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Abstract.

Stress response pathways serve a vital role throughout nature. Recently, a 

discrete weak acid stress response pathway has been identified in the yeast 

Saccharomyces cerevisiae. Weak acids are commonly used in the food industry to 

preserve low pH food and beverages. The current understanding is that their mode of 

action is to reduce intracellular pH (pHi) to an inhibitory level. At low pH these 

compounds exert the greatest antimicrobial effect. Despite this S. cerevisiae is able to 

grow at low pH in the presence of weak acid food preservatives, enabling it to spoil 

manufactured products. Work outlined in this thesis attempts to further the 

understanding oflhe response elicited by yeast to overcome preservative inhibition.

Exposure to weak acids leads to the induction of the ABC-transporter, 

Pdrl2p. This plays an important role in weak acid adaptation since Apdrl2 cells are 

hypersensitive to sorbic and benzoic acid. The regulation of Pdrl2p was investigated. 

Results presented in this work indicate that the Cmkl isoform of Ca^VCalmodulin 

dependent protein kinase affects Pdrl2p; since Acmkl strains are more resistant to 

weak acids and constitutively pump fluorescein, a known substrate of Pdrl2p. The 

study also aimed to identify the regulation of the PDR12 gene, encoding Pdrl2p. A 

transcription factor important for the control of Pdrl2p expression at low pH is 

identified in this study, via complementation cloning of a weak acid sensitive mutant, 

as the product of the RLMl gene.

ATP dependent pumping of weak acid anions by Pdrl2p is energetically 

expensive to the cell and indeed futile unless diffusional entry of weak acids into the 

cell is limited. The MMN5 gene, encoding a mannosyltransferase enzyme involved in 

the synthesis of the cell wall, was also identified via complementation cloning of 

weak acid sensitive strains made in this study. This indicates that proper cell wall



structure is vital for weak acid resistance, changes to this structure possibly 

contributing to limitation of weak acid entry to the cell.
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CHAPTER 1.

1.0. Introduction.

All living cells have the capacity to sense and respond to changes in their 

environment. This function is especially important to yeast cells when placed under 

conditions of stress, which may threaten viability. External stresses (for example; 

nutrient starvation, heat or cold shock, osmostress, oxidative stress, ethanol exposure, 

low or high pH, low water activity and the presence o f weak organic acids) are found 

in many natural environments inhabited by yeast; stress response pathways are 

therefore vital to their survival.

Although yeast stress has already been extensively studied, a specific weak 

acid stress response pathway has only recently been documented (Piper et al. 1998). 

This study looks at expanding the knowledge of the adaptive response of 

Saccharomyces cerevisiae to weak organic acid stress. This is not only interesting 

from the point of view of furthering our understanding of stress response pathways in 

yeast but also has an important application to the food industry.

Weak organic acids used as food preservatives.

Food and beverages designed for long shelf lives retain relatively adverse 

conditions to limit microbial growth. Many provide an anaerobic environment of 

low-pH, high ethanol, high CO2 concentration, the presence of food preservatives 

and low water activity. Low-pH and low water activity are particularly important in 

limiting the contamination o f bacteria, as many are only capable of growing in high 

water activity environments and at a pH around neutrality (with the exception of the 

Lactobacilli sp.) (Earle and Putt, 1984; Deak, 1991). However some yeasts are still
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able to adapt and grow under such severe physical conditions, making them an 

important causative agent of food spoilage (Deak, 1991; Fleet, 1992).

Traditionally, sun-drying, smoking, salting and fermentation have been used 

to preserve foods. The use of chemical food preservatives, other than salts, sugars, 

spices and vinegar, was not widespread until the last 200 years (Thakur et a l, 1994). 

However since their introduction, sorbic acid, benzoic acid, /7-hydroxy benzoic acid 

esters and sulphur dioxide have attained widespread use in various practises of large- 

scale food preservation (Thakur et a l, 1994). In particular, sorbate and benzoate are 

frequently used within the food industry to preserve low-pH food and beverages 

(Cole and Keenan, 1986); for example, tea-based drinks, yellow-fat spreads, tomato 

based sauces, as well as fruit juices, pickles, wine and pharmaceutical preparations, 

to name but a few. Despite using the maximum permitted level of preservative and 

good manufacturing practice (Restainol et a l, 1982) many acid based products are 

still susceptible to spoilage by yeast and moulds causing huge economic loss.

Yeast from the genus Zygosaccharomyces are also often identified as major 

food spoilage yeasts, particularly Z  roaxii and Z  bailii. This is partly due to their 

ability to survive low water activity, termed ‘xerotolerance’ (Deak, 1991; Fleet, 

1992; Earle and Putt, 1994). Moreover, they are capable of growth at sorbic or 

benzoic acid concentrations in excess of those legally permitted in foodstuffs (Cole 

and Keenan, 1986; Deak, 1991; Fleet, 1992). This is possibly aided by their ability to 

metabolise some weak acids in the presence of oxygen (Fleet, 1992).

S. cerevisiae is less prevalent as a spoilage organism, but is often identified in 

incidents of wine spoilage (Fleet, 1992) and adapts to grow at up to about 3mM 

sorbic acid at pH4.5 (Anslow and Stratford, 1996). This yeast is not able to 

metabolise sorbate or benzoate (Holyoak et a l, 1996); which when present m a low- 

pH growth environment, provide a continuous weak acid stress on the cells. Recent
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work has indicated that S. cerevisiae displays a discrete response to weak organic 

acid stress which in turn assists weak acid adaptation (Piper et a l,  1997; Piper et a l, 

1998). For this reason, it lends itself as a useful model to elucidate more fully the 

physiological and molecular responses involved in this stress response, especially 

since the complete sequencing of the S. cerevisiae genome. Genetic manipulation in 

S. cerevisiae is relatively uncomplicated and in addition, many genetically mutated 

strains are readily available for study. The effect of specific genetic mutations on 

weak acid adaptation can therefore be investigated.

1.1. The mode of action of weak organic acids as food preservatives.

In solution these acids are in dynamic equilibrium between the undissociated form 

and anionic state. This equilibrium is pH dependent, at low pH the acid being mainly 

present in the undissociated form (XCOOH; Fig. 1.1) that is freely lipid permeable 

and therefore able to enter the cell via passive influx. In the near neutral pH of the 

cytosol the acid dissociates releasing protons and the acid anion (XCOO-; Fig. 1.1).

The proton release leads to a lowered intracellular pH (pHi), which inhibits 

many metabohc functions (Sofos and Busta, 1981). Indeed, Krebs et a l (1983) 

proposed the anti-fungal action of benzoate was primarily due to a reduction of pHi, 

to a level that inhibited glycolysis with a reduction in intracellular ATP levels and a 

restriction of growth. In addition the charged acid anion cannot readily difiuse from 

the cells and tends therefore to accumulate intraceUularly to high levels. This high 

accumulation of toxic anion can also be detrimental, not least because it generates 

oxidative stress (Piper, 1999) and potentially creates a high intracellular turgor 

pressure.
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Legend to Fig. 1.1.
Schematic model of how the Pdrl2p ABC transporter may help S. cerevisiae 

conteract the inhibitoiy effects of water-soluble weak organic acids. In both unadapted 
cells (A) and cells which have adapted to grow in the presence of the weak acid (B) the 
protonated, uncharged form of the acid (XCOOH) is shown as freely permeable to the 
cell membrane and readily entering by diffiision. In adapted cells (A) the concentration 
of XCOOH inside and outside should be the same, governed by the pH either side of the 
membrane and the dissociation constant of the acid. A higher pH on the cytosolic side 
of the membrane will cause a substantial fraction o f this acid to dissociate to the anion 
(XCOOH-), a form which is relatively membrane-impermeant and which therefore 
accumulates inside the cell. This dissociation also releases protons, potentially causing a 
cytoplasmic acidification that may inhibit many metabolic processes.
The electrochemical potential difference across the plasma membrane (ZapH), a 
potential maintained largely through plasma membrane H^-ATPase (Pmal)-catalysed 
proton extrusion, is essential for many aspects of homeostasis. The weak acid influx in 
(A) will act to dissipate the apH, though not the charge (Z), component of this gradient. 
Counteraction of the cytoplasmic acidification by increased H^-ATPase activity may be 
severely restricted in (A), since the high additional proton extrusion needed may 
necessitate greater increases in electrostatic charge across the plasma membrane than 
can be generated by the action of H^-ATPase.

In weak acid adapted cells (B) the induced Pdrl2p catalyses an anion extrusion 
that both lowers cytoplasmic weak acid levels and, by moving a charge compensating 
for the charge on a Pmal-extruded proton, enables greater catalysed proton extrusion 
than would otherwise be possible. There is though a problem, in that the situation in (B) 
will create free proton influx to the cell (as would also occur with the addition o f a 
classical uncoupler). For weak acid-adapting cells (B) to elevate their intracellular pH 
and lower intracellular anion levels to the point where growth can resume, it is 
necessary to invoke some limitation to free diffrisional entry of weak acid into the cell. 
How this occurs is unknown, although changes to the cell wall may be involved.
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The permeation of the undissociated form of the acid and the accumulation of 

anion; driven by the pH difference between the cell and the medium, are shared 

features of the antimicrobial action of the common weak-acid preservatives at low 

pH (Warth, 1989a). The increased concentration of protons in the cells causes an 

imbalance in pH homeostasis. To a certain extent protons will be absorbed by the 

buffering capacity of the cell. However if the concentration of weak acid in the 

external environment is sufficiently high, as in the case of preserved foods, this leads 

to a greater influx of protons than the cell is able to buffer. The cells can respond by 

increasing the activity of the plasma membrane H^-ATPase enzyme (see section 

1.4.), whereby protons are actively removed from the cells.

The antimicrobial effect of sorbate is pH dependent, as weak organic acids 

show increased dissociation as the external pH rises. For example, at pH3 sorbic acid 

is 98% undissociated (freely permeable to the cell) as compared to 0.6% at pH7 

(Earle and Putt, 1984). At the low pH encountered in acid-preserved foodstuffs, weak 

acids exert strong antimicrobial action (Earle and Putt, 1984; Sofos and Busta, 1981). 

This causes an increase in lag phase or cell stasis rather than cell death (Restaino et 

a l, 1982; Anslow and Stratford, 1996; Holyoak et al, 1996). Despite this, some 

yeast can adapt and grow to high sorbate concentrations by a response mechanism, 

which is not fully understood.

Most microorganisms will usually have a relatively narrow pH range for 

optimum growth. As every food formulation will have its own ‘natural’ pH, this will 

also alter the survival and subsequent outgrowth of contaminating species. However 

most yeasts tolerate a wide range of pH and grow readily at values between 3 and 8, 

though in general they prefer a shghtly acidic medium, of pH between 4.5-6.S (Deak, 

1991). Yet the resistance displayed by yeast to weak acid preservatives has not been 

associated with the ability to tolerate low pH (Warth, 1989b).
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1.2. Current understanding of the weak acid stress response.

Previous work has identified three important changes to the plasma 

membrane of S. cerevisiae in response to weak acid stress:

1) Induction of the integral plasma membrane protein Hsp30p (Heat Shock Protein, 

30Kda) (Panaretou and Piper 1992).

2) A marginal reduction in protein levels of plasma membrane -ATPase, with a 

concurrent activation in residual H^-ATPase activity (Holyoak et a i, 1996; Piper 

et a l, 1997).

3) Induction of a 170kDa plasma membrane protein, recently identified as the ATP- 

binding cassette multidrug transporter, Pdrl2p (Piper et a i, 1998 and Chapter 3).

These changes to the plasma membrane proteins of S. cerevisiae are shown in 

Fig.1.2.

1.3. The role of HspSOp in weak acid adaptation.

The heat shock response is a universal event in all organisms and Heat shock 

proteins (Hsps) have been widely studied in S. cerevisiae. Certain major Hsps play a 

role in the chaperoning, reactivation or degradation of partially unfolded or 

aggregated protein (Piper, 1997). Others contribute to antioxidant defences or are 

without any clearly demonstrable function (Piper et a i, 1997). The highly 

hydrophobic integral membrane protein Hsp30 is the only Hsp found associated with 

the plasma membrane, as shown by pulse-labelling and membrane fractionation 

(Panaretou and Piper 1992).

To date, Hsp30p induction has been shown with heat shock, ethanol 

exposure, severe osmostress, weak organic acid exposure and carbon source 

limitation (Panaretou and Piper 1992; Régnacq and Boucherie, 1993; Piper et a i, 

1994; Piper et a l, 1997; Seymour and Piper, 1999). However differences in the
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tolerance to heat, ethanol, ultra-violet light and hydrogen peroxide in hsp20 null cells 

(AhspSO) were not apparent, as compared to the parent strain (Piper et a l, 1997).

Hsp30p has been shown to assist weak acid adaptation, since Ahsp30 cells 

have a reduced biomass yield and extended lag phase when grown in the presence of 

sorbate (Piper et a l, 1997). This stress inducible protein has been shown to regulate 

the plasma membrane -ATPase, the main enzyme of homeostasis in S. cerevisiae 

(Piper et a l, 1997). Although its function has not been fully elucidated, Hsp30p has a 

putative role in energy conservation during prolonged stress exposure or glucose 

limitation (Piper et a l, 1997).

1.4. Plasma membrane ATPases.

Proton-ATPases play a crucial role in homeostasis throughout nature. They

can be divided into three main classes, vacuolar ATPase (V-type), mitochondrial 

ATPase (F-type) and plasma membrane ATPase (E-P-type) (van der Rest et a l, 

1995). The plasma membrane ATPase (H^-ATPase) is the principal ion pump found 

in the plasma membrane’s of plants and fungi, constituting as much as 20-40% of the 

total plasma membrane protein (Gaber, 1992).

Members of the -ATPase family found in plants, fimgi and parasites share 

about 30% amino acid identity. Many of the basic structure-flinction relationships 

determined for the KT-ATPase are also conserved among the Na /̂K" -̂, /H^-, and

Ca^^-ATPases found in animal cells (Serrano et a l,  1986; Gaber, 1992).

H-ATPase and maintenance of intracellular pH.

-ATPase plays a key role in the maintenance of pHi in S. cerevisiae. It 

actively transports protons from the cytosol to the extracellular medium, by the 

hydrolysis of ATP. The electrochemical gradient thus created (ZApH; Fig. 1.1) is the
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driving force for many secondary processes such as nutrient uptake, ion and pH 

balance.

Yeast cells need to maintain their pHi around neutrality for optimal activity 

of critical metabolic processes. It is important that pHi is tightly regulated, as minor 

fluctuations in pHi are believed to play a role in mediating many key cellular 

processes (Holyoak et a l, 1996). For example, key glycolytic enzymes are believed 

to be regulated by pHi, particularly phosphofructokinase (Francois et a l, 1986). A 

low pHi may therefore contribute to the energy crisis in weak acid stressed cells.

The role of H-ATPase in weak acid adaptation.

When yeast cells are placed under conditions of weak acid stress, H^-ATPase acts 

antagonistically to reduce the intracellular acidification of the cell. Holyoak et a l 

(1996) showed that sorbic acid stimulated plasma membrane H^-ATPase activity, in 

both PMAl (wild type) and pma1-205 cells. The latter mutant has about half the 

normal membrane H^-ATPase activity and was shown to be more sensitive to sorbic 

acid than the parent. Prior to this, McCusker (1987) had demonstrated that any 

mutation decreasing the activity of the H^-ATPase could, if severe enough, result in 

an inability to grow at low pH.
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[̂ H] pulse-labelling of plasma membrane proteins in 
S. cerevisiae adapted to pH4.5 growth +\- sorbic acid.

MW
KDa

29 >

HSP30 :

Sorbic acid 
treatment :

J L J L

< Pdr12p (I) 

<H*-ATPase

Hsp30 (2)

none 9mM, 40min. 2mM, 20h.

Fig.l.2. One-dimensional gel analysis of labelled proteins from purified plasma membranes from 

vegetative pH4.5 cultures of wild-type (+) and hsp30 deletant (-) cells. Cultures were pulse labelled 

for forty minutes with [^H]leucine, either in the absence of sorbic acid; with sorbic acid (9mM) 

present for just the 40 min. labelling period; or with sorbic acid (2mM) present for 20 h prior to and 

during the period of labelling. Immediately after the labelling period plasma membranes were purified 

and samples, each corresponding to 20,000 d.p.m. [^H]-label led total plasma membrane protein, 

analysed in each gel lane.

Flurographic exposure of the gel was for 20days. Positions of MW markers are indicated to the left of 

the figure; FT -ATPase and two proteins (1, 2) induced by sorbic acid are indicated to the right. Protein 

1 corresponds to a Snq2p homologue (shown to be Pdrl2p in Chapter 3) and protein 2 is Hsp30 since 

its labelling is lost in the hsp30 mutant. From Piper e t a l., 1997.
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1.5. The effect of weak acid stress on cellular energy

The exposure of yeast cells to weak acids at low pH, leads to intracellular 

acidification and accumulation of acid anion. The mechanisms that counteract these 

events (increased H^-ATPase activity and Pdrl2p ABC-transporter activity, see 

section 1.6.) are energetically expensive (Fig. 1.1). This drain on cellular energy 

levels may be part of the underlying explanation for the growth inhibitory effects of 

sorbic acid (Bracey et a l, 1998). Are the ATP levels too depleted to maintain normal 

metabolic functions and cell growth?

Although protein levels of -ATPase decline marginally during this stress 

(Piper et a l, 1997), activity of the residual enzyme has been shown to be greatly 

stimulated by weak acid treatment and this is energetically expensive to the cell. 

Certainly ATP levels are drastically lowered in sorbate treated cells (Piper et a l,

1997) and the presence of weak acid leads to a reduced biomass yield (Viegas and 

Sà -Correia, 1991). Indeed, Serrano (1991) states that coupling ATP hydrolysis to 

proton translocation (with a stoichiometry of 1:1) can result in the membrane H^- 

ATPase consuming up to 60% of the total ATP generated by the cell.

A glycolytic mutant with approximately one-third the normal pyruvate kinase 

and phosphofructokinase activity, hence a reduced ability to generate ATP, is more 

sensitive to sorbic acid (Holyoak et a l, 1996). Also on exposure to sorbic acid the 

intracellular ADP/ATP ratio is increased (Bracey et a l, 1998). This supported 

observations (Holyoak et a l,  1996; Piper et a l, 1997) that growth in the presence of 

sorbic acid led to large reductions in the levels of intracellular ATP. Importantly, the 

dechne in intracellular ATP cannot be attributed to a reduced production of ATP, as 

previous studies had shown that rates of energy production are not significantly 

affected by similar weak acid treatments (Holyoak et a l  1996).
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The induction of Hsp30p has been shown to down-regulate KT-ATPase 

activity in sorbate adapted S. cerevisiae (Piper et a l,  1997) and hspSO null cells show 

a greater sorbate induced -ATPase activity than the wild type (Braley and Piper, 

1997; Piper et a l, 1997). Together, both the induction of HSP 30 and reduction in 

ATPase protein levels may be part of an energy conservation system in cells 

subjected to prolonged stress (Piper et a l, 1997).

The work described in this thesis helped to identify the 170kDa sorbic acid- 

induced plasma membrane protein as Pdrl2p (Chapter 3 and Piper et a l, 1998). 

Pdrl2p appears to function as an energy-dependent extrusion pump for weak acid 

anions (Holyoak et a l, 1999), an action (Fig. 1.1) that will lead to an additional drain 

on cellular energy (see section 1.7.).

1.6. The ATP Binding Cassette (ABC) transporter protein superfamily and 

Multidrug Resistance.

Resistance to a broad range of unrelated cytotoxic compounds is observed in 

many species from bacteria to man (Higgins, 1992; Balzi et a l, 1994). In mammalian 

cells this is termed multidrug resistance (MDR) and in yeast pleiotropic drug 

resistance (PDR). The major determinants of MDR / PDR are transport proteins 

driving the traffic of drugs and physiological substrates across the cell membrane. 

Drug resistance genes can be classified into three major classes: membrane proteins 

belonging to either the Major Facilitators Superfamily (MFS) or ATP-Binding 

Cassette (ABC) superfamüy and transcription factors that control the levels of these 

membrane proteins (Balzi et a l, 1994; Balzi and Goffeau, 1994).

The main distinguishing feature of members of the ABC superfamily is a 

highly conserved domain (NBD or nucleotide binding domain) of about 200 amino 

acids making up the ATP-binding cassette. This domain confers on these transporters
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the ability to couple ATP hydrolysis to the transport process and has been highly 

conserved throughout evolution (Higgins, 1992; van der Rest et a l, 1995). Full sized 

ABC-transporters share a basic structure of four domains; two six-membrane 

(normally) spanning hydrophobic domains and two large hydrophilic domains 

containing the conserved ATP-binding motifs (Higgins, 1992; Balzi et al., 1994; 

Balzi and Goffeau, 1994; Bauer et al., 1999). Numerous half-sized ABC-transporters 

containing various topologies are also known (Higgins, 1992; Bauer et al., 1999).

MDR has broad implications in medicine. It is a major obstacle for cancer 

therapy, since tumour cells frequently become resistant to a variety of structurally 

and functionally diverse chemotherapeutic drugs; through over-expression or 

mutation of MDR genes (Miyahara et a l, 1996). In many cases MDR is acquired by 

alteration of a single genetic locus. The best-characterised example of MDR in 

mammalian cells is when the MDRl gene undergoes amplification causing an 

increase in the Mdrlp ABC-transporter (P-glycoprotein) (Kane, 1990; Leppert et al., 

1990). This allows cells to survive normally cytotoxic drug regimens (Kane et a l, 

1990; Leppert et a i, 1990; Balzi and Goffeau, 1991; Katzmann et al., 1994; Egner et 

al., 1995; Kolaczkowski, 1997). The S. cerevisiae ABC-transporter Pdr5p has 

remarkably similar substrates to mammalian Mdrlp (Kolaczkowski, 1997). A second 

protein termed the MDR-associated protein (MRP), a homologue of Mdrlp and also 

a member of the ABC superfamily, has also been associated with broad specificity 

efflux of anticancer drugs (Kolaczkowski, 1997; Bauer, 1999). Not all ABC proteins 

are involved in drug resistance though, as mammahan Mdr2p is involved in 

exchange of phospholipids across the lipid bilayer (Higgins, 1992).

Another well-documented medical problem involves the resistance developed 

by Plasmodium falciparum to drugs used in the treatment of malaria (Higgins, 1992).
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The mechanism responsible for drug resistance in malaria parasites seems analogous 

to that evoked for mammalian tumour cells. It involves the amplification and 

overexpression of a family o f genes highly homologous to the mammalian P- 

glycoprotein gene (Balzi and Goffeau, 1991). A similar mechanism of MDR 

development exists in pathogenic fungi such as Candida albicans (Kolaczkowski,

1998) and is discussed in more detail below.

Finally, the isolation of the gene responsible for cystic fibrosis has led to the 

discovery that it also encodes a membrane transport protein, remarkably similar to 

M drlp (Balzi and Goffeau, 1991; Higgins, 1992).

1.7. The Pleiotropic Drug Resistance (PDR) network in Yeast.

The genome sequencing project has revealed the existence of 31 putative 

ABC-transporter genes in S. cerevisiae. One of the best-characterised yeast ABC 

transporters is the Ste6p a-factor pheromone transporter. This is involved in the a- 

factor export essential for the sexual reproductive cycle of haploid yeast cells 

(Kuchler, 1993; Bauer, 1999). The largest ABC family in S. cerevisiae, the 10 

members belonging to the PDR subfamily, is involved in resistance to a broad range 

of cytotoxic agents with different intracellular targets (Katzmann et al., 1994).

