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ABSTRACT

In yeast, as 1in other organisms, an increase in ambient
temperature results in the activation of a number of genes (known
és heat shock genes); some of which are also activated on entry
to stationary phase. This suggested that the promoters of these
cenes could provide easily performed induction of heterologous
cene expression. The potential use and possible disadvantages of
teat shock expression vectors for directing heterologous
expression were investigated in three parallel studies. These
frovided information which should find application in the design
cf both heat shock and growth phase dependent vectors. In
addition they also suggested possible roles for the homologous
FSP, HSP?0, in both growth regqulation and the switch-off of the
heat shock response in yeast. They consisted of:-—

(1) A system designed to detect translational errors in yeast: As
translational errors could be detrimental to the expression of
toth homologous and heterologous proteins, a system was designed
to detect translational errors. This used a temperature-
sensitive histidinyl-tRNA synthetase mutant to starve yeast cells
overexpressing the homologous protein, PGK, for HistRNAHiI= at
3B°C. In mammalian and E. coli cells, starvation for specific
charged tRNAs results in codon misreading which produces aberrant
proteins detectable by 2D electrophoresis (Parker et al., 1976).
However no such misreading was detected in yeast although
evidence was obtained that vyeast may respond to starvation for
HistRNAH%i= by arresting translation at histidine codons in
prefernce to misincorporation of an incorrect amino acid.

(2) QOverproduction of the homologous HSP, HSP90: Originally the
aim of this particular study was to investigate " if protein
overproduction at heat shock temperatures was possible or whether
trans—activating factors were limiting. The results obtained were
unexpected as although HSP?0 overproduction was possible, only
limited overproduction was acheived at heat shock temperatures.
This was found to be due to suppression of heat shock gene
transcription by high levels of HSP90. In addition HSP?0
overproduction at non—heat shock temperatures had dramatic
effects on both cAMP levels and catabolite repression resulting
in altered growth regulation.

(3) Evaluation of heat shock expression vectors: 3 high copy
yeast-E.colli shuttle vectors were constructed so that the
inserted heterologous gene, human inteferon—-a-2, was under the
control of 1, 2 or 3 upstream heat shock element sequences
(HSEs) which direct heat shock induced transcription. Although
these vectors were not ideal in that there was some expression of
inteferon in unstressed cells and no induction on entry to
stationary phase; transcription was increased on heat shock at a
level dependent upon the number of HSEs present in the promoter.
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CHAPTER 1

INTRODUCTION

1.1 The heat shock response

The yeast Saccharomyces cerevisiae responds to a sudden
elevation in ambient temperature by the rapid synthesis of a
small number of specific proteins known as heat shock proteins
{HSPs) with the concomitant repression of most other cellular
protein synthesis. This response, known as the heat shock
response, has been observed in all organisms in which it has been
sought, from bacteria right through to man (for reviews see
Lindquist 19863 Lindquist and Craig 1988). Several of the
proteins induced by heat shock are also induced. by other
stresses (Table 1.1) implying that HSPs may have a rocle in cell
survival after stress, possibly by repairing the damage caused by
the stress agent. Some HSPs are also synthesised constitutively
or at certain physiological states such as entry to stationary
phase indicating that HSPs may also have a role 1in normal

growth.

The HSPs produced by most organisms fall into three distinct size

families :-—



Table 1.1 Agents or treatments which activate heat shock genes

Group I

Group II

Inducing agent
or treatment

Ethanol

Amino acid analogues,
puromycin

Heat shock

Various heavy metals,
copper—-chelating agents,
aresnite, iodoacetamide,
chloromercuribenzoate

Return from anoxia
hydrogen peroxide,
superoxide ions and
other free radicals

Ammonium chloride

Amytal, antimycin

azide, dinitrophenol,
rotenone, heptyl-hydroxy-
quinoline N-oxide,
inophores

Hydroxylamine

(taken from Anathan et al., 1986.)

Proposed effects

Translation errors

Abnormal proteins

Increased unfolding of
proteins

Binding to sul phydryl
groups, conformational

changes in proteins

Oxygen toxicity, free
radical fragmentation of
proteins

Inhibition of proteolysis

Inhibition of oxidative
phosphorylation, changes
in redox state, covalent
modifications of proteins

Cleavage of asparigine-
glycine bonds in proteins



(1) HSP70 family : HSPs of around 70kD.

(2) HSP?0 family : HSPs of between 80kD-90kD.

(3) Small HSP family : HSPs of between 14kD-30kD.

There is an exceptionally high degree of structural conservation
shown by certain HSPs from a wide range of organisms suggesting
evolutionary conservation of important roles for these proteins.
HSP70 family proteins from human and Drosophila cells are 73%
identical and there is 637 identity between HSP?0 from

Drosophila and yeast. The small HSP family is less conserved.

The optimum temperature for induction of the heat shock response
is highly species dependent but is always within the boundaries
of temperature fluctuation which might normally oﬁcur in the
organism’s usual environment. In yeast, HSP induction occurs with
temperature upshift to any temperature between 34°C and 42°C but
the precise pattern of protein synthesis and the duration of the

heat shock response depends upon the severity of the heat shock.

The heat shock response induced by temperature upshift is always
transient, the pattern of protein synthesis attained returning to
that prior to the heat shock even when the cells are maintained

at the higher temperature. In yeast, the heat shock response



usually lasts for approximately 20-60 min., cells resuming normal
protein synthesis at temperatures below their maximum growth
temperature (38°-39°C on glucose substrates). Temperatures higher
than 40°C result in cell death. In E.coli, the modulation of the
heat shock response requires two genes, dnakK and rpoD, both of
which are expressed at higher levels in heat shocked cells. It
is probable that the switch-off of the heat shock response in
eukaryotes is also due to one or more of the induced HSPs,
results in this thesis providing evidence that HSP?0 may be

involved in this switch-off (Chapter 5).

1.2 The heat shock proteins

Heat shock proteins (HSPs) are usually divided into three major
families, HSP70 family, HSPP0 family and the Small HSP family
(Section 1.1). However other HSPs, such as ubiquitin, have been

recently identified which do not fall within these groups.

The following short review of HSPs concentrates mainly on
eukaryotes particulary S.Cerevisiae. The predominant pattern of

HSPs produced by S.Cerevisiae are shown in Figure 1.1.

The HSP70 family proteins show the highest degree of conservation

amongst a large number of widely divergent organisms (Lindquist,
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19846). E. coli has only one gene for a HSP70 family protein, dnak
(Bardwell & Craig, 1984) whereas eukaryotic HSP70 genes are
members of a multigene family (Lindquist & Craig, 1988). The
genetics and expression of eukaryotic HSP70 genes are complex;
some genes are expressed only on heat shock, others are
expressed constitutively with increased expression on heat shock
while others show no heat—-inducibility. Constitutively
synthesised HSP70 related proteins are frequently referred to as
HSC70 proteins (Rothman, 1989). The Drosophila genome contains
five heat-inducible members of the HSP70 gene family plus seven
HSC70 genes (Craig & Lindquist, 1988). The 8. Cerevisiae genome
contains at 1least nine HSP70 genes with expression patterns
dependent upon growth temperature (Craig & Jacobsen, 1984; Craig
& Jacobsen, 1985; Werner-Washburne et al., 1987) and also the
physiological state or growth phase (Werner—-Washburne et al.,
1987). The expression of the yeast HSP70 family is summarized in

Table 1.2.

Under non-stressful conditions, members of the HSP70 family and

related proteins act as "molecular chaperones" responsible for
the correct formation of protein assemblies, decoating of
clathrin coated vesicles and protein translocation across

membranes (Chappell et al., 19846; Ellis & Hemmingsen, 1989;

Pelham, 1989; Rothman, 198%9). HSP70 1is thought to transiently

associate with specific target proteins and then using energy



Table 1.2 The HSP70 gene family

Sub—-family Gene Features
SSA1 Constitutive

Moderately heat inducible
Increased expression in
transition phase but
decreased expression on
approach to stationary

phase
SSA2 High constitutive
expression
SSA (Stress Slightly heat inducible
Severity Increased expression in
sub-Family A) transition phase but

decreased expression on
approach to stationary
phase

SSA3 No constitutive
expression
Strongly heat inducible
Induced on approach to
stationary phase

SA4 No constitutive
expression
Strongly heat inducible

SSB1 High constitutive
expression
Repressed by heat shock
SSB
SS5B2 High constitutive
expression
Repressed by heat shock
SSC SSC1 Constitutive
Slightly heat inducible
SSD §SD1 Constitutive

Slightly heat inducible

KARZ2 Constitutive
Moderately heat inducible



created by ATP hydrolysis to dissociate from this complex

resulting in the correct folded state of the target protein.

The first member of the HSP70 family to be assigned a chaperoning
role in mammalian cells was BiP, a protein in the lumen of the
endoplasmic reticulum (ER) that assists in the correct folding of
secretory and transmembrane proteins translocated into the ER
(Rothman, 1989). Recently a vyeast HSP70 family gene, KAR2, has
been shown to encode a protein identical in structure and
function to mammalian BiP (Normington et al., 1989; Rose et al.,

1989b).

Analysis of the S. Cerevisiae SSA gene family (Table 1.2) has

revealed that the HSP70 proteins encoded by these genes are
necessary for the maintenance of precursor polypeptides in an
unfolded state prior to their uptake into both the ER and
mitochondria (Pelham, 1988; Pelham, 1989). 1In vitro asgays showed
that the §8SAI and SSA2 products are required for the uptake of
yeast prepro a—-factor into yeast microsomal vesicles (Chirico et
al, 1988). Deshaies et al. (1988b) demonstrated that disruption
of three HSP70 genes, SSA1, SS5A2 and SSA4 results in the in vivo
accumulation of unprocessed precursors of proteins destined for

the ER (prepro a factor, prepro-carboxypeptidase Y) and

mitochondria (F1).



The role of the HSP70 family proteins in the protein folding
during narmal growth indicates that their induction at heat shock
temperatures may be necessary Tfor the repair of misfolded or
denatured proteins induced by the heat stress (Rothman, 1989).
This is in agreement with the role for HSP70 family proteins in
the removal of denatured protein first suggested by Pelham

(1986).
1.2.2 HSP20

HSP90 is the second most highly conserved HSP. HSP90 proteins
have 50% identity over a wide range of eukaryotes and 407%
identity with an E. Coli HSP, C62.5 (Lindquist & Craig ,1988).
Drosophila and E. Coli have only one HSP?0 gene (Bardwell &
Craig, 1987), whereas mammalian cells contain a multigene family
for HSP90 (Moore et al., 1987; Hickey et al., 1989). Yeast has
two closely related genes encoding members of the HS#?O family,
HSC82 and HSPB82 (Borokovich et al.,198%9). HSP82 is expressed at
low constitutive 1levels but is strongly induced on heat shock

whereas HSC82 is only moderately heat inducible but has a much

higher constitutive expression (Borokovich et al., 198%9).

In mammalian cells, it appears that HSPP0 has a function in
regulating the activity of other regulatory proteins by binding
to these proteins resulting in either their activation or their

inactivation (reviewed in Lindquist & Craig, 1988).



The first protein to be identified as associating with HSP90 was
the transforming protein of Rous sarcoma virus, pp&0O=r<

(Oppermann et al., 1981; Schuh et 1., 1985). Newly synthesised

ppbO=~=, a tyrosine kinase, is found complexed to HEPFO and a
50xp phosphoprotein. It is ©believed that HSPP0 binds to the
inactive form of the kinase, dissociating as the kinase is
inserted into the plasma membrane and becomes activated (Deshaies
et al., 1988a). Other transforming proteins also form complexes

with 90kD and 50kD proteins, in some cases the 90kD protein has

been identified as HSP90 (Lindquist & Craig, 1988).

Al though HSPP0 has not been found to associate with cellular
tyrosine kinases, an association with heme controlled elIF2
kinase has been reported 1in rabbit reticulocytes (Rose et al.,
1987). In contrast to pps0O=~=, HSPP0 association apparently
activates elIF2 kinase (Rose et al., 198%a) presumably resulting
in elF2 phosphorylation responsible for inhibition of protein
synthesis (Safer, 1983). In Erlich cells heat shock results in
increased elF2 phosphorylation (Scorsone et al., 1987) suggesting
that HSP?0 may function in controlling elF2 kinase and therefore

protein synthesis during the heat shock response (Rose t al.,

Sem =

1989)

HSP?0 has also been found to associate with unliganded steroid

receptors. All steroid receptors studied, including the



progesterone, oestrogen, androgen and glucocorticoid rewptors
have been isolated as a 300KD complex (Pratt et al., 1989). This
complex always contains a 90kD non steroid binding phosphoprotein
which has been identified as HSP90 (Sanchez et al., 1985; Catelli
et al., 1985). It appears that association of HSP90 with the
unliganded receptor prevents the receptor from binding to DNA
until bhormone binding disrupts the receptor:HSP?0O complex

(Lindquist & Craig, 1988; Denis et al., 1988).

Genetic analysis of the genes encoding the HSP90 family has been
conducted in both E. coli and S. cerevisiae. Disruption of the E.
coli HSP90 gene, htpG, which encodes C62.5 (Bardwell & Craig,
1987), results in slightly impaired growth which becomes more
pronounced at higher temperatures indicating that C62.5 may have
a role in promoting growth in E. Coli, particulary at heat shock

temperatures (Bardwell & Craig, 1988).

In yeast, disruption of both members of the HSP90 family (HSC82
and HSP82) 1is lethal whereas disruptions of each of these genes
alone have no effect on growth at normal temperatures (Borokovich
et al., 1989). This therefore indicates that the proteins encoded
by these two genes perform identical or ‘nearly identical
functions, essential for «cell viability. The requirement for
HSCB82 or HSPB82 expression increases at increased temperatures

suggesting that higher levels of HSP?0 are necessary for growth

at high temperatures (Borkovich et al., 1989).

©



It is probable that HSP?0 functions in vyeast via a similar
mechanism to the HSP?0 of higher eukaryotes i.e. by reqgulating
the activity of other regulatory proteins. During the work
carried out for this thesis, it was found that aoverproduction of
HSP?0 in vyeast had significant effects on cAMP regulation,
catabolite repression and the heat shock response suggesting that
HSP?0 may interact with diverse requlatory proteins which control

these mechanisms (Chapters 4 & 95).

1.2.3 The_ _Small HSP Family

Although a wide range of organisms bhave been shown to produce
members of the Small HSP family, the number of members of the
small HSP family varies considerably between organisms.
Drosophila produces four small HSPs whereas yeast produces only

HSP26 (Craig, 1985; Bossier t al., 1989). Plants synthesise a

far greater number of small HSPs, soybeans inducing over 20
different proteins ranging in size from 14kD to 27kD (Lindquist,
1986). Although there is a high degree of homology within a
species, there is comparitively 1little homology between small
HSPs from different species indicating that the genes for small
HSPs may have undergone frequent gene conversion events or may

have reduced or expanded their number during evolution (Lindquist

& Craig, 1988).



