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The Trip to Happiness

Here, under the emotional influence of the Joshua, 

I choose to wander.

Seeking to find what I'm  looking for,

I walk with a world in front of me,

A world of many different faces. 

Stumbling on the stones of adolescence. 

Blocked by the mist of conformity.

But with unbounded energy, I wish to fly. 

Above the mist and away at great speed.

The mountains of life, like stones in the distance. 

I'm  free, no man's actions can trip me now,

I have found what I'm  looking for.

April 1993.
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Summary

This thesis is a study of the am ehorative effects of Heat Shock Proteins 

(Hsps) on the cellular process of mRNA splicing during  and after therm al stress 

in Saccharomyces cerevisiae. Splicing is a vital process that is know n to be 

extrem ely sensitive to therm al inactivation, bu t can be protected by pre-treatm ent 

of cells u nder conditions that are know n to induce Hsps. This latter 

phenom enon  is know n as splicing therm otolerance. In this thesis I correlate 

splicing inactivation upon  heat shock w ith m ultiple alterations in the splicing 

m achine com ponents, the small nuclear ribonucleoprotein particles (snRNPs). 

Follow ing a heat shock, dram atic reductions in the tri-snRNP (U4/U6.U5), the 

free U6 snRNP and the L h p lp /U 6  pre-U6 snRNP complex, coupled w ith  

alterations in the U l, U2, U5 and U 4/U 6 snRNP profiles are observed. Evidence 

is presented that pre-form s of several snRNPs accum ulate in heat shocked cells, 

indicating that blockage of snRNP assembly m ay be the prim ary reason for 

splicing inactivation upon  heat shock. Supporting this hypothesis is the fact that 

the reassem bly of snRNPs is correlated w ith the recovery of m RN A  splicing. In 

addition, both H spl04 and the Ssa m em bers of the yeast Hsp70 family are 

required for this reassembly. Furtherm ore, I correlate "splicing th erm oto lerance" 

w ith the protection of a sub-set of snRNPs by Ssa proteins bu t not H spl04. Lastly, 

my results suggest that Ssa proteins also play a role in snRNP assembly, ev en  

under norm al physiological conditions.
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Chapter 1: 

General Introduction.
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1 .1  CELLULAR STRESS

All organisms, from bacteria to hum ans, are constantly challenged 

by conditions that cause acute and chronic cellular stress (Parsell and 

Lindquist, 1994). These cellular stresses can be categorised into two m ajor 

types; environmental stresses and pathophysiological stresses. Examples of 

environm ental stress include, exposure to high temperatures, UV light, 

ethanol, drugs, heavy metals, amino acid analogues and toxic chemicals. 

Pathophysiological stress is unique to m ulticellular organisms such as 

man. Examples include, infection by bacteria and viruses, ischemia, fever, 

inflamm ation, ageing and cancer. Severe stresses can ultimately lead to 

cell death due to irrepairable cellular damage caused. A key concept in the 

understanding of cellular stress is that both the magnitude and duration of 

the stress determine the amount of damage incurred, and cells die when a 

threshold of damage is exceeded.

Exposing cells to high temperatures, termed 'heat shocking', is the 

most commonly used method to study cellular stress biology. Heat 

shocking cells is known to cause damage to a wide variety of cellular 

structures and metabolic processes (Laszlo, 1992, Nover, 1991). One of the 

most immediate effects in higher eukaryotes is the collapse of the 

cytoskeleton coupled with an aggregation of actin filament around the 

nucleus (Parsell and Lindquist, 1994, Welch and Feramisco, 1985, W elch 

and Suhan, 1986, Welch and Suhan, 1985). The nucleus itself, as well as 

the nucleolus, are also observed to have considerable m orphological 

alterations in heat shocked cells (Parsell and Lindquist, 1994, Welch and 

Suhan, 1986). In addition, several cytoplasmic organelles are also affected.
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For instance, the golgi apparatus and the endoplasm ic reticulum  are 

observed to d isrup t and fragment. M itochondria swell and the num ber of 

lysosomes increase dramatically. The perm eability of the p lasm a 

m em brane has also been reported to increase significantly (Piper, 1995).

Several cellular processes have been show n to be detrim en tally  

affected by heat shocking, including pre-RNA processing and m R N A  

splicing (Bond, 1988, Czarnecka, et al., 1988, Ghoshal and Jacob, 1996, Kay, 

et al., 1987, Yost and Lindquist, 1986). Care m ust be taken at this point, so as 

not to confuse heat induced damages w ith the controlled cellu lar 

reorganisations, such as transcription redirection, that are discussed later 

in this chapter in the context of the cell's response to cellular stress. 

Probably the best studied cellular process that is sensitive to heat shock is 

the process of mRNA splicing, in w hich intronic sequences are rem oved  

from pre-m RNA. A num ber of previous studies have show n that th is 

process is reversibly inactivated upon heat shock in a variety of eukaryotic 

cell types, including hum an (Bond, 1988), Drosophila melangaster  (Yost 

and Lindquist, 1986, Corell and Gross, 1992), Caenorhabditis elegans (Kay, 

et al., 1987), soybean (Czarnecka, et al., 1988), trypanosom es (M uhich and 

Boothroyd, 1988) and Saccharomyces cerevisiae (Vogel, et al., 1995, Yost 

and Lindquist, 1991). In all cases, a treatm ent of cells at sub-lethal h ea t 

shock tem peratures for an hour or m ore results in a com plete bu t 

reversible inactivation of mRNA splicing. This is actually the focus of th is  

thesis and will be discussed in m uch greater detail later in this chapter.

On a m olecular level, DNA, lipids and proteins have all been 

dem onstrated to be dam aged by heat shock (Parsell and Lindquist, 1994,
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Piper, 1995). However, proteins are the most severely affected and have 

been shown to denature and aggregate in several organisms (Parsell and 

Lindquist, 1994). Significantly, other environm ental stresses, such as 

exposure to heavy metals, such as copper-chelating agents and arsenite, are 

known to cause conformational changes in proteins (Nover, 1991). W hile  

ethanol and UV light both ultimately result in the accum ulation 

abnorm al proteins (Piper, 1995, Sanchez, et a l, 1992). In addition, m any 

pathophysiological stresses ultimately result in the accumulation of 

abnorm al proteins. For example, ischemia, a condition caused by a 

blockage of blood flow, results in oxygen deprivation and consequently 

results in free radical damage to proteins (Ferreira, et al., 1996, Higashi, et 

al., 1995). The significance of this abnormal protein accumulation in  

stressed cells is discussed below.

1. 2 THE CELL'S STRESS RESPONSE:

In response to cellular stress, all organisms react to counteract its 

potentially detrimental effects (Lindquist, 1986, Mathew and M orim oto, 

1998, Morimoto, et al., 1997, Schoffl, et al., 1998, Segal and Ron, 1998). It is 

commonly held that the primary signal for this 'stress response' is actually 

the accumulation of abnormal or non-native proteins in the cytosol 

(Bukau, 1993, Hightower, 1991, Kampinga, 1993, Morimoto, et al., 1994, 

Segal and Ron, 1998, Yura, et al., 1993). Initial experiments using frog 

oocytes demonstrated that by microinjecting denatured proteins, it was 

possible to observe an activation of a specific set of genes, coding for 'Stress 

Proteins' or 'Heat Shock Proteins' (Hsps) (Ananthan, et al., 1986).
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H ow ever, it is also know n that various stresses m odulate the 

activity of protein kinase signalling pathways. Specifically, certain M itogen 

A ctivated Protein kinases (MAP kinases) have been show n to be activated 

by phosphorylation in response to stress in both m am m als (Bendinelli, et 

al., 1995, V enetianer, et al., 1995) and S. cerevisiae  (Kamada, et al., 1995). 

These MAP kinases are thought to be involved in the complex netw ork of 

signalling pathw ays w hich ultim ately result in the transcrip tion of stress 

related genes such as Hsps (Bensaude, et al., 1996). Intriguingly, the  

prim ary sensors which trigger the phosphorylation of these kinases are 

actually located in the cell's plasm a m em brane (Faux and Scott, 1996). It is 

tem pting  to speculate that these molecules are activated in response to 

alterations in the plasm a m em brane's fluidity. Supporting this hypothesis 

is the fact that in S. cerevisiae, the m em brane lipid com position has been 

show n to be a determ inant of the tem perature at w hich the heat shock 

response is induced (Carratu, et al., 1996). So, while the accum ulation of 

dam aged proteins may be the signal inside the cell, m em brane bound  

receptors likely function as the signalling link betw een the cytosol and  

conditions outside the cell.

The heat shock response itself is regulated at m any different levels. 

At the transcriptional level, the set of genes w hich code for Hsps are 

rapidly induced im m ediately following exposure of cells to stressful 

conditions (Georgopoulos, et al., 1994, M orimoto, et al., 1997, M orim oto, et 

al., 1996). In prokaryotic organism s such as Escherichia coli, the

transcriptional activator is the specialised sigma factor a32 (G eorgopoulos,

et al., 1994). This factor is present in very low am ounts under n o rm a l



conditions. How ever, it's levels are transiently increased during  stressful 

conditions as a result of increased translational efficiency and decreased 

rate of turnover.

In eukaryotic organism s, 'H eat Shock Factors' or 'HSFs' are 

responsible for the transcriptional activation of h sp  genes (M orimoto, et 

al., 1997, M orimoto, et al., 1996). M ultiple forms of HSF occur in h u m an s , 

mice and chickens, but in the yeast S. cerevisiae, HSF is encoded by a single 

essential gene (Sorger and Pelham, 1987). In contrast to prokaryotes, these 

transcrip tional activators are pre-existent in unstressed cells in large 

am ounts and therefore don 't require further synthesis. In h ig h er 

eukaryotes, HSFs are present in both the cytoplasm and the nucleus in  

m onom eric forms that have no DNA binding activity. In response to hea t 

shock and other cellular stresses, they assemble into trim eric com plexes, 

acquire DNA binding activity and translocate to the nucleus. These active 

form s of HSFs bind in a sequence-specific m anner to heat shock elem ents 

(HSEs) which are located in the prom oter regions of heat-shock genes, and  

consequently result in elevated transcription (Fernandes, et al., 1994). T his 

trim erisation, relocation and subsequent hsp transcription in d u c tio n  

occurs extremely rapidly upon exposure of cells to stressful conditions 

(Perisic, et al., 1989, Sarge, et a l ,  1993, W estwood, et al., 1991).

In S. c e re v i s iae ,  HSFs are actually constitutively expressed and  

bound  to m any HSEs even under norm al growing conditions (Sorger, et 

al., 1987). It is actually the phosphorylation of these DNA bound HSFs 

during  stressful conditions, leading to a m ore efficient interaction w ith the  

transcrip tional m achinery, that is the trigger for hsp  transcrip tion (Gross,
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et al., 1993, Sorger, 1990, Sorger, et a l ,  1987, Sorger and Pelham, 1988). HSFs 

have also been show n to bind several additional HSEs during  stressful 

conditions in S. cerevisiae,  causing the transcription of additional stress 

related genes (Giardina and Lis, 1995). In addition, two other m ajo r 

positive transcriptional elem ents are know n to be activated by stress in S. 

cerev is iae  (Attfield, 1997). These are the Stress Related Elements (STREs) 

and the AP-1 Responsive Elements (AREs) which are regulated by the  

M sn2/4  and Y a p l/2  transcriptional activators, respectively (Attfield, 1997). 

It is now  know n that HSEs, STREs and AREs have overlapping bu t 

separable functions (Mager and Kruijff, 1995). For example, m ost Hsps 

have an HSE element, but some genes like those coding for H spl04, Hsp26 

and H sp l2  have STREs.

In higher eukaryotes at least, certain Hsps have been show n to 

actually regulate their ow n gene expression by an autoregulatory loop 

(Abravaya, et al., 1992, Duina, et al., 1998, Silverstein, et al., 1998, Zou, et al., 

1998). U nder stressful conditions, an increase in the levels of abnorm al 

proteins, w hich are substrates for Hsps, depletes the free Hsp pool, w h ich  

in tu rn  results in trim erisation of HSF. This HSF is in an active form and  

consequently can induce hsp transcription (M orimoto, et al., 1996). D uring  

recovery of cells in norm al, non stressful conditions, the levels of 

abnorm al proteins decrease gradually and consequently, the free pool of 

H sps increases. These Hsps can interact w ith HSF to break the trim er in to  

m onom eric particles, thereby inactivating it and tu rn ing  off hsp  gene 

expression. From this autoregulatory loop m odel, it is possible to explain 

how  A nanthan et al. observed a dram atic transcriptional activation o f  h s p

1



genes in frog oocytes in response to rises in the cellular levels of abnorm al 

or denatured  proteins.

In addition to the rapid transcriptional induction of hsp genes, the  

heat shock response is also regulated at a post-transcriptional level. For 

exam ple, during  stressful conditions in the yeasts Schizosaccharomyces  

po m b e  and S. cerevisiae, poly(A)"^ RNA is observed to accum ulate w ith in  

the nucleus (Liu, et al., 1996, Saavedra, et al., 1996, Tani, et al., 1996). In  

contrast, heat shock mRNAs are efficiently exported from the nucleus by a 

selective export pathw ay during the stress (Saavedra, et al., 1997). These 

m RNAs are subsequently translated into heat shock proteins in the  

cytoplasm. A nother level of control in the heat shock response is the  

alterations in mRNA half-lives. The half life's of hsp  mRNAs are 

m aintained or prolonged during exposure to therm al stress (Moore, et al., 

1987, Saavedra, et al., 1996) while, in contrast, non hsp  mRNA half-live 's  

are thought to decrease (Laroia, et al., 1999, Saavedra, et al., 1996).

1. 3 THE HEAT SHOCK PROTEINS

The first report on Hsps appeared in 1962 after Drosophi la

melanogaster salivary gland cells were heat shocked at 37°C for 30 m in and  

then retu rned  to norm al tem perature of 25°C for recovery (Ritosa, 1962). A

"puffing" of genes was found to have occurred in the chrom osom es of the  

recovering cells, accompanied by an increase in the expression of proteins



Table 1.1 Summary of Heat Shock Protein Family Members

Organism Hsp Localisation Functions

Hsp70 S. cerevisiae S sal-4  
Ssbl, Ssb2 
Kar2 
Sscl

Cytosol/N ucleus
Cytosol
ER
M itochondria

Stress Tolerance, protein translocation and folding. 
Removal of nascent polypeptides from ribosome. 
Translocation of proteins into endoplasm ic reticulum. 
Translocation of proteins into m itochondrium .

E. coli DnaK Cytosol Stress tolerance and Protein folding.

Hum an Hsc70/Hsp70
Bip
mHsp70

C ytosol/N ucleus
ER
M itochondria

Stress Tolerance, protein translocation and folding. 
Translocation of proteins into endoplasm ic reticulum. 
Translocation of proteins into m itochondrium .

HsplOO/Clp S. cerevisiae H spl04 Cytosol/N ucleus Stress Tolerance.

E. coli ClpA, ClpX 
ClpB

Cytosol
Cytosol

Proteolysis and Regulation. 
Stress tolerance.

Hsp90 S. cerevisiae Hsp83/H sc83 Cytosol Signal Transduction

Hum an Hsp90 Cytosol Signal transduction and steroid horm one function.

Hsp60 S. cerevisiae Hsp60 M itochondria Protein folding and stress tolerance in m itochondria

E. coli GroEL Cytosol General protein folding functions

Hum an Hsp60 M itochondria Same as S. cerevisiae Hsp60

Sm all H sps S. cerevisiae Hsp27 Cytosol Stress tolerance

Hum an Hsp27 Cytosol Stress tolerance and cell grow th and differentiation



w ith  distinctive molecular masses, now  know n as Hsps (Tissieres, et al., 

1974). Since then, several other Hsps, induced by a m ultitude of stress types 

in m any different organisms have been identified (Ferreira, et al., 1996, 

M orim oto, 1993, M orimoto, et al., 1997, M orim oto, et al., 1996, M orim oto  

and  Santoro, 1998, Schoffl, et al., 1998). The degree of Hsp in d u c tio n  

depends on the level and duration of exposure to stress. The increase is 

transient, bu t how long it persists varies in different cell types.

Detailed analysis of the actions of Hsps under norm al grow ing 

conditions reveals that these proteins transiently bind to stretches of 

polypeptides rich in hydrophobic am ino acids such as those found in  

unfolded proteins, thus facilitating cellular processes such as p ro te in  

folding and translocation across m embranes (Craig, et al., 1993, Craig, et al., 

1994, H endrick and Hartl, 1993, M orimoto, et al., 1994, N etzer and H artl, 

1998). In an analogy of their hum an counterpart, they have been n am ed  

m olecular chaperones (Ellis, 1987). Hsps are also know n to have several 

functions during  and following stressful conditions, including th e  

protection, reactivation and even degradation of dam aged pro te ins 

(M athew and Morimoto, 1998, Parsell and Lindquist, 1993).

There are at least five major families of heat shock proteins; th e  

HsplOOs, Hsp90s, Hsp70s, Hsp60s and the small Hsps, categorised on the  

basis of their approximate m olecular mass (in kilodaltons). In the nex t 

sections, each family is described in detail w ith exam ples of h igh ly  

conserved indiv idual members from both prokaryotic and eukaryotic 

organism s. Interestingly, several eukaryotic organism s possess organelle- 

located members, for example the S. ce r e v i s i ae  m itochondrial Hsp70, Sscl,
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w hich are actually m ore hom ologous to their bacterial counterparts th an  

their cytosolic neighbours (Craig, et al., 1994). In the next sections m ost of 

the em phasis is on the cytosolic/nuclear Hsp family m em bers, and in  

particular, the S. cerev i s iae  HsplOO m em ber, H spl04 and the Hsp70 

m em bers, Ssal-4. These proteins are vital for stress tolerance in th is 

organism  and are central to the work in this thesis.

1. 3.1 The Hsp70 Family

The Hsp70 family is highly conserved and dem onstrates a 60-80% 

identity am ong eukaryotic cells and a 40-60% identity betw een eukaryotic 

Hsp70 and E. coli DnaK (Caplan, et al., 1993, G upta and Singh, 1992). 

Hsp70s have a diversity of biological functions, including, the  

translocation of proteins across m em branes (Baxter, et al., 1996, Becker, et 

al., 1996, Caplan, et al., 1993), the folding of nascent polypeptides o n  

ribosom e's (Nelson, et al., 1992, Teter, et al., 1999) and the p reven tion  of 

pro tein  denaturation during stressful conditions (Craig, et al., 1993, 

N ollen, et al., 1999, Parsell and Lindquist, 1993). All of these d iverse 

functions depend on the ability of the Hsp70 peptide b inding dom ain to 

transiently associate w ith partially unfolded proteins by binding to specific 

m otifs consisting of four or five hydrophobic residues (Rudiger, et al., 1997, 

Rudiger, et al., 1997). This association requires the hydrolysis of ATP (Cyr, 

et al., 1994, Greene, et al., 1998, McCarty, et al., 1996). It is thought that the  

association of Hsp70 w ith unfolded protein substrates actually p reven ts  

their aggregation by shielding the exposed hydrophobic residues. 