PDR in yeast has been well documented and appears to be similar to P- 

glycoprotein mediated MDR in mammalian cells. Specific transport systems catalyse 

the efflux of a variety of hydrophobic drugs by poorly understood but substrate- 

nonspecific mechanisms (Goffeau et a l, 1997). The study of PDR genes in S. 

cerevisiae will further our understanding of the expression and regulation of the 

mammalian homologues discussed previously. It v\dll also aid our understanding of 

drug resistance of pathogenic yeasts, for example C. albicans. This opportunistic 

yeast is now the cause of a large number of deaths and is often treated by the azole
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derivative fluconazole (FCZ). In patients undergoing long term or prophylactic 

treatment (mainly AIDS patients) drug resistant strains have emerged. A large 

number of FCZ resistant strains fail to accumulate FCZ due to an increased drug 

efflux (Talibi, 1999). This correlates with the overexpression of the CDRl and CDR2 

genes, which encode two ABC transporters highly homologous to S. cerevisiae 

Pdr5p (discussed below) and human Mdrlp (Talibi, 1999).

The first identified PDR transporters in S. cerevisiae were Snq2p and Pdr5p, 

encoded by the homologous yeast genes, SNQ2 and PDR5. These proteins have been 

shown to represent functional and structural homologues of mammalian Mdrlp and 

MRP, since their overexpression in yeast is associated with PDR development 

(Bauer et a l, 1999). Elevated PdrSp and Snq2p leads to resistance against a variety 

of structurally unrelated cytotoxic compounds (Mahé et a l, 1996). Amplification of 

Snq2p was shown to confer enhanced resistance to the mutagen 4-nitroquinoline-A- 

oxide (4-NQO) (Servos et a l, 1993); whilst enhanced levels of PdrSp gave rise to 

resistance to the mycotoxin sporidesmin (Bissinger and Kuchler, 1994) and other 

structurally unrelated compounds such as cycloheximide (Balzi et a l, 1994; 

Bissinger and Kuchler, 1994). Kolaczkowski et a l (1998) have screened a vast 

number of different chemicals including; antifungicides, antibiotics and herbecides 

and have shown distinct but overlapping drug resistance profiles for various genes of 

the PDR network (including PDR5 and SNQ2). This clearly demonstrates the 

diversity of resistance profiles shown by specific ABC-transporter proteins.

Many of the genes influencing PDR are transcription factors. Two PDR loci, 

PDRl and PDR3 encode homologous transcription regulators containing a ZnzCg 

binuclear cluster motif as DNA binding domain (Delaveau et a l, 1994). They control 

the transcription of many of the target genes of the PDR network (Fig. 1.3); including 

PDR5 and SNQ2, by binding to PDRE (PDR responsive element) sequences (Meyers
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et al., 1992; Balzi et a l, 1994; Delaveau, 1994; Katzmann et a l,  1994; Delahodde, 

1995; Katzmann, 1996; Mahé et a l, 1996).

Numerous ‘gain of function’ alleles of PDRl and PDR3 have been 

documented in the literature which cause various drug resistance profiles (Meyers et 

a l, 1992; Mahé et a l, 1996; Wendler et a l, 1997). For example, mutations m PD Rl 

cause hyper-resistance to more than 20 structurally unrelated inhibitors of both 

cytoplasmic and mitochondrial functions; by causing over-expression of several drug 

transporters (reviewed by Balzi and Goffeau, 1991).

Single disruptions in PDRl (Apdrl) or PDR3 {Apdr3) are generally 

associated with hypersensitivity to drugs due to altered expression of Pdr5p and 

Snq2p protein levels (Mahé et a l,  1996). A double disruption {ApdrlApdr3) results 

in a more drastic effect, indicating that both genes are important in the control of 

multidrug resistance (Delaveau et a l, 1994; Mahé et a l, 1996). In contrast, enhanced 

sorbate resistance was demonstrated in Apdrl and Apdrl/Apdr3 deletion mutants 

(Piper et a l, 1997) implying a functional cross-talk between an as yet unknown 

sorbate response pathway and the PDR network. PDRl/3 have also been shown to 

affect the transcription levels of other components of the PDR network and exert 

both positive and negative effects on PDR target genes (reviewed in Balzi and 

Goffeau, 1994; Bauer et a l, 1999). See Fig. 1.3.

In addition to Pdrlp/PdrSp, the bZip (Yap) family of transcription factors also 

regulate ABC protein expression. These are related to the mammalian AP-1 

transcription factor and at least three of the eight members in yeast; are implicated in 

drug resistance (Yaplp, Yrrlp, Yap2p) (Bauer et a l, 1999). The best characterised is 

YAPl (previously known as PDR4) which has been shown in several studies to 

confer PDR in S. cerevisiae when present in high copy number (Leppert et a l, 1990;
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Hussain and Lenard, 1991; Dexter et al., 1994; Wendler et al., 1997; Bauer et al.,

1999). YAPl is responsive to oxidative stress (Schnell, 1992; Balzi and Goffeau, 

1994; Kuge and Jones, 1994; Moradas-Ferreira, 1996; Bauer et a l, 1999).

Pdr13p Ngglp

\  /
Pdrlp ---------- ► Pdr3p

YCF1 Y0R1 PDR5 PDR10 PDR15 SNQ2PDR12 HXT9HXT11

Yaplp Msn2p/Msn4p ???Yrrlp Yap2p

STRESS

Fig. 1 3 . The PDR network. The genes in the centre represent ABC transporters and/or Pdrlp/Pdr3p

target genes, which are currently known to be regulated by the transcriptional regulators above

(Pdrlp/Pdr3p) and below (Y aplp , Yrrlp, Yap2p, Msn2p/Msn4p).

Figure reproduced from Bauer et a l, 1999.

The closest homologue of Snq2p is Pdrl2p with which it shares about 60% 

primary sequence identity. Pdrl2p plays a pivotal role in the acquisition of tolerance 

to weak organic acid preservatives, such as sorbate and benzoate (Piper et al., 1998 

and Chapter 3). It is also part of the discrete weak acid stress response of S. 

cerevisiae, being moderately induced by growth at low pH, but strongly-induced by 

weak acid stress (K. Hatzianthis, unpubhshed, see Chapter 3). However, the 

transcription factors and regulatory elements involved in PDR12 expression are 

unknown. It would appear that it is not controlled by previously-identified stress-

34



responsive transcription factors, as 5/re55-induction is not dependent on Pdrlp/Pdr3p 

(Piper et al., 1998); even though the PDRl2 promoter does contain one degenerate 

PDRE (Bauer, 1999). This may explain why a ^drl/A pdr2  mutant does show a 

reduction in Pdrl2 mRNA levels (Bauer, 1999). Pdrlp/Pdr3p might therefore exert a 

basal regulatory effect on PDRl2.

Work in this thesis has attempted to further the understanding of Pdrl2p regulation 

and identify other proteins involved in weak acid adaptation.

1.8. The role of the calcium / calmodulin system.

Many cells respond to extracellular stimuli by altering their intracellular 

calcium concentration, which in turn exerts biochemical changes either by itself or 

through its interaction with calmodulin. Calmodulin is a heat-stable, acidic 

polypeptide, containing four calcium-binding sites which bind calcium with high 

affinity and specificity (Mathews, 1990; Garrett-Engelle, 1995). Calmodulin is 

present in all eukaryotic cells and its single gene in yeast (CMDl) is essential (Davis, 

1986). However in S. cerevisiae this essential function can be performed by a mutant 

Cmdlp which does not bind detectable levels of Ca^  ̂(Geiser, et a l, 1991).

Ordinarily cytosoHc calcium levels are very low. When they rise calcium 

binds to calmodulin, which undergoes a conformational change, allowing interaction 

with a number of target inactive enzymes to form an active complex. Key enzymes 

activated by this complex include calmodulin-dependent protein kinases (CaM 

kinase) (Schulman and Lou, 1989; Pausch et a l, 1991) and phosphatases (Garrett- 

Engele et a l, 1995; Danielsson et al., 1996). Indeed the modulation of biological 

systems by phosphorylation / dephosphorylation of specific target proteins is an 

important regulatory mechanism.
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In yeast, an increase in intracellular Ca^  ̂ promotes protein phosphorylation 

through a signal transduction pathway involving calmodulin (encoded by CMDl) 

and CaM kinase activities (Ohya, 1991). Three such kinase genes {CMKl; CMK2 

(Ohya et a l, 1991) and CLKl (Melcher and Thomer, 1996) have been identified in S. 

cerevisiae. CMKl and CMK2 are homologues of mammalian type II CaM kinase and 

are activated by Ca^Vcalmodulin (Ohya, et al. 1991). No specific phenotype has been 

associated with the loss of either gene {Acmkl or Acmk2) or with the double mutant 

{AcmklAcmk2) (Ohya, et a l, 1991; Pausch et a l, 1991). Despite sharing sequence 

homology with well-characterised CaM-kinases, CLKl does not show 

Ca^Vcalmodulin-dependent kinase activity in vitro and does not interact with 

Ca^Vcalmodulin. Similarly, the null mutant displays no observable phenotype 

(Melcher and Thomer, 1996).

These CaM-kinases are non-essential in S. cerevisiae, as a strain deleted in all 

three genes {Acmkl,Acmk2,Aclkl) showed normal vegetative growth. This is perhaps 

surprising considering their homology to type II CaM-kinases and the diverse and 

essential functions that CaM-kinases play in many different mammalian cells 

(Pausch, 1991; Mathews, 1990). However the S. cerevisiae enzymes may be 

important in stressed cells. Indeed evidence suggests that Ca^^-activated enzymes 

and signal transduction pathways are strongly stimulated by heat stress (reviewed by 

Piper, 1997). A specific function has been assigned to Cmkip (and not Cmk2p) in 

assisting cells to adapt to thermotolerance (lida, 1995). In addition a 

Ca^^/calmodulin-dependent phosphoprotein phosphatase (calcineurin) is involved in 

the adaptation to high-salt stress in .S', cerevisiae (Hirata, 1995).

The fact that separate fimctions have been assigned to the two protein kinases 

(Cmklp and Cmk2p) is unsurprising, as Ohya (1991) has demonstrated that in vitro.

36



Cmk2p converts to a constitutively active protein kinase upon autophosphorylation, 

whilst Cmklp does not. The role of Cmklp (and not Cmk2p) in the adaptive 

response of S. cerevisiae to weak acid stress, demonstrated in chapter 3, therefore fits 

the hypothesis that Cmklp is the Cam kinase involved in the signalling of stress 

responses in yeast.

Aims of this study

At the start of this work the adaptive response of S. cerevisiae to weak organic acid 

stress had been shown to involve -ATPase and Hsp30p. Work described in 

Chapter 3 shows the additional involvement of Cmklp and Pdrl2p. In addition, weak 

acid sensitive {warn) mutants were generated (Chapter 4), the sequences 

complementing the defects in these warn strains revealing further components of 

weak acid resistance (Chapter 5). The overall aim of this work was to further 

understanding, at the molecular level, of the weak acid stress response displayed by 

S. cerevisiae.
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2.0. Materials and Methods.

2.1. Materials.

CHAPTER 2.

Standard reagents: AR grade supplied by Sigma and BDH.

Microbiological media: Supplied by Difco, Sigma and BDH. Ampicillin, 

kanamycin and auxotrophic requirements 

supplied by Sigma.

Electrophoresis reagents: 40% acrylogel 2.6 solution (40% w/v 

solution of acrylamide 'electran' and 

NN’-methylene bis acrylamide ’electran' 

in deionised water, final ratio 37:1) 

supphed by BDH. TEMED, APS and 

agarose supphed by Sigma. SeeBlue Pre- 

Stained standard supplied by Novex. 

‘High Molecular weight’ markers and 

‘Prestained’ markers supplied by Sigma.

Protease Inhibitors: Pepstatin A, TPCK and PMSF supplied 

by Sigma.

Restriction enzymes: Supphed with buffers from Gibco and 

NEB.

Immunological reagents: Suppher of primary antibodies used in 

western blotting stated where 

appropriate in the text. Secondary 

antibody (HRP conjugated-anti-rabbit / 

anti-goat) supphed by Calbiochem and 

BioRad.

Source of all other materials stated where appropriate in the text.
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2.2. Yeast strains used in this study.

Table 2.1. Yeast strains.

Strain Genotype Source

BJ2168 MATa leu2-3,112 trpl ura3-52 prb l- 

1122 pep4-3 prc407 gal2

gift o f  H. R. B. 

Pelham

KT3 MATa leu2-3,112 trpl prbl-1122pep4-3 

prc407 gal2 hsp30:: URA3

Piper et al. (1997)

W 303-1A MATa SUC2 ade2 canl his3 leu2 trpl 

ura3

Martinez-Pastor et al. 

(1996)

W303-lAzlc/7r<5 MATa SUC2 ade2 canl his3 leu2 trpl 

ura3Acpr6

Duina, et al. (1996)

W 303-lA Jcyr7 MATa sue2 ade2 canl his3 leu2 trpl 

ura3Acpr7

Duina, et al. (1996)

W303-lAidc/7r5,

AcprJ

MATa sue2 ade2 canl his3 leu2 trpl 

ura3Acpr6, Acpr7

Duina, et al. (1996)

FY1679-28C MATa itra3-52 trp-A63 leu2Al his3A200 

GAL2

Delaveau et al. (1994)

YYM 19 MATa ura3-52 trp-A63 leu2Al his3A200 

GAL2 Apdrl2::hisG

Piper et al. (1998)

FY1679-28Czlr//w7 MATa ura3-52 trp-A63 leu2Al his3A200 

GAL2 Arlml

This study.

YOJ211-9A MATa ura3-52 lys2-80r^^^ ade2- 

lOl^^'^trpl-AôS his3-A200 Ieu2-Al

Ohya et al. (1991)

YOJ2119-B MATa ura3-52 lys2-801‘̂ ^^ ade2- 

101^^'^trpl-A63 his3-A200 Ieu2-Al 

Acmkl ::TRP1 GMK2

Ohya et al. (1991)

YOJ2119-C MATa ura3-52 Iys2-80r'"‘’"ade2- 

trpl-A63 his3-A200 Ieu2-Al 

AGMKlr.TRPl Acmk2::LEU2

Ohya et al. (1991)
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YOJ2119-D MATa uraS-52 lys2-801‘’'̂ ^̂  adel- 

1 0 r ^ ‘ trpl-A63 his3-A200 Ieu2-Al 

cmkl Acmk2::LEU2

Ohya et al. (1991)

CRYl MATa adeS-r^  ̂leu2-3112 his3-ll, 15 

trpl-1 ura3-l canl-100

T. Davis et a l (1996)

CKY\Ahsp30 MATa ade2-r^ leu2-3112 his3-ll,15  

trpl-1 ura3-l canl-100 AhspSO

This study

MMY71 MATa adeS-r^  ̂leu2-3112 hisS-11,15 

trpl-1 uraS-l canl-100 cmklAl::HlS3 

cmk2::TRPl

T. Davis et a l (1996)

M M Y ll AhspSO MATa a d e 2 - r  leu2-3112 hisS-11,15 

trpl-1 uraS-l canl-100 cmklAl::HISS 

crnk2: : TRPl AhspS 0

This study

BW G l-7a MATa adel-100, his4-519, Ieu2-S, 112, 

uraS-52

Guarente ef al (1984)

M CY829 M ATa uraS-52 hisSA200 lys2-801‘"^" Gift o f  M. Carlson

SEY6210 MATa uraS-52 hisSA200 Ieu2-S,112 

trpl-A901 lys2-801 suc2-A9

Robinson et a/. (1988)

CAW l MAlTauraS-52 hisSA200 Ieu2-S,112 

trpl-A901 lys2-801 suc2-A9 mnnl:: 

HlSSSp

Gift o f S. Munro

A2/1 M ATa uraS-52 hisSAlOO Ieu2-S,112 

trpl-A901 lys2-801 svc2-A9 mnn2:: 

HlSSSp

Gift o f S. Munro

A186/1 M ATa uraS-52 hisSA200 Ieu2-S,l 12 

trpl-A901 lys2-801 svc2-A9 mnnS:: 

HlSSSp

Gift o f  S. Munro

JWY7 MATa uraS-S2 hisSA200 Ieu2-S,l 12 

trpl-A901 lys2-801 snc2-A9 mnn6:: 

HlSSSp

Gift o f S. Munro

SM4 MATa uraS-S2 hisSA200 Ieu2-S,l 12 

trpl-A901 lys2-801 suc2-A9 anpl:: LEU2

Gift o f S. Munro
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JRIOK MATa uraS-52 his3A200 leu2-3,112 

trpl-A901 lys2-801 sitc2-A9 mnnlO:: 

HlSSSp

Gift o f S. Munro

1788 M ATa/MATa leu2-3,112 ura3-52 trpl-1 

his4 carf (isogenic diploid o f  EG 123)

Gift o f K. Matsumoto

TNP44 MATa bcklA::HIS3 uraS leu2 trpl his3 

ade2 canl

Gift o f K. Matsumoto

GM Y90-1B MATa mpklA::URA3 uraS leu2 trpl his4 

canl

Gift o f K. Matsumoto

GMY80 MATa mlplA::URA3 uraS leu2 trpl his4 

canl

Gift o f K. Matsumoto

GM Y90-1C MATa mlplAr.URAS mpklAr.TRPl uraS 

leu2 trpl his4 canl

Gift o f K. Matsumoto

nSSArlml leu2-3,112 ura3-52 trpl-1 his4 carf 

Arlml

This study

NCYC 563 

(Z  bailii)

Prototrophic NCYC Norwich

N.B. Deletion o f HSPSO in strains CRYl and MMY71, was carried out by P.W. Pipe- using the 

KANMX gene displacement protocol (section 2.11.9).

2.3. Growth media and culture conditions.

2.3.1. For Yeast:

All yeast strains were grown with shaking at 30*C in rich media (YEPD) unless 

otherwise stated. For the preparation of solid media 2% (w/v) bacto-agar was added. 

pH value of the media was adjusted where appropriate to pH4.5 with HCl and 

relevant volume of a IM-sorbate or benzoate stock added for weak acid stress.

Cultures for p-galactosidase (section 2.14.1) assay were grown in synthetic defined 

minimal media (SD) to maintain plasmids. Agar plates for selecting and maintaining
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plasmids were made from SD + 2% (w/v) bacto-agar. All strains were maintained on 

either YEPD or SD plates and stored at 4*C.

YEPD:

2% (w/v) glucose, 2% (w/v) bactopeptone, 1% (w/v) yeast extract.

SD:

2% (w/v) glucose, 0.67% (w/v) yeast nitrogen base (without amino acids).

SD was supplemented with one or more of the following auxotrophic requirements 

where appropriate; L-leucine (30 mg/L), L-lysine (30 mg/L), L-tryptophan (20 mg/L), 

L-histidine (20 mg/L), uracil (20 mg/L) and adenine (20 mg/L).

Yeast frozen stocks were maintained at -80°C in 2x YEPD plus 15% (v/v) glycerol.

2.3.2. Y or Escherichia coli (E. coli):

Cultures ofE.  coli were grown in liquid broth media (LB) at 37”C with shaking. Sohd 

LB was prepared with the addition of 2% bacto-agar. Where appropriate lOOpgml'^ 

ampicillin (LB/amp) was added to media to maintain plasmids.

LB: 0.5% yeast extract (w/v), 1% bactopeptone (w/v), 1% NaCl (w/v).

E. coli frozen stocks were maintained at -80°C in LB plus 15% (v/v) glycerol.

For both yeast and E. coli the total culture volume was no more than 1/5* the conical 

flask volume. All solutions and glassware were sterilised by autoclaving at 15psi for 

20 min.

2.4. Monitoring cell growth.

Yeast and E. coli growth in liquid media, was monitored by taking optical density 

readings at 600nm, using a spectrophotometer. Cell numbers were calculated where
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necessary using an Improved Neubauer haemocytometer (Hawksley). Yeast growth 

on plates was monitored by eye. Growth was also measured turbidometrically using a 

Labsystems Bioscreen (Labsystems OY, Finland). Growth was measured at 30®C with 

continuous shaking via automated change in optical density readings at 600nm in 

400pl honeycomb microtitre plates (In Chapters 3 and 4).

2.5. Measurement of weak acid and drug sensitivity.

2.5.1. Measurement of cell growth on plates.

Strains were restreaked onto pH4.5 YEPD plates containing increasing concentrations

of sorbate or benzoate. These cells were restreaked from colonies maintained on a

YEPD plate without additional stress; cell growth was followed by eye.

Alternatively, cultures were grown up in YEPD to stationary phase, cell numbers

counted and then transferred as 6pl aliquots of neat, 1:10 and 1:100 and 1:1000

dilutions onto pH4.5 YEPD plates with a range of sorbate and benzoate

concentrations, to ensure identical numbers were compared.

Photographs were taken, where applicable, to document growth.

2.5.2. Screening assay of various stresses.

Isogenic sets of S. cerevisiae mutants were screened for sensitivity to various stresses. 

The screen involving transferring established colonies from a YEPD plate onto a wide 

variety of plates containing the different stresses outlined in table 2.2.; using a replica 

plating block and sterile velvets (ReplicaTech Inc.).
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2.5.3. Turbidometrical analysis.

Cultures of S. cerevisiae strains were diluted into fresh YEPD, pH4.5 and inoculated 

into the wells of a bio screen microtitre plate (100 well honeycomb) (Life Sciences 

International) to give an inoculum size of 5.0 x 10  ̂ cells ml'*. Increasing 

concentrations of sorbic and benzoic acids were then added to the wells. Growth at 

30°C with continuous shaking was then monitored by change in optical density at 

600nm in a Labsystems Bioscreen automated turbidometric analyser (Labsystems 

OY, Finland) (In Chapter 3 and 4).

Table 2.2. Table to show various stresses screened.

Type of stress: Concentration

Weak acid stress (mM) Sorbate 0.5, 1, 1 .5 ,2 , 3

Benzoate:- 0.5, 1 , 1 .5 ,2

Osmo stress (mM) LiCl:- 50, 100

KCl:- 0.5,1

NaCl 0.5, 1

Sorbitol:- 1, 2

Ethanol tolerance (% (w/v)) 10, 12, 14, 16

pH sensitivity pH 4.5, 7.6 and 8.0

Temperature (°C) 15 ,2 5 ,3 0 , 3 7 .5

2.6. Transformation of plasmid DNA.

2.6.1. Yeast transformation.

Transformation of S. cerevisiae strains with plasmid DNA was carried out as 

described by Gietz et al. (1995).

Transformation of DNA library into S. cerevisiae strains required ‘high efficiency 

transformations’. This was carried out by electroporation of ‘super-competent’ yeast
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cells using an Easyject Electroporater (EquiBio Ltd.). Programme settings were as 

recommended by the manufacturer. Mid-log yeast cultures were made ‘super- 

competent’ by pelleting cells in a bench top centrifuge at 4000rpm for lOmins. Media 

was discarded and cells resuspended in 40ml distilled water (dHiO) with 5ml of lOx 

TE (O.IM-Tris, O.OIM-EDTA, pH 7.5) and 5ml IM-LiAC (lithium acetate); and 

shaken at 30®C for 45 min. before addition of 1.25ml of a sterile IM-DTT 

(dithiothreitol) stock and further 15min. shaking at 30°C (based on method of 

Thompson et al., 1998). Cells were washed once m ice-cold dHzO and twice in ice 

cold IM-sorbitol, before final resuspension in 1.4ml of ice-cold IM-sorbitol and 

maintained on ice. For each electroporation 40pl of cells with lOpl of diluted DNA 

library containing 12ng of plasmid DNA, was transferred to a 2mm electroporation 

cuvette (Eurogentech) on ice. After each pulse the cuvette was quickly washed out 

with 1ml of ice cold IM-sorbitol, transferred to a sterile eppendorf and spun in a 

microcentrifuge (Micro-Centaur, MSE) for 2min. at 4000rpm. Cells were plated onto 

SD and transformants selected by leucine prototrophy. Colonies were visible after 2-3 

days depending on the strain.