Eukaryotic small HSPs show some homology with the B chain of
bovine lens a crystallin (Ingolia & Craig, 19825 Lindquist,
1986). a crystallins are a major component of the eye lens,
forming large aggregates which perform an important structural
role. Some members of the small HSP family have also been shown
to form aggregates within the cell (Lindquist, 19865 Fitch, 1989)
indicating that they may also function via the formation of

higher order structures.

Matational analysis has not yet determined a role for the yeast
snall HSP, HSP26. Disruption of the single HSP26 gene has no
affect on growth at high temperatures or the acquisition of
thermotolerance (Petko & Lindquist, 1986). Although HSP26 has
been shown to be induced during development and on entry to
stationary phase (Kurtz gt al., 1986) HSP26 disruption also has
no affect on either spore development or on growth regulation
(Petko & Lindqgquist, 1986). It is wunlikely that the function of
HSP26 is covered by another protein as no other crossreacting
protein has been detected with an antibody to HSP26 (Rossi &
L:ndquist, 1989). Recently the use of such an antibody has
demonstrated that the intracellular 1localization of HSP26 is
dependent wupon the state of cellular metabolism (Rossi &

Lindquist, 1989) but the function of this protein and the small

HSP family of other eukaryotes remains elusive.

1.2.4 Other HSPs
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In eukaryotic cells, several genes other than members of the
three major HSP families have been identified as heat inducible.
One such gene in yeast 1is the heat inducible ubiquitin gene,
uBl4 (Finley et al., 1987). Ubiquitin is also heat inducible in
mammalian cells (Fornace et al., 1989). Ubigquitin is a small 76
residue protein found in all eukaryotic cells. It functions in
the turnover of intracellular protein, becoming conjugated to
proteins prior to their degradation by the wubiquitination
pathway of intracellular protein turnover (Finley & Varshavsky,
1985; Ciechanover & Schwartz, 1989). Possibly heat-induction of
ubiquitin may help overcome an increased need for free ubiquitin

necessary for the removal of denatured protein resulting from the

heat shock (Section 1.3.3).

In yeast, several glycolytic enzymes continue to be produced
after heat shock, including enolase (Iida & Yah;ra, 1985),
glceraldehyde 3 phosphodehydrogenase (cited in Lindquist & Craig,
1988) and phosphoglycerate kinase (Piper et al., 1984). It is
possible that these proteins are required at higher levels to
maintain the level of ATP either during stress or in the

subsequent recovery (Piper et al., 1988b).

Yeast also produce a HSP of approximately 96 Kd (Figure 1.1), the

function of this protein is as yet undetermined although work in

11



our laboratory suggests that 1t may be related to a plasma

membrane protein (B. Panaratou, unpublished results).

1.2.5 Thermotolerance

Generally, HSPs are postulated to protect organisms from the
toxic effects of heat and other stresses and to aid in the
recovery following the stress. Induction of the heat shock
response caused by either an increase in ambient temperature or
the action of agents such as ethanol (Plesset et al., 1982)
results in elevated tolerance to higher temperatures
(thermotolerance) or other stresses (M=Alister & Finklestein,
1980). The kinetics of heat shock synthesis and degradation have
been found to parallel thermotolerance induction and decay which
has led to the proposal that the heat shock response serves
primarily to protect the cell (Lindquist, 1986). Whether the HSPs
themselves are involved 1n the resistance to st?ess is a
contentious issue. There are several 1lines of evidence which
suggests that HSP synthesis is not necessary for elevation of
toler: ance (reviewed in Lindquist, 1986). Overall, however, it is
usually accepted that HSPs play an important role in this
elevated tolerance to stress, although the possibility that there
are other mechanisms for coping with stress cannot vyet be ruled

out.

1.3 Mechanism of the heat shock response

12



Transcription of heat shock genes during heat shock is under the
control of a conserved mechanism requiring both cis-acting
regulatory sequences and a trans—acting transcription factor.
Although it is possible that the induction of heat shock genes by
other stresses 1is via the same mechanism, the synthesis of HSPs
during normal growth (Section 1.1) indicates that other control

mechanisms may act upon heat inducible genes.
1.3.1 E.Col1

In E.coli, heat shock and other stresses result in an increase in
the 1level of 032, the protein product of rpoH (or htpR)

({Grossmann et l., 1984; Strauss et al ., 1987). 032 is a sigma

regulatory subunit for RNA polymerase that activates heat shock
genes by replacing the normal sigma subunit bound to the
polymerase, 070 (Neibhardt et al.,1984; Neihardt, -1987). RNA
polymerase (032) directs the preferential transcription of heat

shock genes by recognising a specific sequence, CTGCCACCC, at -44

to =36 relative to the transcription site (Cowing et al., 1985).

There is evidence that the regulation of the heat shock response

in E. Coli is via the heat shock genes themselves. The dnakK gene

product is probably involved in this regulation as mutations in
this gene prevent the switch-off of the heat shock response

whereas overexpression results in a drastically reduced response

13



(Tilly et al., 1983). The gene for ¢70, rpoD, 1is also heat

inducible (Taylor t al., 1984), heat shock elevated levels of

070 competing effectively with 032 for the sigma binding site on

RNA polymerase, thus ensuring the resumption of normal

transcription patterns and switch-off of the heat shock response.

1.3.2 Eukaryotes

The mechanism by which eukaryotic heat shock genes are activated
during stress appears to be highly conserved over widely diverged
species; HSP70 genes from various sources can be transcribed in
heterologous systems when the recepient cells are stressed
(reviewed in Pelham, 1985). Deletion analysis of cloned genes led
to the identification of a conserved cis-acting DNA element
within heat shock promotors, the heat shock element (HSE).
Eukaryotic HSEs are closely related to the consensus sequences

t al., 1989) and

—

C-GAA--TTC-G (Pelham, 1986) or TTC-GAA (Tuite
are usually found upstream of the TATA box. HSEs are capable of
conferring strong heat-inducibility on heterologous promoters
(Pelham & Bienz, 1982). Natural heat shock promoters usually have
at least two HSEs (Bienz, 1985) except in yeast where only one
agreement to the HSE in most bheat shock promoters seems to be
common (Tuite et al., 1989). The operation of single and tandem

HSEs in yeast is investigated in Chapter 6 of this thesis.
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Transcription of eukaryotic heat shock genes requires a trans-
activator, heat shock transcription factor (HSTF). This acts by
binding specifically to HSEs in Drosophila, yeast and Hela cells
(reviewed in Tanguay 1988). HSTF from yeast and Drosophila has
been purified by affinity chromatography using oligonucleotide
HSE sequences 1inked to cellulose (Sorger and Pelham, 19873
Weiderrecht et al., 1987; Wu et al., 1987). As induction of heat
shock gene transcription 1is not blocked by protein synthesis
inhibitors (Sorger & Pelham, 1987), HSTF appears to exist in an

inactive form in unstressed cells, undergoing activation with

heat shock.

In yeast, HSTF is bound constitutively bound to the HSE and is
required for growth at non-heat shock temperatures (Jakobsen &
Pelham, 1988, Sorger & Pelham, 1988). On heat shock this HSTF is
modified by multiple phosphorylation suggesting that its ability
to promote transcription during heat shock in yeast is-due to the
polyanionic surface created by phosphorylation (Sorger & Pelham,
1988). In human and Drosgphila cells, HSTF only acquires the

ability to bind DNA during heat shock (Sorger t al., 1987). It

has not vyet been determined if phosphorylation is required for

such activation. Models for the HSTF activation of eukaryotic

heat shock genes are summarised in Figure 1.2.

As in bacteria, the eukaryotic heat shock response is transient

(Section 1.1), switch-off probably being regulated by the HSPs
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themselves although no requlatory protein responsible for the
switch-off of the eukaryotic heat shock response has yet been
identified. As the dnaK protein, responsible for the switch-off
of the prokaryotic response 1is a member of the HSP70 family
(Section 1.3.1, Section 1.2.1), there may be precedent for
nominating members of the eukaryotic HSP70 family as potential
candidates in the switch-off of the eukaryotic heat shock
response. Indeed, inactivation of both S§SA1 and SSAZ (members of
the HEP70 family) results in the constitutive expression of other
HSPs in yeast suggesting that the absence of functional HSP70 may
result in an inability to suppress the synthesis of other HSPs
(Craig & Jakobsen, 1984). However this prolonged heat shock
response may be caused by the accumulation of untranslocated
precursors in these cells which could provide a continves
induction signal for the synthesis of HSPs (Deshaieé et al.,
1988a). Work carried for Chapter S5 of this thesis shows
suppression of HSP synthesis in heat shocked yeast with the
overexpression of the more heat inducible member of the HSP90
family, HSP82 (Chapter 5). This indicates that the elevation of
HSP90 with heat shock is partly responsible for the transient

nature of the heat shock response.

1.3.3 Induction of the heat shock response

Although a great deal is known about the heat shock response,

little is known about the trigger for this activation. Most

16



conditions which induce the heat shock response (Table 1.1) also

result in the accumulation of abnormal proteins (Anathan t al.,

1986). This has therefore 1led to the conclusion that it is the
accumulation of denatured protein which signals heat shock gene

activation (Munro & Pelham, 1985).

Usually abnormal proteins are degraded in eukaryotic cells by the
ubiquitin pathway which involves the 1linkage of ubiquitin to
proteins destined for proteolysis (Section 1.2.4). Stress-induced
accumulation of abnormal proteins could therefore result in a
shortage of free ubiquitin available for this uiquination. This
ubiquitin defiency may be responsible for the activation of heat
shock genes (Munro & Pelham, 1985) including ubiquitin, itself,
which 1s heat—-inducible in both vyeast and mammalian cells
(Section 1.2.4) suggesting that heat shock may increase protein
turnover in eukaryotic cells. Although it 1is wunlikely that
ubiquitin is involved directly in the activation/inacfivation of
HSTF (Sorger & Pelham, 1988), the involvement of the accumulation
of abnormal proteins as a trigger for the heat shock response

cannot be excluded.

1.4 Induction of heat shock genes during qrowth in S. Cerevisiae

1.4.1 Growth requlation of S. Cerevisiae

17



S. Cerevisiae divides by budding with a maximum doubling time
dependent upon the media used. Control of cell division occurs
within the G, phase of the cell cycle at a point known as "start"”
in which the cell monitors various conditions before initiating a
further cell division (Herskowitz, 1988). If conditions are
favourable, the cell enters a new mitotic cell cycle. 1f
conditions are unfavourable e.g. nutrient supplies are limited, .
cells enter stationary phase (Go). In stationary phase, there is
no further increase in cell number although the cell remains
viable over a fairly extensive period (Boucherie, 1985). Arrested
cells are in a different physiological state to growing cells;
the structure of the cell wall 1is altered and there is
accumulation of the storage carbohydrates, glycogen and trehalose
(Boucherie, 1985). The «cells also become more thermotolerant

(Scheberg-Frascino & Moustacchi, 1972).

The normal growth pattern of yeast in defined medium glucose
batch fermentation is shown in Figure 1.3. Yeast usually exhibit
3 growth phases; an initial rapid period of growth (exponential
phase), transition to slower growth (transition phase) occurring
when about 50%Z of initial glucose has been used and cessation of
growth (stationary phase) when the glucose is fully utilised

(Boucherie, 1985; Francois et al., 1987, Figure 1.3).

1.4.2 Induction of HSP synthesis during the approach to

stationary phase
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Several HSPs are induced as cells enter stationary phase. This
was first demonstrated by Boucherie (1985) who followed protein
synthesis in yeast from exponential phase through to stationary
phase during glucose batch fermentation. 2D SDS PAGE analysis
revealed that 95% of proteins synthesised during exponential
phase were repressed in stationary phase although several
proteins continued to be synthesised. These were identified as
actin, aldehyde dehydrogenase, enolase, hexokinase, glyceraldeyde
-3-phosphate dehydrogenase and also five HSPs. A similar study
has investigated the expression of the S8SA HSP70 family during
growth (Werner—-Washburne et al., 1989; Table 1.2). SSA3, which

has no constitutive expression (Table 1.2) is the only member of

the SSA sub-family induced in stationary phase cells. SSA1 and

SSA2 transcripts were found to accumulate during transition phase
only to disappear as cells entered stationary phase whereas SSB1i,

SSB2 and SSC1 transcripts all decreased as cell number increased.

Several other heat shock genes induced during entry to stationary
phase have been identified including HSP26 (Fitch, 198%9), UBI4

(Finley et 1., 1987) and possibly HSP82 (unpublished results of

Borkovich & Lindquist, cited in Borkovich et al., 1989).

Synthesis of several HSPs during stationary phase entry has also
been demonstrated by starving cells for sulphur and the use of
certain cell cycle mutants (lida & VYahara, 1984). 2D SDS PAGE

identified nine G. induced proteins, six of which were HSPs
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including members of the HSP70 and HSP?0 families. A similar set
of HSPs was later identified during Go in other eukaryotic cells
including chick embryo fibroblasts, mouse T 1lymphocytes and

Drosophila (lIida & Yahara, 1984).

In comparison with the transient synthesis of HSPs following
stress, the synthesis of HSPs during stationary phase is durable
(Iida & Yahara, 1984) indicating that the mechanism of HSP
synthesis during stationary phase and during heat shock may
differ. The former induction may be under the control of cAMP

(Section 1.95).

The role of heat shock proteins during stationary phase has not
yet been determined. It 1is possible that they are required for
cell survival, in keeping with their proposed protective role
during stress (Section 1.2.5) and the thermotolerance exhibited
by stationary cells (Schenberg-Frascino & Moustachi, 1§72). It is
also possible that HSPs may function in cellular events required
for the transition into stationary phase or for maintaining cell

viability during Go.

1.5 The role of cAMP in the requlation of growth and HSP

synthesis in §S. Cerevisiae

1.5.1 Growth control
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In §. Cerevisiae, cAMP 1is the positive signal for growth
(reviewed in Dumont et al., 1989). Towards the end of exponential
phase intracellular cAMP levels fall dramatically, finally
reaching a constant level during transition phase prior to
stationary arrest (Francois et al., 1987; Figure 1.3). In diploid
cells, starved for nitrogen and a non-fermentable carbon source,
a decrease in intracellular cAMP concentration initiates meiosis
({Matsumoto et al., 1985a). As cAMP levels can be raised by the
addition of fresh glucose to media (Eraso & Gancedo,1985) it is
possible that depletion of glucose is responsible for the decline
in cAMP levels. However, as the fall in cAMP occurs prior to
glucose exhaustion (Francois et al., 19874% Figure 1.3) it is

unlikely that external glucose 1is the sole determinant of cAMP

levels.

cAMP is believed to activate growth via the RAS-cAMP pathway
shown in Figure 1.4 which also shows the proteins -thought to
regulate this pathway. cAMP 1is synthesised by adenyl cyclase,
encoded by CYR1 (also known as CDC35)(Boutelet et al.,1985;
Kataka et al., 1985). Adenyl <cyclase is activated by two G
proteins, RAS1 and RAS2 (Toda et al.,1985; Figure 1.4). This
activation may involve the exchange of GDP for GTP on the RAS
proteins (Mbyoni et al., 1988). RAS1 and RAS2 are regulated by at
least two proteins, the CDC25 product (Camonis et al., 1986) and
the IRAl1 product (Tanaka t al., 1989; Figure 1.4). The CDC25

product is believed to activate RAS by promoting GDP/GTP exchange
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Figure 1.4 The RAS-cAMP pathway
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(Broek et al., 1987; Robinson et al., 1987) whereas the ]IRAl
product probably inhibits RAS by stimulating the conversion of

the GTP-RAS to GDP-RAS (Tanaka

I~

al., 1989).

cAMP binds to the regulatory subunit of cAMP-dependent protein

kinase, encoded by BCY1 (Uno

I~

al., 1982) allowing the release
of free catalytic subunits of the kinase. These are then able to
phosphorylate target proteins whose (in)activity is required for
cell division to continue. One such target may be the CDC28

product (Reed et al., 1985; Figure 1.4).