Interestingly, both its peptide and ATP binding sites have been show n to



not actually determ ine the substrate specificity of each Hsp70 (James, et al., 

1997). Instead, functional specificity is thought to be determ ined by an  

interaction betw een one or m ore Hsp70 dom ains and other com ponents of 

the cellular machinery. Indeed, several m em bers of the Hsp40 family of co­

chaperones have been show n to associate w ith specific Hsp70 m em bers 

and are now  thought to be associated w ith Hsp70 specificity (Becker, et al., 

1996, Caplan, et al., 1993, Caplan, et al., 1992, Cyr, et al., 1994, Frydm an, et 

al., 1994, Greene, et al., 1998, Michels, et al., 1997, M inam i, et al., 1996, 

Schum acher, et al., 1996). This occurs through direct interaction of 

different Hsp70 and Hsp40 protein pairs that appear to be specifically 

adapted  to each other.

1. 3. 1. 1 Mult ip le  Hsp70s with Diverse Funct ions in Eukaryotic Cells:  

In bacteria, a single Hsp70, called DnaK, aided by its co-chaperone 

Hsp40, called DnaJ, functions in the binding of proteins in the  

interm ediate stages of folding, assembly, and translocation across 

m em branes (Gaitanaris, et a l ,  1994, M otohashi, et al., 1999, Segal and R on, 

1998, Teter, et al., 1999). In contrast, all eukaryotic cells possess m u ltip le  

Hsp70s to carry out such functions. The extensively studied Hsp70 fam ily 

of S. cerev isiae  contains at least fourteen m em bers (Baxter, et al., 1996, 

Craig, et al., 1994, Craig, et a l ,  1994, Craven, et al., 1996). Eight of these 

m em bers are located in organelles such as the endoplasm ic reticulum  and 

m itochondria and perform  sim ilar functions to bacterial DnaK (Craig, et 

al., 1994, Craig, et al., 1993, Craig, et al., 1994). The Ssa and Ssb subfam ilies 

are located in the nucleus and cytoplasm (Lopez-Buesa, et al., 1998, Shulga,
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et al., 1999). The Ssa subfamily has four members: Ssal-4; the Ssb subfamily 

has two members: Ssbl and Ssb2, which are 99% identical. These two 

subfamilies are functionally distinct, despite sharing 60% amino acid 

identity (Craig and Jacobsen, 1985, James, et a l, 1997, Lopez-Buesa, et al., 

1998). The essential Ssa proteins, which are most closely related to the 

major cytolsolic Hsp70s of mammalian cells, Hsp70/Hsc70, are essential for 

vegetative growth. At least one member must be expressed at high levels 

to ensure cell survival (Werner-Washburne, et al., 1987). It is now know n 

that they are involved in the translocation of proteins across m em branes 

and in stress tolerance (Craig, et al., 1994, Craig, et al., 1994). In addition, 

they have been shown to be involved in the folding of certain proteins 

after translation (Kim, et al., 1998).

The Ssbl and Ssb2 proteins appear to be much more functionally 

specialised. They have been shown to associate with translating ribosomes 

and can be cross-linked to nascent polypeptide chains (Nelson, et al., 1992, 

Pfund, et al., 1998). This association, in addition to the fact that strains 

lacking Ssb are hyper-sensitive to certain inhibitors of protein synthesis, 

suggests that this class of Hsp70s may be involved in the chaperoning of 

the nascent polypeptide out of the ribosome.

1. 3. 1. 2 Stress Tolerance F u n c t i o n :

Substantial evidence indicates that Hsp70 proteins are capable of 

protecting cells, tissues, organs, and even complete organisms from a 

m ultitude of stress types (Barbe, et al., 1988, Currie, et al., 1993, Marber, et 

al., 1995, Mestril, et al., 1994, Plumier, et al., 1995, Stojadinovic, et al., 1995).
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On a m olecular level, Hsp70 is thought to function during  cellular stress 

by binding to hydrophobic surfaces of denatured proteins thereby 

inhibiting their aggregation. Evidence for this comes from in v itro  studies 

in w hich purified members of the Hsp70 family have been found to 

contribute to the protection of several substrate proteins from  th e rm a l 

treatm ents. H um an Hsp70 alone has been show n to protect 

Topoisom erase I and DNA Polymerase enzym es from heat inac tiva tion  

(Ciavarra, et al., 1994, Ziemienowicz, et al., 1995). In addition to this, recent 

in vivo studies have dem onstrated that the levels of Hsp70 in the cell are 

found to correlate precisely w ith the degree of protection conferred o n  

firefly luciferase during a thermal treatm ent (Nollen, et al., 1999).

Evidence is accum ulating that Hsp70 m ay also be involved in th e  

reactivation of dam aged proteins. In vivo experim ents have dem onstra ted  

that Hsp70 on its own is sufficient to reactivate heat denatured  luciferase 

in the cytoplasm (Nollen, et al., 1999). However, Hsp70 alone was n o t 

sufficient to yield a complete reactivation of heat denatured  luciferase in  

the nucleus. An earlier report dem onstrated that co-expression of Hsp40 

(or H djl) enhanced Hsp70-mediated reactivation of nuclear located heat- 

inactivated luciferase (Michels, et al., 1997). In vitro evidence suggests th a t 

Hsp40 is required in the nucleus to stabilise the b inding of Hsp70 to 

substrates by stim ulating hydrolysis of the Hsp70-bound ATP. Hsp70, 

Hsp40 and ATP either directly enhance refolding of heat denatu red  

nuclear proteins or can keep them  in a folding com petent state at h ig h  

tem peratures (Freeman and M orimoto, 1996, Schum acher, et al., 1996, 

Schum acher, et al., 1994). In addition, Hsp70 has been show n to associate
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w ith HSFs in m am m alian cells and is consequently very im portan t in th e  

autoregulation of hsp genes, discussed above (Abravaya, et a l ,  1992).

1. 3. 2 The HsplOO/Clp Family

The HsplOO or Clp proteins are a distinct, highly conserved fam ily, 

w idely distributed am ong prokaryotes and eukaryotes (Horwich, 1995, 

Schirm er, et al., 1996, W awrzynow, et al., 1996). The first m em ber w ith  

discernible biochemical function was the E. coli Clp A protein, originally  

identified in 1987 as a m ediator of casein proteolysis (Caseinolytic protease, 

Clp) (Hwang, et al., 1987, Katayama, et al., 1988). Since, then several o th er 

m em bers, including the S. cerevisiae H spl04 protein, have been identified 

and characterised into w hat is now called the HsplOO/Clp family. M em bers 

of this family have a very w ide variety of roles, from tolerance to ex trem e 

heat stress, proteolysis, DNA replication, control of gene expression, and  

inheritance of prion-like factors (reviewed by Schirmer, et al., 1996).

1.3.  2 .1  Classification, Structure and Biochemical  Propert ies .

The HsplOO family is divided into two m ajor classes based o n  

w hether they possess one or two nucleotide binding dom ains (NBDs) 

(Schirmer, et al., 1996). Members of class one contain two NBDs w hich are 

flanked by am ino terminal, m iddle and carboxy-term inal regions. The tw o 

NBDs are highly conserved in all m em bers of this class, bu t in contrast 

w ith m ost other proteins containing two NBDs, they have very different 

am ino acid sequences. Examples of class one HsplOOs include H spl04 of S. 

cerevisiae;  its bacterial hom ologue, ClpB, found ubiquitously in v ario u s
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bacteria (Celerin, et a l ,  1998, Eriksson and Clarke, 1996, G randvalet, et al., 

1999, Ingmer, et al., 1999, Squires, et al., 1991, Woo, et al., 1992); ClpA of E. 

coli and ClpC of B. subtilis (Horwich, 1995, Kruger, et a l ,  1994, Levchenko, 

et al., 1997, Parsell, et al., 1994, Sanchez and Lindquist, 1990, Schirmer, et 

al., 1996, Squires and Squires, 1992, W aw rzynow , et al., 1996). A co m m o n  

characteristic of class one members, is their assembly into h igher o rder 

oligom ers (Parsell, et al., 1994, Singh and M aurizi, 1994, W aw rzynow , et 

al., 1995). It is thought that one NBD contributes to oligom erisation, w h ile  

the other contributes to ATPase activity (Kessel, et al., 1995). In the absence 

of nucleotides, ClpA from E. coli and H spl04 from S. cerev is iae  exist as 

m onom ers, dim ers or trimers. However, in the presence of ATP or ADP, 

both proteins assemble into ring-like, hom o-hexam eric structures (Parsell, 

et al., 1994, Thom pson and Maurizi, 1994). It is thought that this toro idal 

arrangem ent of subunits is central to the various functions of class one  

HsplOOs.

M embers of class two HsplOOs are shorter in length, containing only  

a single NBD and the carboxy-terminal region (Schirmer, et al., 1996). 

A part from the E. coli ClpX protein, identified in 1993, little is k n o w n  

about this class (Wojtkowiak, et al., 1993). Despite this lim ited know ledge 

about class 2 HsplOOs, members have been identified by sequence analysis 

in organism s as diverse as E. coli and hum ans (Schirmer, et al., 1996). A 

ClpX hom ologue has been identified in the m itochondria of S. cerev is iae,  

called M cxlp (for M itochondrial ClpX) (Dyck, et al., 1998). However, to date 

nothing has been reported about its function. In addition, very recently, a

16



ClpX hom ologue has been identified in m ouse m itochondria (Santagata, et 

al„ 1999).

1 . 3 .2 .2  Stress Tolerance Functions of Members of The HsplOO 

Family.

Some m em bers of class 1 HsplOOs have been associated w ith  stress 

tolerance functions. In S. cerevisiae, the H spl04 protein plays a vital role 

in tolerance to severe stress (Iwahashi, et al., 1997, Lindquist and K im , 

1996, Parsell, et al., 1994, Parsell and Lindquist, 1993, Piper, 1995, Sanchez 

and  Lindquist, 1990, Sanchez, et al., 1992). It is present in very low am ounts 

during  norm al physiological conditions, bu t is induced to about 2% of total 

pro tein  during  stressful conditions, such as heat shock, exposure to heavy  

m etals or ethanol (Piper, 1995, Sanchez, et a l ,  1992). Cells carrying a 

deletion in hspl04  grow as well as w ild-type cells at tem peratures up to 

38.5°C, the highest tem perature at w hich standard laboratory strains can 

grow  (Sanchez and Lindquist, 1990). However, w hen cells are exposed to 

extrem e tem peratures of 50°C, hsp lOi  m utants die at 100 to 1000 tim es 

faster than wild-type cells. Similarly, hspl04  cells are m uch m ore sensitive  

to ethanol exposure (Sanchez, et al., 1992).

A second class 1 HsplOO protein, hom ologous to H spl04, has 

recently been identified in S. cerevisiae m itochondria and is called Hsp78 

(Schmitt, et al., 1996). This protein, if expressed in the cytosol can substitute 

for H spl04 in m ediating stress tolerance, which suggests a conserved m ode 

of action of both proteins. Furtherm ore, the heat induced HsplOO fam ily 

m em bers from different eukaryotic organism s exhibit a conserved stress-
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tolerance function. For example, both the Arapidopsis  and the soybean 

HsplOO proteins can restore tolerance to high tem peratures in yeast cells 

lacking H spl04 (Lee, et al., 1994, Schirmer, et al., 1994). Stress tolerance 

related class 1 HsplOO proteins have also been identified in bacteria. For 

example, the E. coli ClpB and the B. subtilis  ClpC proteins are rapidly 

induced by heat and other stresses and have been show n to be required for 

stress tolerance (Kruger, et a l, 1994, Squires, et al., 1991).

As m entioned above, members of the Flsp70 family are thought to 

function during  stressful conditions to prevent the aggregation of 

denatured  proteins. However, Hsp70, and m ost other Hsps are ineffective 

in the resolubilisation of aggregates once they have formed. A u n iq u e  

property of certain members of the HsplOO family is their ability to 

p rom ote the resolubilisation of stress induced protein aggregates 

(Motohashi, et al., 1999, Parsell, et al., 1994). W hen yeast cells are subjected 

to a m oderate to severe therm al stress, protein aggregates are seen to 

accum ulate both in the nucleus and in the cytoplasm of both w ild type and  

hspl04  m u tan t cells. However, upon retu rn  to norm al tem peratu res, 

aggregates are cleared in wild-type cells bu t not in cells lacking Hspl04. 

Very recently, it has been shown, by electron microscopy, that H spl04 

actually colocalises and physically associates w ith aggregated bodies form ed 

in both the nucleus and the cytoplasm during  therm al stress (Kawai, et al., 

1999).

A m odel for the actual m echanism  of action of HsplOO/Clp 

m em bers in stress tolerance has been proposed, based on w ork done o n  

H spl04 (Parsell, et al., 1994, Parsell, et al., 1994, Sanchez and Lindquist,



1990, Sanchez, et al., 1992). It is thought that the toroidal arrangem ent of 

HsplOO sub-units in hexameric rings, allows for the display of active 

surfaces at a high local concentration, thereby perm itting m u ltip le  

sim ultaneous interactions with substrates. Such interactions, com bined 

w ith  the co-ordinated use of ATP, are thought to be required to overcom e 

the forces stabilising collapsed or assembled conform ations of substrates 

and prom ote dissaggregation, unfolding or disassociation.

As described above, most cellular stresses are linked by the fact th a t 

they ultim ately result in the accum ulation of abnorm al or denatu red  

proteins. Therefore, during such stressful conditions, it is very likely th a t 

the rate of abnorm al protein accum ulation and subsequent aggregation, 

actually outpaces the ability of the cells protective systems, such as Hsp70, 

to p reven t aggregation. Thus Hspl04 provides an additional type of 

surv ival strategy, i.e. recovery and repair of dam age done as opposed to 

protection from damage.

The functional relationships betw een m em bers of Hsp70 and 

HsplOO families in stress tolerance are just beginning to be understood . 

The picture that is emerging is that Hsp70, aided by its co-chaperone, 

Hsp40, and ATP, can function to inhibit the aggregation of proteins d u ring  

stressful conditions. However, during recovery after stress, HsplOO 

proteins are required in addition, form ing w hat has been called the  

Hspl00-Hsp70-Hsp40 chaperoning machine. This m achine is capable of 

disaggregating large protein aggregates. For example, in the bacterium  

Thermus thermophi l i i s ,  a functional co-operativity betw een a Hsp70 

(DnaK) and a HsplOO (ClpB) has very recently been dem onstrated  in v i t ro
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(Motohashi, et al., 1999). It was found that the Hsp40 in co-operation w ith  

the Hsp70 could suppress the aggregation of proteins in an ATP dependan t 

m anner. How ever, the HsplOO was also required for the reactivation of 

heat dam aged proteins. In addition Glover et al. dem onstrated that S. 

cerevisiae H spl04, Hsp70 and Hsp40 (Ydjl), function co-operatively in  

vitro in the reactivation of chemically denatured and aggregated pro te ins 

(Glover and Lindquist, 1998).

This in vitro data is supported by in v i v o  observations in S. 

cerevisiae  w here Hspl04 can partially com pensate for Ssa proteins in  

grow th at high tem peratures, while Ssa proteins can partially com pensate 

for H spl04 in the recovery from severe heat stress (Parsell and Lindquist, 

1993, Sanchez, et al., 1993). In addition, deletion of Hsp78, the S. cerevisiae  

m itochondrial m em ber of the HsplOO family results in synthetic lethality  

on non ferm entable carbon sources in m utan t strains carrying 

tem perature-sensitive alleles of Sscl, the S. cerevisiae m ito ch o n d ria l 

Hsp70 (Moczko, et al., 1995, Schmitt, et al., 1996).

1. 3. 2. 3 Non Stress Tolerance Functions of HsplOO/Clp M e m b e r s

In addition to stress tolerance functions, several Clp/HsplOO fam ily 

m em bers are know n to have both proteolytic and regulatory functions 

(reviewed by Gottesman, 1996, Horwich, 1995, Horwich, et al., 1999, 

Hoskins, et al., 1998, Pak and W ickner, 1997, Schirmer, et al., 1996, Squires 

and Squires, 1992, W awrzynow, et al., 1996). These functions, are sim ilar to 

the stress tolerance functions of other HsplOO/Clp m em bers in that they 

also rely on the ability of their oligomeric structures to disaggregate protein
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conform ers (Weber-Ban, et ah, 1999). In bacteria, two family m em bers, 

ClpA and ClpX, have been very well characterised (Gottesman, 1996). B oth 

proteins form hexameric rings and are know n to be involved in th e  

disassembly of specific m ultim eric protein complexes into th e ir  

com ponent subunit complexes to trigger a biological response. For 

example, in E. coli, ClpA is specifically required for the conversion of 

inactive PI Replication-initiation protein (RepA) dim ers to active 

m onom ers (Pak and W ickner, 1997, W ickner, et al., 1994). This regulatory 

function of ClpA results in a 100-fold increase in the DNA binding activity 

of RepA. Analogous regulatory functions have also been described for 

ClpX (Levchenko, et al., 1995, Wojtkowiak, et al., 1993).

In addition to their regulatory functions, both ClpA and ClpX are 

know n to be directly involved in the degradation of proteins that h av e  

been recognised for proteolysis (Chung, 1993, Gottesman, 1996, W eber-Ban, 

et al., 1999). Both ClpA and ClpX form large heter-oligom eric com plexes 

structures w ith the ClpP peptidase. These are com posed of fourteen  

subunits of ClpP w ith either ClpA or ClpX hexam eric rings at one or both  

ends, form ing structures which very closely resem ble the eukaryotic 26S 

proteasom e (Grimaud, et al., 1998, Kessel, et al., 1995, Thom pson, et al., 

1994). It is now  know n that both ClpA and ClpX associate w ith  p ro te ins 

that have carboxy-terminal peptide tails added by the SsrA-tagging system  

(Gottesm an, et al., 1998). These proteins are unfolded by the HsplOO/Clp 

hexam ers and subsequently translocated to ClpP peptidase in a process th a t 

requires the hydrolysis of ATP (Hoskins, et al., 1998, Pak and W ickner, 

1997, Weber-Ban, et al., 1999). Thus ClpA and ClpX, th rough th e ir
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interactions w ith both substrate and ClpP, act as gatekeepers, actively 

translocating specific substrates into the proteolytic cham ber of ClpP w here  

degradation occurs.

No proteolytic role has been detected for the S. cerevisiae H spl04 

protein. H ow ever, a regulatory role, in which it is involved in the  

alteration of the conform ation of the yeast prion, has been reported 

(Chernoff, et al., 1995).

1. 3. 3 The Hsp90 Family

The Hsp90 family is a relatively small family of chaperones (For 

review s see Buchner, 1999, Caplan, 1999, Mayer and Bukau, 1999). It has 

mem bers in eubacteria, plants, S. cerevisiae  and m am m als (See Table 1.1). 

In eukaryotic cells, Hsp90 is actually one of the m ost abundant cytosolic 

proteins, am ounting  to -1%  of soluble protein, even in the absence of 

stress (Welch and Feramisco, 1982). However, its abundance is significantly 

increased by stress treatm ents. Despite this heat inducibility, Hsp90 has 

been show n to be essential in S. cerevisiae  (Borkovich, et al., 1989) and D, 

m e la n o g a s te r  under norm al growing conditions (Cutforth and R ubin, 

1994). These features have led to the belief that Hsp90 has both stress 

related and house keeping functions. This has been substantiated by the 

recent identification of a variety of cellular targets for Hsp90 under n o rm a l 

and stress conditions (reviewed in Buchner, 1999).