2.6.2. E. co/i Transformation.

For transformation of plasmids into E. coli (strain DH5a) the standard CaCE method 

was employed (Maniatis et al., 1989). To clone DNA library plasmids from total 

genomic yeast DNA preps (see section 2.11.1.); high efficiency transformation was 

carried out using the electroporation method. Electro-competent cells were prepared 

by harvesting (5000rpm, lOmin.) 250ml cultures of E. coli grown in LB to an ODôoo 

value of 0.5. These cells were immediately chilled on ice, washed three times in ice 

cold sterile 10% (v/v) glycerol and resuspended in a final volume of 1ml 10%
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glycerol. 40pi of electro-competent cells with lOng of yeast genomic DNA were 

transferred to an electroporation cuvette on ice. After each pulse the cuvette was 

quickly washed out with 1ml of LB and transferred to a sterile eppendorf. Cells were 

recovered at 37*C for 60min. and then spread onto LB/amp plates. Positive clones 

were identified via blue / white selection.

2.7. Protein extractions.

Cell extracts were prepared by glass bead vortexing of cells in extraction buffer 

(Panaretou, 1992). Further purification of plasma membrane protein was carried out 

as Panaretou, 1992.

For crude cell extracts, cells were broken using a Mini-beadbeater’'’̂  (Biospec 

Products). A mid-log 100ml culture was grown up over night and after incubation 

with / without the appropriate stress agent, cells were pelleted at 4000rpm using a 

bench top centrifuge (Harrier 15/80, MSE). Cells were resuspended in 2ml of protein 

extraction buffer with protease inhibitors (ImM-PMSF, 0.5mM-TPCK, 2pgpl'^ 

PepstatinA); and a SOOpl aliquot spun down at bOOOrpm in a microcentrifuge. An 

equal volume of glass beads as cell pellet and 200pl o f extraction buffer was then 

added. Tubes were placed in the beadbeater and machine run on a ‘medium’ setting 

for 30 sec. and then turned up to ‘high’ for 15 sec. This allowed maximum breakage 

of the cells. Unbroken cells and cell debris were removed by centrifugation and 

supernatant transferred to a clean eppendorf. Total protein concentration of the extract 

was determined as manufacturer’s instructions using the BioRad Protein Assay kit 

and BSA as standard.
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2.8. Phosphatase digestion of protein extracts.

For phosphatase digestion, 20pl protein extract was diluted 1:5 with ImM-ZnCh, 

ImM-MgCh, O.lM-glycine-HCL (pH 10.4). The sample was halved, and incubated 

for 60min. at 37®C with / without lU bacterial alkaline phosphatase (Sigma P-4252). 

5pg protein was then added to an equal volume of protein sample buffer and heated 

for 2 min. at 80°C; prior to application to a protein gel (see section 2.9.).

2.9. Separation of proteins via SDS-PAGE.

Proteins were routinely separated by electrophoresis (Maniatis, 1989). Gels were cast 

either in the BioRad Mini-Protein system or on large glass plates (approx. 20cm x 

12cm). In this work the system consisted of a 4% acrylamide stacking gel and either a 

10%, 12.5% or 15% acrylamide resolving gel, depending on the separation of proteins 

required. Gels were cast using acrylamide stock outlined in materials table and 

polymerised by addition of 0.05% (v/v) TEMED and 0.7% (w/v) APS.

Samples were prepared for loading by incubation with an equal volume of protein 

sample buffer either at 37°C for 20 min., or 80°C for 2min. depending on the protein 

sample. N.B. Incubation conditions are outlined where appropriate in the results 

sections. Gels were run at 15mA per mini-gel or 8mA overnight for a large gel. For 

direct stained gels (see section 2.10.1.), ‘High molecular weight’ markers were run 

with protein samples to indicate protein size. For Western blotting (see section

2.10.2.), ‘prestained’ markers were run to indicate both protein size and successful 

protein transfer. All other solutions were as outlined overleaf:
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Stacking gel 0.125M-Tris-HCL (pH6.8); 0.1% SDS and

4% polyacrylamide.

Resolving gel 0.375M-Tris-HCL (pH 8.8); 0.1% SDS and

10%, 12.5% or 15% polyacrylamide.

APS 10% (w/v) solution stored at 4 for

maximum of 1 week.

Electrode buffer (pH 8.3) 0.025M-Trizma base; 0.192M-glycine and

0.1% SDS

Protein sample buffer 0.125M-Tris-HCL (pH6.8); 10% glycerol

(v/v); 5% P-mercaptoethanol (v/v); 2% SDS 

and 0.013% bromophenol blue (w/v).

2.10. Analysis of proteins following SDS-PAGE.

2.10.1. Direct staining.

Proteins were visualised by staining with either Coomasssie blue or Silver stam. For 

Coomassie stain, gels were incubated at room temperature for 45 min. in 0.05% (w/v) 

Coomassie blue R-250, 50% methanol and 10% acetic acid. Gels were destained with 

gentle agitation in a solution of 10% methanol / 7.5% acetic acid. Destain was 

changed periodically until desired result was obtained. The BioRad Silver stain kit 

was used for silver staining gels and protocol carried out as per manufacturer’s 

instructions.
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2.10.2. Western blot analysis.

Following gel fractionation, proteins were transferred by ‘electrophoretic transfer’ to 

nitrocellulose membrane. This allowed the determination of specific proteins by 

immunodetection. Proteins were transferred by the following procedure:

The pre-run gel, membrane and 6 equal sized pieces of Whatman filter paper were 

pre-equilibrated in transfer buffer (25mM-Tris; 150mM-glycine (pH8.3) with 20% 

methanol). A ‘sandwich’ o f 3x filter papers, gel, membrane and 3x filter papers was 

constructed and placed in a transfer cassette. The cassette was inserted into a blotting 

tank filled with enough transfer buffer to immerse the ‘sandwich’, with the membrane 

towards the anode. The electrophoretic transfer was carried out at 300mA, 12°C 

overnight. Transfer efficiency was determined using Ponceau S (Sigma). 

Nitrocellulose membranes were probed for specific S. cerevisiae proteins using rabbit 

derived antisera (anti-Pdrl2p antibody, anti-Hsp90p antibody) or the fusion protein 

ProtA-Cam made as described in section 2.10.3.

After Ponceau S staining, the membranes were blocked by incubation with blocking 

solution (5% non-fat dried milk powder dissolved in PBS-T (phosphate buffered 

saline + 0.1% Tween 20 (Sigma)) on a roller at room temperature, for 1 hour. The 

blocking solution was then discarded and membranes incubated for 1 hour with 

primary antibody, diluted to appropriate concentration (as described in relevant results 

sections) in blocking solution. Unbound antibody was removed with 3x PBS-T 

washes. The membranes were then incubated for a further hour in secondary antibody 

(Goat anti-rabbit IgG conjugated to HRP), diluted as manufacturer’s instructions. A 

final wash step of 3x PBS-T was performed to ensure all unbound and non

specific ally bound antibody was removed.
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Antibody binding was visualised by enhanced chemiluminescence (ECL), using 

reagents and instructions supplied by Amersham; followed by exposure to Fuji X-ray 

film to detect the signal.

2.10.3. Origins of Antisera used in this study.

Anti-Pdrl2p antibody was kindly provided by; Dr. K. Kuchler, Department of 

Molecular Genetics, University and Biocentre of Vienna, Austria.

Polyclonal antibody raised against the bacterial expressed C-terminal domain of 

Hsp90, was made in Prof. P.W. Piper’s lab.

The fusion protein ProtA-Cam was purified fi"om E. coli strain 159 {uvrA gal s t /  sup°) 

as outlined below. The plasmid (pDSlOO) was kindly provided by; Dr. M. Stark, 

Department of Biochemistry, University of Dundee.

A one litre culture of E. coli 159 previously transformed with pDSlOO was grown 

overnight in LB medium + kanamycin (20|rgml'^). This was harvested by 

centrifugation at 6000rpm for 10 min. and pellet washed with TS buffer (50mM-Tris- 

HCl (pH 7.6), 150mM-NaCl) and resuspended in 15ml TS. 0.2 volumes of protease 

inhibitors (ImM-PMSF, 0.5mM-TPCK, 2pgpT^ PepstatinA) were added and cells 

broken using a Sonicator (Soniprep 150, MSB). Unbroken cells and cell debris were 

removed by centrifugation at 6000rpm for 10 min. Tween 20 was added to the 

supernatant to a final concentration of 0.05% and this soluble protein extract was 

applied to a 10ml bed volume IgG-Sepharose 6FF column (Pharmacia) which had 

been pre-equilibrated as follows. The column was packed with IgG sepharose and 

washed with 5 bed volumes of TST (TS buffer containing 0.05% Tween 20) to 

remove traces of ethanol. It was then washed with 2-3 bed volumes of each of; (1) 

0.5M-Hac (acetic acid), (2) TST, (3) 0.5M-HAc, (4) TST. After the final wash the pH
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was checked with indicator paper to ensure it had returned to pH 7.6. Elution of 

ProtA-Cam from the column was with 5mM-ammonium acetate (pH 5.0) and 0.5M- 

HAc (pH 3.4) as described by the Pharmacia instructions. The pH of the eluate 

fractions was rapidly restored to pH 7.6 with 2M-Tris base solution. Analysis of the 

eluate fractions was carried out by SDS-PAGE and Western blotting. Detection of the 

34kDa protein in the fractions was with secondary antibody only. Peak fractions were 

pooled and were approximately 95% pure as judged by visual inspection of the 

sample following SDS-PAGE. Protein concentration was determined using BioRad 

protein assay and dilution required for probing Western blots (as primary antibody) 

was calculated.

2.11. Recombinant DNA techniques

2.11.1. Purification and precipitation of DNA

For total genomic DNA extractions from yeast, cells were streaked into a 

patch of approximately 5cm x 5cm and grown at 30°C for 2-3 days. After this time 

cells were scraped off the plate and transferred to 1ml of 5x TE (lOmM-Tris/HCl (pH 

7.0); ImM-EDTA) in a 2ml screw-capped tube and vortexed to mix. Cells were then 

pelleted by centrifugation at 13000rpm for 3 min. and the supernatant removed. An 

equal volume of glass beads as cell pellet was added to the tube and this was placed in 

the Mini-beadbeater^"^ and run on ‘high’ for 30 sec. The tube was recentrifiiged at 

13000rpm for 30 sec. before the addition of 300pl of pombe lysing buffer (1% SDS, 

lOOmM-NaCl in TE) and 300|al of phenol/chloroform/iso-amyl alcohol (25:24:1). It 

was then placed in the beadbeater for a further 25 sec. on a ‘medium’ setting; and
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finally spun at BOOOrpm for 10 min. before the removal of the upper aqueous phase. 

Precipitation of DNA was carried out, by adding 2.5 volumes of 100% ethanol and a 

1/10^ volume of 3M-sodium acetate. The mixture was stored at -20°C for 45 min. and 

DNA recovered by centrifugation at BOOOrpm for 20 min. The pellet was finally 

washed twice with 70% ethanol to remove precipitated salt and resuspended in dH20 

or TE buffer.

2.11.2. Determination of DNA concentration.

DNA concentrations were determined by taking spectrophotometric readings at an 

absorbance of 260nM in a quartz cuvette. An OD unit of 1 was equivalent to 50pg of 

nucleic acid.

2.11.3. Agarose gel electrophoresis of DNA.

DNA fragments were separated using agarose gel electrophoresis. 1% agarose 

gels were prepared using Ix TAB electrophoresis buffer (40mM-Tris-acetate, ImM- 

EDTA) with IglOOmf* electrophoresis grade agarose. This was melted in a 

microwave oven, cooled to 55°C and poured into a sealed gel casting platform before 

inserting the gel comb. In order to visuahse DNA bands, ethidium bromide (O.lmgml* 

was added to the gel prior to pouring. The DNA samples were electrophoresed (at 1 

to 10 V/cm of gel) with an appropriate amount of lOx loading buffer (20% w/v Ficoll 

400, O.IM-EDTA, 1.0% w/v SDS, 0.25% w/v bromophenol blue, 0.25% w/v xylene 

cyanol). A BstE II restriction enzyme digest of X DNA was routinely loaded as 

molecular weight markers. Gels were viewed using a short wave UV transilluminator 

and photographed as a record.
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2.11.4. Isolation of plasmid DNA from E, coli.

A single E. coli colony previously transformed with relevant plasmid, was inoculated 

into 5ml of LB/amp (to maintain the plasmid) and grown overnight at 37°C. Plasmid 

DNA was recovered using Qiagen Mini-column extraction kit. The method was 

performed as outlined in the manufacturer’s protocol. The basic procedure rehes on 

alkaline lysis of bacterial cells followed by adsorption of DNA onto silica in the 

presence of high salt.

2.11.5. Restriction enzyme digests.

DNA digests were prepared with lOpg of DNA per lU  of restriction endonuclease, 

with 1/10* volume of lOx restriction buffer stock, as recommended by the suppliers 

(Gibco and NEB). Digests were incubated for not less than 1 hour at 37°C.

2.11.6. Polymerase chain reaction.

The polymerase chain reaction (PCR) was used for DNA amplification. The

technique used is as described in Maniatis et al. (1989). DNA amplification was

carried out in Omni-E and OmniGene Thermal Reactors (HYBAID). DNA fragments

>1 kb in length were amplified using the Expand™ High Fidelity PCR system

(Boehringer Mannheim). Primers used (synthesised by Perkin Ehner) are documented

in table 2.3.

General reaction mixes were as follows:

250pM of each DNTP
5ng template DNA
0.5pM of both primers
5p,l lOx reaction buffer (Boehringer Mannheim).

Made up to a final volume of 50pl with dH20.
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Table 2.3. Primers used in this work.

T3 AATTAACCCTCACTAAAGGG

Tt GTAATACGACTCACTATAGGGC

RLMKANF AAAACTTAAATATTAAAGTGTCGCAAAACTATA

CTATAGATACAAC[CGCGGCCGCCAGCTGAAGCT

TCGTACGCTGCAGG

RLMKANR GAAGTTTCTTATGCTTGGAATATTCATACTGGTCAAAT

TTTTTGGT[CCGCGGCCGCATAGGCCACTAGTGGATCT

GAT

RLM l-5 GTCTTCCGTAACAGCCAAATT

RLMl-3 TTCCAACTTTCCGATGCTCC

RLMCLK4 CAATCCTGGTACTTTCCCTCCC

RLMCLK3 CCTCTCAAAATTGCCATGAT

2.11.7. Preparation of genomic DNA library from strain FY1679-28c.

In order to extract enough high quahty DNA for the preparation of a DNA hbrary, a 

sphaeroplasting method was used (Holm et a l, 1986). The final concentration of 

DNA was approximately 50ngpl'\ A partial digest was set up using the restriction 

enzyme Bspl43I, incubated for 5mins. at 3>TC.

The digested DNA was loaded onto two continuous sucrose gradients (10-20% 

sucrose), to size fi’actionate the DNA fi’agments. The gradients were spun overnight at 

26,000rpm, 4°C, in an ultracentrifuge (L-8, Beckman). 1.5ml fractions were then run 

off the bottom of the gradients and aliquots collected in eppendorf tubes. The DNA 

fi-actions were run on a 1% agarose gel, to separate samples into large and small 

DNA fi-agments. Aliquots containing 5-10 kb fi-agments and those containing 1-5 kb
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fragments were pooled and ethanol precipitated to remove excess sucrose. The 1-5 kb 

DNA fragments were then ligated into the cut vector (see below) pRS415 (Sikorski 

and Hieter, 1989) using DNA ligase as per manufacturer’s instructions (MBI 

Fermentas).

Digestion and dephosphorylation of vector pRS415.

Vector pRS415 was digested using BamHI as described in section 2.11.5.

The acceptor plasmid was then treated with CIP (alkaline calf intestinal phosphatase 

(Promega)) as manufacturer’s instructions; in order to dephosphorylate the 5' end of 

the vector, thus prevent DNA recirculisation.

Cloning of DNA fragments for DNA library.

The pRS415 vectors containing genomic DNA fragments were then transformed into 

E. coli as described in section 2.6.2. The transformed cells were then plated onto 

LB/amp plates containing IPTG and X-Gal.

N.B. Positive clones (containing pRS415 + library insert) were identified by blue / 

white selection.

The surface of the plates were then washed with LB/amp and cells gently scraped off 

and pooled into a falcon tube. Two 5ml aliquots were frozen and stored at -80°C. The 

third 5ml aliquot was inoculated into 100ml of LB/amp and grown for 20mins at 

37®C. Cells were then harvested at 6000rpm for 10 min. The DNA library was 

recovered by the miniprep procedure (see section 2.11.4.).

2.11.8. Measurement 0ÏPDR12 promoter activity.

A plasmid (pPWP(PDRl 2-773) bearing a gene that would act as a reporter of PDR12 

promoter activity via the (3-galactosidase assay (see section 2.15.1.) (PDR12-LacZ)
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was constructed. The plasmid was generated by substituting the -773 to +6 region of 

PDR12 for the corresponding HSP12 promoter sequences within the Ycp50-based 

vector pUP41a (Watt, 1997). These regions were first amplified from yeast genomic 

DNA using the primers below:

PDR12

ATAGAATTCAAAGATGGATTGTTTACCAGC and 

CTGGGATCCAGACATTTTTTTATTAATAAGAAC.

The resultant PCR product was digested with EcoRI and BamHI, then ligated into 

EcoRI plus BamHI-cleaved pUP41a. pPWP(PDRl 2-773) was transformed into S. 

cerevisiae FY1679-28c and all weak acid mutant strains {warns) made in this study 

(see chapter 4), by selection for uracil prototrophy.

2.11.9. Gene displacement by the kanMX cassette.

Gene displacement was achieved using a short flanking homologous gene knockout 

cassette (Wach et al. 1994). Displacement cassettes were generated by PCR and 

contained the KanMX sequence, encoding 0418 resistance, and short sequences 

(approximately 40 bases) immediately upstream of the start codon and immediately 

downstream of the stop codon, of the specific gene for deletion. Following 

transformation with the cassette, these homologous flanking regions integrate into the 

yeast genome and the KanMX sequence replaces the target gene. Transformants were 

plated onto YEPD + G418 (200pgml*^) and verified by G418 resistance. DNA from 

resultant resistant colonies was extracted as section 2.11.1. and used as a template to 

check gene knock out using PCR.

The primers used for generating the RLMl gene knock out cassette 

(RLMKANF and RLMKANR -see section 5.2.9) and those used to verify the gene
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deletion by colony PCR (RLMl-5, RLM l-3, RLMCLK4 and RLMCLK3) are listed 

in table 2.3. The PCR programme for the verification step was:

94°C 30sec.
47 °C 30sec. I * 35 cycles 
72 °C 90sec. J
PCR products were then run out on 1% agarose gels. The size of the DNA fragments 

seen were compared to the expected size for the primers designed.

2.12. Mutagenesis of S, cerevisiae.

The method for the Tandom mutagenesis of & cerevisiae strain FY1679-28c was 

based on that described in Methods in Yeast Genetics (1997):

A mid-log culture was halved and 20|al of Ethylmethylsulphonate (EMS, Sigma) was 

added to one half and incubated at 30°C for 1 hour to mutagenise cells. Serial 

dilutions of both mutagenised and non-mutagenised cells were plated onto YEPD and 

allowed to grow for 2-3 days at 30°C. Percentage survivors were calculated by 

counting numbers of colonies with and without EMS treatment. The serial dilutions 

also allowed prediction of correct serial dilution for efficient repUca plating.

2.13. Tetrad dissection.

Diploid strains plated on sporulation medium (1% potassium acetate, 0.1% yeast 

extract, 0.05% dextrose) and incubated at 25°C, formed spore tetrads after 5+ days. 

These spores were scraped off the surface of the sporulation medium and transferred 

to a sterile eppendorf containing lOOjrl dH20 and Smgmf* lyticase (Sigma). The 

eppendorf was then incubated at 37°C for 30 min. to allow for sufficient enzymic

57



digestion of the ascus surrounding the spores. The spore tetrads were then dissected 

onto a YEPD plate using a micro manipulator (Singer Instruments, Somerset). 

Individual spores were then allowed to germinate into haploid colonies by incubating 

at 30°C for 3+ days.

2.14. Biochemical assays.

2.14.1. p-galactosidase assay.

A simplified p-galactosidase assay was performed on plates using the following 

protocol. Cells transformed with the plasmid pPWP(PDRl 2-773), able to report 

PDR12 promoter activity (see section 2.11.8.) were grown up on SD -uracil selective 

plates. A streak of cells from each strain was then transferred onto a pH4.5 YEPD 

plate containing ImM sorbate (to induce the stress response) and incubated at 30®C 

for 3 hours. The plate was then overlaid with chloroform for 1 min. to make the cells 

Teaky’. The chloroform was discarded, and plate overlayed with molten 1% agarose, 

pH7.0 containing Imgml ' X-gal. The plate was then incubated at 30°C for 10 min. 

Strains able to switch on the weak acid stress response turned blue in colour.

This method was verified using the permeablised cell method as described in 

Methods in Yeast Genetics (1997) (used for the in vitro assay of p-galactosidase). 

15ml aliquots of mid-log phase cells were incubated for 2.5 hours with and without a 

ImM-sorbate stress. An ODeoo value was taken for each culture assayed. The 

remaining cells were centrifuged at 5000rpm for 5 min. and then resuspended in 1ml 

of Z buffer (60mM-Na2HPO4.7H2O, 40mM-NaH2PO4.H2O, lOmM-KCl, ImM- 

MgS04.7H20, 5GmM-P-mercaptoethanol; pH 7.0), 3 drops of chloroform and 2 

drops of 0.1% SDS. The sample was vortexed for 10 sec. and pre-incubated at 28°C
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for 5 min. The reaction was started by the addition of 0.2ml of 4 mgmf ' ONPG and 

incubated at 28°C for 10 min. and then stopped by the addition of 0.5ml of 1 M- 

Na2C03. The reaction mixture was centrifuged at 13000rpm for 1 min. and the 

OD4 2 O of the supernatant was measured. ONPG is converted to galactose and o- 

nitrophenol in the presence of p-galactosidase. The o-nitrophenol is yellow and can be 

measured by its absorption at 420 nm.

P-galactosidase (MillerU) was determined by the equation:

^  OD420 —

lOOOx -------------- -------------------------------------------------------------

OD5 0 0  of assayed culture x volume (15ml) x time (10 min.)

2.14.2. ATPase assay.

ATPase activity of purified plasma membrane preps, was determined using the 

following procedure. lOpg of plasma membrane protein was added to 1ml of 

incubation buffer (50mM-MES, (pH5.7), 5 mM-MgS0 4 , 5 mM-KN0 3 , 5mM-NaAz) in 

a 3ml cuvette and incubated for 10 min. at 30°C to equilibrate. 20pi of O.IM-Na ATP 

(Sigma) (pH 7.0) was then added and the cuvette incubated for a further 10 min. at 

30°C. The reaction was stopped by adding 2ml o f phosphate reagent (0.5% SDS, 

0.5% (NH4)6M07024.4H20 and 2% H2SO4). 20pl of 10% ascorbic acid was then 

added and colour development allowed for 10 min. at room temperature.

The absorbance at 750nm was recorded and ATPase activity calculated from a 

cahbration curve, using NaP0 4  (sodium phosphate) as standard.
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CHAPTER 3.

The Pdrl2p ABC-transporter is required for adaptation to growth in the 

presence of weak acids and its regulation is affected by /Calmodulin 

dependant protein Kinase I (Cmklp).