Genetic analysis of mutants altered in cAMP regulation has played
an important role in the current understanding of the RAS-cAMP

pathway. Mutations such as cyrl, cdc25 and rasl and ras2 reduce

cellular cAMP thereby blocking the .activity of cAMP dependent
kinase and resulting in an inability to enter the mitotic cycle
(reviewed in Matsumoto et al., 1985a). Such mutanté generally
contain relatively high 1levels of storage carbohydrates and
require exogenous cAMP for growth. Homozygous diploids bearing

these mutations are capable of sporulating even in rich media

(Matsumoto et al., 1985a).

Suppressors of cAMP-requiring mutations are unable to enter
stationary phase correctly or to form spores. These mutants
include bcyl which results in cAMP-independent activity of the

(normally) cAMP-dependent kinase (Matsumoto et al., 1982).
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Recently another mutation, iral (formally called ppdl), has been
identified as a member of this group (Tanaka et al., 1989).
Arrested cells bearing the iral mutation have fewer buds and
greatly reduced viability (Matsumoto et al., 1985b). cAMP levels

can be raised to a much higher level than normal in iral mutants

indicating that the IRAl product is an inhibitor of the RAS-cAMP
pathway (Tanaka et al., 1989). cAMP levels are also controlled by

two cyclic nucleotide phosphodiesterases (Uno t al., 1983).

Mutations in PDEl1, the gene encoding the high activity

phosphodiesterase, result in cAMP accumulation and exhibit
similar phenotypes to bcyl and iral mutants (Matsumoto et al.,
1985a).

1.5.2 Involvement of cAMP _in the induction of HSPs during entry

to stationary phase

The studies demonstrating that the RAS-cAMP pathway regulates
stationary phase arrest has been paralleled by other studies on
the same mutants showing that the induction of HSP synthesis
during the approach to stationary phase may also be under the
control of this pathway. While HSP induction could also be due
to catabolite derepression there is no proof for this. Instead,
there is considerable evidence supporting the former proposal
from the cAMP metabolism mutants described in Section 1.5.1. This

includes:—
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(1) cyrl mutants which have three fold lower adenyl cyclase
activity than wild type cells constitutively express HSPs. These
HSPs were not synthesised in a bcyl mutant which produces a cAMP
independent protein kinase (lida & Yahara, 19843 Shin et al.,

1987; Iida, 1988).

(2) Recent studies on the heat shock genes, §8SA3 and UBI4 which
are expressed during the approach to stationary phase (Finley et
al., 1987; Werner-Washburne et al., 1989) have shown that the
absence of cAMP in a cyr mutant led to constitutive expression of
these genes (Tanaka et al., 1988; Werner—-Washburne et al., 1989).
Whether HSP synthesis during heat shock and other stresses is
induced by a decrease in cAMP 1is unclear. Evidence that heat
shocked bcyl mutants do mnot synthesise HSPs and cannot acquire
thermotolerance indicated that cAMP may have a role in
regulating HSP synthesis during the heat shock respon%e (Shin et
al., 1987). However several studies have shown that cAMP levels
are increased on heat shock (Boutelet et al.,1985; Camonis et
al., 1986; also results in Chapter 5 of this thesis). In
addition, UBI4 transcription can be activated on heat shock in
both cyrl and bcyl mutants (Tanaka et al., 1988). Thus it appears

that cAMP is not involved in the induction of transcription in

heat shocked yeast.
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1.6 The potential use of heat shock expression signals for

heterologous protein synthesis in yeast

The induction of heat shock genes in yeast that are heat shocked
(Section 1.3) or approaching stationary phase arrest (Section
1.4) suggests that expression vectors using heat shock promoters
could be of wuse 1in providing easily performed induction of
heterologous gene expression. By inducing the expression of
heterologous genes using heat shock promoters, it may be possible
to prevent the detrimental effects wusually associated with
continual heterologous protein synthesis (reviewed in Kingsman et
al., 1985).

The induction of HSPs by heat shock is usually transient (Section
1.3.2) whereas the synthesis of HSPs in stationary phase is more
durable (Section 1.4) indicating that heat shock promoters might
be of most use in the induction of heterologous proteiﬁ synthesis
at entry to stationary phase. The advantages and disadvantages of
the such a growth phase—-dependent induction system are summarised
in Table 1.3. It 1is clear that further studies concerning both
the trigger for gene expression and the level of proteolysis at
the end of fermentative growth are necessary. It is probable that
the ubiquitin pathway for protein turnover becomes more active
as the heat-inducible ubiquitin gene UBI4 is induced during the

approach to stationary phase (Section 1.4). There may therefore



Table 1.3 The use of qrowth phase-dependent promoters, activate
during entry to statioconary phase, for the synthesis of
beterologous proteins in yeast

Advantages :-

1. Induction occurs at high biomass.

2. Induction is in response to growth phase, not specific changes
in the composition of growth media.

3. Secretion is still very active during entry to stationary
phase.

Disadvatanges :-

1. The physiological changes which trigger promoter activation in
transition phase are as vyet uncertain, it is therefore not
possible to optimise for such changes.

2. Proteolytic processes such as the ubiquitin cycle which aids
in protein turnover may be induced in the approach to and during
stationary phase.



be advantages to using ubid4- strains (Finley et al., 1987) for

expression purposes.

As UBI4 is also induced on heat shock (Section 1.2.4), activation
of proteolytic turnover could also be a further disadvantage to
the induction of heterologous protein synthesis by heat shock.
In addition, it is possible that proteins synthesised at heat
shock temperatures may contain high levels of translational
errors, although results in Chapter 3 of this thesis suggest that
these errors may not be as high as originally suspected. The use
of appropiate conditions or genetic background could be found
which prolong the heat shock response and reduce proteolytic
turnover, thus optimising the production of heterologous proteins
induced by heat shock promoter activation (discussed in Section

7.0).

1.7 Plan of investigation.

The studies carried out for this thesis were aimed at identifying
potential problems associated with expression systems dependent
on HSE activation in vyeast, to determine whether these were a
major obstacle to the use of such expression systems. They

comprised three parallel investigations:

(1) A study aimed at detecting translational errors when PGK is

overexpressed in yeast (Chapter 3): In systems as diverse as
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E.coli and mammalian cells (Parker et al., 1976) misincorporation
of aminoacids can be detected by the use of temperature sensitive
aminoacyl-tRNA synthetase mutants which deprive cells of a
particular charged tRNA species. A similar system was designed to
detect mistranslation in yeast. A temperature-sensitive
histidinyl—-tRNA synthetase mutant (Thomart et al., 1976) was
used to starve yeast cells overexpressing PGK for His—-tRNAHi= gt
38°C. 2D gel electrophoresis was then used to search for

translational errors 1in PGK at the highest temperatures at which

this protein is produced.

(2) An_attempt to overexpress the homologous vyveast heat shock

gene HSP82 in_yeast (Chapters 4 and 5): When present on a

multicopy vector, the homologous heat shock gene HSP26 can be
highly overexpressed in yeast as cells are either heat shocked
or allowed to enter stationary phase (Fitch, 1989). In this
study, overexpression of another homologous heat shock gene was
attempted by using the HSP82Z gene carried on the same vector. The
results were unexpected as only relatively low overexpression was
achieved. However even this 1limited overexpression had dramatic
effects on cAMP levels and catabolite repression (Chapter 4) and
also on the extent and duration of HSP synthesis in heat shocked

yeast (Chapter S5).

(3) Evaluation of heat shock expression _vectors for heterologqous

expression_ (Chapter &) : A human 2-interferon gene was inserted
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into 3 high copy vyeast-E.coli shuttle vectors so that it was
under the control of 1,2 or 3 upstream HSE sequences. Expression
levels were then measured in yeast before and after heat shock
and during stationary phase. Although there was some
transcription in unstressed cells and no induction on entry to
stationary phase$ during heat shock, tranmscription was dependent
upon the number of HSEs present in the promoter. This result was
unexpected result as most vyeast heat shock promoters usually
contain only one HSE (Section 1.3.2) and suggests that there is
probable advantages to the wuse of multiple HSEs 1in heat shock

expression vectors.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Standard Reagents

Microbiological media

Electophoresis Reagents

Restriction enzymes

Others

:AR grade supplied by BDH & Fisons

:supplied by Difco

ampicillin and requirements from Sigma

tAcrylamide

Agarose an

from BDH

d Temed from Sigma

:from Anglian Biotechnology

:RNase-Free

DNase—-Free

DNasel from BRL

RNase from Sigma

T4 DNA Ligase from Anglian Bio-

techonolog

Y

Zymolyase—20T from Seikagaku Kogyo Co.

Lysozyme f
a[==P1dCTP

activity:

29

rom Sigma
from Amersham

800Ci/mmol)

(specific



(* *siMethionine from NEN (specific
activity: 1134Ci/mmol)
[==PJlorthophosphoric acid from Amersham
1-10 Phenanthroline from Sigma

NA4S5 paper from Schleicher and Schull
Gene Screen transfer membrane from NEN

Cyclohexi mide from Sigma

2.2 S.cerevisiae strains

The Saccromyces cerevisiae strains used in this study are

detailed in Table 2.1.

2.3 E.Coli strains

The E.coli strain , JM101 ( lacpro thi supE F ' tra D36 proAB lac<Z

M15) was used for plasmid DNA manipulations and tranmsformations.

2.4 Plasmids

All the plasmids constructed during this study were derived from

the yeast:E.coli shuttle vectors pMA3a and pMA301 (Table 2.2).
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Table 2.1 Yeast strains

Name Genotype Source

MD40-4C a ura?2 trpl leu2-3 leu2-112 his3—-11 his3-15 A.Kingsman

tsm4572 a htsi.l F.Hilger

Ktsm a leu?2 ura?2 ' hg;LL this thesis
DBY747 a ural3-52 leu2-3 leu2-112 trpl-289 his3 D.Botstein
PLD82 a leu?2 his3 ura3 hsp82::LEUZ HSC82 S.Lindquist

a leu2 his3 urad hspB2::LEU2 HSCB2

W303leu a LEUZ his3 ura3 HSP82 HSC82 S.Lindquist
a LEUZ2 his3 urald HSP82 HSCB82

Table 2.2 Yeast Plasmids

Plasmid Construction Markers Source

Yeast E.coli

pMA3a 3I.3kb double EcoRI fragment LEUZ2 Ap™, Tc™ A.Kingsman
of yeast DNA containing
the 2um ORI and LEUZ inserted
into pBR322

pPMA301 A derivative of pMA3a LEU2 Ap", Tc™ A.Kingsman
containing the yeast
PGK promoter

pMA27 A derivative of pMA3a LEU2 Ap", Tc™ A.Kingsman
containing the entire
PGK gene.



2.5 Methods
All solutions and glassware for sterile and nucleic acid work
were sterilised by autoclaving at 15psi for 20 minutes, or if any

were heat labile, by filtration using a Millipore appdratus.

2.6 Growth Media and Culture Conditions

The recipes for the growth media used in this study were obtained
from Miller (1982) and Sherman et al. (1983). 2% bacto-agar was

added for the preparation of solid media.
2.6.1 S.Cerevisae

Routinely 100ml vyeast liquid culture were grown in 500ml flasks

with constant shaking at 25°C in the relevant media .

Media
YEPD : 2% glucose, 2% bactopeptone, 1lZiyeast
extract
YEPGE : 37 glycerol, 27 ethanol, 2% bactopeptone,

17 yeast extract
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Sporulation : 0.053% glucose, 0.01% yeast extract, 1%

potassium acetate

Minimal : 2% glucose, 0.677% yeast nitrogen base

without amino acids, plus requirements if

necessary.

Requirements

Uracil t 20mg/1
L-Histidine :t 20mg/1
L-Tryptopban t 20mg/1
L-Leucine : 30mg/1

Yeast strains were maintained as frozen stocks in YEPD plus 15%

glycerol at -70°C.

2.6.2 Yeast transformation

Yeast transformation with plasmid DNA was acheived by
sphaeroplasting cells using a modification of the method of Beggs

(1978).
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Yeast cells were grown overnight in 100ml YEPD at 25°C to mid
logarithimic phase, then harvested and washed once with sterile
dH=0 before resuspension in 10ml SED (1M sorbitol, 25mM EDTA,
50mM DTT). After incubation at room temperature for 15min., the
cells were harvested, washed twice with ice-cold 1M sorbitol and
resuspended in 10ml SEC (1M sorbitol, 1OmM EDTA, 100mM DTT) plus
0.1ml zymolyase 20T (10mg/ml). Sphaeroplasting was carried out at
room temperature for 20min and was monitored by the ability of
the cells to lyse in dHz0. Sphaeroplasts were harvested at low
speed (1,500rpm), washed twice with ice cold 1M sorbitol and
resuspended in 1ml aliquots of ice cold CAST (1M sorbitol, 10mM

CaCl=, 10mM Tris-HC1l pH 7.95).

Sphaeroplasts were incubated on ice with the plasmid DNA
(10pg/aliquot) for 15min. before the addition of 1ml ice cold
PEG (207 w/v polyethylene glycol 4000, 100mM CaCl=, 10mM Tris-HC1
pH 7.5). After a further 15min. on ice, the sphaeroblasts were
harvested and . resuspended in 150pl YEPD containing 1M sorbitol.
Following incubation at 28°C for 20min. the sphaeroplasts were
mixed with 5ml molten (48°C) stabilized minimal media (plus
appropiate amino acids for plasmid selection). The mixture was

poured onto agar plates containing the same media.

Transformant colonies usually appeared after 4-5 days and were
removed from the agar with a sterile loop and grown on selective

media.
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2.6.4 E.Col1i

E.Coli were cultured 1in 2TY (1.6% bactotryptone, 17 vyeast

extract, 0.5%Z NaCl) at 37°C.

Cultures for plasmid transformations and selection were grown in

2TY plus ampicillin at a final concentration of 100mg/1l.

2.6.5 Monitoring of Cell Growth

Cell growth in liquid media was monitored either :

(1) by using an Improved Neubauer haemocytometer (Hawksley) or
(2) spectrophotometrically via absorbance at 600nm. Approximate
cell number was then determined from a standard curve of optical

density against cell number which had been calibrated using a

haemocytometer.