Hsp90 has been show n to form an elongated dim er (m onom ers are 

80-90 kDa). Recently, an A DP/ATP binding site in S. cerev is iae  Hsp90 has 

been identified and characterised (Prodrom ou, et al., 1997). In addition, the
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binding and hydrolysis of ATP have been show n to be essential for in v i v o  

function (Panaretou, et al., 1998). Hsp90 is a very selective m o lecu lar 

chaperone associated w ith the folding of signal-transducing proteins, such 

as steroid horm one receptors and protein kinases (Buchner, 1999, Craig, et 

al., 1993, Cutforth and Rubin, 1994, Nathan and Lindquist, 1995, N athan, et 

al., 1997, Silverstein, et al., 1998). Recently, this small substrate range has 

been expanded to include nitric oxide synthase (Garcia-Cardena, et al.,

1998), Telomerase (Holt, et al., 1999) and chloride channel (Loo, et al., 1998). 

Recently, it has been found that Hsp90 forms discrete sub-complexes, each 

containing distinct groups of co-chaperones that function together in  

various different folding pathways (Buchner, 1999, M ayer and Bukau,

1999).

H um an Hsp90 has been shown also to co-operate w ith Hsp70 and 

it's co-chaperone Hsp40, in the repair of denatured proteins after stress 

(Freem an and M orimoto, 1996) However, loss of Hsp90 function in  S. 

cerevisiae, using a conditional tem perature sensitive m utant, revealed n o  

increase in the level of aggregated proteins after heat shock (N athan, et al., 

1997). Despite this, recent studies have suggested that m am m alian  Hsp90 

may be an im portant negative regulator of heat shock gene induction as 

interactions between it and HSF have been reported (Duina, et al., 1998, 

Silverstein, et al., 1998, Zou, et al., 1998).

1. 3. 4 The Hsp60 or Chaperonin Family:

The Hsp60 family members are found in the cytosol of bacteria and  

in the m itochondria and chloroplasts of eukaryotic organism s w here they

23



share nearly 60% amino acid identity (Buchner, 1996, Bukau and H orw ich, 

1998, N etzer and Hartl, 1998, Parsell and Lindquist, 1993). They also share a 

large oligom eric structure composed of 60 kDa subunits arranged as tw o 

stacked heptam eric rings with a central cavity. A lthough stress induces 

expression in bacteria and eukaryotic m itochondria, Hsp60s are 

constitutively expressed and are essential for grow th under all conditions. 

The Hsp60s are known to co-operate w ith smaller stress inducible proteins, 

called HsplO's. These 'co-chaperonins' are also highly conserved. They 

have a subunit size of approximately 10 kDa and form  single hep tam eric  

rings that bind Hsp60 (Hartman, et al., 1992, Lubben, et al., 1990).

The Hsp60 of E. coli , GroEL, and its HsplO, GroES, are the best 

characterised 'chaperonin team ' and have been show n to be involved in  

the folding of newly made bacterial proteins (Horwich, et al., 1993). It is 

thought that GroEL, in cooperation w ith its cochaperonin, GroES, 

functions in assisting a large num ber of proteins to reach native fo rm  

through the actions of binding and folding in its large central cavity 

(Mayhew, et al., 1996). In S. cerev i s iae ,  the Hsp60 or Chaperonin-60 of the  

m itochondria was originally found to be essential for the assembly of 

proteins newly im ported into m itochondria (Cheng, et al., 1989). Since 

then, it has been show n to function in the refolding of m ito ch o n d ria l 

proteins only after they have been translocated across the m ito ch o n d ria l 

m em brane by Hsp70 proteins (Bukau and Horwich, 1998, Dyck, et al., 1998).

In addition to roles at norm al tem peratures, both prokaryotic and  

eukaryotic m em bers are vital in stress tolerance. GroEL is extrem ely 

strongly induced by heat, increasing to a rem arkable 10-15% of total
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cellular protein (Neidhardt, et al., 1984). This increase is essential for 

growth of bacteria at high temperatures. Chaperonin-60 of eukaryotes have 

been shown to associate with proteins and prevent their denaturation in  

mitochondria during heat stress (Martin, et al., 1992).

1. 3. 5 The Small Hsp Family:

Small Hsps (sHsps) are a poorly conserved ubiquitous chaperone 

family which range in size from 12 to 30 kDa (Jakob, et al., 1993, Landry and 

Landry, 1994, Lindquist and Craig, 1988). The major characteristic feature of

all sHsps is a conserved central domain, referred to as the a-crystallin

dom ain (Landry and Landry, 1994). Another common feature of sHsps is 

their oligomeric quaternary structure of up to 32 sub-units form ing 

complexes of up to 800 kDa (Landry and Landry, 1994, Rogalla, et al., 1999). 

They are found in all organisms from bacteria to mammals and are 

induced during heat shock conditions (Landry and Landry, 1994). In 

addition, sHsps have even been reported to be induced during oxidative or 

ischemic conditions (Mestril, et al., 1994, Preville, et al., 1999).

Of the several families of Hsps, sHsps have probably been the least 

characterised in terms of function. Firstly, unlike the higher m olecular 

weight Hsp90, Hsp70 and Hsp60 proteins, there is no evidence that sHsps 

are essential for normal cellular function. Rather, the sHsps appear to 

primarily involved in the stress response. In heat shocked plants, sHsps 

are characteristically abundant and comprise an array of about 20 different 

proteins, localised to virtually every cellular compartm ent (Waters and 

Schaal, 1996). In contrast, S. cerev is iae  and m am m alian cells synthesise
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only a single sHsp which is localised prim arily in the cytosol (Landry and 

Landry, 1994). Furtherm ore, in m am m alian cells, Hsp27 has been sh o w n  

to stabilise cytoskeletal elements such as actin during  heat shock (Lavoie, 

et al., 1993, Lavoie, et al., 1993, Lavoie, et al., 1995). Experim ents in v i t ro  

have dem onstrated that m am m alian Hsp27 can function as a m olecu lar 

chaperone by preventing therm al aggregation of other proteins as well as 

enhancing their refolding after heat or chemical denaturation  (Buchner, 

1996, Jakob, et al., 1993, Merck, et al., 1993).

Several sHsps have been shown to have a high binding capacity to 

virtually  any denatured protein substrate (Ehrnsperger, et al., 1997, 

Horwitz, 1992, Lee, et al., 1997, Rogalla, et a l ,  1999). Recently, the crystal 

structure of a sHsp from Methanococcus jannaschi i  has been solved (Kim, 

et al., 1998). Twenty four m onom ers are found to form a hollow  spherical 

complex w ith a total of fourteen 'w indow s' that may allow polypeptides to 

enter the complex. It is now thought that sHsps m ay function d u rin g  

stressful conditions to actually hold heat denatured proteins in a fo rm  

w hich they can later refold in conjunction w ith other chaperones, such as 

Hsp70 (Dillm ann, 1999). Thus sHsps may provide a store of denatu red  

proteins that can be reactivated upon retu rn  to norm al physiological 

tem peratures. An additional fate of sH sp-bound substrates could 

potentially involve proteolytic turnover, in which case p reven tion  of 

aggregation and m aintenance of substrates in an unfolded confo rm ation  

could facilitate their subsequent degradation.
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1. 4 THE PHENOMENON OF INDUCED THERMOTOLERANCE

Hsps have for a long time been associated w ith the phenom enon  of 

'Induced Thermotolerance'. This is defined as the ability of cells to su rv iv e  

severe elevated tem peratures if first briefly pre-treated at a m oderately  

elevated tem perature (Parsell and Lindquist, 1993, Parsell and Lindquist, 

1994). This increased resistance is observed in v irtually  every cell type 

from bacteria to man. Hsps have been show n to be induced and  

synthesised during  such pre-treatm ents. Furtherm ore, the gradual decay of 

therm otolerance after heat shock correlates w ith a reduction in Hsp levels 

(Parsell and Lindquist, 1993, Stege, et al., 1995). In addition, several studies 

have dem onstrated  that certain hsp m utants are significantly restricted in  

their ability to induce therm otolerance. For example, w hen  S. cerevisiae

cells are grow n at 25°C and pre-treated at 37°C for 30 m inutes to induce

therm otolerance, they survive exposure to 50°C significantly better th a n

non pre-treated cells (Sanchez and Lindquist, 1990). H ow ever, cells 

carrying m utations in the HSP104  gene and given the same pre-treatm en t, 

die at 100 to 1,000 times the rate of w ild type cells (Sanchez and Lindquist, 

1990). In addition, the Ssa proteins have been show n to partially  

com pensate for this in HSP104  m utants (Sanchez, et al., 1993). Experim ents 

in m ouse cells dem onstrated that by artificially increasing the levels of 

Hsp27, a thermoresistance was developed approaching that w hich could be 

attained by pre-treatm ent at m ild heat shock tem peratures (Lavoie, et al., 

1993). Despite all of this data, very little is know n about how  Hsps actually 

protect the cellular processes from heat stress.



1 .5  TOWARDS AN UNDERSTANDING OF THE AMELIORATIVE 

EFFECTS OF HSPS ON THE CELLULAR PROCESS OF MRNA SPLICING

Previous workers have dem onstrated that the process of m R N A  

spHcing is protected from therm al inactivation at tem peratures that w ould  

otherw ise inactivate it, if cells are first subjected to a m ild heat p re­

treatm ent (Yost and Lindquist, 1991). This phenom enon, referred to as 

'splicing therm otolerance', to clearly d istinguish it from total cell 

protection or 'survival therm otolerance', has been reported in h u m a n  

(Bond, 1988), S. cerev isiae  (Yost and Lindquist, 1991) and D. m e la n o g a s t e r  

(Yost and Lindquist, 1986, Corell and Gross, 1992). W hile protein  synthesis 

is required for splicing therm otolerance in D. m e lanogas te r ,  in S. 

cerevisiae it can be attained even if cells are treated w ith cyclohexim ide 

(Yost and Lindquist, 1991). This latter result p rom pted Yost to suggest th a t 

the protective factors, m ost probably heat shock proteins, m ust be p resen t 

in the requisite quantities at norm al tem peratures in S. cerevisiae.  

W hereas, in D. melanogaster cells, such factor(s) m ust have to be induced 

during  the pre-treatm ent. Hsp70 was thought to be the m ost likely 

candidate, because constitutive m em bers of the Hsp70 family, Ssal and  

Ssa2, are present at norm al tem peratures in S. cerevisiae,  bu t no Hsp70 

forms exist in Drosophila  under such conditions. It was proposed th a t 

w hile factors responsible for splicing therm otolerance are present in the 

cell, a pre-treatm ent is required to 'activate' or relocate them  to the nucleus 

(Yost and Lindquist, 1991).

Despite the fact that no direct evidence exists to show  that Hsps 

actually protect the process of mRNA splicing during  heat shock in
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therm oto leran t S. cerevisiae, two studies have show n that Hsps definitely 

play a vital role in the reactivation of the process following a heat shock 

(Vogel, et a l ,  1995, Yost and Lindquist, 1991). Careful analysis of cells 

carrying m utations in the yeast small heat shock protein gene, HSP26, or 

the genes coding for the two members of the yeast Hsp90 family, HSC82  

and HSP82,  revealed no defects in mRNA splicing recovery (Yost and  

Lindquist, 1991). In contrast, a hspl04  m utation  was show n to have a 

dram atic detrim ental effect on the rate of splicing recovery after a h ea t 

shock. Vogel et al. w ent on to reproduce this observation and to 

dem onstrate that the heat inducible, cytosolic m em bers of the Hsp70 

family, Ssal, Ssa3 and Ssa4, are also required for splicing recovery, but to a 

lesser extent than H spl04 (Vogel, et al., 1995). Furtherm ore, they observed 

that, although the recovery of splicing was im paired by the lack of H spl04 

and Ssa proteins, transcription was not. They concluded from this that th e  

effect of the m utations on the recovery of splicing was specific, and not a 

general effect of heat toxicity on all vital processes.

These workers subsequently observed that H sp's restore splicing 

activity to in vitro heat shocked extracts (Vogel, et al., 1995). H ow ever, th is  

is not surprising since it is known that heating native cell extracts in v i t ro  

causes protein denaturation. It is very well established from several 

previous studies that Hsps are capable of restoring pro tein  activity w h en  

added in vitro  to extracts that have been heated in test tubes (Lee, et al., 

1997, Schum acher, et al., 1994). However, any assum ption  that this is in  

any way reflective of the in v ivo  situation is likely to be an o v er 

sim plification of w hat is probably a m uch m ore complex situation. To
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begin to appreciate this point, it is vital to actually understand  the  

com plicated and com partm entalised nature of the process of m R N A  

splicing and the m ultitude of factors involved in its functioning.

1. 6 mRNA SPLICING 

1. 6.1 The Process

M ost hum an genes and up to 3% of S. cerevisiae genes are 

in terrup ted  by non-coding stretches of DNA know n as introns. A fter 

transcription, these introns m ust be excised from the pre-m RN A  and the 

flanking exons joined together. This process, called mRNA splicing, was 

first discovered in 1977 (Berget, et a l ,  1977, Chow, et al., 1977). The splicing 

apparatus, or the spliceosome, is a large highly conserved m u lti-  

com ponent complex (Staley and Guthrie, 1998). It is constituted of several 

small nuclear ribonucleoprotein particles (snRNPs) and other associated 

protein factors (Beggs, 1995, Will and Liihrm ann, 1997). Each snRNP is 

generally composed of a single small nuclear RNA (U l, U2, U4, U5 and U6 

snRNAs) and a m ultitude of proteins (See Table 1.2) (Staley and G uthrie , 

1998). The exception to this com position is the U 4/U 6 snRNP w hich  

contains two snRNAs, U4 and U6. The form ation of the spliceosom e is an  

ordered process that involves the stepwise interaction of snRNPs w ith  th e  

pre-m RN A  (See Figure 1.1) (Kramer, 1996, Staley and Guthrie, 1998). T he 

U l and U2 snRNPs interact w ith the pre-m RN A  as single particles w h ile  

the tri-snRN P (U4/U6.U5) is first assembled from the U 4/U 6 and the U5 

snRNPs before entry into the spliceosome. The prim ary function of 

snRNPs w ith in  the spliceosome is to facilitate mRNA splicing by
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juxtaposing the spatially separated 5' and 3' splice sites through specific 

base-pairing interactions between snRNAs and the pre-mRNA and 

through protein-protein interactions involving snRNP proteins and other 

splicing factors (Newman, 1998, Newman, 1994, Staley and Guthrie, 1998).
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Figure 1.1 mRNA splicing and the spliceosomal snRNPs. The 

splicing process involves the elimination of intervening sequences 

(introns) in mRNA precursors and the subsequent ligation of their 

flanking regions (exons) to produce mature mRNAs (See text).
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1. 6. 2 The Composition and Biogenesis of snRNPs

The U l, U2, U4 and U5 snRNAs are transcribed by RNA Polymerase 

II and are known to migrate to the cytoplasm where they bind in an 

ordered process to several proteins, commonly referred to as Sm or core 

proteins (Kastner, et al., 1990, Mattaj and Robertis, 1985, Raker, et al., 1999, 

Raker, et a l, 1996). These proteins were originally discovered to be 

produced by patients with systemic lupus erythematosus (Lerner and 

Steitz, 1979). In humans cells, there are seven Sm proteins: Sm B/Sm B', 

SmDl, SmD2, SmD3, SmE, SmF and SmG (Hermann, et al., 1995, Lerner 

and Steitz, 1979). S. cerevisiae cells possess an homologous set of seven Sm 

proteins (See Table 1.2) (Gottschalk, et al., 1998, Neubauer, et al., 1997). 

Recently, the seven human Sm proteins have been shown to form a ring 

like or doughnut shaped structure that is thought to be capable of binding 

snRNAs within its central cavity (Kambach, et al., 1999). The binding of 

these Sm proteins is required for the subsequent hyper-m ethylation of the 

snRNA 5' cap (Mattaj, 1986) and import of the assembled core snRNP into 

the nucleus (Fischer, et al., 1997, Mattaj, et al., 1988, Nelissen, et al., 1994). 

Upon import of core snRNPs, it is thought that the snRNP specific 

proteins assemble on to ultimately form the mature U1-U5 snRNP species 

(Zieve and Sauterer, 1990). Recently, in hum an cells, a group of four U5 

snRNP specific proteins have been shown to form a complex which is 

stable in the absence of snRNA or Sm proteins (Achsel, et al., 1998). It is 

likely that these four proteins assemble onto imported U5 core snRNP as a 

single unit. Furthermore, since three of these proteins have U5 specific
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hom ologues in S. cerevisiae (Brr2, S n u ll4  and Prp8), it is also possible th a t 

an analogous process of U5 snRNP biogenesis occurs in this organism.

In contrast to the U1-U5 snRNAs, the U6 snRNA gene is transcribed 

by RNA Polym erase III and consequently the U6 snRNA does not leave 

the nucleus (Moenne, et al., 1990). In hum an cells, the La protein has long 

been identified as the first protein to bind to all newly transcribed R N A  

Polym erase III transcripts (Chambers, et al., 1983, Hendrick, et al., 1981, 

Rinke and Steitz, 1985, Rinke and Steitz, 1982). An hom ologous p ro te in , 

L h p lp  (La hom ologous protein 1), has been identified to function sim ilarly 

in S. cerevisiae (Yoo and W olin, 1994). In addition, recently L hp lp  has 

been show n to be involved in the stabilisation of newly synthesised U6 

RNA (Pannone, et al., 1998). This stabilisation m ay facilitate the biogenesis 

of the U6 snRNA into the U6 snRNP. Very recently, seven Sm like 

proteins, term ed Lsm2-8 (Like sm), have been show n to be part of the U6 

snRNP in both S. cerevisiae (Mayes, et al., 1999) and hum an  cells 

(Gottschalk, et al., 1999, Stevens and Abelson, 1999). In addition, in h u m a n  

cells, these 7 proteins have been show n to form a doughnu t shaped 

structure, analogous to the Sm ring structure, and are thought to play an  

im portant role in the biogenesis of the U 4/U 6 snRNP (Achsel, et al., 1999).

Since both U6 snRNP biogenesis and the latter stages of U1-U5 

snRNP biogenesis occur in the nucleus, it follows that the biogenesis of the 

U 4/U 6 and U4/U6.U5 snRNPs likely occur there also. There are at least 14 

U 4/U 6.U 5 tri-snRNP specific proteins (Gottschalk, et al., 1999, Stevens and  

Abelson, 1999), 9 U1 snRNP specific (Gottschalk, et al., 1998, N eubauer, et 

al., 1997) and 9 U2 snRNP specific proteins (Caspary and Seraphin, 1998,
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Ruby, et al., 1993, Wells, et al., 1996, Yan, et al., 1998) in S. cerev is iae  (See 

Table 1.2). In addition, there are also m any non-snR N P proteins w hich  

interact w ith the snRNPs during the process of spliceosom e assembly 

(Table 1.2) (reviewed by (Beggs, 1995, Kramer, 1996)). For example, the  

Prp24 protein is required for the association of the U4 and U6 RNFs in S. 

cerevisiae extracts (Ghetti, et al., 1995, Raghunathan and G uthrie, 1998).