3.1. Introduction.

Growth in the presence of benzoic acid greatly increases the tolerance of Z 

bailii and a number of other yeasts (including strains of S. cerevisiae) to a hirther 

weak acid stress (Warth, 1989b; Holyoak et ai, 2000). This adaptation is of major 

importance in allowing cells to grow at high preservative concentrations. It was 

therefore suggested that a specific pump is induced to pump the weak acid anions out 

of the cell.

Previous work in this laboratory had shown the induction of a 170kDa protein 

bearing strong sequence identity with the products of SNQ2 (Servos et al., 1993) and 

PDR5 (Balzi et al., 1994; Bissinger and Kuchler, 1994), two ABC-transporter 

membrane proteins whose overexpression confers resistance to a variety of drugs 

(Mahé et al., 1996). Microsequencing of this ITOKDa plasma membrane protein 

yielded four peptide sequences that were perfect matches to the regions 287-300, 

366-383, 838-859 and 1062-1078 of a large open reading frame, YPL058c, in the 

yeast Proteome Database (Piper et al., 1998). YPL058c encodes the ABC transporter 

protein, Pdrl2 (Decottignies and Goffeau, 1997; Kuchler and Egner, 1997). The 

possibility that this strongly weak acid-inducible protein was Pdrl2p was therefore 

investigated.

The positive identification of this protein as Pdrl2p and evidence for its 

involvement in weak acid adaptation by S. cerevisiae is presented in this chapter.
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Deletion of CMKl causes constitutive resistance to weak acid stress.

Work carried out by C. Holyoak at Unilever Research Laboratories (URL) indicated 

that the enhanced weak acid resistance displayed by Acmkl and Acmkl/Acmk2 

strains was caused by constitutive activation of Pdrl2p acting as a weak acid anion 

extrusion pump. Evidence for this was threefold:

1) Pdrl2p confers resistance to inhibitory levels of water soluble, mono- 

carboxylic acids of chain length C1-C7 (Holyoak et a l, 1999). It was not 

effective at conferring resistance to the more hpophilic mono-carboxylic 

acids with longer aliphatic chains; which have a much higher propensity 

to partition into the lipid bilayer of the cells (Holyoak et a l, 1999). The 

constitutive resistance mechanism present in strains deleted for CMKl 

and CMK1/CMK2 conferred resistance to the same water soluble, mono- 

carboxylic acids of chain length from C1-C7 (Holyoak et al., 2000). 

Deletion of CMKl therefore appears to lead to the same profile of 

resistance to the various acids as conferred by the Pdrl2 ABC- 

transporter protein (Holyoak et a l,  2000).

2) A fluorometric assay to study the transport kinetics of Pdrl2p was devised 

by C. Holyoak. The assay relied on the fact that fluorescein, itself a weak 

acid, was a substrate for Pdrl2p transport (Holyoak et a l,  1999). Cells 

pre-adapted to growth in the presence of weak acid (0.45mM) and 

therefore expressing the Pdrl2 protein (Piper et al, 1998); were able to 

extrude fluorescein following the addition of a metabolisable energy source 

in the form of glucose (Holyoak et a l, 1999). Similarly, cells deleted in 

CMKl and CMK1/CMK2 were able to constitutively pump the fluorescein 

from the cells without a pre-adaptation to weak acid (Holyoak et a l.
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2000). This inferred the cells were already expressing the Pdrl2 protein.

Thus, CMKl has a role in down regulating Pdrl2p; either by affecting gene 

expression of PDR12 or by altering the activity or stability of this ABC 

transporter protein.

3) Piper et al., (1998) demonstrated that energy-dependant extrusion of 

benzoate from a PDR12 deleted strain was severely impaired. The energy- 

dependant extrusion of weak acid anions was therefore proposed to be due 

to Pdrl2p. Thus, C. Holyoak investigated if the constitutive resistance to 

sorbic and benzoic acids observed in both Acmkl and Acmkl/Acmk2 strains 

correlated with ability to efflux radio-labelled benzoate from the cells.

Results proved that strains deleted in CMKl and CMK1/CMK2 

constitutively efifluxed [‘'^C]-benzoate upon the addition of an energy 

source. Wild-type cells were only able to catalyse this extrusion following 

a pre-adaptation to weak acid stress. This efflux was lost in Acm kl//^drl2  

cells and is therefore due to the activity of Pdrl2p (Holyoak et a l, 2000).

The experiments carried out in sections 3.2.5 and 3.2.6 aimed to demonstrate the 

effect of the deletion of CMKl on Pdrl2. Does this gene deletion affect the protein 

levels of Pdrl2p or enhance the activity / stability of the protein already present in 

the plasma membrane? The possibility that Pdrl2p has a calmodulin binding function 

was also investigated (3.2.8).
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3.2. Results

3.2.1. Identification of the weak acid inducible ABC-transporter protein, 

Pdrl2p.

Purified plasma membrane proteins extracted jfrom strains FY1679-28c (wild-type) 

and YYM19 (Apdrl2) grown for 6 hours in pH4.5 YPD in the presence of ImM- 

sorbate, were separated by SDS-PAGE on a 15% gel. Following silver staining, it 

was apparent that the 170kDa protein normally a prominent band following weak 

acid treatment of wild-type cell membranes, was completely absent in the extracts 

from the Apdrl2 strain (Fig. 3.1). This is definitive evidence that this protein is the 

ABC-transporter, Pdrl2p.

170kDa

Pmal

Lane 1 Lane 2

Fig. 3.1

8|ig of purified plasma membrane proteins separated on a 15% gel. Lane 1 was loaded with extracts 

from wild-type cells (FY1679-28c) and lane 2 with extracts from A pdrll  (YYM19) cells. The 

170kDa plasma membrane protein, induced with weak acid stress, is completely absent in Apdrl2 

cells. The main lOOkDa band represents the Pmal plasma membrane FT -ATPase.
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3.2.2. PDR12 null cells are hypersensitive to weak acids and this phenotype is 

stress specific.

The growth phenotypes of wild type and Apdrl2 cells were compared on various 

stress plates (as outlined in section 2.5.2, Table 2.2). Both strains grew to similar cell 

densities, as compared by eye, on the full range of stress plates tested (not shown), 

except those plates providing weak acid stress. Apdrl2 cells were seen to be 

hypersensitive to both sorbate and benzoate as compared to the wild type (Fig. 3.2). 

The hypersensitivity to weak acids appears therefore to be specific to this stress 

agent, loss of Pdrl2p not causing a general stress sensitivity.

Bio screen growth data was also obtained for the Apdrl2 and wild-type cells (see 

section 2.5.3). Fig. 3.2c (i) and (ii) demonstrated a shght increase in lag phase for the 

wild-type strain and a reduction in final cell number in the cultures containing 

0.9mM-sorbate or benzoate. However the Apdrl2 cells showed no growth in the 

presence of either 0.9mM-sorbate (Fig. 3.2c (i)) or 0.9mM-benzoate (Fig. 3.2c (ii)) 

over the 46-hour time period studied. This supported the plate growth in Figs. 3.2a 

and b.
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Wild-type

Apdrl2

Fig. 3.2a (!) Fig. 3.2b (i)

Wild-type

ApdrU

Fig. 3.2a (ii) Fig. 3.2b (ii)

Wild-type

A pdrll

Fig. 3.2a (iii) Fig. 3.2b (iii)

Fig. 3.2 Comparison of growth of wild-type (FY1679-28c) and A pdrll (YYM19) strains on pH4.5 

YEPD plates containing increasing concentrations of sorbate (a) and benzoate (b); where (i) = 0.5mM; 

(ii) = ImM and (iii) = 2mM. Both strains were grown to stationary phase, cell numbers counted and 

tenfold serial dilutions spotted onto plates containing increasing concentrations of sorbic or benzoic 

acid. This ensured an equivalent number of cells were compared. A pdrll cells are hypersensitive to 

both 0.5mM-sorbate and benzoate. Both strains are marginally more sensitive to benzoate than 

sorbate, probably because benzoate (pKa 4.19) exists more in the protonated state at pH4.5 than 

sorbate (pKa 4.76).
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G r o w t h  o f  ce l l s  at  p H 4 . 5  w i t h  s o r b a t e
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5

1
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0
1 0 0 0  2 0 0 0

T i m e  in m in u t e s

3 0 0 0

sorb ate

Fig. 3.2c (i)

Fig. 3.2c Determination of growth phenotype of wild type (FY1679-28c) and A pdrll (YYM19) strains. OD^oonm was measured every 30 minutes using a bioscreen (see 

2.5.3). Wild-type cells grown in the presence of 0.9mM-sorbate and benzoate show an increase in lag phase and a reduction in cell numbers. No growth is seen for the 

A pdrll strain, in the presence of both 0.9mM-sorbate (Fig.3.2c (i)) and benzoate (Fig.3.2c (ii)), over the time period studied.
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E
COo
Q
O

0

5
2
5

5
0

1 000  2 0 0 0
T i m e  in m i n u t e s

3 0 0 0

F Y  1 6 7 9 - 2 8 C

- p d r 12

F Y  1 6 7 9 - 2 8 C  + 0 . 9 m M  
b e n z o a t e

- p d r  12 + 0 . 9 m M b e n z o a t e

Fig. 3.2c (ii)
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3.2.3. Pdrl2 protein alters PDR12 gene expression levels.

Measurements of PDR12 promoter activity were made via P-galactosidase assay (as 

section 2.14.1), using a plasmid reporter of PDR 12 promoter activity 

(pPWP(PDRl2-773); a URA3 plasmid containing a lacZ gene under PDR12 

promoter control. Both the wild-type strain (FY1679-28c) and a derived strain in 

which the chromosomal PDR12 gene is under GALl promoter control (FY-Ga/- 

PDR12) (made by integrating a kanMX4-GALl cassette (Wach et a l, 1997) at the 

PDR12 locus) were investigated. As represented in Fig. 3.3, the wild-type strain 

(containing the normal PDR12 promoter) showed a basal PDR12 promoter activity at 

pH4.5 which was increased seven-fold with the addition of ImM-sorbate for 80 

mins. The VY-Gal-PDR12 strain showed high basal expression on glucose but an 

approximate five-fold decrease in p-galactosidase activity when the PDR12 gene is 

induced on galactose. This suggests that the Pdr 12 protein may negatively regulate its 

own gene expression (data kindly provided by K. Hatzianthis).

The actual effect on Pdr 12 protein levels was investigated by SDS-PAGE and Western 

blotting and these results documented in 3.2.4.
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Fig 3.3. Graph to show PDR12 promoter activity by measurement of p-galactosidase activity of a 

PDR]2promoter-lacZ fusion in wild-type (FYI679-28c) and {FY-Gal-PDR12). In wild-type cells 

promoter activity is greatly increased with a ImM-sorbate stress. When the PDR12 promoter is 

replaced with the GALl promoter, the basal PDR12 promoter activity is increased on glucose 

(conditions repressing GALl promoter-repression) but repressed when chromosomal PDR12 gene is 

activated by switch to galactose. (Data kindly provided by K. Hatzianthis).
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3.2.4. Analysis of how the PDR12 promoter alters Pdrl2 protein levels.

The data in Fig 3.3 indicated that Pdrl2p could possibly be regulating its own gene 

expression levels. To see if this PDR12 promoter activity reflects Pdrl2p levels, the 

wild type (FY1679-28c) and the ¥Y-Gal-PDR12 strains (see 3.2.3.) were grown up to 

mid-log. Crude protein extractions were prepared (as section 2.7.); separated by 

SDS-PAGE, Western blotted and probed using a polyclonal anti-Pdrl2 antibody. 

Induction of Pdrl2p in the non-transformed wild type can be seen during growth at 

pH4.5 (lane 1, Fig.3.4a.) as compared to growth at pH6.8 (lane2, Fig.3.4a).

Induction of Pdrl2p is seen in protein extractions from cells grown in pH6.8 media 

with an 8mM-sorbate treatment for 2.5 hours prior to extraction (lane 4, Fig.3.4a.). A 

still stronger induction is seen in the culture grown at pH4.5 with a ImM-sorbate 

stress for 2.5 hours before protein extraction (lane 3, Fig.3.4a.). These concentrations 

of sorbic acid were determined previously for maximal induction of the PDR12 

promoter-/acZ fusion at both pH4.5 and 6.8, by K. Hatzianthis.

In extracts from ¥Y-Gal-PDR12 the induction of the Pdr 12 protein by growth in 

galactose media (YEP+galactose) was less than in sorbate treated FY1679-28c. Mid-log 

cultures of¥Y-Gal-PDR12 grown on YEPD at pH4.5 and pH6.8 were divided into two. 

Half the culture was extracted in the usual way. The remaining half was washed with 

distilled water (to remove remaining glucose) and transferred to YEP+galactose media 

for 2.5 hours, to induce Pdrl2p expression. The protein samples extracted from cells of 

¥Y-Gal-PDR12, grown at pH4.5 (lane 5, Fig.3.4a.) and pH6.8 (lane 6, Fig.3.4a) 

showed no induction of Pdrl2p. i.e. the shght increase in Pdrl2p levels normally 

associated with growth at pH4.5 was absent. The cultures transferred to galactose 

showed some induction of Pdrl2p in both the pH4.5 (lane 7, Fig.3.4a) and pH6.8 

cultures (lane 8, Fig.3.4a). However the low pH effect seemed to be absent, as the level

70



of Pdrl2p expression in the two cultures was very similar. Thus, by ‘replacing’ the 

PDR12 promoter with the GALl promoter, low pH induction of this protein is lost and 

expression is not increased to the same level on galactose as when the gene is under the 

control of its normal promoter. This could be a problem of trying to massively 

overexpress Pdrl2p on galactose.

The above results are validated by Fig. 3.4b, where a polyclonal antibody raised 

against the bacterially expressed C-terminal domain of Hsp90 was used as a loading 

control. The levels of Hsp90 protein, detected by Western blotting, in a gel loaded 

with identical samples as Fig.3.4a are the same. This is further confirmed by a 

coomassie stained gel with identically loaded lanes (Fig. 3.4c). In addition Fig. 3.4c 

demonstrated that higher molecular weight proteins have not been degraded by 

proteolysis during extraction. Any differences in signal in Fig. 3.4a are therefore a 

true account of Pdrl2p expression levels.

On comparing the results from section 3.2.3 and 3.2.4, they were not seen to be in 

agreement. The high Pdr 12 promoter activity seen in the ¥Y-Gal-PDR12 construct 

grown at pH4.5 (3.2.3), is not mirrored by a high level o f Pdrl2 protein (3.2.4, 

Fig.3.4a; lane 5). Further experiments would have to be undertaken to look at the 

effect of the Pdr 12 protein on its own promoter; and to understand why these 

experiments appear to contradict each other.
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Pdrl2-P
Pdrl2

Fig 3.4a 2 3 4 5 6 7 81

Fig.3.4a. Crude protein samples separated by 12.5% SDS-PAGE, Western blotted and probed using a 

polyclonal anti-Pdrl2 antibody. Lanes 1-4 were extracted from strain FY1679-28c grown at pH4.5 in 

YEPD (lane 1) and following ImM-sorbate stress for 2.5 hours (lane 3); also grown at pH6.8 in 

YEPD (lane 2) and following an 8mM-sorbate stress for 2.5 hours (lane 4). Lanes 5-8 were extracted 

from strain Vy-Gal-PDR12\ grown at pH4.5 in YEPD (lane 5) and following transfer into 

YEP+galactose, pH4.5 for 2.5 hours (lane 7); and grown at pH6.8 in YEPD and following transfer 

into YEP+ galactose, pH6.8 for 2.5 hours (lane 8). Strong induction of Pdrl2p is seen with both 

sorbate treatments in the wild-type cells. A weaker induction of Pdr 12p under the gal promoter is 

seen. Both Phosphorylated (Pdrl2-P) and dephosphorylated (Pdrl2) forms of Pdrl2p are indicated 

(see section 3.2.5).
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Figs. 3.4b and c represent identically loaded samples as Fig 3.4a and act as loading controls. In Fig 

3.4b protein samples were separated on 12.5% gels by SDS-PAGE, western blotted and probed using 

a polyclonal anti-Flsp90 antibody. Levels of Hsp90 are the same across all lanes therefore proving any 

differences in Pdr 12 protein levels are a true representation of events. In Fig 3.44c protein samples 

were separated on 12.5% gels by PAGE and stained with coomasie. This demonstrates protein 

samples were equally loaded and that higher molecular weight proteins are intact. M donates 

molecular weight markers and their sizes are indicated to the left of the gel.
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3.2.5. Screening of Ca^^/calmodulin protein kinase mutant strains for stress 

sensitivity.

Recent work at URL has shown that mutants lacking the Cmkl Ca^V Calmodulin 

protein kinase are hyper-resistant to weak acid stress; Acmkl and Acmkl/Acmkl 

strains being able to adapt quickly to growth in the presence of 0.9mM-sorbate 

without the long adaptive lag phase seen in the wild-type (YOJ211-9A) and Acmkl 

strains (Holyoak et al., 2000). Additionally, both Acmkl and Acmkl/Acmkl were 

able to grow at a higher sorbate concentration (4.5mM) as compared to the wild-type 

and Acmkl strains (1.9mM). However this phenomenon was only observed in 

unadapted strains. When all four strains were pre-adapted to grow in the presence of 

l.SmM-sorbate, they were all able to grow at up to 6.75mM-sorbic acid (Holyoak et 

a l, 2000).

When Acmkl and Acmkl/Acmkl cells were streaked onto plates containing 

various concentrations of sorbate and benzoate (from 0-3mM), they showed an 

increased sorbate tolerance as compared to the wild-type and Acmkl strains (not 

shown). However when examined for sensitivity to the range of stresses described in 

section 2.5.2, Table 2.2; all four strains showed similar growth phenotypes under the 

conditions tested (not shown). This indicates that this hyper-resistance to weak acid 

stress of Acmkl and Acmkl/Acmkl strains is specific for weak acid stress.

3.2.5. CMKl deletion does not affect Pdrl2 protein levels.

Since cells lacking Cmklp appear to be constitutively resistant to weak acid stress 

we investigated whether the loss of Cmklp may be affecting the expression of 

Pdrl2p. Other work in the laboratory indicated that the increased Pdrl2p activity

74



with loss of Cmklp was not due to increased PDR12 gene transcription. Northern 

blot analysis by C. Ortiz-Calderon did not reveal elevated levels of PDR12 gene 

transcripts in Acmkl cells growing at pH4.5 or pH6.8 (Holyoak, et al., 2000). In 

addition, expression measurements of the PDR12 promoter-ZacZ gene fusion on 

plasmid pPWP(PDRl2-773) (as section 2.11.8 and 2.14.1.), showed the basal and 

maximally sorbate-induced levels of PDR12 promoter activity are essentially 

unaffected by the loss of either Cmklp or Cmk2p (Holyoak et al., 2000). It therefore 

follows that the effects of Cmklp loss on Pdrl2p-catalysed active extrusion of 

fluorescein and benzoate (discussed in section 3.1) are due to post-transcriptional 

controls over Pdrl2p activity.

3.2.6. CMKl deletion appears to affect the activity of Pdrl2p, possibly via 

alteration in levels of phosphorylation.

Since transcription of the PDR12 gene is unaffected by Cmkl loss, it is likely that 

the Pdrl2 protein is more stable or more active m Acmkl cells. The levels of this 

protein were therefore examined in wild-type (YOJ211-9A), Acmkl (YOJ211-9B), 

Acmk2 (YOJ211-9D) and Acmkl/Acmk2 (YOJ211-9C) strains via silver staining of 

purified plasma membranes and western blots. No differences in the level of Pdrl2 

protein were detected by silver staining (not shown) or western blotting (Fig.3.5a). 

An increased level of this transporter would be seen in Acmkl or Acmkl/Acmk2 

strains, if Cmklp loss were to stabilise an otherwise rapidly turning over Pdrl2 

protein. Possibly the loss of Cmklp is therefore increasing the fraction of Pdrl2p that 

is catalytically active.
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Western blot analysis revealed the appearance of slowly-migrating forms of Pdrl2p 

(Fig.3.5a and b). These represent phosphorylated Pdrl2p forms (Pdrl2-P), since they 

are completely lost when cell extracts are treated with phosphatase (section 

2.8.)(Fig.3.5b). There is no correlation between the existence of these phosphorylated 

Pdrl2p forms in Acmkl cells and the presence in these cells of a constitutively high 

Pdrl2p activity (Fig. 3.5a). It is therefore highly unlikely that the phosphorylation of 

Pdrl2p detected on these blots reflects the activated state induced by the loss of 

Cmklp.
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Pdrl2-P

Pdrl2

Fig 3.5a

Fig.3.5a. Western blot analysis of Pdrl2 protein levels in Y0J211-9A (lane 1), Y0J211-9D 

{Acmkl (lane 2)), YOJ211-9B (Acmk2 (lane 3)) and YOJ211-9C {Acmkl, Acmk2 (lane 4)) strains, 

grown at pH4.5 in the absence of weak acid stress. Pdrl2-P and Pdrl2 indicate the bands 

corresponding to phosphorylated (Pdrl2-P) and dephosphorylated (Pdrl2) forms of the ABC- 

transport er protein respectively.

Pdrl2-P

Pdrl2

Fig. 3.5b +

Fig. 3.5b. With alkaline phosphatase digestion the Pdrl2-P  species are converted to the more rapidly- 

migrating P drl2  form (+ ; sample incubated with phosphatase prior to gel analysis; - : control sample 

incubated in the absence of enzyme). Cell lysates were prepared by glass bead breakage and separated 

on 12.5% PAGE, before blotting onto nitrocellulose and probing with a polyclonal anti-Pdrl2p 

antibody. 5pg total cell protein was analysed in each gel lane.
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3.2.7 Deletion of CMK1/CMK2 and HSP30 causes enhanced H-ATPase activity.

The plasma membrane -ATPase activity of purified plasma membranes was 

assayed as described in section 2.14.2. As previously demonstrated by Piper et al. 

(1997) on strain KT3, hsp30 null strains showed an increase in this KT-ATPase 

activity when compared to the wild-type (CRYl in this study). However in a 

Acmkl/Acmk2 (MMY71; Table 2.1) strain there is also a similar increase in H^- 

ATPase activity. Most strikingly when these two gene deletions are combined in the 

AhspSO/Acmkl/Acmk2 (MMYl\Ahsp30) strain, there is an approximate 10 fold 

increase in -ATPase activity above the wild-type and an approximate 5 fold 

increase above both AhspSO and Acmkl/Acmk2 -ATPase activities (see Fig. 3.6). 

The deletion of all three genes apparently totally deregulates the KT-ATPase activity 

in vitro. Moreover, this increase in -ATPase activity showed no further increase 

following a 9mM-sorbate treatment for 2.5 hours prior to extraction (not shown).

The integrity of the -ATPase protein in all samples used in the ATPase assay, was 

routinely checked via SDS-PAGE. This ensured the activation was not due to limited 

degradation of the H^ -ATPase during protein extraction.

The Hsp30p down regulation of ET-ATPase requires the C-terminal regulatory 

domain of this enzyme (Braley and Piper, 1998), a domain that also contains a 

putative Cmklp phosphorylation site. Fig. 3.6 is therefore preliminary data that both 

Hsp30p and Cmklp may down-regulate H^-ATPase by acting on this domain. To 

confirm this it would be necessary to repeat these experiments in cells expressing - 

ATPase lacking this C-domain. However time did not allow this.
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Assay of H -ATPase activity
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Fig. 3.6. H"-ATPase activity of wild-type (CRYl); AhspSO', Acmkl/Acmk2 (MMY71) and 

AhspSO/Acmkl/Acmk2 strains. Deletion of both HSPSO, and CMK1/CMK2 genes increased H - 

ATPase activity above wild-type levels; whilst deletion of all three genes totally deregulated IT- 

ATPase activity.
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3.2.8 Identification of calmodulin binding proteins via Western blot analysis 

using the fusion protein ProtA-Cam.