2.6.6 Random spore analysis

Following 3—4 days incubation of diploids on sporulation media,
asci walls were digested by incubation in 0.5ml sterile dH=z0
containing zymolyase (10mg/ml) for 1h. at room temperature. This

digest was vortexed with 0.5ml sterile 1liquid paraffin and the
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phases separated by gentle centrifugation. The paraffin phase
containing spores was then re-extracted with 0.5ml sterile HzO0
and then plated onto YEPD solid media. Spores were analysed by

replica plating onto the appropiate selective media.

2.7 Heat Shock Treatment

To induce a heat shock response 1in yeast, liquid cultures were
rapidly shifted from 25°C to the required heat shock temperature
(38°C, 40°C, 42°C) and incubated for 40min. after the culture
had reached the appropiate temperature (approximately 1—3qin. in

glass tubes and 10Omin. in microfuge tubes).

2.8 Biochemical Assays

2.8.1 Glucose assay

Glucose concentrations (mg/ml) in yeast culture supernatants
were determined using the Glu-cinet Glucose Assay Kit
(Technicon). 1ml of culture was harvested by centrifugation. 20,
10 or Spl of supernatant was added to 2.5ml1 of Glu-cinet reagent
and assayed according to the manufacturer’'s instructions. Volumes
used depended on the stage of growth at which the sample was

taken in order to stay within the limits of the assay.

2.8.2 Extraction and Assay of cAMP
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cAMP was extracted using a method based on Saez and Lagunas
(1976) and was assayed using the Amersham cAMP Assay Kit (based
on Tovey et al., 1974).

After harvesting 15ml1 of vyeast culture at 4°C, the cell pellet
was immediately resuspended in 250ul of cold 6% Trichloroacetic
acid (TCA). The suspension was kept on ice for 3I0min. with
frequent mixing. Cell metabolites were released by freezing in
liquid nitrogen, followed by thawing on ice. This process was
repeated twice and the extract was then centrifuged at 10,000rpm
for 10min. at 4°C. The supernatant was ether extracted three
times and then adjusted to pH 7.5 with 1M Tris. The samples were
freeze-dried and the resulting precipitate was redissolved in
cAMP assay buffer (0.05M Tris-HC1l, 4mM EDTA pH 7.35). cAMP
concentrations were determined using the Amersham cAMP Assay Kit

according to the manufacturer’'s instructions.

2.9 Recombinant DNA Technigues

2.9.1 Restriction enzyme digests

Routinely, 1pug of DNA was digested with 10U of enzyme in 10pl of
1X buffer for 2h. at 37°C. Restriction buffers were prepared as

10X stocks, as recommended by BCL:-
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(1) 100mM Tris-HC1l, 50mM MgCl=, 1M NaCl, 10mM 2-Mercaptoethanol

(pH B8.0) for BamH1l, HindIII.

(2) 100mM Tris-HC1, 100mM MgCl=, O0.5M NaCl, 10mM DTT (pH 7.5)

for Bglll, Pvull.

(3) 0.5M Tris—-HC1l, 100mM MgCl=, 1M NaCl, 10mM DTT (pH 7.5) for

EcoR1

2.9.2 Gel electrophoresis of DNA

DNA restriction fragments were separated by electrophoresis on
agarose gels containing O.1mg/ml ethidium bromide (EtBr). Gels
were viewed using a short wave U.v. transilluminator and
photographed using Polaroid type 55 positive/negative film.

Two types of apparatus were used for electrophoresis:

(1) Mini-qgel : DNA fragments were separated on an 0.8% agarose
gel containing ©0.5X TBE (90mM Tris base, 90mM Boric acid, 2mM
EDTA). Eletrophoretic buffer was 0.5X TBE and gels were run at a

constant current of 20mA.

(2) E-Gel : DNA fragments were separated on a 1% agarose gel

containing 1X E-gel buffer (0.4M Tris, 0.2M sodium acetate, 20mM
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EDTA). Electrophoretic buffer was 1X E—-gel buffer and gels were

run at a constant voltage of 120V for 1-2h.

2.9.3 Recovery of DNA fragments from agarose gels

DNA fragments were recovered from agarose gels as described in
Young et al. (1985). Following electrophoresis, a slit was made
in the gel just in front of the desired band. A piece of
Schlicher and Schgﬂl NAR4S ion exchange paper was placed into the
slit and electrophoresis was resumed so that the DNA ranm onto the
paper to which it became bound. The paper was transferred to a
microfuge tube containing 0.2M NaCl and was heated to 60°C for 1-
2h. The paper was removed and the DNA recovered by ethanol

precipitation, described in Section 2.10.1.

2.9.4 Ligation and Alkaline phosphatase treatment of plasmid DNA

(Maniatis et al., 1982)

Ligations were carried out in 10ul 1ligation mix (50mM Tris-HC1,
1OmM MgCl=, 10mM DTT, 1mM spermidine, 1mM ATP, 100ug/ml BSA) at
15°C overnight. Routinely 100ng of vector DNA was ligated with a

four fold excess of fragment DNA, using 0.1U of T4 DNA ligase.

Where appropiate vector DNA was pretreated with alkaline calf
intestinal phosphatase (CIP) to prevent self ligation. The DNA

was dissolved in CIP buffer (50mM Tris-HC1l pH?.0, 1mM MgCl=z,
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0.1mM ZnCl=, 10mM spermidine). 0.01U of CIP were added for each
pM of DNA and the mix was incubated at 37°C for 1h. CIP was
inactivated by heating at 65°C, followed by phenol extraction.

DNA was recovered by ethanol precipitation (Section2l10.1).

2.9.5 Preparation and transformation of competent E.coli

Competent E.coli cells were prepared as described in Hanahan
(1983). 0.6 ml of an overnight culture of E.coli was inoculated
into 250ml1 of 2TY and grown at 37°C for a further 3h. The cells
were then harvested and resuspended in a total volume of 125ml
ice-cold S50mM CaCl=. After incubation on ice for 20 min., the
cells were pelleted and resuspended in 20ml ice-cold 50mM CaCl=.
The suspension was left on ice for 4h. Following the addition of
7ml of 507 glycerol, the <cells were immediately aliquoted and

stored at -70°C until required.

Transformation was as described in Cohen et al. (1972). Frozen
competent cells were thawed on ice and incubated with the
appropiate DNA (100ng DNA/100ul cells) for 20min. on ice. The
cells were then heat shocked for 2min. at 42°C and then allowed
to recover for 10min. at room temperature before the addition of
250l 2TY. After incubation at 3I7°C for 1h., the cells were

plated onto 2TY containing 100pg/ml ampicillin and incubated

overnight at 37°C.
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2.9.6 Rapid isolation of plasmid DNA from E.coli

Small scale plasmid DNA preparation from transformants was via
the rapid preparation procedure developed by Birnborm and Doly
(1979) as modified by Ish-Horowicz and Burke (1981). Single
colonies of transformed cells were used to inoculate 2ml 2TY plus
ampicillin, which were grown to saturation at 37°C overnight.
Cells were then harvested and resuspended in 100ul of 50mM
glucose, 10mM EDTA, 25mM Tris-HC1l pH B8.0. 200ul1 of 0.2M NaOH, 1%
SDS was then added and the mixture was left on ice for 5Smin.
before the addition of 150ul 3M KOAc (pH 4.8). After vortexing
briefly, the mixture was left on ice for a further 5Smin. and the
cell debris was then removed by centrifugation. The supernatant
was then extracted with phenol/chloroform and the nucleic acid
was recovered by ethanol precipitation as described in Section
2.10.1. The nucleic acid was then resuspended in TE (10mM Tris-
HC1, imM EDTA, pH 7.4) containing 10upg/ml of DNase—F}ee RNase A
and incubated at 37°C for 1h. The DNA was then recovered by

ethanol precipitation, as described in Section 2.10.1.

2.9.7 Large scale purification of plasmid DNA

The basis of the method wused for large scale purification of

plasmid DNA was Maniatis et al. (1982).
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Recombinant E.coli were grown overnight in 500ml 2TY+AMP at 3I7°C.
The cells were then harvested and resuspended in B8ml ice-cold 10%
sucrose, S50mM Tris—-HCl1l (pH 8.0). Lysozyme was then added at a
final concentration of 2mg/ml and the cells were incubated for
Smin. on ice; before the addition of 1.6ml 0.25M EDTA. After a
further 15min. on ice, 6.4ml of 2% Triton X100, 60mM EDTA, 50mM
Tris-HC1 (pH 8.0) was added to the cells which were then

centrifuged in a Sorvall 5534 rotor at 20,000rpm for 30min.

The lysate was decanted and weighed. Caesium chloride (CsCl) was
added to a final concentration of 0.923g/g 1lysate and EtBr
(10mg/ml)} was added to a final concentration of 75.4 pl/g lysate.
The lysate was transferred to a Beckman ultraclear tube and was
centrifuged in a Beckman 50Ti fixed angle rotor at 40,000rpm for
36h. at 15°C, The plasmid DNA was collected via a syringe and
1.1mm needle. EtBr was removed by repeated extractions with
isopropanocl saturated with CsCl. The DNA was then ﬁrecipitated

with isopropanol.

2.9.8 In vitro labelling of DNA probes

DNA probes were prepared by nick translation as described by
Rigby et al. (1977). 200ng DNA were nicked by DNasel (10ng/ml) in
15pul of nick translation buffer (50mM Tris-HC1 pH 7.2, 10mM
MgSOs, O0.1mM DTT, SOpg/ml BSA, 100uM dATP, dTTP, dGTP) plus 25uCi

EzéFa—dCTP. 5Smin. after the start of the reaction, 10U of DNA
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polymerase I was added and the mixture was incubated at 15°C for
Zh. DNA was recovered by ethanol precipitation and denatured

with 0.01M NaOH for Smin. at 37°C.

2.10 Procedures for nucleic acid analysis

2.10.1 Isolation of total cellular yveast nucleic acid

Yeast nucleic acid was 1i1solated by a method based upon that
described by Sprague et al.(1978) and modified by Chaleff and

Tatchell (1985).

3I0ml of yeast liquid culture were harvested at 4°C in a corex
tube and washed with ice cold sterile dH=0. 1-2 volumes of glass
beads (BDH 40 mesh) were added to the pellet, followed by 3ml RNA
extraction buffer (10mM Tris-HCl pH 7.5, 10mM EDTA, 1% SDS) plus
3ml phenol. After vortexing for S min., the two phases were then
separated by centrifugation. The aqueous phase was transferred to
a fresh tube and the nucleic acid was made 1.2M ammonium acetate
and precipitated with 2 volumes ethanol. Nucleic acid was
pelleted by centrifugation, washed with cold 70% ethanol and then
dried under vacuum before resuspension in TE. For RNA, a further

ethanol precipitation was carried out using 0.4M sodium acetate.

DNA was isolated from total nucleic acid by incubation with 2ug

DNAse-Free pancreatic RNase/100ug nucleic acid for 1h. at 37°C.
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Following phenol/chloroform extraction, the DNA was recovered by

ethanol precipitation.

2.10.2 lsclation of Poly(A)+ mRNA by oligo (dT) cellulose

chromatography

Oligo (dT) cellulose (Type 3) was obtained from Collaborative
Research Inc. and columns were prepared and used according to the
manufacturer’'s instructions. Total RNA was passed through the
columns twice before fractions containing poly(A)+ RNA were

eluted, pooled and then precipitated with ethanol.

2.10.3 Determination of nucleic acid concentrations

The nucleic acid was diluted 1:200 in dH=0 and the absorbance at
at Azeo was read spectrophotometrically. Nucleic acid
concentrations were determined assuming 1 Azso unit (lcm light

path) = approximately 50Opg/ml DNA or 40upg/ml RNA.

2.10.4 Plasmid copy number

Plasmid copy number was determined by digesting total yeast DNA with
a suitable restriction enzyme, then separating the restriction
fragments by agarose gel electrophoresis. Examination of the
relative intensity of the plasmid specific bands to ribosomal

bands, present at 100-140 copies/cell (Petes et al., 1978) gives
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the approximate copy number of the plasmid. Plasmid copy number
was also assessed by Southern blotting (Section 2.10.5) followed
by hybridisation with the appropiate nick translated probe

(Section 2.10.8).

2.10.5 Southern transfer

Following electrophoresis (Section 2.9.2), agarose gels were
Elotted as described in Maniatie gt gal. (198%). The memhkrane used
was GeneScreen Hybridization Transfer Membrane (NEN Research
products). Blotting was carried out for 16-20h. using 20X SSC

(3M sadium chloride, 0.3M sodium citrate).

2.10.6 Northern transfer

4.5p1 RNA (10-20pg) was denatured in 2ul 5X Northern running
buffer (0.2M MOPS, 50mM sodium acetate, 5mM EDTA), 3.5pul
formaldehyde, 10pl formamide at 55°C for 15Smin. The RNA was
then loaded onto a denaturing 1.1% agarose gel containing 1X
Northern running buffer, 2.2M formaldehyde and electrophoresed at
&0V for 4 h,., The gel was then blotted onto GeneScreen
Hybridization Transfer Membrane as described in Maniatis et al.

(1982) for 16-20h. using 20X SSC (Section 2.10.4).

2.10.7 Slot blots
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RNA samples were slot blotted wusing a minifold apparatus
(Schleicher and Schudl) according to manufacturer’'s instructions.

The transfer membrane used was GeneScreen.

10pg RNA was denatured in 10ul formaldehyde, 15ul 20X SSC made
up to 50pl with sterile dHzO at 55°C for 15min. After cooling,
samples were diluted to 1iml with 6X SSC (Section 2.10.4), 100l

(1lpg) of each sample were loaded into the relevant slot.

All blots were 1loaded 1in duplicate (or 1f necessary, in
triplicate) and hybridised to a nick translated probe consisting
of sequences of the yeast phosphoglucose isomerase gene (PGIl)
which hybridises to a transcript whose levels are unaffected by
heat shock and stationary phase arrest (P.W.Piper, personal
communication) and therefore serves as RNA loading control.
Loading controls demonstrating that probes were 1in excess were

also routinely used, consisting of 1upg, 2pg and 4pg of total RNA.

2.10.8 Hybridigation of membrane bound nucleic acid to nick

translated probes

Hybridisation of membrane bound nucleic acid to nick translated

probes was carried out according to the GeneScreen manual.
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Membranes were dried at 80°C for 2-4h. and then pre-hybridized
in a sealed bag containing 50% formaldehyde, 0.2% polyvinyl-
pyrrolidone, 0.02% bovine serum albumin, 0.2% ficoll, 50mM Tris-
HCl1 pH 7.5, 1M NaCl, 0.17% sodium pyrophosphate, 1% SDS, 10%

dextran sulphate, 100ug/ml denatured calf thymus DNA.

Pre-hybridisation took place at 42°C for a minimum of 6h. after
which the membrane was transferred to a fresh bag and hybridised
with the relevant nick translated probe in pre-hybridisation

buffer without NaCl.

Blots were washed at room temperature for 15min. with 2X SSC,
followed by a high stringency wash at 65°C in 2X SS5C, 1% SDS for
15min. and a final low stringency wash at room temperature in
0.17% SSC for 15min. All washes were carried out in duplicate

with constant agitation.