Table 1.2 Saccharomyces cerevisiae Splicing Proteins

Protein Name(s) M, (kDa) References
U1-U5 Core Proteins SmB 22 (Gottschalk, et al., 1998)

Sm Dl 16 (Rymond, 1993)
SmD2 13 (Neubauer, et al., 1997)
SmD3 11 (Roy, et al., 1995)
SmE 10 (Bordonne and Tarassov, 1996)
SmF 10 (Seraphin, 1995)
SmG 9 (Seraphin, 1995)

U6 Core Proteins Lsm2 11 (Gottschalk, et al., 1999, Stevens and Abelson, 1999)
Lsm3 10 (Seraphin, 1995)
Lsm4 21 (Cooper, et al., 1995)
Lsm5 10 (Gottschalk, et al., 1999, Stevens and Abelson, 1999)
Lsm6 14 (Gottschalk, et al., 1999, Stevens and Abelson, 1999)
Lsm7 12 (Gottschalk, et al., 1999, Stevens and Abelson, 1999)
Lsm8 15 (Pannone, et al., 1998)

U1 Specific Proteins Snpl 34 (Kao and Siliciano, 1992, Smith and Barrell, 1991)
M udl 37 (Neubauer, et al., 1997)
yUl-C 32 (Neubauer, et al., 1997)
Snu56/M udl0 52 (Gottschalk, et al., 1998)
N am 8/M udl5 57 (Gottschalk, et al., 1998)
Snu65 /  Mud 16 /  Prp42 57 (Gottschalk, et al., 1998)
Prp39 69 (Lockhart and Rymond, 1994)
Prp40 69 (Kao and Siliciano, 1996)
Snu71 77 (Gottschalk, et al., 1998)



Table 1.2 Continued.

U2 Specific Proteins Yib9
Leal
Rsel/scSAP154
Prp5
Prp9
P rp ll
Prp21
Cusl
Cus2

148

63

(Caspary and Seraphin, 1998) 
(Caspary and Seraphin, 1998) 
(Caspary, et al., 1999)
(Ruby, et al., 1993)
(Ruby, et al., 1993)
(Ruby, et al., 1993)
(Ruby, et al., 1993)
(Wells, et al., 1996)
(Yan, et al., 1998)

U4/U6.U5 Specific Prp8 280 (Lossky, et al., 1987)
Proteins Brr2/Snu246 246 (Lauber, et al., 1996, Lin and Rossi, 1996, Noble and Guthrie, 1996)

S n u ll4 114 (Fabrizio, et al., 1997)
Prp6 104 (Abovich, et al., 1990)
Snu66 66 (Gottschalk, et al., 1999, Stevens and Abelson, 1999)
Prp31 56 (Weidenhammer, et al., 1997)
Prp3 56 (Anthony, et al., 1997)
Prp4 52 (Banroques and Abelson, 1989, Bjarn, et al., 1989)
Spp381 34 (Gottschalk, et al., 1999, Lybarger, et al., 1999)
Prp38 28 (Blanton, et al., 1992)
Prpl8 25 (Horowitz and Abelson, 1993)
Snu23 23 (Gottschalk, et al., 1999, Stevens and Abelson, 1999)
D ib l/S nu l6 16 (Gottschalk, et al., 1999)
Snul3 13 (Gottschalk, et al., 1999)

Non snRNP Proteins Prp24 (Shannon and Guthrie, 1991)
Prp2 (Vijayraghavan, et al., 1989)
Prp22 (Company, et al., 1991)
Prp43 (Arenas and Abelson, 1997)



1. 7 PROJECT BACKGROUND AND OBJECTIVES

W hile the process of mRNA splicing is know n to be inactivated by 

heat stress, the com ponents w ithin the splicing apparatus affected have n o t 

been thoroughly examined. Previous data from HeLa cells, has attributed 

splicing inactivation to defects in the assembly of the active spliceosom e 

(Bond, 1988, Utans, et al., 1992). These defects were correlated w ith  

alterations of the snRNP com ponents of the spliceosome. This included a 

com plete disruption of the U4/U6.U5 tri-snRNP, as well as slight reductions 

in the levels of U1 and U2 snRNP species. In addition. Bond also reported 

the accum ulation of a faster m igrating U2 hybridising species in hea t 

shocked cells (Bond, 1988). It is now know n that the 17S hum an  U2 snR N P 

has at least two precursor or interm ediate forms, of 12S and 15S respectfully 

(Behrens, et al., 1993, Kramer, et al., 1999). It is possible that the altered U2 

species, previously observed by Bond in heat shocked HeLa cells, is actually 

one of these tw o precursor forms.

O ther types of ribonucleoprotein (RNP) complexes are also observed 

to be affected in heat shocked cells. In HeLa cells and D. melangaster  cells, 

redistributions of heteronuclear ribonucleoproteins (hnRNPs) and  

alterations of hnRN P particles have also been observed after heat shock 

(Buchenau, et al., 1997, de Graaf, et al., 1992, Gattoni, et al., 1996, Lutz, et al., 

1988, Mahe, et al., 1997, Mahl, et al., 1989, M ayrand and Pederson, 1983). 

This suggests that all RNP particles may be sensitive to heat shock. 

How ever, despite these pleiotropic effects of heat on RNPs, U tans et al. 

dem onstrated that in vitro splicing activity, in extracts prepared from h ea t 

shocked HeLa cells, can be restored by the addition of a protein  fraction
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consisting n^inimally of five proteins (Utans, et ah, 1992). These five 

proteins are com ponents of the U4/U6.U5 tri-snRNP complex and are of 

sizes 90, 60, 27, 20, and 15.5 kDa, m ost of which have been subsequently 

characterised (Fetzer, et al., 1997, Lauber, et al., 1997, Teigelkamp, et al., 

1998). Together, they are capable of reassem bling the U 4/U 6 and the U5 

snRNPs into the U4/U6.U5 tri-snRNP suggesting that the prim ary splicing 

defect in heat shocked HeLa cells may be the lack of a functional tri- 

snRNP. Thus, in HeLa cells at least, splicing inactivation m ay result from , 

either the therm al deactivation or unavailability of essential tri-snR N P 

proteins.

W hile mRNA splicing is know n to be inactivated by heat shock in  

yeast cells, and Hspl04 and Ssa proteins are required for it's subsequent 

reactivation upon return  to norm al tem peratures, the actual com ponen ts  

affected by the heat stress w ithin  the spliceosome have not been 

characterised to date. Therefore, the first aim of this thesis, as outlined in  

C hapter 3, was to characterise the effects of heat shock on the snR N P 

com ponents of the S. cerevisiae spliceosome. In this chapter m u ltip le  

alterations in several snRNPs are described and in som e cases, precursor 

snRNP forms are observed to accumulate.

H aving established that snRNPs are indeed altered in a m a n n e r  

sim ilar to that described previously in m am m alian  cells, it was th e n  

possible to use the powerful genetics of S. cerevisiae  to decipher both the  

role played by Hsps in the restoration of norm al snRNP profiles follow ing 

a heat shock and their protective role in splicing therm oto leran t cells. T he 

role of H spl04 and the Ssa proteins in snRNP restoration was investigated
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in C hapter 4 using S. cerevisiae m utant strains lacking the genes coding for 

these proteins (Table 2.1). The results dem onstrate that splicing 

reactivation after heat shock correlates w ith snRNP reassem bly and is 

dependent on the presence of these Hsps. In C hapter 5, splicing 

therm otolerance is correlated w ith a physical association of Ssa p ro te ins 

w ith  snRNPs to confer protection. Surprisingly, despite the snR N P 

protections observed, splicing therm otolerance itself appears to be 

independent of the Ssa proteins and H spl04.
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Chapter 2: 

Materials and Methods.
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2.1  YEAST STRAINS.

Saccharomyces cerevisiae  m utant strains lacking specific HSP  genes and 

their isogenic wild type parent strains, used in this study, are listed in  

Table 2. 1.

2. 2 CULTURE AND HEAT SHOCK CONDITIONS.

Yeast strains w ere cultured at 25°C in YEPD (1.0% yeast extract, 2.0% Bacto

Peptone, 2.0% glucose) to m id-logarithm ic phase (4.0 x 10  ̂ and 1.0 x 10  ̂

ce lls/m l or 0.4-0.7). This was done to avoid the accum ulation of

H spl04 and other stress tolerance factors such as trehalose, w hich are 

know n to be induced as cells approach stationary phase (Lindquist and  

Kim, 1996). For the initial heat shock experim ents (3. 2. 1 to 3. 2. 3), 500ml 

aliquots of cells, in 2 L culture flasks, were transferred directly from an air

incubator at 25°C to a heated shaker w aterbath for one hour at the 

tem peratures (+ /- 0.5°C) indicated in the text. The tem perature of the

culture m edium  usually reached that of the w aterbath w ith in  

approxim ately 10 m in by this heating regime. For all subsequent h ea t 

shock experim ents, (3. 2. 4 to 5. 5. 2), 500ml aliquots of cells w ere

centrifuged in a Sorvall GSA rotor at 7000 r.p.m. for 5 m in at 25°C, 

resuspended in pre-w arm ed supernatent m edia in 2 L culture flasks and  

heat shocked for one hour at the tem peratures (+ /- 0.5°C) indicated in the 

text. This latter heating regime ensured an instantaneous heat shock. 

Recovery experim ents involved im m ediate transfer of heat shocked cells 

to w aterbaths at 25°C following the heat shock treatm ent. Mild heat pre-
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treatments were performed by transferring cells to pre-warmed media at 

37°C and incubating with shaking for 45 min before im m ediately 

transferring to 42°C for one hour. After all heat treatments, cultures were 

chilled on ice, centrifuged in a Sorvall GSA rotor at 5000 r.p.m. for 5 min at 

4°C, quick frozen on dry ice and stored at -70°C for subsequent splicing 

extract and RNA preparations. In general 450ml and 50ml aliquots of 

cultures were used for the preparation of splicing extracts and RNA 

respectively.

2. 3 RNA ISOLATION.

Total RNA was isolated by the Hot-Phenol Method, as previously 

described (Krieg, 1996). The protocol was scaled down for smaller volum es

as follows. Aliquots of 25ml cells (ODgpg 0.4-0.7) pelleted and frozen at -70°C 

were thawed on ice for 1 hour. Cells were then washed with 10ml of ice- 

cold, sterile dH20 and centrifuged in a Sorvall SS-34 rotor at 7,000 r.p.m.

for 5 min at 4°C. These cells were then washed with 10ml ice-cold AE 

buffer (50mM sodium acetate pH5.3, lOmM EDTA) and centrifuged again. 

The cell pellets were then transferred to 1.5ml Eppendorf tubes by

resupending in 500|il fresh AE buffer. 50|il 10% SDS and 550|li1 AE buffered

phenol were then added to each pellet. Eppendorfs were incubated at 65°C 

for 30 min with 10 second vortexing at 5 min intervals. Eppendorfs were 

then centrifuged in a micro-centrifuge at 14,000 r.p.m. for 5 min. The 

aqueous layer was carefully removed and extracted once more with AE
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buffered Phenol and once with Chloroform before being precipitated in a 

final concentration of 300mM sodium acetate w ith 3 volum es of ethanol at 

-20°C. RNA was resupended in 50|J,1 DEPC-treated dHjO. The concentration 

and relative purity of the RNA was determined m easuring the absorbence 

readings at OD 2 go andO D 2 so- In general, the ratio w as approximately 1.8.

2. 4 FORMALDEHYDE GEL ELECTROPHORESIS.

RNA w as separated on 0.9% formaldehyde-agarose gels contain ing  

0.5|U.g/ml ethidium bromide as described previously (Maniatis, et al., 1989).

RNA sam ples (10-30|J.g) were brought up to 10|U,1 w ith DEPC treated dH20. 

20|il Formaldehyde Gel loading buffer (2.75M form aldehyde, 15mM MOPS 

pH7.0, 22mM sodium  acetate, 70% (v /v ) formamide) was added. Sam ples  

w ere mixed well, quick spun and incubated at 65°C for 15 m in to denature

RNA. 3|il loading dye (0.1% Brom ophenol Blue, 0.1% Xylene Cyanol, 50% 

(w /v )  glycerol) was added before loading sam ples and running overn igh t  

at 50V in IX Formaldehyde gel running buffer (20mM MOPS, 30m M  

sodium  citrate pH7.0). Gels were run overnight to ensure adequate 

separation of actin pre-mRNA and mRNA species and consequently the  

buffer had to be re-circulated during electrophoresis. The gel was 

photographed under UV light and subsequently washed twice for 30 m in  

in DEPC treated lOX SSC (1.5M NaCl, 150mM sodium  acetate, pH7.0) before 

being capillary blotted to Nytran membranes (Schleicher & Schuell). Blots 

w ere UV cross-linked for 2 min at 150mJ by a Bio-Rad GS Gene Linker 

prior to hybridisation.
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2. 5 NORTHERN HYBRIDISATION ANALYSIS.

The plasmid pT7Act, containing a fragment of the actin (Actl) gene, was 

kindly provided by Christine Guthrie (University of California, San 

Francisco). This plasmid was originally created by Art Zaug by first cloning 

the Alu-Alu fragment of Actl into the Sma site of pSP65 (Promega). The 

actin containing fragment was then removed from this vector and cloned 

into pT7 (USB) to create pT7Act. Digoxygenin-dUTP (Roche M olecular 

Biochemicals) labelled DNA probes specific for the Actl gene were 

generated by standard PCR amplification from this plasmid template using 

the primers, 5’-TAATACGACTCACTATAGGG-3’ and 5'-GGCTGCAGGTC 

GACTCTAGA-3'. Digoxygenin-dUTP to dTTP ratios varied from 1:2 to 1:6 

but yielded similar results. Blots were prehybridised for 1-3 hours in

EasyHyb buffer (Roche Molecular Biochemicals) at 50°C, and hybridised in  

bottles for 15-20 hours at 50°C with approximately 25ng labelled probe per

ml of EasyHyb solution. After hybridisation, stringency washes were 

performed. This was done by immediately transferring blots to bottles 

containing 2X wash solution (2X SSC (0.3M NaCl, 30mM sodium  acetate, 

pH7.0), 0.1% SDS) at 68°C and washing twice for 15 to 20 min each time. A

second stringency wash, this time in cleaned glass baking trays, was 

performed twice with 0.5X wash solution (0.5X SSC (75mM NaCl, 7.5mM 

sodium acetate, pH7.0), 0.1% SDS) at room tem perature for 15 to 20 m in  

each time. After stringency washing, the blots were washed in Maleic Acid 

Buffer or MAB (O.IM Maleic Acid, 0.15M NaCl, pH 7.5) with 0.3% (v /v )
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Tween-20 for 10 min in a fresh glass baking tray. Blots were next blocked in  

MAB with 1% (w/v) Casein for at least 40 min and then incubated w ith 

anti-DIG-AP conjugate (Roche Molecular Biochemicals) diluted 1:10,000 in  

MAB with 1% (w /v) Casein for exactly 30 min. Blots were then washed for 

5 min in MAB with 0.3% (v/v) Tween-20 before being equilibrated in  

Detection Buffer (O.IM Tris-HCl, O.IM NaCl, pH 9.5) for 2 to 5 min before 

being incubated in a sealed hybridisation bag with lml/200cm^ of either of 

the chemiluminescent substrates, CSPD or CDP-Star (Roche M olecular 

Biochemicals) diluted 1:100 in Detection Buffer for 1 or 5 min respectively. 

These were subsequently exposed to autorad film. Usually CSPD detected 

blots required 10 to 120 min for optimum exposure whereas CDP-Star 

required 1 to 15 min.

2. 6 PREPARATION OF YEAST SPLICING EXTRACTS.

Cell pellets, frozen from heat shock experiments, were thawed on ice and 

washed with 10ml of ice-cold, sterile distilled water and then suspended in  

3.5mls of extraction buffer A (lOmM HEPES-KOH pH 7.5, 1.5mM MgClj, 

lOmM KCl and 0.5mM DTT added just prior to use). Cells were 

subsequently broken by vortexing with 3mls of acid washed glass beads in  

Corex tubes, periodically for 30 secs each time, in a cold room as previously 

described (Seraphin and Rosbash, 1989). This vortexing was continued 

until 70-90% cell breakage was obtained as judged by microscopic 

examination (Usually 15-18 vortex's). Cell debris and glass beads were 

pelletted by centrifugation in a SS-34 rotor at 7,000 r.p.m. at 4°C for 5 m in. 

The supernatants were then mixed with a l /9 th  volume of 2M KCl and
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allowed to mix gently at 4°C for 30 min. These extracts were then u ltra ­

centrifuged in a Beckman TL-100 rotor at 56,000 r.p.m. at 4°C for 20 m in .

The supernatant was transferred to dialysis tubing, taking care to avoid the  

lipid layer at the top of the tube. Dialysis was perform ed against 2L of 

Buffer D (20mM HEPES-KOH 7.5, 0.2mM EDTA pH  8.0, 50mM KCl, 20%

(w /v ) glycerol and 0.5 mM DTT added just prior to use) for 3 hours at 4°C.

2. 7 GLYCEROL GRADIENT ANALYSIS.

Glycerol gradient analysis was perform ed as described prev iously  

(A nthony, et al., 1997, Ayadi, et al., 1997, Banroques and Abelson, 1989, 

Brown and Beggs, 1992, Galisson and Legrain, 1993). 80|il of splicing

extracts were diluted with 150|il buffer R (150mM Tris-HCl pH  7.4, 25mM

KCl, 5mM MgCl2) and layered on 10-40% continuous glycerol gradients 

p repared in buffer R. These were sedim ented in a SW 40 Ti rotor at 37,000

r.p.m. for 14 hours at 4°C. The gradient was fractionated into 400|il aliquots

and RNA was extracted from each w ith an equal volum e of pheno l- 

chloroform, ethanol precipitated and analysed by N orthern blotting.

2. 8 NORTHERN BLOTTING ANALYSIS OF snRNAS.

RNA from  gradient fractions was separated on 6% 

acrylam ide:bisacrylam ide (40:2), 7M urea gels in IX TBE (lOOmM Tris, 

90mM Boric Acid, ImM  EDTA pH 8.0) and electroblotted onto n y lon  

m em branes (Micron Separations Inc./ Schleicher & Schuell) at 40V for 3 

hours at 4°C. Plasmids of pUC18 derivation and containing snR N A
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sequences (Ares, 1986, Kretzner, et al., 1987, Patterson and Guthrie, 1987, 

Siliciano, et al., 1987), were kindly provided by Bertrand Seraphin (EMBL, 

Heidelberg). Digoxygenin labelled DNA probes specific for U4, U5 and U6 

snRNAs were generated by PCR from these pUC18 derived plasmids using 

the standard cloning vector, 24-mer forward 5'-CGCCAGGGTTTTCCCAGT 

CACGAC-3' and reverse 5'-AGCGGATAACAATTTCACACAGGA-3' 

primers. Northern analysis was perform exactly as described above for Actl 

experiments.

2. 9 NATIVE GEL ANALYSIS OF snRNP COMPLEXES.

Splicing extracts (40-60|ig total protein/lane) were separated on 4% 

acrylamideibisacrylamide (80:1) non-denaturing gels in TG buffer (50mM 

Tris base, 50mM glycine, pH 8.9) using the BioRad Protean II xi Cell system, 

with glass plates of 20cm X 20cm and spacer width of 0.5mm (Bond, 1988, 

Konarska and Sharp, 1986). Gels were pre-electrophoresed for 20-40 min at

230V at 4°C. Samples were then loaded and electrophoresed for 3 to 4 

hours under the same conditions. To observe upward shifts in snRNPs, 

the gels were electrophoresed for 7 hours. Gels were electroblotted to 

Nytran membranes for 3 hours at 40V (Schleicher & Schuell) and 

hybridised with PCR generated Digoxygenin labelled DNA probes specific 

for U l, U2, U4, U5 and U6 snRNAs as indicated. Hybridisations were 

performed as described above. For densitometric analysis, blots were 

scanned using a BioRad imaging densitometer Model GS-670, and were 

analysed using the accompanying Molecular Analyst software.
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2.10 PROTEIN ANALYSIS.