Taking into consideration the results from sections 3.2.4 -  3.2.7, the possibility was 

investigated that changes occur in the Ca^^/calmodulin-binding proteins of weak acid 

treated cells. Indeed, considering the involvement of Cmkl in the weak acid stress 

response and its effect on Pdrl2p, the possibility that Pdrl2p itself was 

Ca^Vcaknodulin-binding was also examined. Yeast strains were grown to mid-log 

and treated with/without SmM-sorbate stress for 2.5 hours before extraction. These 

were then separated via SDS-PAGE and Western blotted. A proteinA-calmodulin 

fusion (ProtA-Cam) (section 2.10.3) was used in place of primary antibody during 

the development of blots. ProtA-Cam is a gene fusion between a portion of the 

Staphylococcus aureus spa gene (encoding protein A) to CMDl, the S. cerevisiae 

gene encoding calmodulin. Thus it is a yeast calmodulin with an affinity tag able to 

bind immunoglobulins. ProtA-Cam used during the probing of Western blots shows 

calcium dependent binding to calmodulin target proteins in the manner of an 

antibody (Stirling, 1992).

Several controls were used in order to demonstrate the integrity of the ProtA-Cam 

fusion protein used during western blot development. A mid-log overnight culture of 

E. coli strain SRP84, previously transformed with plasmid pDSGQ (kindly provided 

by M. Stark, University of Dundee) was divided in two. One half was treated with 

0.1 mM IPTG (to induce the calmodulin binding protein encoded on the plasmid) and 

the other half had no additional treatment. They were then incubated with shaking, 

for 30 min. at 30°C. 5ml aliquots of both samples were then spun down at SOOOrpm 

for 5 min. and the two separate cell pellets were resuspended in lOOpl of Protein 

sample buffer (see section 2.9). These were then boiled for 10 min. to denature the
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proteins, before loading 2.5, 5 and lOpl of each sample to a gel. The proteins were 

fractionated by 12.5% SDS-PAGE, before Western blotting. Following incubation 

with 5pg of ProtA-Cam fusion and incubation with a secondary antibody 

(Calbiochem) (see section 2.10.2); a distinct band of approximately 30kDa was 

recognised in the E. coli / pDSGQ strain previously treated with IPTG (Fig. 3.7). 

This band represented the induced calmodulin-binding protein. The ProtA-Cam 

fusion protein used in the following experiments in place of primary antibody, was 

therefore working effectively. i.e. following SDS-PAGE and electrophoretic transfer 

of proteins to nitrocellulose, it was able to recognise a protein that is calmodulin- 

binding.
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Fig. 3.7a

Fig. 3.7b

Fig 3.7 a and b represents E. coli protein (lane 1 = lOpl; lane2 = 5pl and lane 3 =2.5pl) separated on 

12.5% gels by PAGE, western blotted and probed with ProtA-Cam made in this study. ProtA-Cam is 

working effectively as it is able to recognise a calmodulin binding protein induced in E. coli strain 

SRP84 transformed with the plasmid pDSGQ, following incubation with IPTG (Fig 3.7b ► ).

Fig 3.7a is the negative control i.e. E. coli protein extracted from strains not incubated with IPTG. M 

denotes molecular weight markers.
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3.2.9 Changes in calmodulin binding proteins with weak acid treatment of S. 

cerevisiae.

Purified plasma membrane proteins were extracted from pH4.5 cultures of strain 

BJ2168 with or without a 2 hour 9mM-sorbate stress prior to extraction. These 

samples were identically loaded and separated via SDS-PAGE on four 12.5% gels. 

YSP (yeast soluble protein) was routinely run as a control to ensure the detection 

system was working efficiently. The banding pattern for this lane was compared to 

that shown in Stirling et al. (1992).

Fig. 3.8a shows the banding pattern following incubation / washes using TEST with 

additional Calcium; whilst Fig.3.8b shows the pattern with incubation / washes using 

TEST with the addition of the calcium chelator EGTA (see section 2.10.2; N.E. 

TEST was used in place of PEST). The third gel was stained with coomassie to 

check the integrity of the proteins and to ensure even loading (not shown). The fourth 

gel was routinely run and probed with secondary antibody only, to ensure the 

observed band pattern was not due to unspecific binding. This is particularly 

important when separating purified plasma membrane proteins as they tend to be 

‘stickier’ than those in total soluble extracts.

Fig. 3.8a clearly demonstrates that these are changes to calmodulin-binding proteins 

following a weak acid treatment (Lane 3). Three proteins with apparent molecular 

masses of 45KDa, 58kDa and 69kDa were induced, as shown by their absence in 

untreated plasma membrane samples (lane 2). YSP loaded in lane 1 acts as a positive 

control and shows the expected band pattern for Ca^^/calmodulin-binding proteins 

illustrated in Stirling et a l 1992.

Fig 3.8b represents identically loaded protein as Fig 3.8a. However the washes in the 

detection steps used TEST with additional EGTA to chelate available calcium. Thus

83



the calcium dependant component of the binding displayed by ProtA-Cam is 

expected to disappear. Although the banding pattern is slightly fainter with the 

EGTA washes, it has not reduced as much as expected. This may be due to one of 

two possible reasons:

1) The concentration of calcium present in the milk powder used in the blocking 

solution is too high for the EGTA to totally bind. There is therefore enough calcium 

present to allow some ProtA-Cam binding to the target proteins.

2) In S. cerevisiae the essential function of CMDl can be performed by mutant Cmdl 

proteins, which do not bind detectable levels of Ca^  ̂ (Geiser, et al. 1991); therefore 

some of the calmodulin-binding functions in yeast may be independent of calcium.
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Fig.3.8a Plasma membrane proteins from strain BJ2168 with no sorbate treatment (lane 2); and 

following a 2 hour, 9mM-sorbate treatment (lane 3), prior to protein extraction and purification of 

plasma membrane proteins, separated on 12.5% gels. Western blotting and probing with ProtA-Cam. 

Three proteins with apparent molecular weights of 45Kda ( " ^  )58KDa ( ) and 69Kda ( )

are induced with weak acid stress (lane 3) as compared to no weak acid treatment (lane 2). Lane 1 

contains YSP (total yeast soluble protein) loaded as a positive control, to verify the detection system is 

working effectively. Fig. 3.8a was developed using Calcium in the TBST washes (see section 3.2.8) 

and Fig 3.8b is with EGTA in the TBST washes. Molecular weight standards are indicated to the left.
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3.2.10. Changes occur in the plasma membrane proteins of Z. bailii in response 

to weak acid stress.

Following the recognition that changes did occur to the calmodulin binding proteins 

of S. cerevisiae in response to weak acid stress, an identical experiment was 

performed using purified plasma membrane proteins from a strain of Z bailii to 

investigate if similar changes occurred in this more weak acid tolerant yeast. Fig.3.9 

shows purified plasma membrane proteins isolated from cultures following a 2 hour 

9mM-sorbate stress (lane 3), and with no sorbate treatment (lane 2). Proteins were 

separated via 12.5% SDS-PAGE, western blotted and probed for ProtA-Cam 

binding. Fig. 3.9a shows the banding pattern following incubation / washes using 

TBST with additional Calcium; whilst Fig.3.9b shows banding pattern with 

incubation / washes using TBST with the addition of the calcium chelator EGTA. 

Sorbate stress appeared to be inducing Ca^^/calmodulin-binding proteins, with 

approximate molecular weight of 36KDa, 32KDa, 25Kda and 15Kda. Changes were 

also noted in the intensity o f two bands representmg proteins with approximate 

molecular weights of 42kDa and 40Kda. These changes do not correlate with those 

seen in the samples from S cerevisiae. Moreover, the identification of these proteins 

in Z  bailii is extremely difficult due to the lack of genetics in this yeast.
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Figs. 3.9a and b represent plasma membrane proteins extracted from Z. bailii with (lane 3) and 

without (lane 2) 9-mlVI-sorbate treatment for 2 hours prior to extraction. Fig. 3.9a shows the banding 

pattern following incubation / washes using TBST with additional Calcium. Fig.3.9b shows banding 

pattern with incubation / washes using TBST with the addition of the calcium chelator EGTA. Bands 

representing novel calmodulin-binding proteins induced in response to sorbate treatment are indicated 

in black; proteins whose intensity has increased following weak acid treatment are indicated in red 

(full explanation is given in 3.2.10). Lane 1 contains yeast soluble protein loaded as a positive control 

to ensure detection system is working effectively

3.2.11. Calmodulin-binding proteins induced in S. cerevisiae in response to weak 

acid stress are not the cyclophilin-like proteins Cpr6 or Cpr7.

In an attempt to identify the calmodulin-binding proteins induced in S. cerevisiae in 

response to weak acid stress, it was investigated whether they might be the 

cyclophilin-like proteins discussed in Duina et a l ,  1996. Total protein samples were 

extracted from wild-type (W303) (Fig. 3.10; lane 2), Acpr6 (Fig. 3.10; lane 3), Acpr7 

(Fig. 3.10; lane 4), and Acpr6/Acpr7 (Fig. 3.10; lane 5) strains. YSP was loaded as a 

positive control in lane 1. No changes in the Ca^Vcalmodulin-binding proteins of
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these strains were apparent. Therefore the ealmodulin binding proteins noted in 

section 3.2.8, are not the cyclophillin-like proteins, Cpr6 or Cpr7.

Fig. 3.10a 3 4

Fig. 3.10b

Figs. 3.10 a and b represent protein samples extracted from W303 (wild-type), lane 2; Acpr6, lane 3; 

Acpr7, lane 4; and Acpr6/Acpr7, lane 5 strains. Fig. 3.10a shows the banding pattern following 

incubation / washes using TBST with additional Calcium; whilst Fig.3.10b shows banding pattern 

with incubation / washes using TBST with the addition of the calcium chelator EGTA Yeast soluble 

protein was loaded as positive control (lane 1) to ensure detection system was working effectively. No 

change in the pattern of calmodulin-binding proteins is observed between these strains.



3.3 Discussion.

The induction of high levels of Pdrl2p within in the plasma membranes of S. 

cerevisiae, is a specific response to weak acid stress. The increase in levels of this 

ABC-transporter can be detected by both silver staining of membrane proteins 

fractionated by SDS-PAGE (Fig. 3.1) and following western blotting and probing 

with a polyclonal anti-Pdrl2p antibody (Fig. 3.3a; Piper et a l, 1998). In addition to 

induction following weak acid stress; Pdrl2p is also induced, but to a much lower 

level, in cultures grown at low pH (pH 4.5 as compared to pH6.8- see Fig. 3.3a and 

Piper era/., 1998).

The specific response documented above is further supported by experiments 

carried out in this lab by K. Hatzianthis. It was estabhshed that the activity of the 

PDR12 promoter is specifically up regulated in response to low pH (marginal increase) 

and dramatically increased by weak acid treatment. PDR12 promoter activity is not 

affected by a number of other stresses (Personal communication -  K. Hatzianthis).

Pdrl2p appears to be an ABC transporter dedicated to counteracting weak acid 

stress. Cells that lack this transporter (the Pdrl2 S. cerevisiae mutant) are 

hypersensitive to water-soluble weak organic acids (Piper et a l, 1998 and chapter 3, 

Fig. 3.2); specifically of aliphatic carbon chain lengths C1-C7 (Holyoak et al, 1999). 

However they are not sensitive to those more lipophilic, longer chain fatty acids whose 

toxic effects are thought to be due primarily to membrane disruption (Holyoak et al, 

1999). Pdrl2p activity is readily measurable in vivo as the active extrusion of 

fluorescein and this extrusion is competitively inhibited by weak organic acid 

preservatives (Holyoak et a l, 1999). The available evidence therefore suggests that 

Pdrl2p, catalyses the active extrusion of water-soluble acid anions from the cytosol

89



(Fig. IB). It therefore follows that the phenomenon described by Warth (1989b), 

showing that prior growth in the presence of benzoic acid enhanced the resistance of 

I yeasts to benzoic and other weak acid preservatives, may be due to induction of Pdrl2. 

Henriques et al (1997) also demonstrated that the extrusion of benzoic acid in S. 

cerevisiae is carried out by an energy-dependant mechanism. Furthermore, it appears 

that Pdrl2 protein itself may alter PDR12 promoter activity, as shown by both the 

results from the P-galactosidase assay (3.2.3.); and via Western blots which looked at 

Pdrl2 protein levels in a strain which had the normal PDR12 promoter replaced with 

the GALl promoter (Fig. 3.4a).

Recent studies have demonstrated a link between the loss of CMKl and hyper

resistance to weak acid stress (Holyoak et a l, 2000). This suggests that the weak acid 

adaptation system is normally subject to Cmkl Ca^Vcalmodulin-dependent protein 

kinase repression, a repression that must be relieved in wild-type cells with the 

application of weak acid stress. Evidence also suggested a link between Cmklp loss 

and an enhanced ability of Pdrl2p to extrude acid anions (reviewed in section 3.1). 

Results outlined in sections 3.2.5 and 3.2.6 indicate that of some of the Pdrl2p exists in 

a hyper-phosphorylated form and putatively, this is the activated state of the protein. 

Cmklp does not influence Pdrl2p levels in these unadapted cells (Fig. 3.5) but the data 

is consistent with it normally acting to reduce the activity of Pdrl2 protein in cells not 

adapted to weak acid stress. It appears to prevent the formation of the activated state of 

the ABC-transporter protein (which due to its ATP requirement, is energetically 

expensive to the cell) until Pdrl2p action is needed to pump acid anions from the cell 

cytosol.
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However it is still unclear whether Cmklp influences Pdrl2p activity by 

kinasing this protein directly, or if it acts on yet another component which influences 

Pdrl2 activity. Although there are several putative phoshorylation sites in the Pdrl2 

protein, where the phoshorylation occurs is not known. The normal way to elucidate 

this is by site directed mutagenesis of these amino acids. However this is extremely 

difficult to verify in this case as Pdrl2p appears to be toxic to E. coli (personal 

communication- P.W. Piper).

The importance of Pdrl2p in weak acid adaptation is the most recent finding in 

the weak acid adaptation story. Prior to this, the involvement of both the plasma 

membrane HT-ATPase and also the integral plasma membrane protein Hsp30 had also 

been outlined (see Chapter 1). Indeed, evidence had been presented for both Hsp30p 

(Piper et al., 1997) and plasma membrane H^-ATPase activity (Holyoak, et a l, 1996) 

assisting the adaptation to growth in the presence of the nonmetabolisable weak 

organic acid, sorbate. However, Hsp30p is definitely less important in weak acid 

resistance than Pdrl2p since although cells of the hsp30 mutant are acid-sensitive, they 

are considerably less so than ^ d r l2  cells (personal observations).

Acid-stressed hspSO mutant cells have been shown to have extremely low ATP 

levels, probably associated with their excessive H^-ATPase activity (Piper, et al., 

1997). In addition to the loss of Hsp30p affecting the activity of H^^TPase (Holyoak, 

et al., 1996 and Fig. 3.6); this study has also identified CamK influence on H^-ATPase 

activity. Experiments showed that the enhanced activity of KT-ATPase found in Ahsp30 

strains was mimicked in a Acmkl/Acmkl strain. Strikingly when these gene deletions 

were combined, the activity of the plasma membrane H^-ATPase became totally
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deregulated. Possibly, the influence of CMKl in the adaptive response of S. cerevisiae 

is not just limited to its affect on Pdrl2p but extends to a regulatory role of ET-ATPase. 

The Hsp30p down regulation of KT-ATPase requires the C-terminal regulatory 

domain of this enzyme (Braley and Piper, 1998), a domain that also contains a 

putative Cmklp phosphorylation site.

Due to mounting evidence for the link between Cmklp and Pdrl2p, it was 

considered that Pdrl2p itself might have a Ca^Vcalmodulin-binding function. For this 

reason ProtA-Cam fusion was used to identify any putative calmodulin-binding 

proteins in cell lysates. Although the results did not demonstrate any proteins with a 

similar molecular weight as Pdrl2p; changes in the Ca^^/calmodulin binding proteins 

in S. cerevisiae in response to weak acid stress were seen (Fig. 3.8). Due to 

similarities in molecular weight between these induced proteins and the previous 

identification of the cyclophillin-like proteins by Duina (1996); it was considered 

that these may be the calmodulin-binding proteins induced in response to the weak 

acid treatment. However in the Acpr6 and Acpr7 strains no differences were seen in 

the recognised binding patterns. Therefore this discounted the proteins as being one 

and the same.

The experiments were repeated with plasma membrane proteins extracted 

from Z bailii to see if this yeast also showed changes in calmodulin binding proteins 

following weak acid stress. Although changes in both intensity of some proteins and 

also appearance of novel calmodulin-binding proteins with the weak acid treatment 

were seen, these changes were not the same as with S. cerevisiae. This is perhaps 

unsurprising, as Z  bailii strains are knovm to be considerably more weak acid
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tolerant than strains of S. cerevisiae. It therefore follows that the changes elicited in 

response to weak acid treatment may be different.

Despite efforts to identify these proteins, work to date has not made this 

possible. Z  bailii proteins are particularly difficult to identify as mutant strains with 

specific gene deletions are not, as yet, available. This is partly due to difficulties 

encountered in genetic manipulation of polyploid strains. However future studies 

may enable the identification of either the S. cerevisiae or Z bailii calmodulin- 

binding proteins induced in response to weak acid stress. This would allow further 

understanding of the chain of events initiated by both of these yeasts that enable 

them to adapt to growth in the presence of weak acids.

Although Hsp30p and -ATPase have been shown to play a role in weak 

acid adaptation, Pdrl2p-catalysed efflux of sorbate is probably even more important. 

However, it is unlikely that Pdrl2p is acting solely as a weak acid pump to regain 

homeostasis. The action of pumping the acid out of the cell would be energetically 

expense and indeed futile unless changes occurred in the cell envelope (either the 

plasma membrane or cell wall) to Umit the re-entry of the undissociated weak acid. 

Potentially Pdrl2p may recruit / signal to other genes or proteins to do this. This 

possibility and putative evidence for this will be addressed in chapter 5.
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CHAPTER 4.

Isolation and characterisation of Saccharomvces cerevisiae weak acid sensitive

mutants.

4.1. Introduction.

In order to identify novel components involved in the response to weak acid 

stress, a mutant screen was carried out. S. cerevisiae strain FY1679-28c was 

mutagenised using ethylmethylsulphonate (EMS), an alkylating agent which makes 

alterations in the DNA bases, causing specific mispairing (particularly favouring GC 

-> AT transitions). Colonies defective in the ability to adapt and grow under weak 

acid stress were then isolated as in section 2.12. Strains containing a stable mutation 

were characterised to ensure they contained mutations solely affecting weak acid 

stress, mutations in different genes, and mutations in a single genetic locus only.

These weak acid sensitive strains were further characterised on the basis of 

their ability to switch on the weak acid stress response. This was achieved by 

measuring the activity of the PDR12 promoter via the p-galactosidase assay (see 

section 2.14.1). Physiological studies were then carried out to verify specific growth 

phenotypes for each of the weak acid mutants (warns) in turn.

Having established a phenotype for each strain, they were then used in 

complementation cloning experiments in order to identify the specific gene defect. 

These experiments are documented in chapter 6.
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4.2. Results.

4.2.1. Isolation of weak acid mutants {warns).

Random mutagenesis of strain FY1679-28c was carried out as described in 

section 2.12. The concentration of EMS used was optimised by calculating 

percentage survivors following EMS treatment. A 20-40% survival rate was 

appropriate to induce an optimum number of conditional lethal mutations.

After 2-3 days incubation at 30®C on YEPD plates, colonies were transferred 

by replica plating, to two plates causing weak acid stress (pH4.5 YEPD + 1 and 

2mM-sorbate). On comparison of the ‘master plate’ and the plates containing 

sorbate, any strains not able to grow in the presence o f weak acid were identified and 

isolated from the ‘master plate’. A total of approx. 150,000 mutated cells were 

screened, leading to the isolation of the 50 strains examined in section 4.2.2.

4.2.2. Screen to isolate strains solely sensitive to weak acid stress.

The 50 weak acid-sensitive strains were initially tested for their ability to 

grow on pH 4.5 YEPD; pH 4.5 YEPD + ImM-sorbate; pH 4.5 YEPD + 2mM- 

sorbate; pH 4.5 YEP + 3%-glycerol. After 3 days at 30°C and 37°C, growth was 

examined. Colonies displaying no growth on glycerol plates were eliminated in order 

to rule out petites. Strains showing reduced growth at 37°C were deemed to be 

partially temperature sensitive and therefore discarded. Colonies showing either 

vastly reduced growth or no growth (as compared to pH 4.5 YEPD control) on 

sorbate plates were restreaked and maintained on YEPD. This reduced the number of 

mutants to 32; these being further separated into:
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1) Strains bearing a strong phenotype for weak acid stress; displaying very limited 

growth on pH4.5 YEPD + ImM-sorbate plates.

2) Strains bearing a weaker phenotype for weak acid stress; displaying reduced 

growth on pH4.5 YEPD + 1 and 2mM-sorbate plates.

The growth phenotype of these 32 strains was then investigated under the 

conditions described in section 2.5.2., table 2.2. This was to identify mutants for 

which the stress sensitive phenotype was ‘specific’ for weak acid stress; as distinct 

from other types of stress (specifically osmostress, high temperature, ethanol and 

extremes of pH). Growth was monitored by eye and a simple scoring system was 

designated to compare extent of growth under each of the growth conditions tested. 

This led to the isolation of 12 mutants apparently displaying a strong phenotype 

solely for weak acid sensitivity.

4.2.3. Isolation of warns containing mutations in a single genetic locus and 

containing different gene mutations.

As the initial mutagenesis was carried out on a strain of mating type a; all 12 

wam mutants were back-crossed to an isogenic wild type of mating type a . This was 

achieved by simply mixing the haploid strains directly on agar plates, then selecting 

zygotes formed from each mating using a micromanipulator (Singer Instruments, 

Somerset). The resultant diploids were no longer weak acid-sensitive; therefore the 

wam mutants were all recessive. These diploids were restreaked onto sporulation 

media (see section 2.13.).

After 5+ days multiple spore tetrads were dissected using the 

micromanipulator (as section 2.13.). Haploid spore colonies were grown up on
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YEPD, replica plated onto pH4.5 YEPD + 2mM-sorbate plates and sorbate 

sensitivity examined. However despite several attempts, 3 strains would not 

sporulate. They were not excluded from the study. All but one of the remaining spore 

tetrads showed 2:2 segregation, proving each mutation corresponds to a single 

genetic locus. The strain not showing 2:2 segregation was thought to contain a 

mutation in more than one genetic locus and for this reason was excluded from the 

study; thus reducing the number of warns in the study to 11 strains.

To ascertain if remaining warns corresponded to mutations on different genes, 

all strains had to be back-crossed to each other. This was achieved by isolation of 

weak acid sensitive mutations in both mating types. Individual wam strains showing 

weak acid sensitivity from the dissected spore tetrads above, contained the mutations 

of interest in strains of both a and a  mating types. The mating type of individual 

colonies was confirmed by restreaking colonies in duplicate on SD plates and mating 

them to two strains of known mating type (a and a )  (Table 4.1). Weak acid mutant 

strains had the same genetic background as the parent FY1679-28c strain (see Table

2.1.) Appropriate growth on minimal media (SD) as outlined in Table 4.1, revealed 

which strains had been generated.

Table 4.1 Selection media required for genetic cross to determine mating type.

Genetic cross Selection media

wam X MCY829 (a) SD + ura, his

wam X BWGl-7a (a) SD + ura, leu

See Figure 4.1 for diagrammatic representation of this experiment.
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Individual colonies were plated with either BWGl-7a (a) or MCY829 (a). 