2.10.92 Autoradiography and quantification of hybridigation signal

Membranes were exposed to Fuji X-Ray film at -=70°C in an

autographic cassette (Protex).

RNA:DNA hybridisation signals were gquantified by aligning
membranes with the corresponding autoradiograph, then cutting out
each band prior to counting in toluene based scintillant (Piper

t al

1988a).
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Radiocactive incorporation into protein was determined by adding
5pl of the sample to OSml ice-cold TCA containing ©0.1%
bactopeptone. After 3I0min. on ice, samples were filtered onto
2.5cm. glass fibre filters (Whatman GF/C), washed once with 5ml
TCA/bactopeptone and twice with 5ml 95% ethanol. Filters were

dried and counted in a Beckman Ligquid Scintillation Counter.

Unless otherwise indicated in the text, 100,000 counts (5pl-10ul)
of protein extract were routinely used for both one dimensional

(Section 2.11.3) and two dimensional electrophoresis (Section

2.11.4)

2.11.3 One dimensional slab electrophoresis

Protein samples were analysed by 1 dimensional polyacrlamide gel
electrophoresis (1D PAGE), as for the second dimension of the

0'Farrell SDS PAGE system (O°'Farrell, 1975).

Acrylamide was taken from a 30% stock (29.2%4 acrylamide, 0.8%

bis-acrylamide).

Resolving gels consisted of 12% acrylamide , O0.1%Z 5DS, 375mM
Tris—-HC1 pH 8.8 and were polymerized with 10% ammonium
persulphate (220p1/30ml1) and N,N,N’ ,N-tetramethylethylenediamine

(TEMED) (15pl1/30ml). Stacking gels consisted of 4% acrylamide
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stock, 0.1% SDS, 125mM Tris—HC1l pH 6.8 and were polymerized with

10% ammonium persulphate (100pl1/10ml) and TEMED (10pl1/10ml).

Protein samples were loaded 1in protein extraction buffer plus

0.1% bromophenol blue, 1% glycerol.

Running buffer consisted of 25mM Tris, 192mM glycine, O0.17 SDS.

Gels were run at approximately 15mA overnight until the

bromophenl blue had reached the bottom of the gel.

2.11.4 Two-dimensional SDS polyacrylamide qel electrphoresis (2D

SDS_PAGE)

2D SDS PAGE was performed essentially as described by O Farrell

(1975) and O'Farrell et al., (1978).

Proteins were separated in the first dimension using non-
equlibrium gradient (NEPHGE) gels containing 47 acrylamide, 9.5M
urea, 2% NP-40 and 2% ampholines pH 3-10., The gel solution was
poured into glass tubes (2.5mm by 135mm, sealed at one end with
Nescofilm) using a syringe fitted with a piece of finme silicon
tubing. Gels were polymerized with 107 ammonium persulphate

(10pl1/10ml) and TEMED (7pl1/10ml).

Protein samples were loaded in protein extraction buffer plus an

equal volume of 1lysis buffer (9.5M urea, 2% NP-40, 1.6%

49



ampholines pH 5-7, 0.47% ampholines pH 3-10, 5% B
mercaptoethanol). The anode solution was 10mM H=PO, and the

cathode solution was 2mM NaOH. Gel were run at 400v for 4h.

Following electrophoresis, gels were removed from the glass tubes
and equlibrated in 5ml. SDS sample buffer (10% glycerol, 5% 2-
mercaptoethanol, 2.3% 58DS, 62.5mM Tris-HCIlpH 6.8) for 30min.
Equilibrated first dimension gels were then placed onto a 1D slab
gel and the proteins were then separated in the second dimension

by 1D SDS PAGE (Section 2.11.3).

2.11.5 Autoradiography

Prior to autoradiography, gels containing [T®S5]Methionine
labelled proteins were soaked in 1M salicylate for 30 min. which
acts as a fluor increasing detection of [®®5] by 10-fold
(Chamberlain, 1979). Gels were then dried onto 3mM filter paper
under vacuum on a Bio—-Rad Laboratories gel drier at 60°C for 2h..
Autoradiography was as in Section 2.10.9, the 1length Iof the

exposure being between 2 to 10 days.

2.12 Polysome gradients

Polysome gradients were prepared by a method based upon Santiago

t al. (1987).

—_—
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Mid-exponential cultures were incubated for 40min. at the
relevant temperature (25°C or 38°C). 30min. into this period,
5mM cyclohexi mide was added to the culture followed by
incubation for a further 10 min. prior to harvesting via
centrifugation. The cells were then lysed by vortexing with an
equal volume of glass beads in 3ml lysis buffer (10mM Tris-HCl1
pH 7.5, 5mM MgCl=, 100mM NaCl, 0.5% NP40) for OSmin. and the
lysate centrifuged in a Sorvall 8834 rotor at 10,000rpm for
15min. 500ul of supernatant was then loaded onto a 37ml 10-50%
(w/w) sucrose gradient which was centrifuged at 25,500rpm using a
Beckman SW28 rotor for 2.75h. at 4°C. The gradient was drawn from

the bottom and absorbance was monitored continuously at 260nm.
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CHAPTER 3

A SYSTEM DESIGNED TO DETECT TRANSLATIONAL ERRORS IN YEAST

3.1 Introduction

Translational errors have been demonstrated in both prokaryotic

(Edelman & Gallant, 1977; Parker et al 1976) and eukaryotic

==
organisms (Loftfield, 19635 Loftfield & Vanderjadt, 1972; Parker

t al., 1976). While misreading in yeast has been demonstrated by

suppression of nonsense mutations in vivo, the level of

misincorporation of amino acids has been determined only in vitro
(Palmer et al., 19793 Singh et al., 1979). The degree of
translational errors 1is an important consideration in the
attempted overexpression of both homolgous and heterologous
proteins as high levels of such errors would be detrimental to
efficient synthesis of a homogeneous product. A system was

therefore set up in which a bomologous protein, phosphoglycerate

kinase (PGK) was overexpressed under in vivo conditions that

should encourage mistranslation. The fact that no mistranslation
could be demonstrated even under such conditions (Section 3.2.4)
is an indication that missense errors do not occur during

translation in yeast at easily detectable levels.

In mammalian cells, translational errors have been demonstrated

by the use of temperature-sensitive (ts) aminoacyl-tRNA (aa-tRNA)
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synthetase mutants (Parker et al., 1976). These deprive the cell
of a specific aa-tRNA species at the appropriate nonpermissive
temperature which encourages misreading of codons usually read by
this aa-tRNA by other tRNAs. Such misreading is generally due to
misrecognition of the third codon base and results in the
incorporation of an incorrect amino acid into protein. If this
misincorporation involves an amino acid of different charge to
the correct aminoacid, a change in the pl of the protein will
result. This alteration in charge can be detected by 2D SDS PAGE
by a phenomonen known as ‘'stuttering" in which the faulty
proteins are clearly apparent as a trail of spots with molecular
weights similar to those of the authentic protein but separated

in the isoelectric focussing dimension (Parker et al., 1976)

In an attempt to demonstrate mistranslation in yeast, this study
used a ts Histidinyl-tRNA synthetase mutation (htsl.1) to starve
cells for HistRNA*Yi= (Thonart et al., 1976). Although other aa-
tRNA synthetase mutations were available (ilsli.l1, mesli.l), these
were not used since misincorporation at isoleucine codons
(ilsl.1) or methionine codons (mesi.1) would result 1in
substitution of an amino acid of the same charge. However in
htsl.1l cells starved for HistRNAYi= there should be enhanced
misreading of the histidine codon (CAU/CAC) by GlntRNA®" as

predicted by Parker et al (1976). The resulting substitution of

a basic amino acid (histidine) by a neutral amino acid
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(glutamine) should cause a change in the pl of the protein

resulting in "stuttering" towards the acidic end of 2D gels.

htsl.l is expressed at the non-permissive temperature (38°C) in
the absence of exogenous histidine and results in rapid arrest
of protein synthesis due to starvation for His-tRNAY*= (Natsoulis
et al., 1986). Strains bearing htsi.l1 will only grow at 38°C if
their medium 1is supplemented with histidine. In the absence of
histidine the mutation is lethal at 3§t, a lethality thought to
result from a missense mutation 1in the Histidinyl-tRNA

synthetase which interferes with charging at high temperatures.

Histidine may suppress htsl.l1 either by increasing the rate of

charging or by stabilising the mutant enzyme (Natsoulis et al.,
1986).
In this study a htsl.l1 1leu?2 strain was constructed and

transformed with the high copy number plasmids; pMA3a, pMA27 and
also pMA27D (Fiqure 3.1). Transformants containing pMA27, which
contains the whole of the PGK gene, at high copy number
syntheise PGK at approximately 507 total cell protein, both at
25°C (Mellor et al, 1985) and after heat shock to 38°C (Piper et
al, 1986). By pulse labelling transformants bearing htsl.l that

were overexpressing PGK, this study sought to detect

translational errors in this protein.

3.2 Results
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3.2.1 Construction of an auxotrophic strain bearing btsi.1

To overexpress PGK in a htsl.l strain, 1t was necessary to
construct a htsl,1 leu2 strain which would enable selection of
transformants under growth conditions necessitating the LEUZ2d

gene of the vector. tsm4572 (a htsi.l; Thonart et al., 1976) was

mated with MD40—4£%ME§Q leu?2, wura?2, ¢trpl). The diploid was
selected as a leucine prototroph which grew at 38°C in the
absence of histidine. After sporulation of this diploid (Section
2.6.6), a haploid spore segregant,Ktsmeb&;ﬂ leu?2, wura?2), was
selected as a leucine auxotroph which was unable to grow at 38°C

in the absence of histidine.

3.2.2 Transformation of Ktsm

Ktsm was transformed with pMA3a, pMA27, pMA27D (Figuré 3.1) and
also p82/23 (Figure 4.1) as described in Section 2.6.3.
Transformants designated K3a, K27, K27D and KB2a were selected as
leucine prototrophs and grown at 25°C in minimal media plus
uracil. Strains transformed with p82/23 overproduce the

homologous HSP, HSP90 (Chapters 4 and 5).

3.2.3 Demonstration that histidine suppresses htsl.l1 at the non’

permissive temperature
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Figure 3.1 The plasmids pMA3a_and pMA27 (modified from Kingsman
et al. (1985)): Thin line: pBR322; thickest 1line:LEU2/2u
selection and replication regions; open box: PGK seqguence.
Restriction sites are H=HindIIlI, R=Ecorl, Bg=Bglll. pMA27D is
identical to pMA27 except that the PGK gene contains a missense
mutation at codon 167 which is converted from CAC (histidine) to
GAC (aspartic acid).




To demonstrate that bhistidine suppresses htsl.l1 at the non
permissive temperature (38°C), the incorporation of labelled
amino acid into protein was measured at this temperature in the

presence and absence of histidine.

K27 was grown at 25°C overnight in minimal medium plus uracil 1in
the presence (+HIS) and absence (-his) of histidine (20mg/1). One
hour prior to labelling, a further 20mg/1 histidine was added to
the +HIS sample. 1ml of culture was then pulse labelled at 38°C
with 10uCi [=®S]Methionine for 40 min. Following extraction,
levels of radiocactive incorporation into total «cell protein were

determined as described in Section 2.11.2 (Table 3.1).

In the absence of histidine, incorporation of [3® gl Methionine
into protein in K27 was approximately 3-fold lower at 38°C than
at 25°C whereas in cells supplemented with histidine, there was
no decrease in [®3S]Methionine incorporation with iemperature
(Table 3.1). This indicates that htsl.l is suppressed in the
presence of histidine and expressed in the absence of histidine,

confirming the observation of Natsoulis et al (1986).

As [T®*S]Methionine incorporation into protein by cells expressing
htsl.l1 was poor, only a maximum of 20,000 counts of protein
extract from these cells could be used for 1D and 2D
electrophoresis. 100,000 counts of protein extract were used from

cells not expressing htsl.l1 (Section 2.11.2).
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Counts/Sul

25°C 38°C
K27+HIS 155,000 210,000
K27-his 160,000 24,000

Table 3.1 Demonstration that histidine can suppress htsi.1 at
38°C by measuring the incorporation of labelled amino acid into
protein in the presence and absence of histidine: K27 cultures
were grown overnight in minimal media plus uracil in the presence
(+HIS) and absence (-his) of histidine at 25°C. Prior to
labelling, a further 20mg/ml histidine was added to the +HIS
culture. Total cellular protein was then pulse labelled with
10uCi/ml [==5]Methionine in the presence (+HIS) and absence of
histidine (-his) at 25°C for 40min. and following a 25°-38°C
temperature shift for 10-50min. The incorporation of [3®§]
Methionine into total «cell protein was then determined as

described in Section 2.11.2.




3.2.4 Investigation of translational errors in _yeast using two

dimensional electrophoresis

To investigate the possibility of misincorporation in yeast, K27
transformants were starved for HistRNAHi= at the non permissive
temperature. This should result in misreading at the histidine
codon by Gln-tRNA®:~ (Parker et al., 1976), the basic amino acid
(histidine) being replaced by a neutral amino acid producing more
acidic forms of PGK detectable as stuttering towards the acidic

region on 2D gels (Section 3.1).

I.2.4.1 Demonstration that a change in _the isoelectric point of a

protein can be visualized by two dimensional electrophoresis

To demonstrate that a change in pl can be visualized by 2D PAGE,

a mutant form of PGK, PGKD was overexpressed in Ktsm using the

plasmid, pMA27D (Figure 3.1). The defective gene (PGKD) contains
a missense mutation at codon 167 which is converted from CAC
(histidine) to GAC (aspartic acid) (P.W.Piper, unpublished
results). The sustitution of an acidic amino acid for histidine
should therefore alter the pl of PGK. This alteration was
demonstrated by pulse labelling the proteins synthesised in K27
and K27D, as described in Section 3.2.3, followed by protein

analysis via two dimensional nonequilibrated pH electrophoresis
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(NEPHGE) (Section 2.11.4), a system which allows the resolution

of PGK (Brousse et al., 1985).

Figure 3.2 shows autoradiographs of pulse labelled proteins from
K27 and K27D separated by NEPHGE. By superimposing the
autoradiographs, 1t can be seen that the PGKD protein spot
(Figure 3.2b) 1is in a more acidic position than authentic PGK
(Figure 3.2a), demonstrating that 2D electrophoresis can identify
a change in Pi even if only a single amino acid sustitution has
occurred. The degree of shift on the gels due to this basic to
acidic aminoacid substitution can be seen by comparing Figure
J.2a with Figure 3.2b. Although each individual basic to neutral
aminoacid substitution due to htsl.l-induced glutamine
misincorporation will produce a smaller shift, shifts comparable
to or greater thanmn that shown in Figure 3.2 would be expected
for multiple glutamine misincorporations at the six histidine

positions in PGK (Watson et al., 1982, Appendix 1).

