS306 plasmid (Figures 2.5 

and 3.3). 

SUC2 Deletion 

Before the experiments could proceed, a SUC2 deletion had to be constnicted. 

The SUC2 gene was deleted using a reusable PCR mediated disruption cassette (Figure 

2.6). The cassette replaced the SUC2 gene in the chromosome with a functional i'RA3 

gene flanked on either side by hisG repeats. This allows for the cells to grow on plates 

that lack uracil. 

Confirmation of the SUC2 Deletion 

After the SUC2 gene was deleted, the correct integration of the cassette had to be 

confirmed. This was done through several different methods. The first experiment 

simply tested the SUC2 deletion's ability to grow on a plate where sucrose is the ou\\ 

carbon source. As expected, the SUC2 deletion exhibited no growth on the sucrt>sc 

plates, showing that integration was indeed in the correct gene. 
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Another method to determine if the cassette integrated into the correct location in 

the chromosome utilized PCR. As shown in Figure 2.7, primers were designed that 

would produce disfincfively sized PCR products when the reaction was run. The SUG2 

gene is 1.6 Kb in length and the primers Ul and U2 were designed 200 basepair on either 

side of the open reading frame (Figure 2.7). The U1143 gene and the higG repeats are a 

total of 1.9 Kb in length. Therefore, the mutant T21 Xsuc2' produced a 2.3 kilobase band 

and the parental T211 produced a 1.9 Kb band as showTi in Figure 3.7. The 1̂ 2 primer 

was also used in conjunction with the Z2 primer. This combination will onl\ produce a 

band when the URA3 gene is in the correct orientation and located next to the 

downstream region of SUC2 (Figure 2.7). This situation is only present in the deletion 

strain and not in the parental strain, as seen as the 900 basepair band shown in Figure 3.7 

The 900 basepair band is comprised of the 400 bp of hisG repeats, a short section of the 

URA3 gene, and the 200 basepairs of the region immediately downstream of the SI ( 2 

gene. These PCR results confirm that the deletion cassette was replaced with the SI ('2 

gene. 

Complementation experiments were also utilized to determine if the correct gene 

was disrupted. This was accomplished through the use of mating experiments. When .s 

cerevisiae strains mate, a diploid organism is produced. Therefore, when a strain with a 

funcfional SUC2 gene is crossed to a strain without a functional SUC '2 gene, the daughter 

cells are able to metabolize sucrose. Likewise, when a suc2' strain is crossed io another 

suc2' strain the daughter cells will not be able to metaboli/.e sucrose, fhis experiment is 

shown in Figure 3.5. The crosses were done with the 21 lUvi/f2 strain produced m this 

5,S 



study to strain BY4742suc2' from the Yeast Delefion Project. The results of this cross-

produced cells which were able to grow on sucrose plates. As controls, the str^iins used 

in the mating experiment were plated individually on sucrose containing media and the 

BY4742suc2' strain showed growth on the sucrose media (Figure 3.^). Therefore, it was 

concluded that either the strain received from Research Genetics (BY4^42.v//c'2') must 

have been mislabeled, or that the SUC2 gene was not correctly deleted. 

Sequence analysis was also used to determine if the pMP^'-Z.-\P cassette 

integrated into the correct location within the chromosome. Using primers lH imd U2 in 

Figure 2.7, a 800 bp band was amplified from 2XX\Jsuc2' and then cloned into a PCR 

cloning vector. The insert was then sequenced using the T7 and .Ml3 reverse primers. 

This sequence matched the expected sequence containing 200 basepairs of homolog\ to 

the SUC2 gene followed by a portion of the hisG repeats. This proves that the PC R 

product used to delete the SUC2 gene has been inserted into the correct location. 

Before the pRS306met3SSASUC plasmid could be transformed into 121 \suc2'. 

this strain, which has the pMPY-ZAP cassette integrated into the genome, needs to 

undergo one last genetic manipulation. The cells were grown in the presence of 5-ro.\. 

which is lethal to cells with a functional URA3 gene. This selects for the recombinatit>n 

between the two hisG repeats flanking the UR.43 gene and theretbre restoring the 

auxotrophic marker. Then plasmid pRS306met3SSASUC, that utilizes uracil for the 

auxotrophic marker, could be transformed into these cells. 
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Yeast Transformation and Growth 

Once the plasmids containing the gene fusion constructs were created, and the 

suci cells restored to the ura' phenotype, the transformation and subsequent growth on 

sucrose experiments could be done. S. cerevisiae strain T21 XsucI was transfomied with 

pRS306metSSASUC and selected for by growth on media without a\ ailable lu-acil. .A 

single colony was isolated and transferred to a plate where methionine was absent imd 

sucrose was the only carbon source. The cells were also transferred to plates without 

histidine but had glucose as the only available carbon source. The methionine was absent 

in order to acfivate transcripfion from the met3 promoter on the pRS306met3SS.\SUC 

plasmid. The cells were able to grow on the glucose plates, but were unable to grow on 

the sucrose plates. Therefore, the fiision was not able to complement the cells" SIX 2 

deletion. 