2 .10 .1  Determination of Protein Concentration.

The total protein concentration of the splicing extracts was de term ined  

using a m odification of the Bradford m ethod (Bradford, 1976). A standard  

curve was prepared by using a dilution series of bovine serum  album in at 

concentrations (w /v) of 25|Lig/ml, 12.5|ig/m l, 6.3|J,g/ml, 3.1)J.g/ml, and

1.6 |ig/m l. 200|il of Dye Reagent Concentrate (BioRad Chemicals) was added

to 800|il of each of the dilution series sam ples and vortexed to en su re

adequate mixing. Samples were allowed to sit at room  tem perature for 20 

m in before reading absorbances at OD 5 9 5 . After plotting a standard curve,

appropriate volum es, usually 2 or 3|il, of splicing extracts w ere diluted to 

SOOjiil and assayed for absorbance at ODjgj exactly as described above. Total

pro tein  concentrations of splicing extracts were determ ined using th e  

standard  curve.

2 .10 .2  SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of 

Proteins.

Splicing extracts (40-100|ig total p ro te in /lane) were electrophoresed on 10%

acrylam ide:bisacrylam ide (30:0.8) SDS-polyacrylamide gels as p rev iously  

described (Maniatis, et al., 1989). Samples were mixed w ith an equal 

volum e of 2X Protein Loading Dye (125mM Tris-HCl pH  6 .8 , 20% glycerol,

4.0% SDS, 288mM p-M ercaptoethanol, 0.12% Brom ophenol Blue), hea t
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denatured at 95°C for 3 min, quick chilled on ice and loaded on gel. Pre­

stained molecular weight markers (Sigma Chemical Co.) were loaded to 

determine approximate protein size. The gel was electrophoresed in IX Gel 

Running Buffer (25mM Tris base, 192mM glycine, 0.1% SDS) at lOOV un til 

Bromophenol blue dye reached the bottom of the gel (Usually 60-90 m in  

for 8cm X 10cm gels and 3-4 hours for 20cm X 20cm gels).

2.10. 3 W estern Im m unoblct Analysis.

After electrophoresis, gels for western analysis were electroblotted to 

Protran nitrocellulose membranes (Schleicher & Schuell) in IX Transfer 

Buffer (25mM Tris-HCl pH 8.3, 192mM glycine) at lOOV for 1 hour for 8cm 

X 10cm gels or at 40V for 3 hours, for 20cm X 20cm gels. The m em branes 

were blocked in MAB with casein (lOOmM maleic acid, 150mM NaCl, 1.0% 

casein, pH 7.5) for 1 hour and subsequently incubated with prim ary 

antibody, diluted in fresh MAB with casein, for 2 hours. The prim ary 

antibodies used were rabbit anti-Hspl04 (A kind gift from Professor Susan 

Lindquist, University of Chicago), anti-Ssa (A kind gift from Dr. Elizabeth 

Craig, University of Wisconsin) and anti-Prp8 (A kind gift from Professor 

Jean Beggs, University of Edinburgh) at working concentrations of 

1/10,000, 1/5,000 and 1/10,000 respectfully. Membranes were then washed 3 

times, for 5 min each, in MAB with Tween (lOOmM maleic acid, 150mM 

NaCl, 3.0% Tween-20) before a 1 hour incubation with HRP-conjugated 

goat anti-rabbit antibody (Sigma Chemical Co.) at a dilution of 1/3,000 in  

MAB with casein. Membranes were then washed 6-8 times, for 5 min each, 

in MAB with Tween. Membranes were detected with the
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chemiluminescent substrate, SuperSignal (Pierce Chemicals) exactly as 

described for Northern blot detections.

2.11 IMMUNOPRECIPITATION ANALYSIS

Im m unoprecipitation of snRNPs with anti-Prp4 antibody was perform ed 

based on a protocol originally described by Banroques and Abelson

(Banroques and Abelson, 1989). 6|il of anti-Prp4 antibody (A kind gift from

Dr. Jossette Banroques, Centre de Genetique Moleculaire du CNRS, Paris)

was coupled to lOfil Pierce Ultralink Immobilised Protein A /G , with a

binding capacity of 26mg hum an IgG/m l gel, at 4°C for 1.5 h in 1.0 ml of 

NET-2 buffer (50 mM Tris HCl, pH 7.4, 0.05% Nonidet P-40, 150 mM NaCl). 

The pellets were then washed three times with 1ml NET-2 buffer. 500|ig of 

total splicing extract was then incubated with antibody bound beads in 1ml 

of fresh NET-2 buffer for 1.5 h at 4°C with gentle mixing. The resin was

then washed 6 times with 1ml amounts of NET-2. Hsp70 was 

imm unoprecipitated with anti-Ssa antibody (A kind gift from Prof. E. 

Craig, University of Wisconsin) using this exact protocol. Samples were 

separated on 10% SDS-Polyacrylamide gels and western blotted with anti- 

Ssa antibody (See above).
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TABLE 2.1. S. cerevisiae strains used

Strain G enotype Source

SL303-1A M A Ta leu2 trpl ura3 adel his3 lys2 (Vogel, et al., 1995)

SL304A M ATa leu2 trpl ura3 adel his3 lysl (hspl04::LEUl) (Vogel, et al., 1995)

SL324-1B M A T a  leul trpl ura3 adel his3 lysl (ssal::HIS3) (ssa3::TRPl) (ssa4::LYSl) (Vogel, et al., 1995)

SL325-1B M A T a  leul trpl ura3 adel his3 lysl (hspl04::URA3) (ssal::HIS3) (ssa3::TRPl) (ssa4::LYSl) (Vogel, et al., 1995)

JN55 M A Ta leul trpl ura3 adel his3 lysl (Becker, et al., 1996)

JN516 M ATa leul trpl ura3 adel his3 lysl (ssalr.LEUl) (ssa3::TRPl) (ssa4::LYSl) (Becker, et al., 1996)

JN519 M ATa leul trpl ura3 adel his3 lysl (ssal-45BKD) (ssalr.LEUl) (ssa3::TRPl) (ssa4::LYSl) Elizabeth Craig.

(University of W isconsin)



Chapter 3:

Correlation of the Thermal Inactivation of 

mRNA Splicing in S. cerevisiae with M ultiple 

Alterations in Spliceosomal Components.
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3.1 INTRODUCTION.

The prim ary aim of this chapter was to thoroughly characterise, for 

the first time, the effects of therm ally inactivating mRNA splicing o n  

snRNPs in S. cerevisiae.  To do this, it was first necessary to establish the  

m inim um  heat shock conditions required for splicing inactivation in th is 

organism . Previous workers had reported inactivation after a heat shock of 

one hour at 41.5°C (Vogel, et al., 1995). In order to assess the effects of the  

heat shock on snRNPs, it was decided to em ploy glycerol gradient analysis 

of extracts from heat shocked and non-heat shocked cells. This 

m ethodology has been used by several previous researchers to d e te rm in e  

the effects of tem perature sensitive m utations of yeast Prp proteins o n  

snRNP integrities (Anthony, et al., 1997, Ayadi, et al., 1997, Banroques and  

Abelson, 1989, Brown and Beggs, 1992, Galisson and Legrain, 1993). In th is 

chapter, alterations in the snRNP profiles of heat shocked cells are 

analysed by both this m ethod and by the m ore inform ative m ethod of 

native gel analysis, developed later on. In an attem pt to determ ine if Hsps 

have an am eliorative effect on snRNPs during  heat shock, extracts from  

the m utan t strain SL325-1B, w hich lacks the genes coding for H spl04 and  

the heat inducible m em bers of the Ssa sub-family, are also analysed. 

Finally, the state of both the Prp8 protein and the U1-U6 snRNA snR N P 

com ponents in heat shocked cells are com pared to their states in n o n -h ea t 

shocked cells
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3.2 RESULTS.

3. 2.1 Determination of the Temperature Required to Inactivate mRNA 

Splicing.

To begin to optim ise experim ental conditions capable of 

inactivating mRNA splicing, exponentially grow ing w ild type yeast cells at 

25°C were subjected to heat shock at various tem peratures. This was done

by transferring culture flasks directly to heated shaking w aterbaths for one  

hour before collecting cells and subsequently preparing RNA. Inactivation  

of mRNA splicing was m onitored by the appearance of in tron  con ta in ing  

pre-m RNA  species on N orthern  blots hybridised w ith an actin-specific 

DNA probe (Figure 3.1). No inactivation of splicing was observed w h en

cells w ere incubated at 40°C (Figure 3.1, lane 2). Partial inactivation of 

splicing was observed when cells were incubated at 41.5°C (Figure 3.1, lane 

3) and complete inactivation was observed at 43°C (Figure 3.1, lane 4).

To determ ine the absolute m in im um  tem perature required to 

inactivate splicing in both wild type and the m utan t strain  SL325-1B 

{hsplOi, ssal, ssa3, ssa4), heat shocking was perform ed at 42°C as described 

above (Figure 3. 2). Com plete inactivation of splicing is observed in bo th  

w ild type and SL325-1B cells at 42°C (Figure 3.2, lanes 2 and 5). Inactivation

w as also observed at 43.5°C in both strains (Fig 

ure 3.2, lanes 3 and 6).
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1 2  3 4

Figure 3. 1 mRNA Splicing is Partially Inactivated by Heat Shocking at 

41.5°C in W ild Type S. cerevisiae.

Wild type yeast cultures were heat shocked for one hour at the indicated 

temperatures. RNA extracted following the treatment was separated on  

0.9% formaldehyde-agarose gels and transferred to nylon membranes. The 

membranes were hybridised with a Digoxygenin-UTP labelled DNA probe 

specific to the actin gene (ACTl). The position of the m ature mRNA and 

the pre-mRNA are indicated by arrows.
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Figure 3. 2 mRNA Splicing is Completely Inactivated in Both W ild

Type and SL325-1B strains at Temperatures of 42°C or Greater.

Both wild type and SL325-1B yeast cultures were heat shocked in parallel 

for one hour at the indicated temperatures. RNA extracted following the 

treatment was separated on 0.9% formaldehyde-agarose gels and 

transferred to nylon membranes. The membranes were hybridised with a 

Digoxygenin-UTP labelled DNA probe specific to the actin gene (ACTl). 

The position of the mature mRNA and the pre-mRNA are indicated by 

arrows.
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3. 2, 2 Splicing Inactivation is Correlated with Alterations in U4 and U6 

Containing snRNPs on Glycerol Gradients.

H aving established conditions for the inactivation of m R N A  

splicing, we next examined the state of the snRNPs to determ ine if these 

are altered as a result of the heat shock. Yeast splicing extracts prepared 

from the wild type and SL325-1B {hsplOi, ssal, ssa3, ssa4) cells, hea t

shocked at 42°C and 43.5°C to inactivate splicing, as described in section 3. 

2. 2 (See Figure 3.2), were separated on 10-40% glycerol gradients and R N A  

isolated from each fraction. The fractions were probed for the presence of 

U4 and U6 snRNAs, to determ ine the position of the U 4/U6.U5 tri- 

snRNP, U 4/U 6 di-snRNP, and free U6 snRNP species on the gradients 

(Figure 3.3; for wild type extracts; and Figure 3.4; for SL325-1B extracts). 

U nder norm al growing conditions in both strains (Figure 3.3A and Figure 

3.4B), the U4/U6.U5 tri-snRNP sedim ents in fractions 20-30 and peaks in  

fraction 22. This was verified in both strains by hybridisation w ith  a U5 

probe (data not shown). The U4/U 6 snRNP sedim ents in fractions 10-14 

while the free U6 snRNP sedim ents in fractions 4-10.

In the wild type strain, following heat shock at 42°C, the level of th e  

tri-snRNP decreases slightly but it's sedim entation position on the  

gradient rem ained unchanged (Compare Figure 3.3A and 3.3B, lanes 20- 

26). A m ore pronounced decrease in the level of the tri-snRNP is observed

at 43.5°C but there appears to be no major alteration in sed im en ta tio n

profile w ith the exception of a slight shift in the peak from  fraction 22 to 

fraction 20 (Figure 3.3C). A distinct shift in the fractionation profile of the
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U4 snRNA is evident in the region of the gradient corresponding to the 

U 4/U 6 snRNP in heat shocked cells (fractions 10-14). In cells heat shocked 

at 42°C, an upw ard  shift in the U4 snRNA fractionating profile is observed 

(Figure 3.3B). This altered U4 snRNA fractionating profile is m ore  

pronounced at the higher tem perature of 43.5°C (Figure 3.3C), suggesting a 

con tinuum  of U 4/U 6 snRNPs in fractions 6-14. A m ajor shift in the 

fractionation profile of the U6 snRNA is not observed following hea t 

shock (Figure 3.3B and 3.3C). However, resolution at this point of the 

gradient is at a m inim um  and therefore slight alterations m ay not be 

detected.

In strain SL325-1B {hspl04, ssal,  ssaS, ssa4), alterations in the U4 and 

U6 snRNA containing snRNPs are m ore pronounced (Figure 3.4).

Following heat shock at 42°C, the level of the tri-snRNP decreases 

dram atically at 42°C, but again it's sedim entation position on the gradient 

rem ained unchanged (Compare Figure 3.4A and 3.4B, lanes 20-26). A n  

even m ore pronounced decrease in the level of the tri-snRNP is observed 

at 43.5°C bu t there still appears to be no m ajor alteration in sed im en ta tio n  

profile (Figure 3.4C). Again, a more dram atic shift in the fractionation  

profile of the U4 snRNA is evident at 42°C (Figure 3.4B), and is even m o re  

pronounced at the higher tem perature of 43.5°C (Figure 3.4C), suggesting a 

con tinuum  of U 4/U 6 snRNPs in fractions 6-14. Again, no m ajor shift in  

the fractionation profile of the U6 snRNA is observed following h ea t 

shock (Figure 3.4B and 3.4C). However, this is likely due to co-
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Figure 3. 3 Glycerol Gradient Analysis of U4 and U6 Containing snRNPs 

in Heat Shocked Wild Type Cells.

Wild type yeast cells were grown at normal temperatures, 25°C, (A) or heat

shocked for one hour at 42°C (B), or 43.5°C (C). Total cell extracts were 

prepared and were sedimented through 10-40% glycerol gradients as 

described in the Materials and Methods section. RNA was extracted from  

alternate fractions, separated on denaturing polyacrylam ide/urea gels and 

transferred to nylon membranes. The membranes were probed w ith  

Digoxygenin-UTP labelled DNA probes specific to U4 and U6 snRNAs. The 

bands correspoiiding to U4 and U6 snRNAs are indicated by arrows and 

the positions of the free U6 snRNP, the U4/U6 snRNP and the U4/U6.U5 

snRNP are shown in panel A. T; total RNA extracted from wild type cells

grown at 25°C.
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Figure 3. 4 Glycerol Gradient Analysis of U4 and U6 Containing snRNPs 

in Heat Shocked SL325-1B Cells.

SL325-1B cells {hspl04, ssal, ssa3, ssa4) were grow n at n o rm a l 

tem peratures, 25°C, (A) or heat shocked for one hour at 42°C (B), or 43.5°C 

(C). Total cell extracts were prepared and were sedim ented th rough  10-40% 

glycerol gradients as described in the Materials and M ethods section. R N A  

was ext’̂ acted from alternate fractions, separated on d en a tu rin g  

po lyacrylam ide/urea gels and transferred to nylon m em branes. T he 

m em branes were probed w ith Digoxygenin-UTP labelled DNA probes 

specific to U4 and U6 snRNAs. The bands corresponding to U4 and U6 

snRNAs are indicated by arrows and the positions of the free U6 snR N P, 

the U 4/U 6 snRNP and the U4/U6.U5 snRNP are show n in panel A. T:

total RNA extracted from wild type cells grown at 25°C.
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3. 2 . 3  Confirmation of Glycerol Gradient Analysis by Native Gel 

Electrophoresis.

To confirm the results of the glycerol gradient analysis and to m ore 

clearly determine the alterations to U4 and U6 containing snRNPs in heat 

shocked cells, the same cell extracts from section 3. 2. 2 were 

electrophoresed on a non-denaturing polyacrylamide gels which allow the 

separation of protein-RNA complexes (Raghunathan and Guthrie, 1998; 

Cheng and Abelson, 1987). Following transfer to nylon membranes, blots 

were hybridised with a U4 specific DNA probe (Figure S.'S). The tri-snRNP 

migrates as a single complex as judged by hybridisation to U4, U5 and U6 

probes (data not shown). The level of this complex decreases w ith 

increasing temperature in heat shocked wild type cells (Figure 3.5; 

Compare lane 1 with lanes 2 and 3). Consistent with the gradient analysis, 

this decrease in level is more dramatic with increasing tem perature in  

strain SL325-1B (Figure 3.5; Compare lane 4 with lanes 5 and 6). 

Significantly however, no alteration in tri-snRNP mobility is observed on 

these gels, again confirming the results obtained from the glycerol gradient 

analysis.

Figure 3.5 also confirms that the U4/U6 snRNP appears to be 

altered. Two complexes (designated as U4/U6) hybridise to both U4 and U6 

probes in untreated cells (Figure 3.5, lane 1). Following a heat shock at

42°C, both species are reduced and altered, faster migrating form(s) appear 

(Figure 3.5, lanes 2, 3, 5 and 6). This is consistent with the altered 

sedimentation profile observed on glycerol gradients.
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When the same samples are probed with a U6 specific probe, both 

the reduction in the level of the tri-snRNP and the alteration of the U4/U6 

snRNP species are confirmed (data not shown). Additionally, the U6 probe 

detects two forms of free U6 snRNP (See inset Figure 3.5). The levels of 

this snRNP are drastically reduced following heat shock. This reduction 

was not apparent from the glycerol gradient analysis due to the co­

sedimentation of altered U4/U6 species.
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Figure 3. 5 Native Gel Analysis of U4 and U6 Containing snRNPs From  

Heat Shocked Yeast Cells.

The same extracts as shown in Figures 3.3 and 3.4 were separated on a n o n ­

denaturing polyacrylamide gel as described in the Materials and M ethods 

section and transferred to nylon membranes. (A) Effects of heat shock on  

U4 containing snRNP species. The samples were probed w ith a 

Digoxygenin-UTP labelled U4 specific DNA probe. This probe detects 

snRNPs containing the U4 snRNA. The position of the U4/U6.U5 snRNP 

is indicated by an arrow and the U4/U6 snRNPs are indicated b}̂  a line. (B) 

Effects of heat shock on the free U6 snRNP species. The same extracts 

probed with a U6 specific probe. The section of the gel corresponding to the 

two forms of free U6 snRNP is shown. Lane 1; extracts from cells grown at 

25°C. Lane 2; extracts from cells heat shocked at 42°C for one hour. Lane 3;

extracts from cells heat shocked at 43.5°C for one hour.
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3. 2 .4  Native Analysis Also Correlates Splicing Inactivation w ith  

Alterations in all the Other Essential snRNPs (U l, U2 and U5).

It was thought at this point that the slow heating regime adopted in  

previous experiments likely allows a significant accumulation of Heat 

Shock Proteins and /o r other protective factors, such as trehalose, w hich 

could act to ameliorate the effects of the heat shock on the snRNPs. 