3.2.4.2 Investigation of stuttering in yeast

K27 transformants were pulse labelled at both 25°C and 38°C both
in the presence and absence of histidine, as described in Section
3.2.3. Protein samples were analysed by 2D NEPHGE, as described

in Section 3.2.4.1.
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Figure 3.3 shows autoradiographs of 2D NEPHGE gels of protein
samples pulse labelled when the medium was supplemented with
histidine (Figures 3.3a and 3.3c) and when histidine was absent
from the medium (Figure 3.3b and Figure 3.3d). The presence or
absence of histidine had no effect on the pattern of protein
synthesis at 25°C, a temperature at which htsl.l is not expressed
(Figures 3.3a and 3.3b). At 38°C, incorporation was considerably
greater when the media was supplemented with histidine (i.e. when
htsli.l1 was suppressed) compared to when htsl.l was expressed.
However no stuttering could be detected amongst the proteins
made when the mutant phenotype was expressed (Figure 3.3d),
compared to proteins made when htsi.l1 was suppressed (Figure
3.3c). Stuttering was also not detected when the defective PGKD
protein was expressed in transformants starved for HistRNAH:i= at

the non permissive temperature (Figure 3.2¢).

Despite poor incorporation of radiolabelled methionine during
expression of htsi.l1 (Section 3.2.2), sufficient PGK was
synthesised to give a strong spot on 2D gels (Figure 3.3).
However no evidence of stuttering could be seen for this or other
spots. As it was possible that levels of misincorporation were
still too low for detection attempts were made to load more
labelled protein onto the 2D gels. Unfortunately this was
unsuccessful as it lead to overloading and streaking in the first
dimension (results not shown). Since stuttering was not detected

even after longer exposures of the gels in Figure 3.9 (results
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Figure 3.3 omparison of the pattern of total protein nthesis

n_K27 cultures expressin htsl.l1 and in the absence of htsl.i
by NEPHGE : K27 cultures were pulse labelled with [®S]Methionine
in the presence (+HIS) and absence of histidine (-his) at 25°C
for 40min. and following a temperature shift of 25°-38°C for 10-
S50min. as described in Section 3.2.3. Protein samples were then
analysed by 2D NEPHGE as described in Section 2.11.4. The
position of PGK is indicated on each figure.

Key to figures:
(a) K27, +HIS, 25°C
(b) K27, -his, 25°C

(c) K27, +HIS, 38°C

(d) K27, -his, 38°C









not shown), it would appear that yeast does not misincorporate
aminoacids to high levels in the absence of & single aa-tRNA
species in this system. It was therefore decided to investigate
the possibility that ribosomes are arresting translation in
preference to catalysing continued translation facilitated by a

misincorporation event.

3.2.5 Investigation of premature translational arrest in yeast

Premature translational arrest should result in the production of
truncated proteins. PGK has six histidine codons at which arrest
could occur due to expression of htsl.1 yet only one of these
(his-388) is downstream of a methionine (Watson et al., 1982,
Appendix 1). Arrest of translation at the His-388 codon should
result in a truncated PGK protein with a M- of 41,304 compared
with the authentic protein which has a M- of 44,513 (Watson et
al., 1982). Arrest at more upstream histidine positions will

result in polypeptides that will not be labelled with the

t==25]Methionine used in these pulse labelling studies.

3.2.5.1 Detection of truncated proteins in K27 transformants

To investigate the possibility that yeast responds to starvation
for HistRNAH*= by translational arrest, K27 transformants were
pulse labelled as described in Section 3.2.3. Protein samples

were analysed by 1D SDS PAGE alongside molecular weight markers.
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Figure 3.4 shows autoradiographs of two different exposures of a
1D SDS polyacrylamide gel containing pulse labelled protein
samples from K27. Absence of histidine had no effect on the
pattern of protein synthesis at 25°C. However when htsl.l was
expressed an extra protein band was vis@ble, which was not
present when htsl.l was suppressed. This band (PGK') was
calculated to have a molecular weight of approximately 41,000
indicating that it may be the 1-387 fragment of PGK arising from

translation arrest at the histidine 388 position.

3.2.5.2 Demonstration that PGK' is a truncated version of PGK

To confirm that PGK' is derived from expression of the multiple
PGK gene copies in K27; K27 and a transformant isogenic but for
the possesion of just the single chromosomal gene copy of PGK
(K3a) were pulse labelled as described in Section 3.2.3 and then
analyzed by 1D SDS PAGE (Figure 3.5). The PGK'protein band is
present only when K27 were starved for HistRNAHis and was not
present in K3a even when htsl.l1 was expressed (Figure 3.5),

consitent with it being a truncated version of PGK.

To further investigate translational arrest in the absence of
HistRNAXi= the heat shock protein, HSP%?0 (Section 1.2.2, Chapter
4, Chapter 5) was overproduced in Ktsm (KB82a, Section 3.2.2).

However no truncated protein was detected in KB2a probably
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Figure 3.5 Comparison of the pattern of total protein synthesised

in K3a, KB2a and K3a cultures expressing htsl.l1 and in the
absence of htsi.1 by 1D SDS PAGE: Total cellular protein from
K3a, KB2a and K27 was pulse labelled with 10uCi/ml ([=°S]
Methionine in the presence (+HIS) and absence of histidine (-his)
at 25°C for 40min. and following a 25°-38°C temperature shift
for 10-50min. as described in Section 3.2.3. PGK and the
PGK’ ' protein band, which may be a truncated version of PGK present
are indicated. PGK’ is present only in K27 cells expressing
htsi.}1 (K27, -his, +) and not in K3a or KB2a. HSP?0 is also
indicated, however no truncated protein could be detected when
this protein was overproduced in KB82a, possibly due to the
limited overproduction of this protein (Section 5.2.2.1).

Key to figure:

Lane

1 K3a, +HIS, 38°C
2 K3a, +HIS, 25°C
3 K3a, =-his, 38°C
4 K3a, -his, 25°C
5 K82a, +HIS, 38°C
6 K82a, +HIS, 25°C
7 K82a, -his, 38°C
8 K82a, -his, 25°C

Q K27, +HIS, 38°C
10 K27, +HIS, 25°C
11 K27, —-his, 38°C

12 K27, -his, 25°C






because the level of HSP?0 overproduction in yeast is much lower

than that found for PGK (see Section 5.2.2.1).

As other truncated versions of PGK might be detected by the use
alternative radiolabelling procedures, an attempt was made to
pulse label K27 and K3a with [®H]Leucine. However this did not
detect truncated proteins (results not shown), possibly because
these proteins are produced at very 1low levels (Figure 3.4,
Figure 3.5), also the “H signal 1is much weaker than the =°=§

signal.

3.2.6 Investigation that ribosomal arrest occurs in the absence

of HistRNAHi=

Translational termination involves nascent polypeptide chain
release by binding of release factors to the termination codon.
This results 1in disaggregation of the polysomes, which can be
identified by an increase in the size of the monosome peak on
polysome profiles. If in the absence of HistRNAH*= translational
termination at histidine codons does not occur, there will be no
protein release and disaggregation of polysomes. This was
investigated by the preparation of polysome profiles (Section

2.12).

Figure 3.6 shows the polysome profiles of K27 obtained during

incubation for 40min. at 38°C in the presence (Figure 3.6a) and
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Figure 3.6 Comparison of polysome profiles from K27 cultures
expressing htsl.1 and in the absence of htsl.1: Polysames were
prepared from K27 cultures incubated at 38°C for 10-30min. in the
presence (Figure 3.6a) and absence of histidine (Figure 3.6b) as
described in Section 2.12. The arrows show the positions of
polysomes containing 1, 2 , 3 or 4 ribosomes respectively.




absence of histidine (Figure 3.6b). There 1is no discernable
difference in the profiles suggesting that polysome
disaggregation does not occur when htsl.l1 is expressed. This
indicates that ribosomal arrest occurs at histidine codons in the
absence of HistRNAHL=, resulting in premature translational
arrest occurring in preference to codon misreading and therefore

misincorporation.

I1f ribosomal arrest occurs in preference to translational
termination, the truncated protein will remain bound to the
ribosome. This was 1investigated using the protein synthesis
inhibitor puromycin which prematurely releases nascent proteins
becoming covalently attached to their carboxy terminus. If
ribosomal arrest has occured, the truncated protein (PGK’) should
be found in the non ribosomal fraction only when puromycin is
present. In the absence of puromycin, PGK’ should be found in the
ribosomal fraction. Unfortunately when this was attempted, it was
not possible to detect labelled protein in either fraction,
probably due +to poor incorporation of radioclabelled aminoacids

(Section 3.2.3)

3.3 Discussion

A system was set up to detect translational errors in yeast by
overproducing PGK in a ts Histidinyl—-tRNA synthetase mutant. No

such errors were detected although evidence was obtained that
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starvation for HistRNA"%*= may result in ribosomal arrest at
histidine codons. This was unexpected as in E.coli and mammalian
cells, absence of a specific aa-tRNA species results in easily
demonstrable codon misreading leading to the incorporation of

incorrect aminoacids into protein.

3.3.1 Failure to detect misreading in vyeast

In mammalian cells, mistranslation has been demonstrated by
stuttering on 2D gels‘ (Parker et al., 1976). In yeast no
stuttering was observed (Figure 3.3) suggesting that
misincorporation of amino acids in vyeast does not occur to
sufficient extent to be detected by this method. Extensive
synthesis of mistranslated proteins may induce the synthesis of
ubiquitin and therefore failure to detect such proteins may be
because they are recognised as substrates for _ubiquitin
degradation via the wubiquitination pathway of 1intracellular
protein turnover (Section 1.2.4, Section 1.3.3) (Grant et al.,
1989). This study has shown that a defective form of PGK (PGKD)
can be overproduced in yeast even at heat shock temperatures
(Figure 3.2). During the labelling period, there was no evidence
for proteolysis of the defective protein. Although it is possible
that PGKD is not sufficiently aberrant to be recognised by the
ubiquitin system, several point mutants of PGK are stable in
yeast (Littlechild, J., personal communication) including point

mutations at His388. On the basis of this, it is probable that
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PGK proteins containing glutamine insertions at histidine codons
would be fairly stable 1f they were made in K27 cells. Indeed a
mutant PGK in which His388 has been converted to G1ln388 is stable
in a different yeast strain (Wilson et al., 1987). Therefore,
although the possibility that mistranslated forms of PGK were
unstable cannot be totally excluded, it appears more 1likely that

they were not synthesised at detectable levels. The evidence for

translational arrest in K27 supports this (Section 3.3.2).

3.3.2 Yeast may arrest translation in the absence of aa—-tRNA

When htsl.1 was expressed in K27 transformants overproducing PGK,
an extra protein band was visible on 1D SDS polyacrylamide gels
(Figure 3.4). The M, of this protein (41,000) corresponds to the
M- of PGK 1in which translation has been arrested at His 388
(Section 3.2.5.1). As this protein was present only. in cells
overexpressing PGK (Figure 3.5) it appears that in the absence of
HistRNAHi=, yeast may arrest translation at histidine codons. A
polysome profile revealed no increase in the disaggregation of
polysomes in cells expressing htsl.1 (Figure 3.6), a
disaggregation which would be expected if normal translational

termination had occurred.

3.4 Conclusion
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Yeast may respond to an absence of a specific aa—-tRNA by
ribosomal arrest of translation. This may be a phenomonen unique
to yeast, as in both bacterial and animal cells starvation for
aa-tRNA leads to misincorporation of aminoacids. This is evidence
that the fidelity of +translation may be much stricter in yeast
than in higher eukaryotes. However due to limited time, it was
not possible to investigate this further, proposals for

continuing this study are therefore discussed below.

3.9 Future Propossals

3.5.1 Further investigation of misreading in yeast

3.5.1.1 Involvement of ubiquitin

The involvement of ubiquitin in the rapid turnover of
mistranslated protein could be investigated by expressing htsl.1
in a strain defective in the heat inducible wubiquitin gene. A
ubi4 strain, unable to elevate ubiquitin levels on heat shock
is available (Finley et al., 1987). However as the UBI4 gene has
been disrupted by the insertion of the LEU2 gene, it will be

necessary to use an alternative plasmid to overexpress PGK.

3.5.1.2 Use of radioclabelled glutamine
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To further investigate the misincorporation of glutamine for
histidine in the absence of HistRNAHi= 6 it may be possible to use
radiolabelled glutamine. Incorporation of glutamine could then be

detected by protein analysis.

3.5.2 Further investigation that translational arrest occurs in

the absence of HistRNAHi=

3.5.2.1 Western blotting

By probing a western blot of a 1D SDS PAGE gel similar to that
shown in Figure 3.4 using a PGK antibody, it may be possible to
demonstrate that PGK' is a truncated version of PGK. However as
PGK' may not contain the correct antigenic determinants, such an

investigation may yield false negative results.

3.5.2.2 Use of a site directed PGK mutant

A mutant PGK in which His388 has been converted to G1n388 has
been constructed by site directed mutagenisis (Wilson et al.,
1987). This may provide a simple method for investigating the
proposal that translational arrest occurs at His388B in the
absence of HistRNAH*=, By pulse labelling htsi.l cells
overexpressing this protein, it may be possible to demonstrate

the disappearence of PGK° as in the absence of His388, no

truncated protein should be detected.
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3.5.3 Alternative methods for inducing translational errors

To further investigate translational errors in vyeast, it may be
necessary to use alternatives to aa—-tRNA synthetase mutants.

These could include:-—

(1) Ethanol: this induces translational errors in E.Coli (So &

Davie, 1964) although whether it acts similarily in yeast has

not been reported.

(2) Aminoacid analoqgues: these have been shown to result in

aberrant proteins in both prokaryotic and eukaryotic organisms
(for references, see Hightower, 1980). The histidine analogque,
histidinol, which starves cells for HistRNA"*= by competing for
the amino acid site on the tRNA molecule has been shown to result
in misreading in mammalian cells by stuttering on 2D gels (Parker

t al

_— ==

1976).

(3) Aminoglycoside antibiotics: these have been shown to induce

translational errors in bacterial «cells (Edelmann & Gallant,
1977). Although the aminoglycoside antiobiotic, paromomycin, has
been demonstrated to cause suppression of nonsense mutations in
yeast in vitro and in vivo (Palmer et al., 1979, Singh et al.,

19792), an attempt to detect codon misreading by stuttering did

not succeed (Grant et al., 1989),
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CHAPTER 4

OVEREXPRESSION OF THE YEAST HSP82 GENE ON A HIGH COPY NUMBER

VECTOR (I) : DRAMATIC EFFECTS ON GROWTH REGULATION

4.1 Introduction

The overexpression of a homologous heat shock gene from its own
promoter in yeast may 1indicate whether it is possible to induce
high level protein sythesis wusing a heat shock promoter or
whether trans—-acting transcription factors become limiting. A
homologous heat shock gene, HSPB2, was overexpressed in yeast
originally as a prelude to studies on heterologous product
induction via heat shock promoter activation (Chapter &6). However
the results obtained were unexpected, as although a high copy
number vector was used to overexpress HSP82, only relatively low
levels of overexpression were achieved. After heat shock,
approximately 10-fold increase in the HSP82 protein product
(HSP90) were obtained; much lower levels than were predicted on
the basis of HSPB82 gene dosage (to be discussed in Chapter 5).
There was also limited overproduction of HSP90 in the absence of
heat shock which apparently bhad significant effects on growth
regulation involving both cAMP regulation and catabolite

repression {(discussed in this chapter).
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The yeast haploid genome contains two members of the HSP?0 gene
family, HSC82 and HSP82 (Section 1.2.2). The gene used for this
study, HSPB82 encodes the more heat inducible form of HSP?0 which
is also expressed constitutively at very low levels (Section
1.2.2). HSPBZ has also been identified as one of the heat shock
genes induced during entry to stationary phase (Section 1.4.2)
although results obtained during this study contradict these
reports (Section 4.2.4). The protein products of HSCB2 and
HSP82, referred to as HSC?0 and HSP90 respectively throughout
this thesis, are probably of similar 1f not identical functions
(Section 1.2.2). Gene disruptions show that either HSC82 or HSP82
is essential for growth and that higher HSP?0 levels are required

for growth at high temperatures (Borkovich et al., 198%9).