Colonies coloured in yellow represent growing colonies, therefore these represent 

warns with an opposite mating-type to the original strain (either a-mating-type,

Fig. 4.1c or a-mating-type, Fig. 4 .Id.) N.B. Despite several attempts 3 wam strains 

(wam4, wam8 and wam9) would not sporulate following mating with wild-type. 

Therefore isolation of a and a  mating types was not possible.

Having determined mating type of colonies, warns o f opposite mating types 

were mated to each other and zygotes picked using a micro manipulator (Singer 

Instruments, Somerset). Diploid strains were restreaked onto ImM-sorbate and all 

strains showing a reversion in weak acid sensitivity were deduced as having 

mutations on different chromosome (see Fig. 4.2a-c for examples). To verily this, all 

the diploids were also checked for their ability to sporulate. An example of an 

unsuccessful mating is demonstrated in Fig. 4.2b and is labelled ‘haploid’.

One diploid strain from the mating of two warns maintained a weak acid sensitive 

phenotype. These two wam strains were regarded as having closely linked or 

identical mutations, thus reducing the number of wams involved in the study to 10 

strains.
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Fig. 4.1 Diagramatic representation of the isolation of both a and a  mating- 

types from want colonies.

Patches of yeast from two colonies with known mating type and auxotrophic 

requirements were plated out onto two SD plates respectively with additional amino- 

acids, as Table 4.1. Six individual warn colonies showing sensitivity to weak acid 

(grown up from the spore tetrads) were then mixed with these cells on the plate.

a mating type(BWGl-7a) a  mating type (MCY829)

CD C ]

O  O  o
CD CD

Fig. 4.1a Fig. 4.1b

CD CD Cg

Mixed with six individual want colonies from dissected tetrads from all strains

I Growth for 3 days at 30'^C

'O  CD CD
CD CD

CD O  

CD O  CD 
.CD CD

Fig. 4.1c Fig. 4.1d
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Fig. 4.2a

Fig. 4.2b
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want II
3x1 !

3x11
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Fig. 4.2c
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Fig 4.2.a-c Growth on pH4.5 YEPD plates with ImM-sorbate o f  haploid strains and diploid crosses 

made by mating the a  and a  warn strains. Plates were incubated for 4 days at 30°C. The three

examples shown (4.2a {3x6)\ 4.2b {3x11) and 4.2c {22x23) display a reversion in weak acid sensitivity 

in the diploid strains, proving the mutations are in different alleles. N .B. One o f the strains for the 

3x11 cross did not show reversion in weak acid sensitivity but when tested for its ability to sporulate 

was found to be haploid. Wild-type (WT) FY1679-28c and Apdrl2 strains were streaked for 

comparison.

4.2.4. Confirmation that induced mutation is not in the PDR12 allele.

As PDR12 plays a vital role in the adaptive response of S. cerevisiae to weak 

acid stress, it was important to rule out the possibility that any of the mutations in the 

warn series were losses of PDR12 function. The warn mutants were transformed with 

the URA3 plasmid YEpPDR12 (constructed by P.W. Piper), containing the full 

PDR12 locus. The possibility that this would complement the weak acid sensitivity 

displayed by these strains was then investigated. All strains containing this plasmid 

showed marginally better growth on plates containing 2mM-sorbate (results not 

shown). In particular one strain grew to the same level as the wild type. It was 

therefore assumed that this warn mutation was in the PDR12 allele and this strain 

{wam25) was removed from further study -  reducing the number of strains remaining 

to 9.

The remaining strains transformed with YEpPDR12 did not show a strong 

enough growth phenotype with the addition of weak acid stress to indicate that weak 

acid sensitivity had been complemented. It was therefore concluded that these warn 

strains were not due to an altered PDR12 allele. Fig. 4.3 demonstrates the weak acid 

sensitivity of the remaining 9 strains on both 1 and 2mM-sorbate.
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Fig. 4.3a (i) Fig. 4.3b (i)

Fig. 4.3a (ii) Fig. 4.3b (ii)

Fig. 4.3a (iii) Fig. 4.3b (iii)
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wam2 Apdrll

FY1679-28Cwam3

wam6wam4

wamSwam9

FY1679-28Cwamll

wam22 wam23

Fig. 4.3a Fig. 4.3b

Fig. 4.3 Growth on pH4.5 YEPD plates after 5 days at 30“C. Wild-type (FY1679-28c), 

Apdrl2 strains and all warns (weak acid mutants) isolated and characterised in this work are 

shown. Figs 4.3 a and b (i) are grown without additional sorbate. Figs 4.3 a and b (ii) are 

grown with ImM-sorbate and Figs 4.3a and b (iii) are grown with 2mM-sorbate. All warns 

are clearly sensitive to both 1 and 2mM-sorbate compared to the wild-type; Apdrl2 strain is 

also seen to be hyper-sensitive to both concentrations o f  sorbate. wam8, wam22 and wam23 

have a weaker phenotype for weak acid sensitivity than the remaining mutant strains.
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4.2.5. Weak acid sensitivity in the warn series is not due to a genetic mutation in 

YORl.

As discussed in section 4.3, another pleiotropic drug pump besides Pdrl2p, 

Yorlp, has been identified as being involved in weak acid stress (Cui et aL, 1996). 

All warns were therefore crossed with a Ayorl strain of opposite mating type. All 

diploid strains showed reversion of weak acid sensitivity (results not shown). This 

excluded mutations in the YORl gene as being the cause of the weak acid sensitive 

phenotype of any of the warns. (N.B. Strains without a and a  mating type could not 

be tested).

4.2.6. Separation of warns into those unable to mount a weak acid stress 

response and those defective in key target genes of this response.

warns were transformed with pPW?(PDRl2-113); a URA3 plasmid 

containing a lacZ gene under the control of the -1 to -773 region of the PDR12 

promoter. This acts as a reporter of weak acid induction of PDR12 promoter activity 

(see section 2.14.1.). The initial screen involved using the p-galactosidase plate 

assay. This simplified p-galactosidase assay was performed on plates in order to 

prove the reporter plasmid was working effectively. It also gave a general result as to 

whether the weak acid mutants were able to switch on the stress response pathway on 

exposure to weak acid.

wam6 and wam22 did not turn blue in colour and therefore were unable to 

mount a weak acid stress response i.e. were in category (i). The remaining mutants 

wam2, wam4, wam8 and wam22 showed a colour change above a basal response and 

are therefore in category (ii). wam3 and wam9 showed a sHght colour change to pale 

blue, inferring these strains are less effective at switching on the response.
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Quantitative measurements of the weak acid response in these mutant strains 

as outlined in section 2.14.1 are shown in Fig. 4.4. In a wild-type strain the activity 

of the PDR12 promoter is very limited under normal conditions; but is increased by 

approximately 19 fold in cultures grown in the presence of ImM-sorbate for 2.5 

hours. In wam2, wam4, wam8 and wam22, the high basal activity of the PDR12 

promoter infers that this gene is permanently switched on to a greater or lesser 

extent. However wam6 and wam23 are unable to switch on the response to weak acid 

stress, shown by their extremely low promoter activity following sorbate treatment. 

This is also true, but to a lesser degree, for wam9. wam3 showed a reduced response, 

but has a higher basal expression as compared to the wild-type.
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galactosidase assay; using a PDR12-lacZ fusion transfomed into the warn series of weak 
acid sensitive strains made in this work.
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4.2.7. Physiological data on warns.

Physiological growth data was obtained during secondment to Unilever Research 

Laboratories (URL). Growth of warns was measured using a bio screen as described 

in section 2.5.3; in comparison with the wild-type and Apdrl2 strains. Fig. 4.5 shows 

growth without weak acid (a); with 0.9mM-sorbate (b); and with 0.9mM-benzoate 

(c). This demonstrated that wam6, wam8 and wam ll have a slow growth phenotype 

in the absence of stress. Thus these mutations probably have pleiotropic effects on 

general cell viability and growth.

Fig. 4.5b shows the growth phenotype in the presence of 0.9mM-sorbate. The 

wild-type (FY1679-28c) displayed an extended lag phase and also showed a 

reduction in final cell numbers in the presence of 0.9mM-sorbate. However during 

this lag-phase the cells are able to adapt, eventually allowing them to grow in the 

presence of this stress. The mutant strains wam2, wam9, wam ll and wam23 also 

display an extension in lag-phase in the presence of 0.9mM-sorbate but to varying 

degrees. All remaining wams and the Apdrl2 strain show practically no growth with 

sorbate stress over the time period studied.

Fig. 4.5c shows the growth phenotype with 0.9mM-benzoate. The wild-type 

strain is seen to have a similar extension in lag-phase and reduction in cell numbers 

as m Fig. 4.5b. In addition to strains wam2, wam9, w am ll and wam22 having the 

extended lag-phase seen in Fig. 4.5b; wam8 and wam23 were also able to grow out 

after an extended lag-phase. This is somewhat surprising as previously the wild-type 

was seen to be more sensitive to benzoate than sorbate (Fig. 3.2); probably because 

benzoate (pKa 4.19) exists more in the protonated state at pH4.5 than sorbate (pKa
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4.76). However the sensitivities to these different acids does appear to be strain 

dependent.
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Growth of yeast strains in pH4.5 YEPD with 0.9mM-sorbate stress
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Growth of yeast strains in pH4.5 YEPD with 0.9mM-benzoate stress
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Table 4.2. Summary of results pertaining to weak acid mutants made in this study.

Name of mutant Weak acid sensitive 
phenotype^

a and a  mating 
types isolated.

Measure of weak 
acid stress response^

Complementing
gene^

wam2 Strong Yes Permanently on MNN5

wam2> Strong Yes Permanently on^ RLMl

wamA Strong No Permanently on -

wam6 Strong Yes Unable to switch on -

wam8 Weak No Permanently on -

wam9 Strong No Unable to switch on -

wam\ 1 Strong Yes See footnote'* -

wam22 Weak Yes Permanently on -

wam23 Weak Yes Unable to switch on -

’strong = very limited growth on 2mM-sorbate; Weak = some growth on 2raM-sorbate. 

^As measured by P-galactosidase assay- see section 4.2.6 for full description of results. 

^Basal response higher than wild-type but switched on to a lesser extent.

'’Unable to transform this strain with reporter plasmid.

^From Chapter 5 of this thesis
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4.3. Discussion.

The use of mutagenesis to isolate strains sensitive to specific stress agents, is an 

extremely useful tool for expanding the knowledge of stress response pathways. 

Isolating specific mutant strains of S. cerevisiae solely sensitive to weak acids; allows 

us to use complementation cloning to identify other genes or elements involved in the 

weak acid stress response. This is achieved in Chapter 5 using a DNA library prepared 

from 5*. cerevisiae.

9 strains were isolated in this study and clearly characterised as solely sensitive 

to weak acid stress. It therefore followed that the gene mutation induced by the 

alkylating agent EMS led to loss of a function important for weak acid resistance. Once 

the defective gene is identified, yeast strains containing the specific gene deletion and 

relevant related strains can be obtained either from a yeast mutant bank or by knocking 

out the specific gene in the lab. Here the growth phenotype of warn strains was analysed 

in the presence of weak acids. The regulatory elements, in particular the transcription 

factors involved in PDR12 control, are unknown (see section 1.7). It was thus 

possible that one of these strains had a mutation in the transcription factor that 

regulates PDR12.

As expected, the effects of each individual mutation on weak acid sensitivity 

are clearly different, as demonstrated by the growth curves (Figs. 4.5a-c). This 

identified those strains with a weaker phenotype for weak acid sensitivity {wam8, 

wam22 and wam23) from those with a strong phenotype for weak acid sensitivity. 

Additionally, experiments in this Chapter separated the strains into those able to
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switch on the weak acid stress response but defective in a key target gene of this 

pathway; and those unable to switch on the weak acid stress response (Fig. 4.4).

Interestingly, although wam8 and wam22 appeared to have an elevated 

PDR12 promoter activity as measured by the p-galactosidase assay (section 4.2.6 and 

Fig. 4.4), thus inferring that the stress response is permanently on in these strains; 

wam23 was unable to switch on this stress response. Therefore in the latter case the 

level of sensitivity of this strain to weak acid does not tally with its ability to switch 

on this pathway. Perhaps the defect is in a key target needed for resistance. 

Alternatively the effect of permanently switching on the PDR12 promoter may be on 

cellular energy (ATP) levels? One way of investigating this would have been to 

measure ADP-ATP ratios (Bracey et a i, 1998). Another useful experiment would 

have been to look at levels of Pdrl2 protein via Western blotting, detecting Pdrl2p as 

described in Chapter 3. Unfortunately, due to time limitations, both of these 

experiments were not carried out.

While Pdrl2p appears to be the major activity catalysing weak acid anion efflux 

(Fig. I.IB), it is not the only ABC transporter that influences weak acid resistance in S. 

cerevisiae. Cui et al. (1996) reported that the loss of Yorlp, another plasma membrane 

ABC transporter, increases sensitivity to sorbate and benzoate. Although Yorlp does 

contribute to sorbate resistance, its contribution is relatively minor compared to that of 

Pdrl2p (P.W. Piper, personal communication).

In Chapter 5 a genomic DNA hbrary was used to identify DNA fragments 

complementing defects in the strains isolated and characterised in this chapter. This led 

to the isolation of three genes important for weak acid resistance of S. cerevisiae.
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CHAPTER 5.

Complementation cloning of genes important for weak acid resistance in

S. cerevisiae.

5.1. Introduction.

Following the isolation of weak acid sensitive mutant strains in Chapter 4;

DNA fragments complementing these mutations were isolated by complementation

cloning. An overview of the experimental procedures involved in this process is

summarised in the following flow-chart:

Summary of experimental steps:

Yeast strain FY1679-28c 
Mutated with EMS 4

Colonies sensitive to weak acid isolated (sorbate)

warn mutants characterised

Transformed with hbrary 
of genomic DNA fragments

y C hap ter 4

Colonies isolated that are now able to 
grow in the presence of weak acid stress

Total DNA extracted

Transformed into E. coli

I
Rescued cloned plasmid (blue/white selection)

Retransformed warn with plasmid; 
to verify the reversion of 
weak acid sensitivity

Insert DNA sequence & 
compared to S. cerevisiae 
genome database (SGD), 
for identification of gene 
defective in warn strain.

C hapter 5
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This series of experiments is outlined in greater detail in section, 5.2.1. The 

aim was to identify the mutated gene in each warn, by showing sensitivity is reverted 

with a ‘normal’ copy of the gene carried on a plasmid. This was achieved by 

transforming the relevant warn strain with a genomic DNA library (constructed as 

described in section 2.11.7). The identification of novel sequences complementing 

weak acid sensitivity was successfully carried out for wam2 and wam3.

The MNN5 gene was found to complement the weak acid sensitivity of 

wam2. This belongs to a group of genes encoding mannosyltransferases involved in 

cell wall synthesis. Simply, they act by adding mannose groups to the outer proteins 

of the cell wall. The specific functions of each of these enzymes is detailed further in 

section 5.2.5. The general structure of the cell wall is shown in Fig. 5.1. Note 

specifically the position of mannoproteins in the outer layer of the yeast cell wall.

Two genes were isolated during the complementation cloning of wam3. The 

first was identified as RLMl, encoding a serum response factor-like protein that may 

function downstream of MPKl in the cell integrity signalling MAP-kinase pathway 

(Dodou and Treisman, 1997; Watanabe, et a l, 1995 and 1997). The second gene was 

identified as ERG6, which encodes a methyltransferase (C-24 methylase) involved in 

ergo sterol (or C28 sterol) biosynthesis. Sterols have been shown to play critical roles 

in maintaining appropriate membrane fluidity, regulating membrane permeabihty, 

influencing the activity of membrane bound enzymes, and altering cell growth rate 

(Welüiinda et a l, 1994; Lees et a l, 1995 and Parks et a l, 1995). The involvement of 

these genes in the weak acid resistance of S', cerevisiae is discussed in 5.3.
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Fig 5.1. Composition and structure of the cell wall of S. cerevisiae. The cell wall, which is located 
outside the plasma membrane, consists of two layers. The inner layer provides cell wall strength, and 
is made of |3-l,3-and |3-l,6-glucan that is complexed with chitin. The outer layer consists of 
mannoproteins, and determines most of the surface properties of the cell. The majority of 
mannoproteins are covalently linked to the inner glucan layer. Periplasmic enzymes are trapped 
between the plasma membrane and the inner skeletal layer.
From Schreuder et al.. 1996.

5.2. Results.

5.2.1. The steps involved in eomplementation cloning of genes involved in warn 

defects.

a) Selection for reversion of weak acid sensitivity.

This was achieved by ‘high-efficiency’ transformations of individual warn strains 

with plasmids from a total genomic DNA library. Cells were transformed as 

described in section 2.6.1 and grown on 30x SD plates (-leu, to provide plasmid 

selection) at 30°C for 3 days to give lawns of transformants. These were then replica 

plated onto pH4.5 YEPD plates containing ImM-sorbate and grown for 3-4 days at 

30^C. All plates were then carefully examined and any colonies considered to be
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growing in the presence of this weak acid stress re-streaked as 5x5cm patches on 

pH4.5 SD+ImM-sorbate (SD supplemented with all amino acids listed in section 

2.3.1 with the exception of leucine and buffered with potassium phosphate). This 

provided a selection pressure for leucine prototrophy, cells therefore maintaining the 

isolated plasmid.

b) Reisolation of plasmid DNA from transformants of interest by transformation into 

E. coli (strain DH5a); see section 2.11.1 and 2.6.1 respectively.

c) Confirmation that plasmid could recorder sorbate resistance to original warn strain.

d) Analysis of plasmid insert by sequencing. Sequencing reactions were set up from 

the plasmid preps, using the ABI PRISM® Big-Dye™ Terminator Cycle Sequencing 

Ready Reaction Kit (PE Applied Bio systems) according to the manufacturer’s 

instructions. This works on the principle that each of the four chain-terminator 

nucleotides caries a spectrally distinct fluorophore. The tag is incorporated into the 

DNA molecule by the DNA polymerase; thus it terminates the synthesis of the DNA 

strand being sequenced and also attaches the flourophore to the end of the molecule. 

The specific nucleotides are then detected from the different emission spectrums, as 

they electrophorese past a fluorescence detector. The pRS415 plasmid contains sites 

for both T3 and T7 primers (Table 2.3) on either side of the multiple cloning site. 

Thus, these primers were used for the initial sequencing reactions.

These reactions were sent to Oswel Research Products Ltd (University of 

Southampton) and sequencing data received as hard copy and on computer 

spreadsheet, for easy comparison to the S. cerevisiae genome database (SGD; see 

Refs, for website address).
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f) Once the regions of the S. cerevisiae genome selected were identified from the 

sequencing data, strains deleted in the encoded genes were obtained (source of 

strains stated where appropriate). In the case o f RLMl, deletions in both the FY1679- 

28c and 1788 strain backgrounds, were generated using kanMX4 cassettes (section 

2.11.9). The weak acid sensitivity of the various deletant strains was then examined 

by plating onto increasing concentrations of both sorbate and benzoate, as in section

2.5.1.

5.2.2. Preliminary characterised plasmids complementing wam2 and wam3.

The plasmids that reverted weak acid sensitivity in wam2 and wam3, were cut 

by restriction enzymes, Xbal and KspAl (as in section 2.11.5). The pRS415 vector 

(Sikorski and Hieter, 1989), used as a basis for the DNA hbrary, has one site for 

Xbal within the multiple cloning site (MCS) and one site for KspAl upstream of the 

MCS.

The digests were run on an agarose gel as in section 2.11.3; and showed that 

all three plasmids isolated contained additional DNA sequences; the exact sizes of 

which are documented in table 5.2. The fragments complementing both wam2 and 

wam3 contained sequences with an additional restriction site for KspAl (not shown).
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Table 5.1. Coordinates and length of DNA fragments isolated for wam2 (Chr. X) and 

wam3 rChr. XVD & TChr. XIID.

Direction of sequence Segment of DNA between Coordinates

Forward Primer 78882-79643 (Chr.X)

Reverse Primer 82616- 81887 (Chr.X)

Total length of DNA sequenced is 82616-78882 = 3734 (3.7Kb)

Forward Primer 377847-378495 (Chr. XVI).

Reverse Primer 380555-379933 (Chr. XVI).

Total length of DNA sequenced is 380555-377847 = 2708 (2.7Kb)

Forward Primer 251825-252475 (Chr. XIII)

Reverse Primer 254558-255182 (Chr. XIII)

Total length of DNA sequenced is 255182-251825 = 3357 (3.3Kb)

1 2 0



5.2.3. The insert fragment complementing wam2, contained a gene identified as 

MNN5, encoding an enzyme involved in mannosyiation of cell wall proteins.

Sequencing of the fragment of genomic DNA that complemented wam2 

revealed that it contained a fragment of Chromosome X (co-ordinates 82616-78882). 

This contained: the first 379 bases of SWEl (co-ordinates: 76802 to 79261); the 

whole of the MNN5 gene (co-ordinates: 80153 to 81913) including the upstream 

putative regulatory elements; and the last 523 bases o f YJL185c (co-ordinates: 82093 

to 82974).

SWEl codes for a protein kinase homologue, which acts on both serines and 

tyrosines and is a negative regulator of entry into mitosis (G2 to M transition). As 

only a small section of the SWEl gene was included on the isolated fragment, its 

relevance to weak acid resistance is extremely unlikely. YJL185c codes for a protein 

of unknown function and, as it was also present only as part of the gene, was 

similarly excluded from further consideration.

The whole of the MNN5 gene was present on the isolated 3.7Kb fragment, 

including the upstream sequence. As the function of Mnn5p is linked to cell wall 

biosynthesis, it appeared that it might be MNN5 that was complementing wam2. If 

true, it would indicate that a proper cell wall structure may be needed for weak acid 

resistance.
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Fig.5.2. The region between the dashed red line indicates the section of DNA shown to complement 

the weak acid sensitivity of strain wam2. The DNA segment isolated contained the whole of the 

MMN5 gene including its upstream sequence. The figure is adapted and reproduced from the 

Saccharomyces Genome Database (SGD -see references for web-site address).
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5.2.4. Isolated DNA segment transformed into wam2  ̂ reverted the weak acid 

sensitivity displayed by this strain.

The plasmid from wam2 which allowed this strain to grow in the presence of weak 

acids was re-transformed into this strain, to verify that its insert could revert the weak 

acid sensitive phenotype. Empty vector (pRS415 containing no additional DNA 

sequence) was also transformed into wam2 cells as a control. Fig. 5.3 shows the 

growth of the resulting wam2 transformants on a pH4.5 YEPD + ImM-sorbate plate 

for 5 days at 30°C. Following transformation with the MMN5 gene segment, this 

strain is now clearly able to grow under weak acid stress (B) as compared to the 

control strain (A). This confirmed the importance of a functional MNN5 gene for 

weak acid resistance of this S. cerevisiae strain (FY1679-28c) and strongly suggested 

the identity of the mutated gene in wam2 as MMN5.

A B

Fig. 5.3. Photograph of wam2 transformants grown on pH4.5 YEPD + ImM-sorbate plate at 30°C for 

5 days. Label A represents strain grown with empty pRS415 vector (control) and B with pRS4!5 with 

the MMN5 gene segment. The addition of the MMN5 gene reverted the sensitivity to weak acid 

normally displayed by wam2.
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5.2.5. Investigation of the contribution of individual MNN  genes to weak acid 

resistance.

The mamian structure found on the vV-linked glycans o f the yeast S. cerevisiae 

is composed of a long backbone of a a-l,6-linked mannose to which are attached 

branches consisting of two a-l,2-Iinked mannoses followed by an a -1,3-linked 

mannose. The gene products coded by the MNN gene series listed in Table 5.2 

function at the various steps shown in Fig. 5.4. The deletion of these genes therefore 

leads to strains with different cell-wall mannose morphologies, including truncated 

side-chains and cells with a reduced phosphomannan content.