Therefore, it was decided to improve the heat shocking regime, such that 

the heating of cultures from 25°C to 42°C would be almost instantaneous. 

To do this, cells weie collecLed by centrifugation and subsequently 

resuspended in pre-warmed supernatant media for heat shocking (See 

Materials and Methods).

The snRNP profiles in cells following a heat shock were analysed by 

native gel electrophoresis as described above. Wild type yeast splicing 

extracts, prepared from heat shocked and non-heat shocked cells, were 

electrophoresed on non-denaturing polyacrylamide gels and N orthern  

hybridised with U4, U5 and U6 specific DNA probes (Figure 3.6A). As 

described in section 3. 2. 3, the tri-snRNP migrates as a single complex as 

judged by hybridisation to all three probes (Figure 3.6A, lanes 2, 5 and 8). A 

much greater decrease in the level of this complex is observed in wild type 

cells heat shocked by the more instantaneous heat shocking regime 

(Compare Figure 3.6A, lanes 3, 6 and 9 with Figure 3.4, lane 2). 

Significantly however, as described above, no alteration in its mobility is 

observed (Figure 3.6A, lanes 3, 6 and 9). Quantitation of levels of the tri- 

snRNP from a number of separate experiments indicates that on average.
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levels decreased to 5-15% of the normal level after an instantaneous heat 

shock at 42°C.

Figure 3.5A very clearly shows that the U4/U6 snRNP is altered 

upon heat shock. Two complexes (designated as U4/U6) hybridise to both 

U4 and U6 specific probes in untreated cells (Figure 3.6A, lanes 2 and 8).

Following a heat shock at 42°C, both species are reduced although the 

slower migrating species appears to be most affected. Two faster m igrating 

species, which hybridise to the U4 specific probe, are also evident in the 

heat shocked samples (Figure 3.6A, lane 3). Lower levels of these two 

species are also evident in the untreated samples (Figure 3.6A, lane 2) 

suggesting that these species are U4 but not U6 snRNA containing 

precursors of U4/U6 an d /o r the tri-snRNP (See arrowheads).

The U6 probe detects two forms of free U6 snRNP in addition to the 

U4/U6 and the tri-snRNP complexes (Figure 3.6A, lanes 8). The level of 

this snRNP is significantly reduced following heat shock (Figure 3.6A, lane 

9). It has recently been shown that the U6 snRNA firstly associates with the 

yeast La protein before assembly into the U6 snRNP (Pannone, et al., 1998). 

This complex, designated Lhplp/U 6 RNP, is also detected on this gel 

system and is reduced following a heat shock (Figure 3.6A, lane 9).

A num ber of U5 snRNA-containing RNP complexes are also 

resolved in this gel system (Figure 3.6A, lanes 5). The predom inant band 

corresponds to the tri-snRNP as judged by its hybridisation to U4 and U6 

probes. The exact composition of the previously unreported, m ultiple U5- 

hybridising complexes is not presently known. However, it appears that
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the U5-snRNP profile is only very moderately altered, following heat 

shock (Figure 3.6A, lane 6).

The effects of heat shock on the other major snRNPs, namely U1 

and U2, were also investigated. At least two distinct U1-containing species 

are observed in cells under normal physiological conditions (Figure 3.6B,

lane 2). Following a heat shock at 42°C, the levels of both Ul-containing

snRNPs are reduced, although the slower migrating species appears to be 

the most affected (Figure 3.6B, lane 3). We also observe at least two U2-

containing species in cells grown at 25°C (Figure 3.6B, lane 5) and again

there is a significant reduction in the level of the slower migrating species 

following a heat shock while the faster migrating species appears to be less 

affected (Figure 3.6B, lane 6).
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Figure 3. 6 Alterations in all snRNPs in Heat Shocked Yeast Cells.

Cell extracts were separated on non-denaturing polyacrylam ide gels as 

described in the M aterials and M ethods section and transferred to n y lon  

m em branes. The m em branes were probed with Digoxygenin-UTP labelled 

U l, U2, U4, U5 and U6 specific DNA probes as indicated. (A) Effects of hea t 

shock on U4, U5 and U6 containing snRNPs. The position of the  

U 4/U 6.U 5 snRNP and the L h lp l/U 6  RNP are indicated by arrows. The U6, 

U 4/U 6 and the U5 snRNPs are indicated by lines. Lanes 1, 4, 7; 

deproteinised RNA. Lanes 2, 5, 8; extracts from ccllc grow n at 25°C. Lanes 3, 

6, 9; extracts from cells heat shocked at 42°C for one hour. (B) Effects of h ea t 

shock on the U l and U2 containing snRNPs. Lanes 1 and 4, depro te in ised  

RNA. Lanes 2 and 5; extracts from cells grown at 25°C. Lanes 3 and  6; 

extracts from cells heat shocked at 42°C for one hour.



3. 2. 5 Western Immunoblot Analysis of Native Blot with Anti-Prp8.

To confirm the Northern analysis of native gels and to investigate 

further the composition of the U5 snRNP species in both heat shocked and 

non-heat shocked cells, a native gel from section 3. 3. 3, was electroblotted 

to Nitrocellulose membrane and imm unoblotted with anti-Prp8 

antibodies (A kind gift from Prof. Jean Beggs, University of Edinburgh). 

Prp8 is specifically associated with the U5 snRNP and with the U4/U6.U5 

tri-snRNP species (Brown and Beggs, 1992, Dix, et al., 1998). Both of these 

species are observed in cells under normal physiological conditions 

(Figure 3.7, lane 1). It is interesting that the Prp8 antibody does not appear 

to react with any oi tiie multiple, presumably pre-forms of U5 snRNP, 

observed on N orthern blotted native gels in the previous section (Figure 

3.6A, lane 5). However, consistent with the Northern native blot analysis,

following a heat shock at 42°C the level of tri-snRNP is reduced (Figure 3.7; 

Compare lanes 1 and 2). Significantly, the Prp8 containing, presum ably 

m ature U5 snRNP species appears to be unaffected by the heat treatment.
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Figure 3. 7 Anti-Prp8 Western Immunoblot Analysis of Heat Shocked 

and Non-Heat Shocked Extracts on Native gels.

Extracts from heat shocked and non-heat shocked cells were separated on  

non-denaturing polyacrylamide gels as described in the Materials and 

Methods section and transferred to nitrocellulose membranes. The 

membranes were im m unoblotted with anti-Prp8 antibody. The positions 

of the U4/U6.U5 snRNP and the U5 snRNP are indicated by arrows. Lanes 

1; extract from cells grown at 25°C. Lane 2; extract from cells heat shocked

at 42°C for one hour.
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3. 2. 6 Splicing Inactivation is Also Correlated with Reduction in snR N A  

levels

It was next decided to investigate if snRNA levels are altered in heat 

shocked cells. RNA was extracted from splicing extracts and Northern 

blotted with snRNA specific probes (Figure 3.8). The levels of U l and U2 

snRNAs are unaffected by the heat shock treatment (Figure 3.8). However, 

the levels of both the U5S and U5L species appear to be slightly reduced 

upon heat shock, while the levels of both the U4 and U6 snRNA species 

appear to be reduced to a greatpr extent
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Figure 3. 8 Northern blot analysis of snRNA Levels in Heat Shocked Cells.

RNA extracted from splicing extracts prepared from heat shocked and non­

heat shocked wild type yeast cells was separated on denaturing 

polyacrylam ide/urea gels and transferred to nylon membranes. The 

mem branes were probed with Digoxygenin-UTP labelled DNA probes 

specific U l, U2, U4, U5 and U6 snRNAs. Each snRNA is labelled by an 

arrow.
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3 .3  DISCUSSION.

The data presented in this chapter confirm  that spHcing is 

com pletely inactivated w hen yeast cells are exposed to high tem peratures. 

M ore significantly, this inactivation is correlated w ith both qualitative and  

quantitative alterations in the major snRNP species involved in m R N A  

splicing. The level of tri-snRNP is reduced significantly in heat shocked 

yeast cells, as observed on both glycerol gradients and native gels. The 

greater reduction in tri-snRNP levels observed by instan taneous as 

opposed to gradual heat shocking is m ost likely due to a degree of induced 

splicing therm otolerance in the latter heating regime. This p h e n o m e n o n  

is associated w ith the induction of Hsps and other tactors and is 

investigated further in Chapter 5.

Despite the reduction in tri-snRNP levels in heat shocked cells, 

there appears to be little if any structural alteration, as judged by both  its 

identical sedim entation profile on glycerol gradients and electrophoretic 

m obility on non-denaturing  gels. Significantly how ever, it is not clear 

w hether the rem aining tri-snRNP is in a functional state. This resu lt 

differs from w hat has previously been show n in HeLa cells w here a 

com plete d isruption  of the tri-snRNP is observed in heat shocked cells 

(Bond, 1988, Shukla, et al., 1990, Utans, et al., 1992). This tri-snR N P 

protection in S. cerevisiae  cells may be due to the presence of Hsp70 in  

yeast cells which may afford some degree of protection. In HeLa cells o n  

the other hand, there is little if any Hsp70 at non heat shock tem peratures. 

Evidence for a protective effect of Hsp70 can be seen in this chapter w here
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tri-snRNP levels are reduced to a greater extent in the absence of three of 

the four Ssa proteins (Figure 3.4, compare lanes 2 and 3 with lanes 4 and 5).

The levels of the free U6 snRNP and the L hplp/U 6 pre-snRNP, are 

also drastically reduced following a heat shock at 42°C. Furtherm ore, 

alterations in the U l, U2, and U4/U6 snRNPs are also observed. 

Interestingly, at least two distinct forms of each of these latter snRNPs are 

observed under normal physiological conditions (Figure 3.6A, lanes 2 and 

8 and Figure 3.6B, lanes 2 and 5). It is possible that these represent m ature 

and pre-forms of each snRNP. Iii any case, iht slovvtr m igiating species of 

each snRNP is observed to be reduced in the heat shocked cells (Figure 

3.6A, lanes 3 and 9 and Figure 3.6B, lanes 3 and 6). This result is very 

similar to observations by Bond in heat shocked HeLa cells, where she 

observed a reduction in the levels of U2 snRNP coupled with an 

accumulation of a smaller or faster migrating form (Bond, 1988).

Multiple forms of U5 snRNA hybridising RNP species are also 

observed under normal physiological conditions (Figure 3.6A, lane 5). The 

identity of these, previously unreported, species is not at all clear at 

present. It is possible that they represent pre-forms of the U5 or U4/U6.U5 

snRNPs or both, or alternatively represent breakdown products. The latter 

is less likely as similar multiple forms are not observed for other snRNPs. 

At least two forms of U5 snRNA, U5L and U5S are found in yeast 

(Chanfreau, et al., 1997, Patterson and Guthrie, 1987) (Figure 3.6A, lane 4) 

and maybe the various U5 hybridising species contain one or the other of 

these species. However, both the U5L and U5S species co-fractionate



together in a broad band on glycerol gradients and therefore it is n o t 

possible to distinguish if the m inor U5 RNPs have different U5S or U5L 

incorporation (Brown and Beggs, 1992 and data not shown). Despite this, it 

is clear that only one species other than the tri-snRNP is observed to cross- 

react w ith anti-Prp8 antibodies on im m unoblot analysis (Figure 3.7, lane 

1). This raises the very interesting possibility that the U5 snRNP is 

assem bled in a m ultistep process w ith the Prp8 protein  being added at the  

last step. Significantly, the Prp8 containing U5 species, presum ably m atu re  

U5 snRNP, does not appear to be affected by heat shock (Figure 3.7 lane ?).

A dditional snRNP species are also uncovered following the hea t 

shock treatm ent. I’wo additional faster m igrating U 4-hybridising snR N P 

species accum ulate in heat shocked cells (Figure 3.6A, lane 3, see 

arrowheads). These species are also observed in untreated  cells, bu t in  

m uch lower am ounts w hich suggests that they are precursors of the 

U 4/U 6 a n d /o r  the tri-snRNP (Figure 3.6A, lane 2, see arrowheads). One 

possibility is that one or both of these bands represents the core U4 RNP, 

i.e. a U4 snRNA w ith the Sm proteins and no snRNP specific p ro te ins 

assem bled on yet. Protein im port into the nucleus is blocked during  hea t 

shock (Liu, et al., 1996). It could be possible that precursor or core snR N Ps 

are blocked from nuclear im port and thus accum ulate in the cytoplasm. 

This w ould ultim ately m ean that heat shock treatm ents w ould cause a 

block the assembly of snRNPs in the nucleus, consistent w ith the data in  

this chapter. Alternatively, heat shock may disassemble snRNPs in to  bona  

f i de  precursors species. Pulse chase experim ents will be required to
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differentiate between these two possibilities.

These results dem onstrate that the majority of snRNPs are sensitive 

to exposure of cells to higher tem peratures and alterations in each of the  

snRNPs m ay contribute to the deactivation of mRNA splicing. In general, 

w hile snRNP profiles are altered, the levels of snRNAs rem ain relatively  

constant following a heat shock, w ith the exception of the U4 and U6 

snRNAs w hich decreases significantly in heat shocked cells (Figure 3.8). It 

has previously  been reported that in a num ber of tem perature sensitive  

m utan ts of snRNP proteins, for example prp-4.  p rp -6  , Jsm-4  and I sm -S ,  

under non perm issive conditions, the U6 snRNA is particularly unstable 

wliile the rem am der of the snRNAs reniain unaffected (Cooper, et al., 

1995, Galisson and Legrain, 1993, Pannone, et al., 1998). Thus the effects of 

heat shock are similar to the phenotype observed in m any snRNP p ro te in  

m utan ts suggesting that specific snRNP proteins m ay be the targets of 

therm al stress.

As m entioned briefly in Chapter 1, previous studies have reported 

red istribution 's of hnRNPs and alterations in hnRNP particles in heat 

shocked Drosophila cells (Buchenau, et al., 1997, de Graaf, et al., 1992, 

M ayrand and Pederson, 1983). In HeLa cells, redistribution of the hnRN P 

proteins, M and 2H9, from hnRNP particles to the nuclear m atrix have 

been observed upon heat shock (Lutz, et al., 1988, Mahl, et al., 1989). 

Furtherm ore, antibodies to both these proteins, partially inactivate mRNA 

splicing and both proteins are absent from splicing extracts prepared  from 

heat shocked cells (Gattoni, et al., 1996, Mahe, et al., 1997). Taken together.
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these results indicate that the inactivation of mRNA splicing in heat 

shocked cells is multi-faceted but specifically involves alterations in RNP 

complexes.
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Chapter 4:

Correlation of Splicing Reactivation with 

Reassembly of snRNPs.
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4.1 INTRODUCTION.

In the previous chapter, several alterations in snRNP profiles w ere 

observed in heat shocked cells. One explanation for these alterations is that 

snRNPs are disassembled in heat shocked cells. If this is the case, snR N Ps 

m ust have to be reassembled during  recovery at norm al tem peratures for 

splicing activity to return. Therefore, in this chapter the recovery of 

mRNA splicing, in cells recovering at norm al growing tem peratures after 

heat shock, is m onitored in parallel w ith an analysis of snRNP profiles.

H spl04 and m em bers of the Ssa subfamily of HspZD proteins havp  

been show n to be vital for the recovery of mRNA splicing activity after 

iieat shock (Vogei et al., 1995). Therefore, in addition to m onitoring  the  

state of snRNPs in wild type cells during recovery, several m utants lacking 

specific HSP  genes were also analysed. These included the strain SL324-1B 

w hich lacks the genes coding for the three heat inducible Ssa proteins; 

SSAl ,  SSA3, and SSA4 (Table 2.1). To m aintain  viability in this strain, the  

SSA2  gene is required. The strain SL304A lacks the single copy HSP104 

gene w hile the strain SL325-1B lacks SSAl,  SSA3, SSA4  and HSP104 (Table 

2 .1).
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4.2  RESULTS.

4. 2.1 Reactivation of mRNA Splicing During Recovery After Heat Shock

Requires Both Hsp70 and Hspl04.

The recovery of actin mRNA splicing after heat shock was 

m onitored for w ild type and m utan t strains lacking H spl04 and the heat 

inducible Ssa m em bers of the Hsp70 family (Figure 4.1). W ild type (SL303- 

lA ) and m u tan t strains were heat shocked at 42°C for one hour and  

inm iediately returned to to recover. Aliquots ot cells w ere taken at 

intervals following retu rn  of cells to the norm al growing tem peratures. 

Analysis of actin mRNA splicing recovery was perform ed for all four 

strains (Figure 4.1).

In the wild type strain (SL303-1A), mRNA splicing is com pletely 

inactivated by a heat shock at 42°C but recovers rapidly during  recovery at

25°C, w ith  levels of mRNA returning to norm al w ithin 60 m in (Figure 4.1, 

lanes 1-5). Strain SL324-1B {ssal, ssa3, ssa4) shows a slower rate of recovery 

of splicing w ith mRNA levels not re tu rn ing  to norm al until 90 m in  

(Figure 4.1, lanes 6-10). In the hsp l04  m utant, SL304A, recovery of m R N A  

splicing is considerably slower (Figure 4.1, lanes 11-15), as has p rev iously  

been reported (Vogel, et al., 1995, Yost and Lindquist, 1991). P rev ious 

w orkers had not reported the rate of splicing recovery in strain  SL325-1B, 

(hsplOi, ssal, ssa3, ssa4). It is clear from this w ork that this strain  is the  

m ost affected of the strains exam ined w ith m inim al recovery of splicing 

activity (Fig 4.1, lanes 16-20). Pre- m RNA levels accum ulate in th is
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latter strain suggesting that transcription but not mRNA splicing was 

restored during  the recovery period. This confirms the previous w ork and  

shows that the effect is specific to splicing and not a general effect.

To determ ine the levels of H spl04 in cells, before and after hea t 

shock and during  recovery at 25°C, w estern im m unoblot analysis of yeast 

extracts was perform ed w ith anti-H spl04 antibody (A kind gift from Prof. 

Susan Lindquist, University of Chicago) (See Figure 4.IB). From this, it can 

be seen that H spl04 is present in very low am oim ts at 25°C m both w ild 

type and strain SL324-1B (Figure 4.IB, lanes 1 and 16), bu t is present in a 

m uch greater am ount im m ediately after heat shock and d u rin g  

subsequent recovery at 25°C (Lanes 2-5 and 17-20). As expected, no H spl04 

was detected in strains SL304A and SL325-1B, both of w hich are hspl04  

knockout m utants (Lanes 6-10 and 11-15).
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Figure 4.1 Recovery of mRNA Splicing After Heat Shock Requires Both 

Hspl04 and Hsp70.

W ild type (SL303-1A) and m utant strains, SL324-1B {ssal, ssa3, ssa4), 

SL304A (hsplOi)  and SL325-1B {hsplOi, ssal,  ssa3, ssa4), w ere heat shocked 

for one hour at 42°C and then allowed to recover at 25°C. Cell extracts and 

RNA were prepared from cells prior to heat shock (25°C), im m ediate ly

following the heat shock (O') and at the time intervals indicated above the 

lanes. (A) N orthern  blots probed for actin RNA species. The positions of 

the pre-m RN A  and mRNA are indicated by arrows. (B) W estern  

Im m unoblot analysis for Hspl04. Cell extracts were separated on SDS- 

PAGE gels as described in the Materials and M ethods section and 

transferred to nitrocellulose membranes. The m em branes w ere 

im m unoblotted using an anti-H spl04 antibody (A kind gift from Prof. 