Transcripfion, Translation and Activity of the Gene 
Fusion: What went wrong? 

After the plasmid (pRS306met3SSASUC) was constructed and then transformed 

into the SUC2 deletion, the cells still showed no growth on media when sucrose was the 

only available carbon sotirce. This could be due to a number of problems associated with 

the nature of constructing a gene fusion or expressing this gene from a plasmid. 
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Expression of the Gene Fusion 

The first logical explanation for the failure of the gene fusion to restore growth on 

sucrose media has to do with the induction of transcription from the MET3 promoter. 

The inducible MET3 promoter was originally chosen over a constitutix c promoter to 

guard against the fusion protein being toxic to the cell. Transcription from the MET3 

promoter has been characterized and is induced when methionine is not supplemented in 

the growth media. There could have been a small amount of methionine contaminating 

the media and this could have caused the inhibition of transcription from the promoter. 

There could have been problems with the transcription machinery' binding and 

subsequenfly producing the mRNA. The entire fusion is 3.4 Kb and the length of the 

construct as well as its foreign nature could have halted transcription. Running Northern 

blot analysis could test this outcome. In this experiment, the total mRNA would ha\c to 

be isolated and a radioactive probe specific to the fusion would have to be used. Since 

the SUC2 gene has been deleted from T21 Xsuc2', a probe specific to this gene could have 

been used. This would confirm if the fiision was being transcribed. 

Translation of the Gene Fusion Product 

Once the gene fiision has been shown to be transcribed, the next step is translatit^n 

of the mRNA. The fusion will produce a long transcript that is not nonnally present in 

the cell, and this may form a secondary structure that inhibits the translation machincrx 

from recognizing or producing the amino acid sequence associated w itb the IUSUHI I he 

amino acid chain itself may also form irregular structure and intcrtcre with the elongation 
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of the sequence. The most plausible explanation for the cell not producing an translated 

product is if a premature stop codon was inserted. Running Western blots on cxtosolic 

extracts with an antibody to the Suc2 protem could test this theorx. This would be done 

by comparing the signal in a cell culture that has the gene fusion and one that has not 

been transformed with the plasmid. 

Transportation of the Fusion Protein 

The inability to transcribe or translate the gene fusion and product are not as 

likely as a problem associated with transporting the fusion protein to the exterior of the 

cell. The Ssal portion is meant to direct the entire fusion to the cell wall, and this may 

not be able to happen with another large protein hanging off the C-terminus of the 

protein. Since alternative secretory pathways have not been characterized, it is not 

known how other proteins, if any, interact with a substrate for non-classical export. Ihe 

transportation apparatus may have to interact intimately with the amino acid sequence i)t 

Ssal at any stage during its development. The Suc2 portion of the fusion ma\ interfere 

with this interaction and delay or halt secretion beyond the cell membrane. Lhe tusuni 

may also not be capable of crossing the membrane in general. Suc2 may not be able to 

pass through an alternative secretory pathway due to an amino acid sequence or final 

conformation that does not interact correctly with the proteins involved in secretion b\ an 

alternative mechanism. In this case, the Hsp70 protein may reach the external 

environment, but the Suc2 protein would be held in the membrane or in the c\tosol. Both 

of these problems could be addressed by again using an antibody specific to the Sue2 
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protein. However, in this case the Western blot signal in the cell wall extract could be 

compared to the signal in the cytosolic extract. If the fusion was not transported, the 

cytosol would exhibit a reaction with the antibody but the cell wall would not. 

Enzymafic Activity of Invertase 

Another likely possibility that would not allow the fusion protein to complement 

the cell's inability to grow on sucrose media is if the fusion is transcribed, translated, and 

then transported, but the invertase is not functional. In this case, the Ssal protein could 

be interfering with the activity of the Suc2 protein. Invertase has to recogni/e the sucrose 

molecule and bind efficiently so that it can hydrolyze the compound into glucose and 

frnctose. If being involved in the fusion compromises either the binding ctTicicncy or the 

hydrolyzing ability of invertase, the cell will not be able to grow on sucrose media. In 

order to address this problem, assays for invertase activ it> could be prcfomied. If there is 

no activity inside the cell, but the fusion protein has been shown to be inside and outside 

of the cell, then the inactivity of the invertase is probably the cause of the inability ot the 

fusion to complement the SUC2 deletion in the cell. In the case of any cloning and 

amplificafion steps, the most sound reason of why an expected obscr\ation did not occur 

is that a mutafion occurred which did not allow the correct protein sequence to be created 

Future Directions 

The first step in confinuing the research into the secretion of I Isp7() should 

involve determining what caused the inability of the cells carrying pRS >(t(unct\S.fS7 ( 
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to metabolize sucrose. This could be done by perfonning the experimems listed aboN e 

for each of the possible explanations. 