The function of the HSP?0 gene family has not been determined as
vet, although in higher eukaryotes HSP90 regulates the activity
of certain regulatory proteins; notably steroid hormone receptors
and kinases including the ppéO="< tyrosine kinases and elF2
kinase (Section 1.2.2). It 1is probable that HSP?0 functions in
yvyeast via a similar mechanism to the HSP?0 of higher eukaryotes.
During the waork carried out for this chapter, it was found that
the presence of multiple HSP82 gene copies had dramatic effects
on growth regulation resulting in an inability to enter
stationary phase correctly. This was attributed to the increase
in HSP?0 protein levels due to constitutive expression of these

multiple gene copies. Stationary phase arrest and the induction

70



of HSP synthesis during the approach to stationary phase are
thought to be mediated by a decrease in cAMP dependent
phosphorylation (Section 1.5). 0On investigation, it was found
that the levels of cAMP in cells overexpressing HSP82 were much
higher than normal, indicating that the increased levels of HSP90
were acting to alter cAMP regqulation. This study is the first to
implicate HSP90 in cAMP control. In addition, it was also found
that overproduction of HSP?20 resulted 1in a more efficient
conversion of glucose to biomass suggesting that HSP?0 may also

have a role in reducing glucose repression.

While this study was 1in progress, overexpression of another
homologous heat shock gene, HSP26, was demonstrated in yeast
(Fitch, 1989). HSP26 was overexpressed using the same vector

(pMA3a) as was used to overexpress HSP82 in the study described
here. In contrast to the HSPB2Z overexpression, very high levels
of HSP26 overexpression (approximately 50% total protein) were
obtained during both heat shock and entry to stationary phase,
although no effects on either growth requlation or the heat shock

response were observed (Fitch, 1989).

4.2 Results

4.2.1 Generation of vyeast strains with HSP82 on a multicopy

vector
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At the start of this project, two plasmids, p82/23 and pB2/27 had
been constructed by P.W. Piper by subcloning a HindIII fragment
containing the whole of the HSP82 gene from pUB4 into the
HindIII site of the high copy number vector pMA3a. These plasmids
differed in the orientation of the HSP82 gene as shown in Figure

4.1.

Plasmids, pB82/23, pB2/27 and pMA3a were transformed into the
leucine auxotrophic vyeast strain, MD40-4C generating the
transformants, MDB2a, MD82b, MD3a respectively. These were
selected as leucine prototrophs and maintained in minimal media
supplemented with uracil, tryptophan and histidine (Section

2.6.1).

4,2.2 Plasmid copy number

Plasmid copy number was determined in minimal medium cultures of
MDB82a and MD3a, as described in Section 2.10.4. EcoRl digested
total DNA from MD3a cultures at 25°C and from MD28a cultures at
25°C and 42°C and 1in stationary phase was separated by agarose
gel electrophoresis. Figure 4.2 shows two such gels which were
analysed by both southern blotting followed by hybridisation to a
nick translated probe consisting of the 5.6kb HSP82 fragment

(Figure 4.2a) and also by EtBr staining (Figure 4.2b).
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The chromsomal bands in Figure 4.2a are almost totally obscured
by the plasmid-specific bands indicating that p82/23 is at a very
high copy number in MDB2a. A more accurate assesment of copy
number can be obtained by comparing the plasmid-specific bands
with the ribosmal bands in Figure 4.2b. The plasmid-specific
bands are approximately half the intensity of the ribosomal
bands, which are present at 100-140 copies/cell (Petes et al.,
1978), indicating that pB82/23 and pMA3a are present at around 50-
70 copies/cell. The copy number of p82/23 was not found to

decrease in arrested MDB2a cultures (Figure 4.2).

4.2.3 Overexpression of HSP82 results in  increased synthesis of

HSP90 during heat shock and constitutive growth

The proteins synthesised by MDB82a, MD82b and MD3a cultures in
exponential growth at 25°C and also by the same cultures heat
shocked to 42°C were investigated by pulse labelling with

[*®S]IMethionine (10u Ci/ml) followed by 1D SDS PAGE analysis.

Figure 4.3 shows an autoradiograph of the polyacrylamide gel
obtained, the HSPB2 product, HSP?0, migrates noticeably slower
than the HSCB82 product, HSCP0. Several conclusions were drawn

from this experiment:-—

(1) HSP0 can be overproduced during heat shock: at 42°C, there

is approximately 10-fold increased labelling of HSP?0 with
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increased gene dosage of HSP82 (MD82a, MD82b) compared to cells
containing only a single chromosomal copy of this gene (MD3a).
This increase 1in HSP?0 labelling during heat shock demonstrates

that the plasmid born HSPB2 is subject to heat shock activation.

(2) Constitutive production of HSP?20 in unstressed cells (25°C)

increases when HSP82 is present on multiple copies: HSP?0 can be

detected at 25°C both in MD8B82a and in MD82b. Its synthesis
exceeds that of HSC?0 1in these transformants, indicating that
multiple HSP82 gene copies increase constitutive levels of HSP90.
As this constitutive HSP90 synthesis is not usually detectable by
1D SDS PAGE (MD3a, 25°C, Figure 4.3), it 1is not possible to
accurately estimate the actual extent of the increase in the

constitutive HSP90 in MDB2a and MD82b from this gel.

(3) The orientation of HSP82 in pMA3a does not affect HSPYI0

levels: HSP?0 was overproduced to similar levels in both MD82a
and MD82b at 25°C and 42°C indicating that the overproduction of
HSP?0 was not dependent on the orientation of the HSP82 fragment
in pMA3a. MDB2a alone was therefore used for all subsequent

experiments.

(4) HSP?0 overproduction is limited: although increased HSP82

gene dosage increased HSP?0 levels on heat shock, this increase
was not as dramatic as that reported for another heat shock

protein, HSP26, when HSP26 is present on pMA3a (Fitch, 1989). At
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42°C, HSP90 synthesis 1in MD82a and MD82b (approximately 50-70 -
HSPB82 copies/cell) is only approximately 10-fold greater thanm in
a transformant, MD3a, which is isogenic to MDB2Za except that the
former has only a single chromosomal HSP82 gene. This limited

overproduction is further discussed in Chapter 5.

(5) HSP90 overproduction results in suppressed synthesis of other

HSPs: even the limited overproduction of HSP?0 in MD82a and MD82b
results in approximately 2-fold reduction in levels of other HSPs
indicating that HSP90 may negatively regulate HSP synthesis.

This is investigated further in Chapter 5.

4.2.4 Attempt to demonstrate overexpression of HSP82 as MDB2a

cultures enter stationary phase

As incorporation of radiolabelled amino acids 1is greatly reduced
in stationary phase cells compared with more active cells
(Boucherie, 1985), the levels of HSPB2 expression during entry to
stationary phase were investigated by measuring HSP82 plus HSC82
transcripts by slot blotting as described in Section 2.10.7.
Blots were loaded in duplicate. One blot was hybridised to a nick
translated probe comprising of the 5.6kb HSPB2 fragment (Figure
4.1). Due to high sequence homology, this probe will detect both
HSC82 and HSPB2 transcripts (Borkovich et al., 1989). The other

blot was hybridised to a nick translated PGI probe which serves

as an RNA loading control (Section 2.10.7).
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Figure 4.4 shows an autoradiograph of slot blotted total RNA
harvested from MDB2a and MD3a at regular intervals (2.5hr.)
during growth to stationary phase on minimal media. During
exponential growth of MDBZ2a, HSPB2 plus HSCB2 transcripts were
detected at very high levels consistent with the observation that
there 1s constitutive overexpression of HSPB2 (Section 4.2.3).
However, there was no increase HSP82 overexpression as cells
stopped growing. This was apparently not due to the high HSPB82
dosage as there was also no increase 1in HSPB2 (plus HSCB2)
overexpression in MD3a cells approaching stationary phase (Figure
4.4). Thus 1t was concluded that HSPB2 is not induced during
entry to stationary phase on defined medium. This result .= . is
in contrast to the reports that HSPB82 expression 1is induced as

cells approach enter stationary phase (Section 1.4.2).
It was observed during this study that transformants containing
an increased gene dosage of HSPB2Z did not exhibit normal growth

(see Section 4.2.95).

4.2.5 Overexpression of HSPB2 in unstressed cultures of MD82a has

dramatic effects on growth requlation

During batch fermentative growth on minimal medium with glucose
as the carbon source, vyeast usually exhibit 3 growth phases; an

initial rapid period of growth (exponential phase), transition to
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a period of slower growth (transition phase) occurring when about
50% of initial glucose has been used and cessation of growth
(stationary phase) coinciding with complete wutilisation of
glucose (Section 1.4.1). Minimal medium does not support
gluconeogenic growth very well so there is practically no aerobic

growth on the ethanol generated in the first two phases.
Since preliminary results suggested that MD82a did not exhibit
normal growth reguiation on minimal medium, glucose batch

fermentative growth of MD3a and MDB82a were analysed in detail.

4.2.5.1 Growth of MD3a and MD82a

Figure 4.5 shows the growth of MD3a and MD82a in minimal medium,
containing an initial 2% glucose. Cultures were grown at a
constant temperature of 25°C with vigorous shaking, growth being
monitored by & measuring ODsoo at 2h. intervals from mid
exponential phase through to growth arrest. OD&oo was converted

into cell number using a standard curve (Section 2.6.5).

The MD3a growth curve (Figure 4.5) 1is typical for yeast on
glucose minimal media; an exponential phase during which growth
is most rapid, followed by a transition phase of slower growth
and with glucose exhaustion, stationary phase arrest. MDB2a,
however, exhibited a very different growth pattern (Figure 4.5).

The initial generation time for MDB82a (S5h. ) is slower than for
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Figure 4.5 Growth curve and variation of glucose and cAMP levels
of MD3a and MD82a cultures: MD3a and MDBZa cultures were grown in
minimal media containing an initial 2% glucose. Growth was
monitored by measuring 0D. cce which was then converted into cell
number wusing a standard curve. Extracellular glucose and
intracellular cAMP levels were determined as described in Section
2.8.1 and Section 2.8.2 respectively. The three phases of growth
of MD3a (exponential, transitional and stationary) are indicated
by arraows.




MD3a (4h. ) but at the cell density at which MD3a entered
transition phase and slowed down (2x107 cells ml—%) MDB82a showed
a marked increase in growth rate. Also no slowing of growth to
mark the beginning of a transition phase was observed in MDB2a
cultures. Instead, MD82a attained a final cell number which was
at least 2X normal (Table 4.1) indicating that these cells

overexpressing HSP82 do not enter a normal G. state.

4.2.5.2 Glucose levels

Figure 4.5 also shows the extracellular glucose levels measured
during batch culture of MD82a and MD3a. Medium glucose levels

were determined as described in Section 2.8.1.

MD3a exhibited normal glucose usage; the transition phase
observed in Section 4.2.5.1. commencing after around 507 of the
glucose had been used and stationary phase was concomitant with

glucose exhaustion (Figure 4.95).

Growth arrest of MDB2a also accompanied exhaustion of glucose.
However, the external glucose concentration at a given biomass
yield was considerably higher for MD82a than for MD3a (Figure
4.5). This implies that cells overexpressing HSPB2 assimilate
more glucose into cell biomass during fermentative growth and
their ethanol production (not measured) should therefore be

correspondingly less. Thus it 1s possible that MDB82a displays
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reduced glucose repression of respiration than normal suggesting
that oxygen consumption in MDB2a cultures (not measured) may be
higher than that of MD3a during exponential and transitional
phases. Higher biomass vyield for glucose consumed 1is usually
associated with lower respiratory gquotient (RQ) levels (RQ is
defined as the ratio of COxz production to oxygen consumption).
More efficient conversion of glucose to cell biomass early in the
MDB2a fermentation can therefore partially explains the higher
cell density acheived by these cells. However at the point where
glucose levels have fallen to 50%Z of their original value, no
transition phase was observed in MDB2a cultures indicating that
more efficient glucose to biomass conversion early i1in the
fermentation does not completely explain the altered growth

exhibited by these cells (Figure 4.5).

4,2.5.3 Properties of growth arrested cells overexpressing HSPB82

The abnormal growth pattern of MDB82a (Fiqure 4.5) suggested that
cells overexpressing HSPB82 do not enter stationary phase
correctly. It was therefore decided to examine the properties of
growth—arrested MDB82a. These included the proportion of budded
cells and viability during long term storage. Cell number and
budding were determined by means of a haemocytometer using
briefly sonicated samples. Viability of arrested cells was
assessed by maintaining the stationary culture in the spent

culture medium under the same conditions used for growth (i.e.

79



25°C, shaking). The number of viable cells were determined after
a 1 week period by plating onto fresh VYEPD plates (approximately

150 cells/plate).

MDB82a cultures grew to 2-3X the normal cell density (Figure 4.5,
Table 4.1) and had fewer buds and greatly reduced viability
during stationary arrest compared to cells with only a single
copy of HSPB2 (Table 4.1). This a phenotype characteristic of
cAMP metabolism mutants which cannot enter a normal G. state due
either to raised cAMP levels or 1increased cAMP independent
phosphorylation (Section 1.5.2). As this implied that HSPB2 over-
expression in MD82a might be causing altered cAMP regulation,
intracellular cAMP concentrations were investigated in both MDB2a

and MD3a.

4.2.6 Demonstration that overexpression of HSPB2 increases cAMP

levels in yeast

During normal growth, intracellular cAMP levels decrease as cell
number increases (Section 1.5.1). In normal minimal medium
cultures (Figure 1.3; typified by MD3a in Figure 4.5) the fall
in cAMP occurs is greatest - towards the end of exponential
phase becoming less dramatic during transition phase and fimnally
reaching a constant minimum level prior to growth arrest (Section

1.5.1).
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Property MD3a MDBZ2a

Final cell density 3Ix107 6%x107
(cells/ml)

7. Budded cells 10% 1%

7 Survival 437 11%
(after 1 week)

Final cAMP level 0.43 0.71
(pM/107 cells)

Table 4.1 Comparison of the properties of growth arrested MD3a
and MDB2a cultures: Final cell density, % budded cells and final
cAMP levels were measured in arrested MD3a and MD82a cultures
40hr. after mid. exponential phase. Final cell density and %
budded cells was assessed with a haemocytometer. Intracellular
CcAMP concentrations were measured as described in Section 2.8.2.
7% survival was determined by maintaining the stationary culture
in the spent media under the same conditions as used for growth.
The 7% of viable cells were determined after 1 week by plating
cells onto fresh YEPD plates.