Susan Lindquist, University of Chicago).
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4. 2. 2 Reactivation of mRNA Splicing During Recovery Correlates w ith  

H spl04 and Ssa Protein Dependant snRNP Reassembly

4 .2 .2 .  1 Hsp Dependent Reassembly of U4 containing snRNPs D ur ing  

Recovery After Heat Sh o ck

The quantitative and qualitative restoration of U4 con ta in ing  

snRNPs correlates very well w ith the rate of recovery of mRNA splicing 

(Figure 4.2). In the w ild type strain (SL303-1A), tri-snRNP levels re tu rn  to 

norm al w ith in  30 m in of recovery at 25°C (Figure 4.2, lanes 1-5). Like the

recovery of splicing activity, the restoration of tri-snRNP levels is observed 

to be slower in the m utan t strains. Little or no tri-snRNP restoration is 

observed in strain SL325-1B {hspl04, ssal, ssa3, ssa4) reflecting the lack of 

mRNA splicing reactivation in the previous section (Figure 4.2, lanes 16- 

20). Tri-snRNP levels are restored slightly faster in strain SL324-1B {ssal, 

ssa3, ssa4), (Figure 4.2, lanes 6-10), than in strain SL304A {hspl04), (Figure

4.2, Lanes 11-15), again reflecting the rate of mRNA splicing reactivation  

observed in the previous section for these strains (Figure 4.1).

Qualitative restoration of the U 4/U 6 snRNP to its norm al profile is 

also evident during the recovery period. In the w ild-type strain, the U 4/U 6 

profile is returned to norm al w ithin 60 min of recovery (Figure 4.2, lane 4). 

In strain SL324-1B {ssal, ssa3, ssa4), the faster m igrating U4 hybrid ising  

snRNP species, previously observed in section 3. 2. 4 (Figure 3.5A, lane 3, 

see arrow head), is present in a significantly greater am ount im m ediate ly  

after the heat shock and is progressively lost as recovery proceeds (Figure
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4.2, lanes 6-10, see arrowhead). Significantly, this species persists for up to 

90 m in into the recovery period in both strains SL304A (hspl04),  (Figure

4.2, lanes 11-15), and SL325-1B {hsplOi,  ssal,  ssa3, ssa4), (Figure 4.2, lanes 

16-20).
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Figure 4 .2  Splicing Recovery After Heat Shock Correlates w ith  

Reassembly of U4 Containing snRNP by Hsps.

Wild type (SL303-1A) and mutant strains (SL304A, SL324-1B and SL325- 

IB) were heat shocked for one hour at 42°C and then allowed to recover at 

25°C. Cell extracts were prepared before heat shock (25°C), immediately 

following the heat shock (O') and during recovery at 25°C at 30 min time

intervals as indicated above the lanes. Cell extracts were electrophoresed 

on non-denaturing gels and transferred to nylon membranes. The 

membranes were probed with a U4 specific DNA probe. The position of 

the U4/U6.U5 and the U4/U6 snRNPs are indicated. Arrowheads denote 

the faster migrating snRNP species which persists during recovering in the 

m utant strains.
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4. 2. 2. 2 Hs-p Dependent Reassembly of  U6 containing s n R N P s  D ur ing  

Recovery Af te r  Heat Shock

When native blots were prepared exactly as described in section 

4.2.2.1, but probed instead with a U6 specific probe, the correlation of tri- 

snRNP restoration with splicing recovery in each strain is confirm ed 

(Figure 4.3). Restoration of free U6 snRNP levels in the wild-type strain is 

also observed during the recovery after heat shock (Figure 4.3, lanes 1-5). 

This restoration is observed to be impeded in the m utant strains (Figure 

4.3, lanes 6-20).

The U6 snRNA probe also detects the L hplp/U 6, U6 snRN P 

precursor. The levels of this complex are reduced following a heat shock in 

all strains (Figure 4.3, lanes 2, 7, 12, and 17). Very significantly however, its 

levels are observed to accumulate during the recovery period in all the 

mutant strains (Figure 4.3, lanes 8-10, 13-15 and 18-20) but not in the wild- 

type strain (lanes 3-5).
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Figure 4 .3  Splicing Recovery After Heat Shock Correlates w ith  

Reassembly of U6 Containing snRNP by Hsps.

Native blots were prepared exactly as described in Figure 4 .2, bu t w ere 

instead probed w ith a U6 specific DNA probe. The positions of the  

U4/U6.U5, U 4/U 6, free U6 snRNPs and the L h lp l/U 6  RNP complex are 

indicated.
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4 .2 .2 .3  Hsp Dependent Reassembly of Ul snRNPs During R eco very  

After Heat Shock

Again, native blots were prepared exactly as described in section 

4.2.2.1, but this time were probed w ith a U l specific probe (Figure 4.4). A 

greater reduction in the level of both U l snRNP species is observed 

im m ediately following heat shock in the m utan t strains as com pared to 

the wild type strain (Compare Figure 4.4, lanes 2 w ith lanes 7, 12 and 17). A 

greater reduction is also observed for the two principle U2 species in the  

m utan t strains im m ediately following heat shock (Data not show n). 

However, restoration of both the norm al U l and U2 snRNP profiles is 

observed during the recovery period at 25°C. As w ith the other snRN Ps, 

exam ined previously, the restorations of both U l and U2 snRNPs w ere 

fastest in the w ild type strain and slowest in strains lacking H spl04. T hus, 

it appears that both Hspl04 and the Ssa proteins are essential after heat 

shock for both the quantitative and qualitative restoration of n o rm a l 

snRNP profiles. In addition, consistent w ith observations in C hapter 3, 

sections 3.2.2 - 3.2.3, it appears that one or both Hsps m ay actually function  

during the heat shock treatm ent to am eliorate, in this case, U l snR N P 

alterations.
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Figure 4.4 Splicing Recovery After Heat Shock Correlates w ith  

Reassembly of U1 Containing snRNP by Hsps.

Native blots were prepared exactly as described in Figure 4.2, but were 

instead probed with a U1 specific DNA probe. The positions of the two 

principle U1 hybridising species are indicated with arrows.
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4.3  DISCUSSION.

A functional relationship between H spl04 and Hsp70 has 

previously been dem onstrated (Glover and Lindquist, 1998, N ew nam , et 

al., 1999, Sanchez, et al., 1993). It is has been show n that Hsp70 can partially 

com pensate for Hspl04 in the recovery from brief exposure to extrem e 

tem peratures (50°C), and Hspl04 can partially com pensate for Hsp70 in

grow th at high tem peratures (37°C) (Parsell and Lindquist, 1993, Sanchez, 

et al., 1993). At a m olecular level, Lindquist and co-workers h av e  

dem onstrated that both Hspl04 and Hsp70 contribute to the restoration of 

mRNA splicing activity in the cell after therm al deactivation, w ith H spl04 

playing the more prom inent role (Vogel, et al., 1995). The data presented 

here expands on these earlier findings and points to the specific targets 

w ithin the splicing apparatus with which Hsp70 and H spl04 possibly 

interact, nam ely the snRNPs. These results dem onstrate that the  

restoration of norm al snRNP profiles after heat shock correlates precisely 

w ith the recovery of mRNA splicing and thus provide strong evidence 

that snRNP alterations likely contribute significantly to reversible splicing 

inactivation upon heat shock in S. cerevisiae.

A synergistic relationship exists between H spl04 and the Ssa 

proteins, in both the restoration of norm al snRNP profiles and in splicing 

reactivation. H spl04 appears to play the m ore p rom inen t role, as 

restoration of normal snRNP species is slower in a HSP104  m u tan t than  it 

is in the SL324-1B m utant {ssal, ssa3, ssai).  This is consistent w ith th e  

know n inter-relationship between Hsp70 and H spl04 (Glover and
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Lindquist, 1998, Newnam, et al., 1999, Sanchez, et al., 1993, Vogel, et al., 

1995). Furthermore, in the latter mutant, the Ssa2 protein while generally 

considered to be cytosolic, may relocate to the nucleus to aid in the 

restoration.

The data presented in this chapter also demonstrates that snRNP 

precursor forms can be reassembled into normal snRNP forms during the

recovery period at 25°C. In addition, Hsps appear to be required for this

process. This is most noticeable with the U6 snRNP precursor or the 

Lhplp/U6 RNP (Figure 4.3). This complex accumulates during recovery at 

25°C in all the H S P  mutant strains (Figure 4.3, lanes 8-10, 13-15 and 18-20) 

but not in the wild type strain (Figure 4.3, lanes 3-5). This suggests that the 

Ssa proteins, in association with Hspl04, are involved directly or indirectly 

in the biogenesis of the U6 snRNP. In addition, the data points to the 

assembly of this snRNP as being a critical step in snRNP reassembly during 

recovery after heat shock. The lack of U6 snRNP assembly in the H S P  

mutants may affect the subsequent assembly of the U4/U6 snRNP and the 

tri-snRNP. In addition, the putative U4 precursor RNP, which is observed 

in heat shocked cells and found to be slow to clear during recovery in cells 

lacking Hspl04 and the Ssa proteins (Figure 4.2, arrowheads), may also be 

central to the lack of tri-snRNP accumulation in H S P  mutants. Another 

point is that this U4 RNP does not clear in the h s p  mutant strains. In the 

last chapter, I speculated that this RNP may represent a core U4 RNP 

which may accumulate in the cytoplasm in heat shocked cells. This and 

the fact that the U6 precursor also accumulates in these strains during
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recovery after heat shock, leads to the likely explanation that U4/U6 and 

U4/U6.U5 snRNP assembly after heat shock may be due to these putative 

defects in U4 RNP biogenesis and import. Regardless, the blocks in snRNP 

assembly may consequently explain why the recovery of splicing activity is 

observed to be greatly hindered in the absence of Hspl04 and the Ssa 

proteins.
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Chapter 5:

Protection of Mature snRNP Species by an 

Association of Ssa Proteins in Splicing 

Thermotolerant Cells.
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5.1 INTRODUCTION.

In Chapter 3, w hen cells were heat shocked by the gradual hea tin g  

regime, the resultant reduction in the tri-snRNP levels was observed to be 

greater in the strain SL325-1B {hspl04, ssal, ssa3, ssa4) than in the w ild type 

strain. This led to the hypothesis that Hsps, which are likely induced to 

high levels in the initial m inutes of this heating regim e in the wild type 

strain, actually protect snRNFs during heat shock. In this chapter, I h a v e  

explored the induction of splicing therm otolerance in w ild type and in hsp  

m u tan t backgrounds, to determ ine if splicing therm otolerance is 

correlated w ith snRNP protections and if so, are they H sp dependant.
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5.2  RESULTS.

5. 2 .1  Correlation of Splicing Thermotolerance with snRNP Protection

The aim of this section was to determine if splicing thermotolerance 

is a direct consequence of the protection of snRNP integrities during heat 

shock in pre-treated cells. To do this, RNA and splicing extracts were

prepared in parallel from cells incubated at 25°C, heat shocked at 42°C for 

one hour or pre-incubated at 37°C for 45 min before being im m ediately 

heat shocked at 42°C for one hour. Inactivation of mRNA splicing, as 

judged by the appearance of intron containing pre-mRNA species, can be 

seen after a heat shock at 42°C for one hour (Figure 5.1A, lane 3). As 

expected, no inactivation of splicing was observed when cells were heat 

shocked after a prior pre-treatment at 37°C. This is consistent w ith 

previous observations by Yost and Lindquist (Yost and Lindquist, 1991).

Native analysis of snRNPs was also performed by hybridising w ith 

U4, U5 and U6 specific probes (Figure 5.IB). Tri-snRNP levels are higher in  

cells heat shocked after a pre-treatment as compared to cells heat shocked 

without a prior pre-treatment (Figure 5.IB, compare lanes marked TT and 

42). Thus, the reduction of tri-snRNP levels is ameliorated significantly if

cells are pre-treated before heat shock at 42°C. Interestingly, both the U1 

and U2 snRNPs are also protected from the effects of heat shock in  

thermotolerant cells (data not shown).

Very little alteration can be seen in the U5 snRNP profile in both
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heat shocked therm otolerant and non-therm otolerant cells (Figure 5.IB, 

lanes 7 and 8). Significantly however, the levels of the U4/U6 snRNP, free 

U6 snRNP and the Lhplp/U 6 RNP complex are not observed to be 

protected in pre-treated cells (Figure 5.IB, compare lanes 3 and 4 and lanes 

11 and 12). Thus, it appears that only the snRNPs that are actually required 

for the process of splicing, namely the U l, U2 and the U4/U6.U5 snRNPs, 

are protected in therm otolerant cells. Furthermore U4 and U6 snRN A  

levels, which were observed in chapter 3 to be reduced in heat shocked 

cells, are not reduced in pre-treated heat shocked cells (data not shown).

Very slight upshifts in the mobility of the U l, U2, U4/U6.U5, U4/U6 

and U5 snRNP species can seen in splicing therm otolerant cells. This is 

investigated further, later in this chapter.
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Figure 5. 1 Splicing Thermotolerance Correlates With Protection of Tri- 

snRNP Integrity

(A) N orthern  blot analysis of actin RNA. Lane 1; RNA from untreated 

cells (25°C). Lane 2; RNA from cells pre-treated at 37°C for 45 min and

subsequently heat shocked at 42°C for one hour (XT). Lane 3; RNA from

cells heat shocked at 42°C w ithout a prior pre-treatm ent at 37°C. (B) Native 

blot analysis of U4, U5 and U6 containing snRNPs in splicing thermo- 

tolerant cells. Yeast splicing extracts were electrophoresed on non­

denaturing  polyacrylam ide gels and transferred to nylon m em branes. The 

m em branes were probed with U4, U5 and U6 specific DNA probes. The 

position of the U4/U6.U5 snRNP and the L h lp l/U 6  RNP are indicated by 

arrows. The U6, U 4/U 6 and the U5 snRNPs are indicated by lines. Lanes 1, 

5, 9; deproteinised RNA. Lanes 1, 6, 10; extracts from cells grow n at 25°C.

Lanes 3, 7, 9; extracts from cells pre-treated at 37°C for 45 m in and

subsequently heat shocked at 42°C for one hour (TT). Lanes 4, 8, 12; extracts

from cells heat shocked at 42°C for one hour.
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5. 2 . 2 Splicing Thermotolerance is Independent of the Heat

Inducible forms of Hsp70 and Hspl04

To test the hypothesis that pre-existing Ssa proteins m ay be 

involved in conferring sphcing therm otolerance, I investigated w h e th e r 

the m utan t strain, JN519, which lacks functional genes coding for S S A l ,  

SSA3 and SSA4  and w hich contains a tem perature sensitive m utation  in  

the S S A l  gene, was capable of acquiring splicing therm otolerance. The 

tem perature sensitive SSA1-45BKD allele contains a single point m u ta tio n  

changing P-417 to L (Becker, et al., 1996). The URA  gene w hich was used 

for replacing the chrom osom al copy of S S A l  w ith  the SSA1-45BKD  gene 

was subsequently deleted resulting in strain JN519 (E. Craig, U niversity  of 

W isconsin, personal com m unications). This strain  is viable, bu t slow

growing, at the perm issive tem perature of 25°C, while all four SSA gene 

products are absent w hen incubated at the non-perm issive tem perature of 

37°C, the tem perature norm ally used to induce therm otolerance. In 

addition, we examined the protection of mRNA splicing in strain  SL304A 

(hspl04) and in strain JN516 {ssa2, ssa3, ssa4).

The wild type isogenic strain (JN55) and m utan t strains w ere p re­

incubated at 37°C for 45 min and then im m ediately challenged w ith a h ea t

shock at 42°C for one hour as described in the previous section.

Surprisingly, we find that mRNA splicing is protected from  h ea t 

inactivation in pre-treated cells regardless of the m utan t background, as 

judged by the lack of intron-containing pre-m RN As (Figure 5.2, lanes 2, 5, 

8, and 11). Splicing was also protected in the m utan t strains,
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SL324-1B {ssal, ssa3, ssa4) and SL325-1B {ssal, ssaS, ssa4, hspl04),  (data n o t 

show n). Significantly how ever, in strain JN519 we observe an  

approxim ately 80% reduction in spliced actin m RNA levels in pre-treated 

cells after the 42°C heat shock (Figure 5.2, com pare lanes 4 and 5) as

com pared to a 50% reduction in w ild type and other m utant strains (Figure 

5.2, com pare lanes 1 and 2; 7 and 8; 11 and 12)
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ssal-45BKD,
W ild-type ssa2, ssa3, ssa4 ssa2, ssa3, ssa4 hspl04

pre-mRNA 

mRNA

Figure 5. 2 'Splicing thermotolerance' is independent of all four Ssa 

proteins and Hspl04. W ild type and the m utan t strains, indicated above

the lanes, were subjected to a heat shock at 42°C for one hour w ith o u t a 

prior pre-treatm ent at 37°C (42: Lanes 3, 6, 9, and 12) or w ith  a prior p re­

treatm ent at 37°C (TT: Lanes 2, 5, 8, 11). Samples from untreated  cells 

(25°C) are show n in Lanes 1, 4, 7 and 10. RNA from these cells was 

separated on a denaturing agarose gel and probed w ith a D igoxygenin-UTP 

labelled actin probe. The position of the actin pre-m RNA  and the m R N A  

are indicated by arrows.

25 TT 42 25 TT 42 25 TT 42 25 TT 42

10 11 12
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5. 2. 3 Protection of snRNPs in Thermotolerant Cells Requires at

Least One Member of the Ssa Protein Sub-Family.

Having established a correlation betw een splicing therm oto lerance  

and the am elioration of the effects of heat shock on the U l, U2 and 

U 4/U6.U5 snRNP species in wild type cells, it was next decided to 

determ ine if Hsps are required for this process. Surprisingly how ever, 

com parable protection of tri-snRNP levels was observed in pre-treated 

cells from the m utant strains SL304A (hspl04)  and JN516 {ssa2, ssa3, ssa4) 

(Figure 5.3A, lanes 8 and 11) and strains SL325-1B {ssal, ssa3, ssa4, hspl04)  

and SL324-1B {ssal, ssa3, ssa4), (data not shown). How ever, in the stra in  

JN519 {ssal-45BKD, ssal, ssa3, ssa4), the degree of protection of the tri- 

snRNP levels in heat shocked pre-treated cells is significantly less th an  

that observed for the wild type or any of the o ther strains (Figure 5.3A,

lanes 5). Furtherm ore, the am ount of tri-snRNP at 25°C was m arkedly  

lower in this strain than that observed in the other strains (Figure 5.3A, 

com pare lanes 4 with lanes 1, 7 and 10). Both of these observations in  

strain JN519 were reproducible.

The tri-snRNP and surprisingly the U 4/U 6 snRNP both exhibit 

upw ard  shifts in mobility in pre-treated cells after a heat shock. This is 

m ost pronounced in the strain SL-304A (hspl04), (Figure 5.3A, lane 11). To 

em phasise the shift in this strain, cell extracts were electrophoresed for a 

longer tim e period (see Materials and M ethods) (Figure 5.3B, lane 3). 