There are also a number of design changes that one could do that may soh e some 

of the problems discussed. The gene fiision was constructed so that the C-tenninus of the 

SSAl gene was directly fused to the N-terminus of the SUC2 gene. The fusion could be 

designed so that the C-terminus of the SUC2 gene is linked to fiie N-terminus of the Xs [ I 

gene. This may alleviate some of the conformafional issues associated with the 

transportafion or acfivity of the fusion protein. Since the fusion was constrticted leading 

from the SSAl gene direcfiy into the SUC2 gene, a linker pohpeptide ma> add to the 

flexibility of the construct and allow the correct molecular interactions to occur so that 

the fusion will be transported and have activity. This linker should be constructed using 

ten to fifteen amino acids that are relatively nonreactive and uncharged, such as glycine. 

This linker would have to allow for the separation of the two independent proteins 

without causing any transcriptional, translational or confomiational problems. 

The use of a reporter enzyme has been shown to be a valid and sound inethi>d {o 

detect when a protein arrives at the cell exterior. Invertase has been used by a \ ariei> of 

researchers to show that a fusion construct was secreted (51). Due to the reasons 

discussed above, it should be noted that the most probable reason that the tusion plasmid 

did not complement the SUC2 deletion is that there was a mutation in the fusion plasmid 

This possible problem could be solved by creating primers that could be used \o sequence 

the entire fusion construct and search for an inserted premature stop codon or another 

64 



le wa\ major frameshift mutafion. It is important to note that this method is still a \ aluabh 

to screen for mutants, however the quirks in using it to study the secretion of Hsp^). 

frivertase is not the only candidate for a reporter enzyme. Acid phosphatase was 

used in the study of the transport of a-factor in S cerevisiae (61). In this case, the >>. J.' 

gene could be fused to the PH05 gene and colonies screened b\ staining with 

diazocoupling dye or using a colormetric assay by determining the amount of/'-

nitrophenol from p-nitrophenyl-phosphate. 

In order to study altemative secretory pathways and identity an\ proteins 

involved in this process, a candidate for non-classical export must be used. In this stud\, 

Hsp70 was used to try and leam more about these mechanisms, flowe\cr, there .u-e other 

proteins that may be used to study this phenomenom, and this may allow the elucidation 

of an altemative secretory pathway. 

In light of the inability of the fiision construct to restore growth of the strain o\\ 

sucrose, this approach has sound scientific basis and the work has yet to be finished on 

this project. The fusion should be sequenced, and the reason for the observed results 

determined and dealt with appropriately. 

As our knowledge of the cell wall confinues to expand, it is important to continue 

studying the export of proteins through a non-classical mechanism, fhese proteins ha\e 

been shown to exist in a number of species and may one day provide an important piece 

of information to solve a bigger problem. 
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CAGNANTTTGGTACCCTGCCGCGTTTATTTAGTACAA.ACAGAGAA1 1 1 l u IC 

ACAACTACATCTAAGTGTAC AA.ATATAGTACAGATATGAC AC AC i 1 C 1 AcC 

GGCCAACGCGCATCCTACGGATTGCTGACAGAAAAAAAGC rc ACC, 1 C, ACC A 

GAAAAGTCACGTGTAATTTTGTAACTCACCGCATTCTAGCCOrCCC IC, ICC 1 

GCACACTGCACTCAACACCATAA^ACCIIAGCAACCTCCAAACC A A \ U \c C 

GTATAACAAAGCCACAGTTTTACAACTTAGTCTCTTATCACC 1 1 AC ! 1 \CC \ 

ATGAGAAATAG 

Figure A.l. Sequence Analysis of pRSMETSSAl SUC2 from the 13 Promoter. I he 
sequence in black is from the plasmid and the sequence in red is from the .\ITT3 
promoter. 