To 1investigate the possibility that overexpression of HSP82
alters cAMP regulation, intracellular cAMP levels were monitored
at regular intervals (4h. ) during growth of MD3a and MD82a as

described in Section 2.8.2.

Figure 4.5 shows changes 1in the intracellular cAMP in MD3a and
MD82a cultures during growth from mid-exponential phase through
to growth arrest. Intracellular cAMP levels fell as expected in
MD3a, transition phase occurring as cAMP dropped to below
0.7pm/107 cells (Figure 4.5). In MDB2a however, intracellular
cAMP was maintained approximately 60% higher than normal both in
actively growing cells (Figqure 4.5) and also in arrested cells

(Table 4.1).

The high levels of cAMP in MDB2a indicate that overexpression of
HSP82 results in altered cAMP regulation. This was further
investigated by studying the effects of HSPB2 overexpression on
sporulation, a process also thought to be initiated by a drop in

cAMP levels (Section 1.5.1).

4.2.7 Demonstration that overexpression of HSPB2 in diploid cells

can prevent sporulation

Sporulation of a/a diploid vyeasts involves the production of
haploid nuclei by meiotic division, induced 1like stationary

arrest, by a decrease in intracellular cAMP (Section 1.5.1). The
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Diploid

MD3a x DBY747 MDB2a x DBY747
% Sporulation S50% (o)A

(after 4 days)

Table 4.2 Sporulation effiency of a diploid overexpressing
HEPB2: A diploid overexpressing HSPB2 was constructed by mating

MDB2a and DBY747. A diploid isogenic to this except for the
presence of only chromsomal copies of HSPB82 was simarily
constructed by mating MD3a and DBY747. Dipliods were selected on
minimal media plus tryptophan and histidine which ensured plasmid
maintenance. Sporulation effiency was determined after 4 day
incubation at 28°C on sporulation media (Section 2.6.2) by

microscopic analysis.




results in Section 4.2.6 suggested that overexpression of HSP82
might also inhibit sporulation of an a/a diploid by preventing

cAMP levels low enough to trigger sporulation.

The effect of HSPB2 overexpression on sporulation effiency was
investigated by subjecting a diploid strains isogenic except for
the presence of either pMA3a or pB2/23 to nitrogen source
starvation, conditions favouring sporulation. These diploids were
constructed by mating MDB2a and MD3a with the leucine auxotroph,
DBY747 and selected on minimal media plus tryptophan and
histidine, conditions which ensured plasmid maintenance.
Sporulation effiency was determined after 4 day incubation at
28°C on sporulation media (Section 2.6.1). The percentage of
spores was determined by microscopic analysis and 1is shown in
Table 4.2. The MD3a x DBY747 diploid showed a fairly normal
sporulation efficiency whereas the diploid overexpressing HSPB2
(MDB82a X DBY747) did not sporulate, a phenotype again
characteristic of cAMP mutants which maintain high cAMP levels

(Section 1.5.1).
4.3 Discussion

A strain, MD82a, was generated which overexpressed the
homologous heat shock gene, HSP82. It was found that the multiple
copies of HSPB82 resulted in increased constitutive expression of

this gene (Figure 4.3). This expression was much higher in heat
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shocked MDB82a (to be discussed further in Chapter 5), although no
induction was observed in either MD82a or MD3a during the
approach to stationary phase (Figure 4.4). This result was
unexpected as induction of HSP82 has been reported during the
approach to stationary phase (Section 1.4.2). The inability to
induce HSPB82 overexpression in MDB82a cultures approaching
stationary phase may be associated with their altered growth
regulation (Figure 4.5). However HSP82 transcription was also not
induced in MD3a cultures (Figure 4.4), so it appears that HSP82

may not be induced as cells enter stationary arrest.

Increased constitutive expression of HSPB2 due to the multiple
copies of this gene in MDB82a had dramatic effects on growth
regulation. No slowing of growth to mark the beginning of
transition phase was observed cultures instead reaching a final
cell density 2-3X greater than MD3a (Figure 4.5). Overexpression
of HSPB2 therefore prevented normal entry into stationary phase.
This was further investigated by cocmparing the properties of
arrested MDB82a and MD3a cultures. Arrested MDB2a cultures were
contained fewer buds and exhibited greatly reduced viability
(Table 5.1), characteristics also shown by cAMP regulatory
mutants such as iral and pdel which can maintain much higher
levels of cAMP than normal (Section 1.5.1). On investigation, it
was found that cAMP levels were 60% higher in MD82a than MD3a
throughout growth and in arrested cells (Figure 4.5, Table 4.1)

proving that overexpression of HSP82 was affecting cAMP
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regulation. Altered cAMP regqulation was also indicated by the
inability of a diploid overexpressing HSP82 which was wunable to
sporulate (Table 4.2), another phenotypic characteristic shown by
cAMP regulatory mutants maintaining high cAMP levels (Section

1.5.1).

Elevated cAMP can partially explain the abnormal growth
regulation exhibited by MD82a (Figure 4.5) although its higher
biaomass vyield (Table 4.1) 1= probably due in part to reduced
glucose repression of respiration (Section 4.2.5.2). The
initially slower growth rate of MDB2a as compared to MD3a (Figure
4.5) could be explained if cAMP concentration were supra optimal
as when cAMP fell to a more normal level (£ 1.3pm/107 cells)

there was a notable increase in growth rate.

These results are a strong indication that the HSPB2 product,
HSP?0 may be involved 1in cAMP requlation in yeast. One of the
regulators of intracellular cAMP 1is external glucose (Section
1.5.1). However while cells overexpressing HSP82 show more
efficient conversion of glucose to biomass (Section 4.2.5.2) this
alone can not explain the observed alterations in growth
regulation as no transition phase was observed in MDB2a when
glucose levels fell to approximately 50%Z of their original value
(Figure 4.5). Also although external glucose eventually fell to
normal levels, no corresponding fall in cAMP was observed

(Figure 4.5), indicating that additional factor(s) to glucose
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concentration were responsible for the altered cAMP regulation
and therefore growth of MD8B82a. It therefore appears that HSP?0
levels may influence <cAMP requlation possibly by interacting

with the yeast cAMP regulatory pathway.

In yeast, cAMP levels are determined by the regulatory pathway
shown in Figure 1.4. cAMP is produced by adenylate cyclase which
is regqulated by G proteins encoded by RAS1 and RAS2 which are
controlled negatively by IRAl1 and positively by CDC25 (Section
1.5.1). The MD82a transformant shares several phenotypes with
cAMP metabolism mutants such as iral and pdel including the
presence of high cAMP levels. HSP90 could be an effector of the
CDC25 protein product or it may act to maintain the RAS proteins
in an active state. As HSP?0 is known to function via
protein:protein interactions (Section 1.2.2) there is precedent
for proposing that it requlates the cAMP pathway indirectly by
binding to and altering the activity of a regulatory protein of
the RAS-cAMP pathway.
apgwmdko

In addition to altered cAMP regulation, MDB2a alsoLgxhibit
lowered glucose repression of respiration (Section 4.2.5.2)
suggesting that HSP?0 levels may also determine the extent of
glucose repression of respiratory functions. There is genetic
evidence that catabolite repression operates by mechanisms
independent of cAMP (Gancedo & Gancedo, 1986) so it is probable

that the effect of HSP?0 on cateabolite repression 1is via a
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different mechanism to its effect on cAMP levels although it may

also involve the (in)activation of another protein by HSP90.

4.4 Conclusion

Overexpression of the homologous heat shock gene, HSPB2 in yeast
had dramatic effects on growth regqulation, associated with
elevated cAMP levels and reduced glucose repression. It is
proposed that high levels of the HSP82 product, HSP?0, may act to
regulate cAMP and therefore growth in yeast. HSP?0 may also be
involved in the repression of respiratory enzymes in yeast as its
overproduction caused more efficient biomass accumulation during

fermentative growth.

4.5 Future proposals

The results described in this chapter provide strong indications

that HSP?0 levels regulate cAMP. This could be investigated

further by the following experiments :-

(1) Galactose—-requlated overexpression of HSP82

Definitive evidence of the effects of HSP?0 levels in growth
regulation could be acheived by placing the HSPB2 coding region

under GAL1 promoter control. This would enable induction of HSPB82
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expression by switching growth from glucose to galactose.
Measurements of growth kinetics, c¢cAMP and HSP?0 levels would
further reveal the relationship between HSP90 1levels, cAMP and

growth regulation.

(2) Investigations of the effects of HSPB2Z overexpression on the

phenotypes of cAMP requlatory mutants

It may be possible to obtain genetic evidence of where HSP90
interacts with the cAMP regulatory system by overexpressing HSP82
in €cAMP regulatory mutants such as c¢cyrl which maintain low cAMP
levels and also in mutants that result in cAMP-independent
protein kinase sucﬁ as bcyl (Section 1.5.1). Whether or not HSP90
overproduction suppresses the mutant phenotype would indicate

steps in the cAMP regulatory system that may involve HSP<0.

(3) Investigations of the effects of HSPB2 overexpression on

catabolite repression

Similar overexpression of HSPB2 wusing GALl1 vectors in non-
repressible or non—-derepressible mutants of catabolite repression
could indicate why glucose repression is partially defective in
MDB82a (Fraenkel, 1982; Gancedo, 1987). It would also be necessary
to carry out the measurements of ethanol production and oxygen

consumption outlined in Section 4.2.5.2.
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The experiments suggested in (1), (2) and (3) could also be
carried out wusing HSCB2 a gene normally expressed at much higher

constitutive levels than HSP82 (Section 1.2.2).

4.6 The possibility that sequences other thap HSPB2 in p82/23 may be

As the HSP82 gene is only 2.4 Kb, it is possible that the 5.6Kb insert
in p82/23 could contain other sequences which may be responsible for the

altered growth regulation exhibited by ¥D8Z2a. This could be investigated

v

by repeating the study described in this chapter :-
(a) using only the HSP82 sequence

(b) disrupting the HSP82 sequence in p82/23.
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CHAPTER 5
OVEREXPRESSION OF THE YEAST HSP82 GENE ON A HIGH COPY VECTOR
(II): EVIDENCE THAT HSP?0 MAY BE INVOLVED IN REGULATION OF THE

HEAT SHOCK RESPONSE IN YEAST

5.1 Introduction

In the previous chapter, it was shown that overexpression of
HSP82 had dramatic effects on growth regulation and cAMP levels
in yeast. In this chapter, the effects of HSPB82 overexpression
and also HSP8B2 disruption on the heat shock response will be

discussed.

Prior to this study, Finklestein and Strausberg (1983) had
reported that overexpression of HSP82 in heat shocked yeast has
no observable effects on the heat shock response. However the
vector used to express HSPB82 in their study (YEpl3) resulted in
only a 3 fold increase in HSP90 levels during heat shock to 36°C.
In this study, higher levels of HSP90 induction with heat shock

were attained by:-

(1) Use of the high copy number vector pMA3a: this vector

contains the defective LEU2d gene of pJDB219 (Beggs, 1978) which
results in inefficient expression of LEU2 1leading to extremely
high plasmid copy numbers (Erhart & Hollenberg, 1983). Using

conditions which select for plasmid maintainenance i.e. by
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growing leu2 strains in the absence of leucine, pMA3a is usually
maintained at approximately 100 copies/cell (Mellor et al.,

1985). YEpl1l3 which has the complete LEUZ gene is maintained at

only 20 copies/cell (Broach et al., 197%).

(2) Use of a severe heat shock to induce HSPB82 expression: it has

been previously demonstrated in our laboratory that the induction
of HSPB2 expression is dependent upon the heat shock temperature
used (Piper et al., 1988b). After a relatively mild heat shock
(25°C to 38B°C) of strains with a single HSP82 gene copy, there is
little appreciable increase in HSPB2 expression whereas a severe
heat shock (25°C to 42°C) results much greater (approximate 20-
fold) increase in the expression of this gene. In this study,

HSP82 expression was therefore investigated at the highest

temperature at which yeast will make HSPs (either 40°C or 42°C).

Using this strategy to overexpress HSPB2, significant increases
were found with heat shock (MD82a, MD82b; Figure 4.3) yet these
were only 10-fold higher than for a strain with a single
chromosomal HSPB2 (MD3a; Figure 4.3). In addition, even this
limited overexpression of HSPB82 appeared to result in decreased
expression of other heat shock genes (Section 4.2.3). Another
heat shock gene, HSP2&6, can be expressed to very high levels in
heat shocked yeast (Fitch, 198%9), so this limited overexpression
of HSP82 and the resulting decrease in HSP synthesis is probably

not due to insufficient levels of the transcriptional trans-
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activator of yeast bheat shock genes, HSTF (Section 1.3.2).
Instead it appears that the HSP82 protein product, HSP90, may
itself be involved 1n the switch-off of HSP synthesis. To
identify HSP?0 as a modulator of the heat shock response would be
an important s=step forward in understanding the transient nature
of this response (Section 1.3.2). This possibility was
investigated by examining the effects both of HSP82
overexpression and disruption on the extent and duration of the

heat shock response.

5.2 Results

5.2.1 Yeast strains

The strains wused in this study, MDB2a and MD3a are described in

Section 4.2.1. MD27, a transformant which overexpresses the

homologous gene PGK (phosphoglycerate kinase), was generated by

transforming the leucine auxotroph, MD40-4C with the high copy

number plasmid, pMA27 (Section 3.2.1).

5.2.2 Investigation of HSP90 synthesis in MD82a, MD3a and MD27

during heat shock by protein pulse labelling

The experiment described in Section 4.2.3 showed that although
overexpression of HSPBZ2 on a high copy number vector resulted in

increased induction of HSP?0 in heat shocked cells, the level of

71



HSP?0 overproduction was not as high as expected in view of the
fact that these cells contained approximately 50-70 HSPB2 gene
copies (Section 4.2.2). To further demonstrate this limited
overproduction of HSP?0, the expression of HSP82 on pMA3a with

the expression of another homologous gene, PGK, on the same

vector was compared. PGK 1is one of the yeast glycolytic genes
which continue to be synthesised after bheat shock (Section

1.2.4).

As the low levels of HSP?0 could be due to high protein turnover,

the stability of HSP90 during heat shock was also investigated.

5.2.2.1 Further evidence that HSP90 overproduction is limited

The relative overexpression of HSP82 and PGK was examined by
pulse labelling MDB2a, MD3a and MD27 transformants with [T=G]

Methionine in the presence and absence of heat shock.

Figure 5.1 shows an autoradiograph of a 1D SDS polyacylamide gel
containing the pulse labelled proteins obtained when MDB82a, MD3a
and MD27 were labelled at 25°C and also following heat shock to
42°C., By comparing levels of PGK synthesis in MD27 and MD3a, it
can be seen that PGK expression on pMA3a (MD27) resulted in an
approximately 20-fold increase in PGK labelling both before and
after heat shock. When HSPB2 was expressed on the same vector

(MD82a) HSP?0 1labelling increased only approximately 10-fold
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