Due to the apparent involvement of MNN5 in weak acid resitance; it was 

considered that the loss of this and other genes encoding mannosyltransferases 

involved in biosynthesis of the cell wall, might lead to a weak acid sensitive 

phenotype. The complete series of mnn mutants in SEY6210 genetic background was 

therefore obtained (gift fi-om Sean Munro; MRC, Cambridge).

These strains were plated onto increasing concentrations of both sorbate and 

benzoate, their growth under such conditions of weak acid stress being displayed in 

Figs. 5.5. (sorbate) and 5.6. (benzoate). The results of this study are summarised in 

table 5.3.
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Table 5.2. Function o f proteins encoded bv the MNN genes.

Name of gene Known Function

MNNl Alpha-l,3-mannosyltransferase; Amnnl strains lack the alpha- 

1,3 terminal mannose units.

MNN2 Golgi alpha-1,2-mannosyltransferase (putative); Amnn2 strain 

mannan lacks the main alpha 1,2-linked side-branches.

MNN5 Golgi alpha-1,2-mannosyltransferase (putative); Amnn5 is 

defective in addition of the alpha-1,3-linked mannose branch to 

the mannan structure found on the N-linked glycans.

MNN6 MannosyIphosphate transferase; mnn6A displays decrease in 

polymannose outer chain phosphorylation.

ANPl i=MNN8) Mannan 8; anplA  has altered mannoprotein glycosylation and 

a defect in N-linked outerchain glycan mannosylation.

MNNIO alpha-1,6-mannosyltransferase. Part of mannosyltransferase 

complex, gene product is a galactosyltransferase.

Sources o f  information; SGD website (see references); Stratford, 1992; Rayner & Munro, 1998; 

Jungmann e /a /.,  1999.
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Fig.5.4. A model for the modification of /V-linked glycans in the Golgi of S. cerevisiae.
All A-linked glycans have the same MangGlcNAC] structure when they arrive at the cis Golgi from the 
endoplasmic reticulum, and Ochlp adds a single a-l,6-linked mannose to them all. However the next 
steps are protein dependent. Many, but not all, of the proteins destined for incorporation in or under 
the cell wall have a mannan structure attached. The first step that commits them to this pathway is for 
M-Pol 1 to attach a short a - 1,6-1 inked mannose polymer to the mannose added by Ochlp. This is then 
extended further to a length of 40-60 mannoses by M-Pol II. The extension of the backbone may then 
be terminated by a capping a-1,2-1 inked mannose. The rest of the backbone is then branced by a-1,2- 
Iinked mannoses by Mnn2p and Mnn5p, and the chains terminated by an a-I,3-Iinked mannose added 
by Mnn Ip, and phosphomannoses by Mnn6p. In contrast, the proteins of the vacuole and the internal 
membranes, as well as some secreted proteins, do not have mannan attached, but rather a single «-1,2- 
1 inked mannose is added to the Ochlp product by an as yet unidentified «-1,2-linked 
mannosyltransferase termed «-1,2-MTII. As discussed in Jungmann et al. (1998) this activity could 
lie within Mpol I itself. Mnn Ip attaches «-1,3-linked mannoses to this and to the core. What 
determines which proteins receive which modification is at present unclear.
From Jungmann «/., 1998.

In Figs. 5.5. and 5.6. the Amnnl and Amnn5 strains show slightly stronger 

growth than the wild-type strain. Although the involvement of MNN5 was inferred 

from the previous results (section 5.2.4), this deletant series differs in its genetic 

background. Strain background has an effect on specific weak acid sensitivities, as 

shown by the different sensitivities to the same concentrations of sorbate or benzoate 

displayed by FY1679-28c (Fig. 5.10.), 1788 (Fig. 5.12.) and SEY6210 (Fig. 5.5.) 

respectively.
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Interestingly, the sensitivity profiles of the mnn strains varies for both 

sorbate and benzoate. Overall these strains appear to be more sensitive to sorbate 

stress than benzoate, as was seen previously in section 4.2.7. Amnnl and Amnn6 

appear to be the most sensitive to sorbate, whilst Aanpl and Amnnl 0 appear to be 

the most sensitive to benzoate. This is quite surprising as both acids are considered to 

act on cells in very similar ways. The fact that the Aanpl and Amnnl 0 strains show 

an identical profile of sensitivity to both sorbate and benzoate is unsurprising, as the 

products of both genes form part of the M-Pol II complex (see Fig. 5.4.). The 

similarity in sensitivity of the Amnnl and Amnn6 strains may be because both are 

lacking gene products involved in terminating the mannose chains in the outer 

branches of the manno-protein structure. This may have a specific effect on the 

permeability of these particular strains to weak acids. The exact relevance of these 

very distinct profiles of sensitivity to sorbate and benzoate, is extremely difficult to 

explain further. Nevertheless, weak acid sensitivity is shown here to be a phenotype 

of some of the mnn mutants, strains which up to now have generally been devoid of a 

clearly-scorable phenotype (Rayner and Munro, 1998).

Table 5.3. Summary of weak acid sensitive phenotypes of MNN gene deletants.

Sorbate Benzoate

0.5mM Im M 2m M Im M 2mM 3mM

W ild-type -H-+ ++ ++ -H-f -H- -H-

mnnlA + - - +++ ++ -H-

mnn2A -H-+ ++ ++ +-H- ++ ++

mnnSA +-H- ++ ++ +++ ++ ++

mnn6A + - - +++ ++ ++

anplA ++ + + ++ + +

mnnlOA ++ + + ++ + +

N.B. Growth o f deletant strains compared to wildtype; where +++ = strong growth; ++ = slightly 

sensitive; +  = sensitive; - = very sensitive.
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Fig. 5.5. The growth phenotype of strains deleted in genes coding for different mannosyltransferase 

enzymes (a = Mnnl, Mnn2, Mnn5 and b = Mnn6, Anpl, Mnn 10) under weak acid stress; where (i) = 

0.5mM-sorbate, (ii) = ImM-sorbate, (iii) = 2mM-sorbate. Wild-type strain = SEY6210. For 

description of results see section 5.2.5.
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Fig. 5.6a (i) Fig. 5.6b (i)
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Fig. 5.6a (iii) Fig. 5.6b (iii)

Fig. 5.6. The growth phenotype of strains deleted in genes coding for different mannosyltransferase 

enzymes (a = Mnnl, Mnn2, Mnn5 and b = Mnn6, Anpl, Mnn 10) under weak acid stress; where (i) = 

1 mM-benzoate, (ii) = 2mM-benzoate, (iii) = 3mM-benzoate. Wild-type strain = SEY6210. For 

description of results see section 5.2.5.
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5.2.6. The mutation in wam3 is putatively identified as a defect in the 

transcription factor Rim Ip.

Complementation cloning of DNA fragments that suppress the sorbate- 

sensitivity of wam3 led to the isolation of two separate DNA inserts. The first is a 

fragment of 2.7Kb, shown in Fig. 5.7, the co-ordinates of which are documented in 

table 5.2. This DNA segment contained the first 543 base pairs of the RPS6A gene 

(co-ordinates: 378390 to 377286) and all except the first 590 base pairs of the RLMl 

gene (co-ordinates: 381145 to 3791150). This RLMl gene fragment is therefore 

missing the N-terminal DNA-binding domain of RLMl but contains the amino-acids 

(246-445) which have previously been shown to interact with Mpkl (this enzyme 

mainly phosphorylates between amino-acids 329-445 (Watanabe et aL, 1997)). 

Rim Ip is a known transcription factor- activated by the phosphorylation of specific 

‘thr’ residues in its protein sequence by the Pkclp-MAPK cascade. For a fuller 

discussion of Rlmlp -  see section 5.3.

The RPS6A gene product is a ribosomal protein. As only half of this gene was 

present, its specific involvement in the weak acid resistance of S. cerevisiae was 

thought unlikely. Thus the possibility was considered that it was the RLMl gene 

segment that was complementing the wam3 mutation.
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Fig. 5.7. The region between dashed red lines represents one of two fragments that complemented the 

sorbate sensitivity of strain wam3, the second being shown in Fig. 5.14. This DNA segment isolated 

contained ‘most’ of the RLMl gene, bar its first 590 base pairs. It also contained the first 543 base 

pairs of the RPS6A gene. The figure is adapted and reproduced from the Saccharomyces Genome 

Database (SGD- see references for web-site address).
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5.2.7. The isolated plasmid, when retransformed into wam3, reverted the weak 

acid sensitivity displayed by this strain.

The plasmid which allowed the wam3 strain to grow in the presence of weak 

acids, was re-transformed into this strain to verify that it could revert the weak acid 

sensitive phenotype of this strain. Empty vector (pRS415 containing no additional 

DNA sequence) was also transformed into wam3 as a control. Fig. 5.8 shows the 

growth of the resulting wam3 transformants on a pH4.5 YEPD + ImM-sorbate plate. 

Following retrans format ion with the RLMl gene segment carried on the pRS415 

vector, wam3 is now clearly able to grow under weak acid stress (B) as compared to 

the control strain (A). This confirms that the insert in this plasmid can suppress weak 

acid sensitivity of this S. cerevisiae strain (FY1679-28c); and strongly suggests the 

identity of the mutated gene in wamS as RLM l. As only part of the RLMl gene was 

present, including a start codon (ATG) 74 base-pairs into the sequence, the encoded 

truncated protein (missing the first 221 amino-acids at the N-terminus) may be 

functional.

A B

Fig. 5.8. Photograph of wamS transformants grown on pH4.5 YEPD + ImM-sorbate plate at 30°C for 

5 days. A represents strain grown with empty pRS415 vector and B with pRS415 with the RLMl 

gene segment. The addition of the RLMl gene segment reverted the sensitivity to weak acid, normally 

displayed by wamS.
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5.2.8. Investigation of Caffeine sensitive phenotype of warn strains.

It is well documented that the 7 strain shows a strong phenotype for 

caffeine sensitivity (Watanabe, et a l, 1995; Dodou and Treisman, 1997). All warn 

strains were therefore plated onto increasing concentrations of caffeine between 

2mM and 12mM. Interestingly wamS, putatively thought to bear a mutation in 

RLMl, showed no caffeine sensitivity even up to a concentration of 12mM (not 

shown). Therefore it is unlikely that a total loss of Rlml function has led to the wam3 

mutation. However a DNA fragment carrying a segment of RLMI certainly appears 

to revert the sensitivity to weak acids normally displayed by this strain (Fig. 5.8).

Fig. 5.9. shows the growth profile of the warn strains at a concentration of 

9mM-caffeine; wam9 is seen to be hyper-sensitive, and both wam6 and wam23 are 

marginally sensitive to this level of caffeine, as compared to the wild-type strain. 

Interestingly these are the same mutants that appear unable to activate a PDRl2-lacZ 

reporter gene in response to weak acid stress (Table 4.2).

5.2.9. Demonstration that RLMI function is needed for weak acid resistance.

As wam3 is not caffeine sensitive, it is unlikely that the wam3 mutation, is in 

a total loss of RLMI function. However the results in sections 5.2.6 and 5.2.7 mfer 

that a plasmid encoding the C-terminal fragment of RLMI can revert the weak acid 

sensitive phenotype normally displayed by wam3. As pRS415 is a multicopy vector, 

this Rlmlp fragment may be a multicopy suppressor of wam3. To confirm that RLMI 

is indeed involved in weak acid stress resistance, strains deleted in this gene were 

constructed as in section 2.11.9.
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A Arlml strain was plated onto increasing concentrations of sorbate and 

benzoate, together with isogenic wild-type (FY1679-28c) and Apdrl2 strains (Fig.

5.10). This revealed that cells deleted in RLMI are more sensitive to both sorbate and 

benzoate when compared to the wild-type, particularly on 2mM-sorbate and 1 and 

2mM-benzoate. However the Arlml strain is not as sensitive as the Apdrl2 strain; 

which is again seen to be hypersensitive to all concentrations of both sorbate and 

benzoate screened.

wam23
wam2

want 11
warns

wants

É L .
wam4

warn 9
wamo

wam8

Fig. 5.9. Photograph of the growth of wild-type (WT) (FY1679-28c) and all warn strains grown at 

30°C on YEPD + 9mM-caffeine for 4 days. Only wam9 shows a strong phenotype for caffeine 

sensitivity; whilst wam6 and wam23 show a marginal sensitivity, as compared to the wild-type strain.
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Wild-type

Apdrl2

Arlml

Fig. 5.10a (!) Fig. 5.10b (i)

□1n
R1

Wild-type

Apdrl2

Arlml

Fig. 5.10a (ii) Fig. 5.10b (ii)

Wild-type

Apdrl2

Arlml

Fig. 5.10a (iii) Fig. 5.10b (ii)

Fig. 5.10. Growth of a Arlml strain, wild-type (FY1679-28c) and Apdrl2 (YYM19) strains on pH4.5 

YEPD plates, containing increasing concentrations of sorbate (a) and benzoate (b) ((i) = 0.5mM; (ii) = 

ImM and (iii) = 2mM). All three strains were grown to stationary phase, cell numbers counted and 

tenfold serial dilutions spotted onto plates containing increasing concentrations of sorbic or benzoic 

acid. This ensured an equivalent number of cells were compared. Apdrl2 cells are hypersensitive to 

both 0.5mM-sorbate and benzoate, whereas the Arlml strain is definitely more sensitive than the wild- 

type but not as sensitive as Apdrl2. All strains are marginally more sensitive to benzoate than sorbate, 

probably because benzoate (pKa 4.19) exists more in the proton at ed state at pH4.5 than sorbate (pKa

4.76).
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5.2.10. Is the weak acid sensitivity of the RLMI deleted strain dependant on the 

MAPK phosphorylation cascade?

In section 5,2.9 and Fig. 5.10, a weak acid sensitive phenotype was noted for 

Arlml cells. As the cell integrity mitogen-activated protein kinase (MAPK) cascade 

activates Rlmlp (Dodou and Treisman, 1997;Watanabe, et a l, 1995 and 1997), the 

possibility was investigated that deletant strains of this cascade would also show a 

weak acid sensitive phenotype. Mutants of the various steps in the cascade (see Fig.

5.11) were obtained (gift of D. Levin, University of Baltimore) isogenic to the wild- 

type 1788 strain and the Arlml strain made in this work. Growth of these strains 

under weak acid stress can be seen in Fig. 5.12a-d. As previously discussed, the 

weak acid sensitivities of the different genetic backgrounds varies considerably 

(compare the weak acid sensitive growth profiles for 1788 and FY1679-28c; Figs.

5.12. and 5.10. respectively).

Compared to the wild-type, all the MAPK cascade mutants appear to be 

marginally more resistant to both 0.5mM and ImM-sorbate stress. The sensitivities 

to sorbate and benzoate again appears to differ. However the Arlml strain is again 

seen to be more sensitive (m this different genetic background), to both sorbate and 

benzoate.
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P c k lp

M kklp /M kk2p

M p k lp

R lm lp

Fig. 5.11. The PKCl-MPKl kinase cascade in S. cerevisiae. The pathway is believed to bifurcate 
after PKCl. The scheme is taken from Klis (1994).

The PKCl-MPKl kinase cascade in S. cerevisiae (Fig. 5.11) is a signal 

transduction pathway that performs crucial steps in relaying signals, especially 

membrane stretch (often cell wall weakness) from the plasma membrane to the 

nucleus. The MAPK pathway is activated during a diverse array of processes in yeast 

including; response to pheromones (schmooing), bud emergence, stresses and 

nutritional signals (Levin and Errede, 1995; Treisman, 1996). This pathway is also 

involved in cell integrity, as cells defective in components of the MAPK cascade 

exhibit a temperature-dependant cell lysis defect, which can be suppressed by 

osmotic support such as sorbitol (Fig. 5.12.) (Levin and Errede, 1995; Dodou and 

Treisman, 1997).
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Fig. 5.12a

1788 (wt)

AbckI

mpkl::trp

AmlpI

Amlpl, Ampkl

178H Arlml

1788 (wt)

AhckI

mpkl::trp

Amlpl

Amlpl, Ampkl

1788Arlml

Fig. 5.12a/b. Weak acid 

sensitive phenotype of 

various deletant strains of 

the MAPK cascade, 

compared to wild-type and 

Arlml', all strains are in 

strain 1788 genetic 

background. Cells were 

plated on pH4.5 YEPD 

containing 0.5mM-sorbate 

(a) and ImM-sorbate (b) 

and incubated for 3 days at 

30°C. N.B. ImM-sorbitol 

was added to the plates to 

provide osmotic stability. 

All strains were grown to 

stationary phase, cell 

numbers counted and serial 

dilutions (neat, I/IO"’, 

1/100"’ and 1/1OOO"’) spotted 

onto the plates. This ensured 

an equivalent number of 

cells were compared. Arlml 

cells are sensitive to both 

0.5 and ImM-sorbate 

compared to the wild-type.

N.B. All strains were hyper

sensitive to 2mM-sorbate 

stress, showing barely any 

growth over the time period 

studied.

Fig. 5.12b
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Fig. 5.12c

1788 (wt)

AbckI

mpkl::trp

Amlpl

Amlpl, Ampkl

1788Arlml

1788 (wt)

Ahckl

mpkl::trp

Amlpl

Amlpl, Ampk.

1788Arlml

Fig. 5.12c/d. Weak acid 

sensitive phenotype of 

various deletant strains of 

the MAPK cascade, 

compared to wild-type and 

Arlml, all strains are in 

strain 1788 genetic 

background. Cells were 

plated on pH4.5 YEPD 

containing 2mM-benzoate 

(c) and 3mM-benzoate (d) 

and incubated for 3 days 

at 3 0 T .

N.B. ImM-sorbitol was 

added to the plates to 

provide osmotic stability. 

All strains were grown to 

stationary phase, cell 

numbers counted and 

serial dilutions (neat, 

1/10"\ 1/100*  ̂ and

1/1000'^) spotted onto the 

plates. This ensured an 

equivalent number of cells 

were compared. Arlml 

cells are sensitive to both 

2m M and 3mM-benzoate 

compared to the wild-type.

All strains are 

marginally more sensitive 

to benzoate than sorbate, 

probably because benzoate 

(pKa 4.19) exists more in 

the protonated state at 

pH4.5 than sorbate (pKa

4.76).

Fig. 5.12d
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5.2.11. Investigation of whether iîLM/ affects Pdrl2p expression.

As Rlmlp is a known transcription factor, and Pdrl2p a key protein involved 

in the weak acid stress response (Piper et a l, 1998 and Chapter 3); it was considered 

that the sensitivity to weak acids displayed by Arlml cells may be due to effects on 

Pdrl2p. The influence of RLMI on Pdrl2p expression was therefore investigated by 

analysis of crude protein extracts from wild-type and Arlml cells as described in 

Chapter 2.

These results are shown in Fig. 5.13a. Lanes 1-4 were loaded with protein 

extracts from wild-type cells and lanes 5-8 loaded with protein extracts from Arlml 

cells. The wild-type strain shows the expected pattern of weak acid-inducible 

expression of Pdrl2p, compare with Fig. 3.3. At pH6.8 no Pdrl2p is detected (lane 1) 

and following growth at pH6.8 with 8mM-sorbate for 2.5 hours prior to extraction, 

Pdrl2 protein is induced (lane 2). A basal induction of Pdrl2p is seen with growth at 

pH4.5 (lane 3) and Pdrl2p is very strongly induced following growth at pH4.5 with a 

ImM-sorbate treatment for 2.5 hours prior to extraction (lane 4).

In the Arlml strain, the induction of Pdrl2p appears to be at wild-type levels 

for cells grown at pH6.8 (lanes 5 and 6). However pH4.5 grown cells do not show 

the basal or weak acid-inducible expression seen in the wild-type strain (lanes 7 and 

8). With the loss of RLMI the cells appear unable to induce Pdrl2p expression both 

to the basal level normally seen during growth at pH4.5 and the much stronger 

induction usually seen with ImM-sorbate treatment at pH4.5. This latter treatment 

only shows Pdrl2p induction to approximately the same level as wild-type pH4.5 

grown cells without weak acid treatment. An identically loaded gel was probed with 

anti-Hsp90p antibody, to check that the result was not an artefact due to unequal 

loading of the protein extracts (Fig. 5.13b).
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The Arlml strain’s loss of ability to induce high levels of Pdrl2p at low pH, 

vital for growth in the presence of weak acids (Piper et al., 1998 and Chapter 3); may 

explain the weak acid sensitive profile shown in Figs. 5.10. and 5.12. Although 

Arlml cells are not as sensitive as Apdrl2  cells (Fig. 5.10.), this may be due to the 

fact that Pdrl2p expression is not totally lost in the Arlml strain. The cells are still 

able to respond to weak acids in their environment, particularly at the higher pH of

6.8. However only a limited response, shown by the minimal induction of Pdrl2p, is 

seen at pH4.5 in the Arlml strain compared to the wild-type.

1 2 3 4 5 6 7 8

Fig. 5.13a. 5|ig of crude protein preps were fractionated by SDS-PAGE on a 15% gel, western blotted 

and the levels of Pdrl2 protein analysed using anti-Pdrl2 antibody. Proteins were extracted from 

wild-type (FYI679-28c) (lanes 1-4) and Arlml (lanes 5-8) strains. These were grown to mid-log in 

YEPD at pH6.8 without (lanes I and 5) and with 8mM-sorbate for 2.5 hours before extraction (lanes 2 

and 6); pH4.5 YEPD without (lanes 3 and 7) and with ImM-sorbate for 2.5 hours before extraction 

(lanes 4 and 8). The usual induction of Pdrl2p seen at pH4.5 is lost in the A r/m/strain and the large 

increase in Pdrl2p levels usually associated with ImM-sorbate treatment at pH4.5 is also lost (lane 8 

compared to lane 4).

Fig. 5.13b. Polyclonal antibody raised against bacterial expressed C-terminal domain of Hsp90p was 

used as a loading control. The amount of protein loaded in each lane is seen to be equal therefore 

validating the results seen in Fig. 5.13a.
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5.2.12. An £7îG'< -̂bearing fragment suppresses the weak acid sensitivity of 

wam3.

The second plasmid isolated as a suppressor of wam3 contained a 3.3Kb 

insert from Chromosome XIII, shown in table 5.2. This contained the first 1334 base 

pairs of the YAPl gene (previously designated PDR4) (co-ordinates: 253848 to 

255800) and the full sequence of ERG6, including the upstream region (co-ordinates: 

252990 to 251839) (Fig. 5.14). Previous investigations into the phenotype of a Ayapl 

strain showed that deletion of YAPl did not lead to a weak acid sensitive phenotype 

(P.W. Piper, personal communication).

When the fragment containing ERG6 was re-transformed into wam3 it again 

reverted the weak acid sensitivity normally displayed by this strain (not shown). It 

was therefore assumed that either a mutation in ERG6 had led to the weak acid 

sensitive phenotype observed in wam3, or that ERG6 is a multicopy suppressor of 

wam3. The former possibility is supported by the observation that the wam3 strain 

showed a reduction in mating frequency and transformation rates; an observation 

noted previously for erg6 mutants (Lees et a i, 1995; Parks et a i, 1995).

The relevance of this association between wam3 and ERG6 is discussed 

further in section 5.3.
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Fig. 5.14. The region between the dashed red lines indicates a second fragment of DNA that 

complemented weak acid sensitivity of wamS. The DNA segment contains the whole of the ERG6 

gene, including its upstream sequence and the first 1334 base pairs of YAPl. The figure is adapted 

and reproduced from the Saccharomyces Genome Database (see references for web-site address).
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5.3. Discussion

Through the selection of mutants and cloning of the genes involved, yeast 

molecular genetics offers a powerful tool for dissecting the components of signal 

transduction pathways. This study led to the identification of novel genes needed for 

the weak acid resistance of .S', cerevisiae. It has also added further weight to the 

possibility that sterol synthesis may affect this response (Kaur and Bachhawat, 

1999). Although identification of the defects in the other warn strains isolated and 

characterised for this work was also attempted, due to time limitations DNA 

fragments complementing only two strains were analysed in detail. For one of these 

(wam3), two DNA fragments suppressed weak acid sensitivity.