GGNNANCCTGGTGTACTGTGCGTCGTTGGCAATAATGTCAAC.AC N.\ IC A 1 1 A 

GAGAAGTGAGCAACACAGGAGTAGGTAGTACCTAAATCAA I .\CC (i \( \(.( I 

TTTGACATGAGCTCAAGCTTATCGAIGflAAriAl AC I I I \ l l( I UC I \ l I \ 

TTATACTTTCTTAGTTCCTTTTCAAriG I 1 AAG.AAAC c > \ 1 A I ( \( \ \i U , I I \ 

CGACAGAGAGAGACCCAAGCTAG 

Figure A.2. Sequence Analysis of pRSMETSSAl SUC '2 Across the Ml 1 ^ and SS \ 1 
Junction. Primers were designed that would sequence acrt>ss the junction lxi\u'en the 
MET3 promoter and SSAl. The MET3 portion is in black, wherea.s (he SS \I [Portion 
is in red. 
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GGNCCATNCCCGNANGAAAGGCGCAGCTCCAGGTGGTTTCCAGNTGGTGCT 

CCTCCAGCTCCAGAAGCTGAAGGTCCAACCGTTGAAGAAGTTGATACAAAC 

G A A A C T A G T G A T A G A C C T T T G G T C C A C T T C A C A C C C A A C A A G G G C T G G A T C T 

AATGACCCAAATGGGTTGTGGTACGATGAAAAAGATGCCAAATGGC ATC 1\̂ , 

TACTTTCAATACAACCCAAATGACACC 

Figure A.3. Sequence Analysis of pRSMETSSAl SUC 2 across the SSAl and SIIC2 
Junction. The black sequence is SSAl and the red sequence in SUC2. 

CNATTTNGNAGTTCCNCCTGCCCGTGCGCGGCCNGCTCCAGAGTAAC I I (.(K K i 

T C G G G A G A A A A T A A A A A T A A A A A T A C A T T T T C A A T G G T T T G G A G G T A 1 fC 1 1 I 

GAAATCATAAAGTTTTACATTCGTCACTCGTTAGCTAAAGCCCITTAG A A I (IC. 

C T T T T G A A A A A A A T A A A A A A G A C A A T A A G T T T T A T A A C C T C 1 A I I I ! \( 11 IC 

CCTTACTTGGAACTTGTCAATGTAGAACAAATTATCGAC AC C AC > I (i(. I 

Figure A.4. Sequence Analysis of pRSMETSSAl SUC2 from the 13 Promoter 1 he black 
sequence is from the plasmid and the red sequence is the tenninal portion ol Si ( . 
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TANCNGGCATGCTCGNAGCGGCCGCCAGANNTGATGGATATCTGCAGCAITC 

GCCCTTGCCTAAGGGCTCTATAGTAA.ACCATTTGGAAGA.VVGATTCACcaCl 1 

TTTTTTTTGGATTTCGATCCTAT.A.ATCCTTCCTCCTGAAAAGAAAC A 1 A lA V V 1 

AGATATGTATTATTCTTCAAA.4CTATCTCTTGTTCTTGTGCN 1 1 I 1 1 1 1 1 Ace \ I 

ATATCTTACTTTTTTTTTTTCTCTCAGAGAAACAAGCAAAACAAAAAciC 1 I 1 Ic 

TTTTCACTAACGAAAGGGAAC.AAAAGCTGGTACCGGGCCCCCCC- IVC Ac, \C 1 

AGTTACCAAATCGCAG 

Figure A.5. Sequence Analysis from the T7 Promoter of the Deletion C\>nfinnaiuni 
PCR Product. The black portion is the TA vector used to clone the PCR product, and 
the red portion is the inserted PCR product. 

NGNTTCGCCGCTCGGNATCACTTAGNTAACGGCAACCACiTGN f GC fGGAA IK 

GCCCTTGNAACAAATTCCAGGTAACTG(]GGTC CiGCiACi A A \ A 1 \ \ \ \ \ I \ \ \ \ 

ATACATTTTCAATGGTTTGGAGGTATTCTl IGAAGIC Al \ \ \ ( , l II I \( \ | U i, 

TCACTCGTTAGCTAAAGCCCTTT.AGAATGGCll l ie , A A A \ \ A \ I \ \ \ \ \ \ ( , \( 

AATAAGGTTTAATAACACTCTATTTTAC rrCCC r lAC T l(,(, \ \( II (, K \ \ | (, | 

AGAACAAATTATCGACCACTATAGCiGCGAAlCCilACC l( ( \( U \(,( (,( ( K, 

ATTGCGATGGCGGAAAACAT 

Figure A.6. Sequence Analysis from the MI3 Reverse Promoter of the Deletion 
Confirmation PCR Product, fhe black porti(Mi is the 1 A sector used to clone the P( K 
product, and the red portion is the inserted PCR product. 
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