U nder these electrophoretic conditions, the upw ard shifts in both U 4/U 6 

snRNP and the tri-snRNP are m ore noticeable.
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Amelioration of the effects of heat shock on the U1 snRNP profile is 

also observed in pre-treated cells (Figure 5.4). The levels of both the m ajor 

U1 snRNP species, particularly the slower migrating one, are reduced 

upon heat shock in all strains (Figure 5.4, compare lanes 2 and 4, 5 and 7, 8 

and 10). However, in pre-treated cells of all strains, the levels of both 

species are significantly less reduced upon heat shock (Lanes 3, 6 and 9). 

This protection seems to be independent of the Ssa proteins or Hspl04. 

Similarly, Hsp-independent protection was observed for the U2 snRNP in  

thermotolerant cells (Data not shown).

In addition to an amelioration of the effects of heat shock, upward 

shifts were also observed for the U1 (Figure 5.4) , U2 and U5 snRNPs (data 

not shown). These shifts do not occur if cells are immediately placed at the

higher temperature of 42°C without the pre-treatment. Furthermore, as

with the U4/U6 and tri-snRNP, upshifts were observed to a greater extent 

in strains lacking Hspl04. In addition, no upshift was observed in cells of 

the strain lacking all of the Ssa proteins (JN519). This led to the hypotheses 

that member(s) of the Ssa family, most likely Ssal and Ssa2, actually 

physically associate with certain snRNPs to confer protection. This is 

investigated in the next section.
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Figure 5. 3 Protection of Tri-snRNP Levels and  'U p sh ifts ' are O bserved in  

Splicing Therm otolerant Cells. (A) Cell extracts from w ild type (JN55) and 

m utant strains, as indicated above the lanes, vv^ere electrophoresed on non­

denaturing polyacrylamide gels and transferred to nylon m em branes. The 

membranes were probed with a U6 specific DNA probe. The positions of 

the U4/U6.U5 tri-snRNP, the U4/U6 and U6 snRNPs are indicated. Lanes

1, 4, 7, and 10; extracts from untreated cells (25°C). Lanes 2, 5, 8, 11; extracts

from cells pre-treated at 37°C for 45 min and subsequently heat shocked at

42°C for one hour (TT). Lanes 3, 6, 9, 12; extracts from cells heat shocked at

42°C without a prior pre-treatment at 37°C. (B) Cell extracts from  strain 

SL304A (HSP104) were electophoresed for 7 hours, blotted and  hybridised 

w ith a U4 specific probe. (See Materials and Methods) to illustrate the 

upw ard shift in the U4/U6.U5 and the U4/U6 snRNPs. Lane 1; untreated  

cells (25°C). Lane 2; cells treated at 37°C for 45 min. Lane 3; cells treated at

37°C for 45 min and then heat shocked at 42°C for one hour. Lane 4; cells

heat shocked at 42°C for one hour.



ssal-45BKD,
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Figure 5.4 Protection of U l snRNP Levels and 'Upshifts' are Observed in 

Splicing Thermotolerant Cells

Native blots were prepared exactly as described in Figure 5.3A, but were 

instead probed with a Ul specific DNA probe. The positions of the two 

principle U l hybridising species are indicated with arrows.
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5. 2. 4 Hsp70 Physically Associates with snRNPs to Confer Protection.

The data outlined above indicates that the tri-snRNP is protected if 

at least one member of the Ssa proteins are present in the cell. To 

determine if Hsp70 associates with snRNPs to confer protection, I 

examined if Hsp70 would co-immunoprecipitate with the tri-snRNP. The 

Prp4 antibody was chosen as it has been previously shown to be capable of 

imm unoprecipitating this snRNP species (Banroques and Abelson, 1989).

Normal (25°C), heat shocked (42°C) and heat shocked therm otolerant (TT), 

wild type (SL303-1A) cell extracts were then im m unoprecipitated  

separately with either anti-Ssa or anti-Prp4 antibodies. Successful 

imm unoprecipitation of snRNPs with the anti-Prp4 was confirmed by 

Northern blotting pellets with U4 and U6 specific probes (Figure 5.5B). All 

immunoprecipitated samples were then separated on a 10% SDS-PAGE gel 

and western immunoblotted with an anti-Ssa antibody (Figure 5.5A). 

From this it can be seen that, as expected, Hsp70 is efficiently 

immunoprecipated from all cell extracts with the anti-Ssa antibody (lanes 

1, 2 and 3). Significantly, comparable levels of Hsp70 are detected in both 

heat shocked and non-heat shocked cells. This is because of the fact that 

levels of Ssa proteins are considerably high at normal tem peratures and 

the antibody recognises both constitutive and heat inducible forms. The 

band below Hsp70 represents the imm unoglobulin heavy chains and can 

also be seen in the no extract anti-Ssa im m unoprecipitation control (Data 

not shown ) and no extract anti-Prp4 im m unoprecipitation control (Lane 

7).
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Hsp70 is not present in extracts prepared from cells grow n at 25°C 

and im m unoprecipitated  w ith anti-Prp4 (Figure 5 .5, lane 4). Very 

significantly however, Hsp70 is im m unoprecipitated w ith snRNPs in hea t 

shocked therm otolerant cells (Lane 5) and to a lesser extent in heat 

shocked non-therm otolerant cells (Lane 6).

From these results it is now possible to say that Hsp70, w hile present

at 25°C, does not associate w ith snRNPs or at least can not be detected by 

this kind of analysis. How ever, in heat shocked cells Hsp70 is observed to 

associate w ith snRNPs. The significantly greater association of Hsp70 in  

therm otolerant cells, likely explains the snRNP protections observed in  

splicing therm otolerant cells.
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Figure 5.5 Hsp70 Associates with snRNPs in Splicing Thermotolerant 

Cells.

(A) Wild type (SL303-1A) splicing extracts from norm al (25°C), heat 

shocked (42°C) and heat shocked therm otolerant cells (TT) were subjected 

to im m unoprecipitation with an anti-Prp4 antibody (Lanes 4-6) (A kind 

gift from Prof. Jossette Banroques, Centre de Genetique Moleculaire du 

CNRS, Gif-sur-Yvette) and separately with an anti-Ssa antibody (Lanes 1-3) 

(A kind gift from Prof. Elizabeth Craig, University of Wisconsin). Pellets 

were the separated on 10% SDS-PAGE gels and western blotted with anti- 

Ssa antibody. The negative control of an anti-Ssa im m unoprecipitation 

with no extract (0; Lanes 7) is also shown. (B) Im m unoprecipitation of U4 

and U6 snRNAs with anti-Prp4 antibody.
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5.3 DISCUSSION.

The observation that mRNA splicing appears not to be inactivated 

in heat shocked pre-treated cells of strain JN519, w hich lacks all four S S A  

gene products, is surprising. This result suggests that, in contrast to the  

original hypothesis proposed by Yost, none of the SSA  gene products are 

required for splicing therm otolerance at least under conditions w h en  

other Hsps are present. Thus, in the absence of Hsp70, H spl04 m ay 

substitute to confer splicing therm otolerance and vice versa. A  s im ilar 

functional relationship betw een these two proteins has previously been 

observed with regard to their role in cellular therm otolerance (Sanchez, et 

al., 1993). Alternatively, trehalose accum ulation m ay contribute to splicing 

therm otolerance. Analysis of splicing therm otolerance in trehalose 

synthase mutants m ay shed light on this.

While mRNA splicing appears to proceed norm ally in heat shocked 

pre-treated cells lacking all the SSA  genes, the level of spliced mRNA was 

approximately 20% of the level observed in cells grow n at the perm issive  

tem perature of 25°C. In the other m utan t and w ild type strains, spliced 

mRNA levels were approxim ately 50% reduced com pared to the levels 

found at 25°C. This greater reduction observed in JN519 cells points to a 

role for at least one m ember of the Ssa sub-family, possibly Ssal or Ssa2, in  

m aintaining spliced mRNA levels in heat shocked pre-treated cells by 

allow ing continued transcription, stabilising pre-existing m RN A levels or 

both.

The major snRNPs required for spliceosom al assembly, the tri-
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snRNP (Figure 5.IB), the U1 snRNP (Figure 5.4) and the U2 snRNP (data 

not shown) are observed to be protected in splicing therm oto leran t cells. 

This may reflect a protection of snRNPs in a spliceosom al context. This 

protection requires at least one m em ber of the Ssa protein sub-family. T he 

free U6 snRNP and its precursor U 6 /L h p lp  are not protected in  

therm otolerant cells. The lack of protection of the U6 snR N A -contain ing  

complexes may be a consequence of their transcription, as U6 snRNA is 

the only splicing snRNA transcribed by RNA polym erase III. 

A lternatively, the fact that the U6 snRNP is assembled in a d ifferent 

m anner than the other snRNPs m ay account for the lack of protection.

Interestingly, in strain JN519 {ssal-45BKD, ssa2, ssa3, ssa4), the level 

of the tri-snRNP is reproducibly lower even at the perm issive tem p era tu re

(25°C) compared to levels in the wild type or any other strain.

Furtherm ore, the levels of free U6 and U 4/U 6 snRNPs, both precursors of 

the tri-snRNP, appear to be higher in this strain as com pared to the levels 

in other strains. While a protein product is encoded by the SSA1-45BKD  

allele at the perm issive tem perature, the presence of a point m utation  in  

the protein m ay reduce its efficacy. This m ay account for the low level of 

fully assembled tri-snRNP. Taken together, the results suggest that S S A  

gene products play a role in tri-snRNP assembly under norm al grow ing 

conditions in addition to m aintaining snRNP integrity in heat shocked 

therm otolerant cells.

One very interesting observation in our analysis, is that there is a 

noticeable upshift in the mobility of a sub-set of snRNPs in heat shocked
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pre-treated cells. This is especially evident w ith the U 4/U 6 snRN P, 

although the U l, U2, U5 and U4/U6.U5 snRNPs also have sim ilar upshifts 

(Figures 5.3, 5.4 and data not shown). These upshifts are not observed if

cells are im m ediately shifted to 42°C w ithout a prior pre-treatm ent.

Significantly, the upshifts do not occur in the JN519 strain and are m ore  

pronounced in the HSP104 strain. Activated or re-localised constitu tive  

Hsp70, presum ably S S A l  a n d /o r  SSA2 gene products, m ay bind to exposed 

hydrophobic surfaces of partially unfolded snRNPs upon  heat shock in  

pre-treated cells, thus accounting for the upshift of snRNPs observed o n  

non-denaturing gels. Due to the lack of functional Ssa proteins in the  

JN519 strain, no upw ard shift is observed.

Im m unoprecipitation experim ents of snRNPs from heat shocked 

and therm otolerant cells confirm  that Ssa proteins co-im m unoprecip ita te  

w ith snRNPs dem onstrating that Hsps exert their effect on snR N Ps 

through a physical interaction (Figure 5.5). Future studies to investigate 

this direct association between snRNPs and H sps will help to elucidate the 

role of Hsps in the assembly and m aintenance of snRNPs during  n o rm a l 

grow th and in heat shocked cells.
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Chapter 6: 

General Discussion.
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Splicing Inactivation by Heat Shock may be due to a Blockage in the 

snRNP Assembly Process

The initial aim of this project was to establish heat shocking 

conditions that could inactivate the process of mRNA splicing in the yeast 

Saccharomyces cerevisiae.  This had previously been achieved by Vogel

and co-workers by incubating cells in shaking w aterbaths at 41.5°C (Vogel,

et al., 1995). However in my hands, only partial inactivation was observed

at this temperature. Instead, a w aterbath tem perature of 42°C was required

to attain complete inactivation.

After this, the next goal was to thoroughly analyse the state of th e  

snRNPs in the heat shocked S. cerev isiae  cells. As described in C hapter 1, 

previous workers had correlated snRNP alterations in HeLa cells w ith  

splicing inactivation (Bond, 1988, Shukla, et al., 1990, Utans, et al., 1992). 

Building on the work, this thesis provides further evidence that splicing 

inactivation is in at least part due to a block in snRNP assembly. As 

discussed in Chapter 3, precursor forms of snRNPs are seen to accum ulate 

in heat shocked cells. For example, it is clear that the U4 hybridising 

species observed to accum ulate in heat shocked cells is a bone f i d e  

precursor form as it is present in very low am ounts at n o rm a l 

tem peratures (Figure 3.5A). In addition it seems that the levels of m ost 

snRNPs are reduced upon heat shock. In no case are w hat could be called 

'therm al breakdow n products' observed, i.e. bands that are not present at 

norm al tem peratures.

Despite the m ultiple alterations in snRNPs in heat shocked cells, it
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is still very difficult to determ ine the precise reason for the inactivation of 

m RNA splicing. W hile levels of m ature U l, U2 and U 4/U6.U5 snR N Ps 

are significantly reduced, they are not com pletely depleted. It m ay be th a t 

these forms are in an inactive state. Alternatively, the snRNPs them selves 

m ay be active, but other non snRNP factors are either inactive or n o t 

available to facilitate splicing. As described earlier, in HeLa cells, in v i t ro  

splicing activity can be restored to extracts from heat shocked cells by the 

addition of five tri-snRNP specific proteins (Utans, et al., 1992). H ow ever, 

this com plem entation experim ent is lim ited in that it does not account for 

the complex com partm entalised nature of the eukaryotic cell. It is very  

possible that several splicing factors are not actually available to the sites of 

splicing w ithin the nucleus of heat shocked cells.

snRNP Reassembly is Dependant on Hsps During Recovery of Splicing 

Activity After Thermal Inactivation.

The concept of a block in snRNP assembly being central to splicing 

inactivation in heat shocked cells is developed further in C hapter 4. In th is 

chapter the recovery of splicing is m onitored in w ild type and hsp  m u ta n t 

cells. In addition the state of the snRNPs are also m onitored. From this it 

is possible to see the 'chasing' of the U4 RNP precursor form into tri- 

snRNP as the recovery proceeds. It is interesting to observe that its 

recovery is m uch slower in the m utant strains lacking Ssa proteins, bu t 

even more so in the strains lacking Hspl04. So, by m onitoring splicing 

recovery in the hsp  m utant strains it is possible to slow dow n the snR N P
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assembly process. For example, the previously characterised L h p lp /R N P  

complex is seen to be reduced in all strains im m ediately after a heat shock. 

D uring recovery after heat shocking, it's levels rem ain about constant in  

the wild type strain. This is most likely because it is being chased back in to  

the tri-snRNP as soon as it is made. Significantly, in the m u tan t strains, it 

actually accumulates during  the recovery period. This suggests that there is 

a block in the conversion of this precursor snRNP form into the tri-snRNP 

in strains lacking H spl04 or Ssa proteins, thus explaining the lack of tri- 

snRNP accum ulation in these m utants. Thus, it is likely that this is the 

reason for the very slow recovery of splicing observed in these strains. 

Following from this logic, it seems that if tri-snRNP reassem bly is required  

for splicing reactivation, then the small am ount of tri-snRNP presen t 

im m ediately after heat shock is actually in an inactive state. It will be very  

interesting to test this hypothesis using in vi t ro  co m p lem en ta tio n  

experim ents. An alternative hypothesis is that a m in im um  th resh o ld  

level of tri-snRNP is required for splicing to occur and that levels m ust be 

increased above this for splicing to be reactivated. H ow ever, this latter 

hypothesis is unlikely as early experim ents in section 3.2.3, using the  

gradual heat shocking regime resulted in splicing inactivation even w ith  

only a slight reduction in tri-snRNP levels relative to the in stan tan eo u s  

heat shocking m ethod adopted later on. W hatever, it seems very likely 

from this data that fresh snRNP assembly is required during recovery after 

heat shock to reactivate mRNA splicing. Pulse chase experim ents could be 

em ployed to investigate this further.
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In addition to insights into the snRNP assembly process, fu rth er 

Ught has also been shed on the in vivo  im portance of H spl04 and Ssa 

proteins in stressed and recovering yeast cells. Previous w orkers had  

dem onstrated that m utants which lacked either H spl04 or three m em bers 

of the heat inducible Ssa sub-family were considerably slower at recovering 

splicing activity after heat inactivation (Vogel, et a l ,  1995, Yost and 

Lindquist, 1991). These results are reproduced in this work. In addition this 

w ork dem onstrates for the first time that a m u tan t lacking both H spl04 

and the heat inducible m em bers of the Ssa sub-family, is even m o re  

restricted in recovery. It is possible that the single Ssa2 protein, still p resen t 

in this latter strain, is responsible for the very slow mRNA splicing 

reactivation and tri-snRNP assembly observed during  recovery. If this is 

the case, then the H spl04 and Ssa proteins are likely absolutely essential 

for snRNP reassembly after heat shock and also for splicing recovery. In 

fact it is also likely that they co-operate synergistically together to perform  

this function. This w ould be consistent w ith the picture of functional 

cooperativity that is em erging between the HsplOO and Hsp70 fam ilies, 

discussed already in Chapter 1.

Splicing Thermotolerance is Independent of The Major Hsps, yet Ssa 

Proteins Associate With The Tri-snRNP to Confer Protection.

So if snRNPs are blocked in assembly or are disassem bled in hea t 

shocked cells, then w hy is it that splicing is not inactivated in cells th a t 

have been pre-treated at 37°C for 45 m in prior to heat shock? This is the
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question addressed in Chaper 5. Surprisingly, splicing therm otolerance is 

observed in cells lacking all four Ssa proteins. It may be that o th e r 

therm otolerance factors are responsible for splicing therm otolerance. O ne 

possible candidate for this is trehalose (Singer and Lindquist, 1998). T his 

disaccharide, already m entioned in Chapter 1, is a factor that has been 

associated with induced cellular therm otolerance in S. cerevisiae  

(Iwahashi, et al., 1997, Piper, 1998, Singer and Lindquist, 1998). It is k n o w n  

to act in synergy w ith Hsps to contribute to cellular therm oto lerance  

(Elliott, et al., 1996). On a m olecular level it has been show n to p reserve  

protein  structure in v i v o  and in vitro  (Singer and Lindquist, 1998). In th e  

absence of a role for the major Hsps in splicing therm otolerance, trehalose 

m ay play a part in m aintaining splicing activity in heat shocked pre-treated 

cells. A lternatively, while splicing therm otolerance was observed in a 

HSP104 m utant strain, in the absence of HSP70 genes, H spl04 m ay 

substitute for Hsp70 to confer splicing thermotolerance.

Significant upshifts are observed in several snRNPs in heat shocked 

cells that have been pre-treated. In addition, Hsp70 is observed to be 

im m unoprecipitated w ith snRNPs from these extracts. This is the first 

dem onstration of Hsps actually physically associating w ith  large 

m acrom olecular cell m achinery, presum ably to protect it from th e rm a l 

damage. Intriguingly, greater upshifts are observed in m u tan t stra ins 

lacking the gene coding for Hspl04. Based on this data, I p resent a m odel 

that m ay explain this phenom enon and is consistent w ith recent resu lts 

from Glover et al. (Glover and Lindquist, 1998). Activated or relocalised
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Hsp70, presum ably S S A l  a n d /o r  SSA2 gene products, m ay bind to exposed 

hydrophobic surfaces of partially unfolded snRNPs upon  heat shock in  

pre-treated cells, thus accounting for the upshift of snRNPs observed o n  

non-denaturing  gels. Due to the lack of S S A  gene products in the JN519 

strain, no upw ard  shift is observed. Furtherm ore, I propose a dynam ic co­

operation of Hspl04 w ith the bound Hsp70s. H spl04 may be required to 

com plete the repair process by rem oving bound Hsp70. In the absence of 

H spl04, Hsp70 rem ains bound to the snRNPs, thereby resulting in a 

greater upshift observed in HSP104  m utants.
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