Importance of cell wall proteins in the weak acid stress response.

Several gene knockout strains of S. cerevisiae encoding mannosyltransferase 

enzymes, were tested for sensitivity to weak acids. Surprisingly, disrupting the 

MNN5 gene (which was thought to complement the weak acid sensitive phenotype of 

warn!) did not show a weak acid sensitive phenotype within the SEY6210 

background. However Ammnl and Amnn6 strains; also Aanpl and AmnnlO strains, 

were seen to be hypersensitive to sorbate and benzoate respectively.

How then are these results linked to the weak acid stress response? Zlotnick 

et al. (1984) reported that mannoproteins of S. cerevisiae form an external cell wall 

layer that determined the wall’s porosity. Perhaps then disruption of the manno- 

phosphate structure of the ceU wall in these mnn mutants simply alters the porosity of 

the wall, allowing a greater diffrisional entry of weak acid into the cell.

Although this is possible, Warth (1989a) demonstrated that the growth of 

yeast in the presence of benzoic acid reduced the permeability to benzoic acid still
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further. This infers that some change to the yeast cell envelope occured in response 

to weak acid stress, further limiting acid diffusion into the cells. In the case of Z. 

bailii, Warth (1989a) attributed this to an alteration in the cell membrane, as 

following the formation of spheroplasts of Z. bailii, these adapted cells still displayed 

a reduced weak acid uptake rate.

However, S. cerevisiae and Z. bailii respond differently to weak acid stress

since;

1) Strong Pdrl2p induction is not seen in the plasma membrane fractions from Z. 

bailii (C. Ortiz-Calderon -  unpublished data)

2) S. cerevisiae, Z  bailii and other yeast species show major differences in their 

tolerance to increasing concentrations of weak acids (Warth, 1989a).

3) Preservative resistant species (e.g. Z. bailii) generally have lower rates of uptake 

of weak acids than less-preservative resistant strains (e.g. S. cerevisiae) (Warth, 

1989a).

Therefore S. cerevisiae may rely more upon changes in the manno-phosphate 

structure of the cell wall and Pdrl2p-catalysed acid anion extrusion, in response to 

weak acid stress, to lower cytoplasmic levels of the acid. Putatively, cells of S. 

cerevisiae may have a mechanism which allows them to sense the presence of high 

levels of weak organic acid anion in their cytosol. By signalling to the relevant MNN 

genes to make changes to the cell wall, this could reduce the permeability of the 

wall; thus reducing diffusion of the stress agent into the cells. This ‘sensing’ could 

possibly be performed by Pdrl2p itself which would explain the apparent regulation 

of the PDRl2 promoter by Pdrl2p itself (Fig. 3.3). It is worth noting that the cell
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wall of yeast plays a number of important roles (Stratford, 1994) and that it is a 

fluent structure able to make appropriate changes in the relevant situation.

The activity of the Pdrl2p promoter was switched permanently on in the 

wam2 stain (4.2.6 and Fig. 4.4). This could be explained by the fact that, due to the 

mutation in MNN5, these cells were more permeable to the weak acid. A higher 

concentration of the acid is therefore allowed to enter the cell and is ‘sensed’, 

possibly by Pdrl2p itself.

Jigami et a l, (1999) showed that manno sy Ipho sphorylation is induced under 

some stress conditions, suggesting its possible role in cellular response to the stress 

conditions. He stated that mannosylphosphate transfer to mannan seemed to be 

regulated by environmental conditions. Interestingly manno sy Ipho sphate transfer in 

S. cerevisiae is encoded by MNN4 and MNN6; the latter disruptant strain {Amnn6) 

being hypersensitive to sorbate (Fig. 5.5b). One potential function of 

mannosylphosphate transfer could be to modify mannoproteins to make the cell wall 

less permeable.

Alternatively, Jigami et a l, has suggested that a possible function for 

mannosylphosphate transfer is to contribute to protein stabilisation. Perhaps then 

particular genes of the MNN series, have a very specific function in the weak acid 

stress response pathway; possibly even acting directly on Pdrl2p.

Involvement of Rlmlp in the weak acid stress response pathway.

Rlmlp is a transcription factor that is a member of the MADS box family of 

transcription factors, of which S. cerevisiae Mcml and mammalian serum response 

factor (SRF) are also members (Banuett, 1998). The DNA binding domain of Rlmlp
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is most similar to that of mammalian MEF2 and appears to bind the same consensus 

sequence as MEF2. The C-terminal region of Rlmlp, which may be the 

transcriptional activation domain, appears to be directly phosphorylated by Mpkl 

(part of the MAPK cascade) in vivo and in vitro, suggesting that Mpkl modulates the 

activation domain of Rhnlp (Dodou and Treisman, 1997; Watanabe, et a l, 1995 and 

1997).

Despite this, it appears that mutants in the MAPK pathway do not show the 

weak acid sensitive phenotype displayed by the Arlml strains (Fig. 5.10 and Fig. 

5.12). This could potentially be explained by the fact that Dodou and Treisman

(1997) did detect RLMI transcripts in Ampkl cells; however the Rhnlp DNA- 

binding activity was greatly reduced. Alternatively, as this protein appears to require 

phosphorylation before it is functional (Dodou and Treisman, 1997; Watanabe, et a l, 

1997); it may be activated by a second phosphorylation pathway, not yet linked with 

this transcription factor.

However it is worth noting that MADS box proteins also have the potential to 

interact with other regulatory proteins (Watanabe et a l, 1997); it is therefore possible 

that Rlmlp interacts with additional cofactors in activating its target genes. This may 

be particularly relevant in considering its action on PDR12, since the FDR12 

promoter appears to have no match to the known DNA binding consensus sequence 

for Rlmlp (Dodou and Treisman, 1997). As documented in section 5.2.11, the 

deletion of RLMI does not alter Pdrl2p expression at pH6.8; but dramatically 

reduces its induction at pH4.5. This difference in the Pdrl2p response at the two 

pH’s may be a deliberate process ehcited by these cells. As described in section 1.1, 

weak acids mainly enter the cell at lower pH’s, particularly in the concentrations 

likely to be encountered in nature. Therefore Pdrl2p may only be up-regulated and

147



indeed activated (an energetically expensive process) at the lower pH; when these 

weak acids are going to more toxic to the cells.

It is also worth noting that the yeast genome contains a homolog of Rlmlp, 

Smplp, which recognises an extended version of the consensus sequence recognised 

by Rlmlp (Banuett, 1998). Deletion of this ORF (YBR182c) does not lead to the 

caffeine sensitivity of Arlml cells and Smplp has yet to be shown to be involved in 

Mpklp signalling (Watanabe et a l,  1996; Dodou and Treisman, 1997). It would be 

interesting to see if Smplp could complement the weak acid sensitivity displayed by 

Arlml', and if a strain deleted in Smplp was sensitive to weak acid treatment. Due to 

time limitations these experiments were not carried out, but may be a useful 

approach for further work.

PDRl2 induction is independent of transcription factors normally involved in 

stress responses (Piper et al, 1998). These factors include, Msn2p/Msn4p which direct 

the general stress response (Martinez-Pastor, 1996), Yap Ip (mentioned in section 

5.2.12.) important in the response to oxidative stress and in the pleiotropic drug 

resistance (PDR) system (Ruis and Schuller, 1995; Bauer et a l, 1999; Piper et a l, 

1998 and section 1.7) and Yorlp (K. Hatzianthis, unpublished). Although Rlmlp 

appears to be involved in the weak acid stress response of S. cerevisiae cells grown 

at pH4.5; it does not abolish the pH6.8 induction of this protein (5.2.11.). It cannot 

therefore be the sole transcription factor involved in PDRl2 regulation.
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The effect of the sterol composition of the yeast plasma membranes, on weak 

acid resistance.

Mutants of S. cerevisiae, bearing lesions in the ergosterol biosynthetic 

pathway, have previously been shown to exhibit a pleiotropic drug-sensitive 

phenotype (Kaur and Bachhawat, 1999). A mutation in wam3, putatively in the 

ERG6 gene, led to hypersensitivity of this strain to weak acids. ERG6 is one of the 

late genes in the ergosterol biosynthetic pathway of S. cerevisiae. Specifically, it is 

the structural gene for the sterol methyltransferase in the plasma membrane; leading 

to the formation of fecosterol from zymosterol (Kaur and Bachhawat, 1999 and Lees 

et a l, 1995).

Kaur & Bachhawat (1999) showed that the membrane environment / 

composition plays a significant role in determining the functioning of MDR pumps. 

The drug sensitivity of erg mutants has been shown, to a large extent, to be due to the 

decreased drug efflux mediated by Pdr5p in these strains. It is therefore highly likely 

that the weak acid anion extrusion by Pdrl2p will be similarly altered.

The results in this chapter further support the idea that the weak acid 

resistance in S. cerevisiae requires multiple components. Although recent work has 

fiirthered our understanding, many of the finer details still remain to be unravelled. 

Experiments that may help to achieve this are outlined in section 6.2.

Although complementation cloning experiments inferred MNN, RLMl and 

ERG6 genes are involved in the weak acid stress response; the specific identity of 

gene mutations in wam2 and wamS was not finalised. Amplifying each individual 

gene of interest via PCR; transforming the wam2 and wamS strains with the relevant 

DNA fragment and then selecting for reversion of weak acid sensitivity would have

achieved this. This should be carried out to finalise the identity of the mutations.
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CHAPTER 6.

6.0. Discussion.

6.1. Summary of findings to date.

The importance of the plasma membrane ATPase (iT-ATPase) (Holyoak et 

al., 1996; Piper et al., 1997) and the integral plasma membrane protein Hsp30 

(Panaretou and Piper, 1992) in the weak acid stress response, has been shown. Piper 

et al. (1998) and this work (Chapter]) identified that the induction of the ABC- 

transporter protein Pdrl2p, whose role is to remove acid anions from the cell (Fig. 

I.IB), was even more important. This study has fiirthered our knowledge of the weak 

acid stress response of S. cerevisiae via complementation cloning experiments 

(Chapter 5). The MNN5 gene isolated by this approach, led to the study of cell wall 

mutants. These results inferred that the integrity of the cell wall and indeed putative 

changes in the composition of cell wall proteins, thus limiting the re-entry of weak 

acid into the cell, could play a vital role in the response to weak acid stress. A second 

gene isolated in this work, RLMl, has a novel role within this pathway. Rlmlp, a 

transcription factor known to function downstream of the MARK cascade, was shown 

to effect the levels of Pdrl2p at pH4.5 (but not at pH6.8). The relevance of each of 

these key changes will be discussed in further detail in the following sections. Their 

known and putative interactions are represented simply in Fig. 6.1.

Key events in the weak acid stress response of 5. cerevisiae.

Counteracting weak acid stress is not merely a matter of increasing -ATPase- 

catalysed proton extrusion from the cell, so as to combat acidification of the cytosol with 

the dissociation of weak organic acids. Weak acid influx should dissipate the pH, though
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not the charge (Z) component of the electrochemical potential at the plasma membrane 

(see Fig. 1.1 A). The extents to which increased -ATPase activity alone can counteract 

the intracellular acidification that accompanies this influx may be limited, since there is a 

limit to the extent that the -ATPase enzyme can enhance the charge component (Z) of 

the electrochemical potential (Z pH). One way to avoid this problem is to ensure the 

movement of a charge that compensates for the charge on the H^-ATPase-extruded 

proton. Anion (XCOO-) exit from the cell, as through a membrane pore, could satisfy 

this requirement. It could also in theory be driven by the membrane potential (positive 

outside, negative inside).

However in adapted S. cerevisiae cells (Fig. LIB) this requirement is probably 

met with the action of the Pdrl2p transporter. Not only will Pdrl2p-catalysed anion 

extrusion reduce intracellular acid anion levels but it should also, by moving a charge 

compensating for the charge on a ET-ATPase-extruded proton, allow greater levels of 

catalysed proton extrusion than would otherwise be possible. Although energetically 

expensive (at least 2 ATPs consumed in counteracting each weak acid molecule that 

enters the cell; Fig.l.lB), this process might allow weak acid-stressed cells to elevate 

their intracellular pH to the point where substantial metabolic activity and growth can 

resume.

Maintenance of pHi homeostasis is vital to cellular functions and this largely 

depends upon the plasma membrane ATPase (H^-ATPase), whose activity has been 

shown to increase in response to weak acid stress; thus utihsing a significant 

proportion of cellular ATP (see below). The Heat Shock Protein (Hsp30p) has been 

shown to play a putative role in the down regulation of H^-ATPase and thus energy 

conservation. The increased activity of both H^-ATPase and the ATP-dependant
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ABC-transporter protein Pdrl2p are energetically expense to the cell. Sensitivity to 

weak acid stress may therefore be due in part to a reduced intracellular pool of ATP 

available for normal cell functions.

How yeasts probably avoid a futile cycle of the diffusional entry and active 

extrusion of organic acids.

Induction of high levels of -ATPase and Pdrl2p-catalysed extrusion of 

protons and acid anions would seem pointless without some limitation to the diffusional 

uptake of the undissociated acid (XCOOH; Fig.l.lB). Without such limitation, acid 

could diffuse into the cells as fast as Pdrl2p pumps it out in a futile, and energetically 

very expensive, cycle. It has long been known that acid-adapted S. cerevisiae and Z 

bailii maintain an intracellular versus extracellular distribution of benzoate that is not in 

equilibrium, consistent with the induction of a process that enables cells to reduce their 

intracellular pool of weak acid. Active anion extrusion alone is probably not sufficient to 

achieve this. Instead there appears to be a restriction to weak acid diffusion across the 

cell envelope in adapted cells. There is an inverse correlation between the rates at which 

different yeast species take up benzoic acid and the resistances of these yeasts to 

benzoate. Moreover as cells adapt to weak acid stress there is a reduction in the rate of 

diffusional entry of benzoate into the cells (Warth 1989a). Do these changes occur due to 

alteration in the composition of the cell wall, as inferred by results shown in chapter 5?

The yeast cell wall’s main structural constituents are polysaccharides, which 

account for 80-90% of the wall; principally glucans and mannans with a minor 

proportion of chitin (shown in Fig. 5.1). Mannans are present as an a-l,6-linked inner 

core with a - 1,2 and a - 1,3 side chains. The precise proportion of the chemical
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constituents of yeast cell walls will vary depending on the cell age and growth 

conditions. Different yeast strains will also show variations in their cell wall structure. 

Possibly, the ability to make changes in this structure will differ from strain to strain. 

Perhaps this explains why different wild-type strains of S. cerevisiae show varied 

resistance to weak acid stress. This hypothesis could be tested via radio-labelling 

experiments, comparing radio-labelled benzoate uptake between wild-type strains, 

before and after adaptation to weak acid.

How then do we account for the involvement of Rlmlp? As described in 

chapter 6, Arlml cells display a weak acid sensitive phenotype but are far less 

sensitive than Apdrl2 cells. The effect of deleting RLMl, on Pdrl2 protein induction, 

is only apparent at low pH (4.5). It would be interesting to examine Arlml cells for 

Pdrl2p induction over a broader range of pH’s with and without a weak acid 

treatment, to see at what pH the "'RLMV effect is evident. This should certainly be 

included in any future work.

The fact that deletant strains of the MAPK cascade do not show weak acid 

sensitivity would infer that either Rlmlp can function in this scenario without being 

phosphorylated; or this is carried out by an alternative pathway. Considering Cmklp 

involvement in other aspects of this response, it was considered that it could be 

phosphorylating Rlmlp, either directly or indirectly. However after consideration of 

the results to date, no difference in Pdrl2p levels is seen in the Acmkl strain, therefore 

negating this possibility.

Although Rlmlp affects Pdrl2p, it is certainly not the only transcription factor 

to alter PDR12 activity (proven by its lack of effect at pH6.8). Other transcription 

factors involved in PDR12 expression therefore remain to be identified and should be
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a prime concern for future studies. Possibly this could be achieved by complementing 

the gene mutations in the other warn strains (see 6.2). It should also be noted that loss 

of Pdrlp, a transcription factor that regulates a number of S. cerevisiae ABC transporter 

genes, also increases sorbate resistance. A number of Pdrlp target genes (including 

probably those for ABC transporters other than Pdrl2p) may therefore counteract weak 

acid resistance. Weak acid adaptation may therefore also involve changing the levels of 

ABC transporters other than Pdrl2p, and it has been observed that weak acid stress leads 

to a disappearance of the mRNA for the major Pdr5 ABC transporter. Perhaps the RLMl 

gene product also plays a role in controlling the levels of these other ABC transporters. 

Whether this extends to other putative transporters involved in the weak acid stress 

response, is a question for future study.

Holyoak et al. (2000) have shown that loss of Cmklp leads to constitutive 

adaptation to growth in the presence of weak acid. Cmklp has been shown to exert a 

negative post-transcriptional influence over the activity o f Pdrl2p. Whether this effect 

is due to phosphorylating this protein directly or acting indirectly by phosphorylating 

a modulator of Pdrl2p, remains to be seen. Cmklp may therefore be mediating the 

signalling pathway leading to weak acid adaptation and putative deactivation / 

activation of a number of proteins involved in this response.

Indeed, possible mutation, or constitutive activation of this pathway, may 

explain why some yeast are particularly resistant to weak acid preservatives. 

Understanding the precise role of Ca^^/calmodulin regulated proteins and the 

adaptation to weak acids at the molecular level may allow the development of new 

insights into preventing resistance to weak acid preservatives and new routes to 

preservation altogether.
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Why do yeast, such as S. cerevisiae,, have a discrete weak acid stress response 

pathway?

The existence of a specific weak acid stress response pathway in yeast is 

extremely plausible when you consider that weak organic acids are prevalent in the 

environment; principally where yeasts grow as saprophytes on plant material such as 

ripe fruits and cacti. These environments provide a plentiful supply of water and 

carbohydrates and therefore competition amongst microbes will be extreme. Acetic 

and lactic acid are products of bacterial fermentation and therefore these weak acids 

will be present in relatively high concentrations. In addition, acetic acid is secreted in 

high levels by other yeasts (e.g. Brettanomyces and Dekkera species) (Fleet, 1992; 

Piper et a l, 1998). The effect of high concentrations of weak acid on yeast strains 

such as S. cerevisiae is to dramatically inhibit growth (see section 1.1.). Therefore a 

stress response to minimise the toxic effect of such acids accumulating in the cytosol 

appears to have been developed (Piper et a l, 1998).

Warth (1989a) showed that a major change observed on adaptation, was the 

acquisition of the ability to maintain both a low intracellular concentration of 

preservative anion and a high intracellular pH, stating that it appeared to be due to the 

induction of a transport system for preservative anion. Although this has been shown 

for S. cerevisiae to be the ABC-transporter protein Pdrl2p, it may well be that 

different yeast species may have different mechanisms of tolerance. The differences 

between the weak acid stress response of S. cerevisiae, and the major food spoilage 

organism Z bailii, is discussed in the next section.
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z .  bailii and S. cerevisiae appear not to use identical strategies for acquiring weak 

acid resistance.

So strong is the induction of Pdrl2p in acid-stressed S. cerevisiae, that the levels 

of this ABC transporter approach those of the most abundant plasma membrane protein, 

the H^-ATPase (Fig. 3.1.). However, no equivalent strong induction of a putative weak 

acid transporter is seen in the plasma membranes of acid-stressed cells of the more weak 

acid-resistant Z  bailii. Changes to the protein composition of Z bailii plasma 

membranes do occur with weak acid adaptation (C. Ortiz-Calderon; unpublished), but 

are not so dramatic as seen in S. cerevisiae. Why therefore is Z. bailii more weak acid 

resistant than S. cerevisiae? One can surmise that the former yeast has developed much 

more efficient ways of changing its cell envelope so as to limit difhisional entry of the 

acid. This, in turn, will dramatically reduce the need for active extrusion of protons and 

acid anions. The resistance mechanism of S. cerevisiae, whereby resistance is largely 

conferred by high levels of Pdr 12p-catalysed anion extrusion (see Fig. I.IB), potentially 

has a fundamental flaw. An activity (Pdrl2p) for anion extrusion at the plasma 

membrane can only export the weak acid as far as the periplasm (Fig. I.IB). From there 

it could just as readily diffuse back into the cell as through the cell wall. Much higher 

resistance could potentially be conferred by ensuring that the initial diffusion of the acid 

through the cell wall is much more restricted. Possibly Z. bailii largely relies on the latter 

strategy of resistance and therein hes the secret of its extreme weak acid resistance.
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Effect proven experimentally

N.B. Deletants of the 
various steps in the 
MAPK cascade do not 
show weak acid sensitivity

Putative effectMAPK
cascade +ve affect

Additional 
pathway 
phosphorylating 
Rlmlp? ^

Cell detects 
weak acid

-ve affect

Cell wall changes
A  Direct? Or 
! indirect?pH4.5 (affects Pdr 12 protein levels)Rlmlp

N.B. Arlml shows 
weak acid sensitive 
phenotype

pH6.
Pdrl2p Cell less 

penetrable to 
weak acid

N.B. Apdrl2 cells 
hyper sensitive to 
weak acid-ve regulator of Pdr 12 activity 

N.B. effect maybe direct or 
indirect

(energy conservation)

Cm klp iC  -ATPase Hsp30p

? -ve regulator of H - 
ATPase activityN.B. Acmkl cells

constitutively resistant 
to weak acid

N.B. AcmklAcmk2 
disruptant shows totally 
de-regulated ATPase 
activity

N.B. C-terminus has a 
potential site for CaMK 
phosphorylation.
(Braley & Piper, 1997).

Fig. 6.1. Events involved in the response 
to weak acid stress in S. cerevisiae
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6.2. Future work.

Primarily, complementation cloning of the other mutants made in chapter 4 

should be undertaken, in order to identify the mutated genes in each of these strains. 

Once this is achieved, the relevant strains could be studied in order to establish their 

growth phenotype under weak acid stress. Due to the importance of Pdrl2p in this 

response, any possible effect that the individual gene deletions may have on Pdrl2p 

levels (as Rlmlp) or activity (as Cmklp) should be studied. The former investigation 

could simply be carried out via SDS-PAGE fractionation of protein samples and western 

blot analysis using anti-Pdrl2p antibody; and the latter by looking at fluorescein 

pumping (as Holyoak et al, 2000). Addressing the question of whether Rlmlp exerts 

its action over Pdrl2p without itself requiring phosphorylation; or whether it is 

phosphorylated by an additional pathway to the MAPK cascade (bearing in mind 

deletions in this pathway were not weak acid sensitive). Further work should be carried 

out to identify the calmodulin-bmding proteins noted in chapter 3. Potentially this 

could be done by sequencing specific proteins that showed a large change in 

calmodulin-binding function, with weak acid stress. It would also be helpful to try to 

identify whether Cmklp directly phosphorylates Pdrl2p. However, as previously 

mentioned, this gene is toxic to E. coli therefore the usual approach of site directed 

mutagenesis would not be possible. It would though be possible to incubate Pdrl2p- 

containing membranes from Acmkl cells with soluble extracts from CMK1+ cells in 

the presence of [y-^^P] ATP, seeing if the Pdrl2p becomes labelled.

The ATPase assay in Fig. 3.6 should also be repeated in both Acmkl and Acmk2 

strains, to verify if the total deregulation of the H^-ATPase activity noted in the 

Acmkl/Acmk2 strain (Fig. 3.6 ) was due to Cmklp or Cmk2p.
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