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CHAPTER 1

INTRODUCTION

Physiology of Saccharomyces cerevisiae

The yeast S. cerevisiae is a eukaryotic cell, of about 5-10 um in diameter (Elert;
Martinez). The cell is surrounded by a phospholipid bilayer plasma membrane that in turn
is surrounded by the periplasm and a cell wall consisting mainly of glucan and mannan
(Martinez). Inside the cell is a single nucleus, the Golgi apparatus, an endoplasmic
reticulum, one or more mitochondria, one or more vacuoles and peroxisomes (Walker
1998).

Like other eukaryotes the S. cerevisiae cell cycle is split into four conventional
phases: G1, S, G2 and M (Pringle and Hartwell 1981; Rupes 2002; Wiebe 2003).
Vegetative replication in S. cerevisiae, in both haploid and diploid states, occurs by a
genetically identical daughter cell budding from a mother cell (Pringle and Hartwell 1981).
Yeast cells have an average replicative lifespan, as measured by the number of daughter
cells produced by an actively dividing mother cell, of about 20 to 30 generations (Ashrafi,
Sinclair et al. 1999; Nestlbacher, Laun et al. 2000; Fréhlich and Madeo 2001). Multiploid
S. cerevisiae cells can undergo meiosis and ascospore formation. This generally occurs
under conditions of nitrogen starvation in the presence of a nonfermentable carbon source.
When in the haploid form a MATa and a MATa mating type cell combine to form a single

diploid cell immediately before ascus formation (Martinez; Esposito and Klapholz 1981).

Stationary phase
Stationary phase is the arrest of growth and division by microorganisms in response
to starvation conditions. This is an important adaptive response because a continual state of

high nutrient availability cannot be guaranteed and by halting growth and division cells can
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conserve what energy and material stores they have so that they can survive the period of
starvation (Kolter, Siegele et al. 1993; Werner-Washburne, Braun et al. 1993; Werner-
Washburne, Braun et al. 1996; Herman 2002).

At its most basic, entry into stationary phase is the switch from a state of growth to
non-growth. Closer examination of this process however reveals a much more
complicated, highly regulated process. When growing on the rich, glucose-based medium
YPD cells of S. cerevisiae will preferentially grow by fermentation even in the presence of
oxygen (Lagunas 1986; Werner-Washburne, Braun et al. 1993; Walker 1998). During
fermentation S. cerevisiae transforms one molecule of D-glucose, through various
intermediates, into two molecules of pyruvate. The pyruvate formed is then decarboxylated
to ethanol and excreted from the cell (Diagram 1-1). There is a net production of two
molecules of ATP for the fermentation of one molecule of glucose into two molecules of

ethanol (Lagunas 1986; Walker 1998).

4 ADP +2 ATP + 2 NAD"' + 2 P; 2 NADH,

Glucose \ \ » 2 Pyruvate H 2 Ethanol

2 ADP + 4 ATP +2 NADH, + 2 H,ONAD" + CO,
Diagram 1-1: The fermentation of glucose in S. cerevisiae.

When glucose becomes exhausted there is a temporary pause in the cell cycle,
known as the diauxic shift. During the post-diauxic phase growth is respiratory and uses
the products of fermentation as well as other carbon sources (Werner-Washburne, Braun et
al. 1993; Werner-Washburne, Braun et al. 1996). Like fermentation, respiration converts
one molecule of D-glucose into two molecules of pyruvate and two molecules of ATP.

However, instead of decarboxylation to ethanol, the pyruvate is oxidized to carbon dioxide



and water using oxygen as the terminal electron accepter (Diagram 1-2). The ATP yield of
respiration is 24 to 34 molecules of ATP produced per molecule of D-glucose respired

(Lagunas 1986).

4 ADP +2 ATP+ 2 NAD*+2P;
8 NADH; +
Glucose »2 Pyruvate 8 NAD*+ 2 GTP+
\l 2 GDP+ 2 FADH +
2 ADP + 4 ATP +2 NADH; + 2 H,O 2 FAD* + 6CO;

6 H,O
Using the electron transport chain: ?
10 NADH; + 2 FADH,+ 6 0, = 34 ATP + 10 NAD*+ 2 FAD*+ 12 H,0

Diagram 1-2: The respiration of glucose in S. cerevisiae.

When the carbon sources fuelling respiratory growth are exhausted cellular growth
and division are halted and cells enter stationary phase (Diagram 1-3) (Lagunas 1986;
Werner-Washburne, Braun et al. 1993; Fuge, Braun et al. 1994; Werner-Washburne, Braun
et al. 1996). During stationary phase glycogen and trehalose are respired to provide energy
(Lillie and Pringle 1980; Longo, Gralla et al. 1996; Roy and Ghosh 1998; Silljé, Paalman
et al. 1999; Samokhvalov, Ignatov et al. 2004). During respiration both glycogen and
trehalose are broken down and channelled into the glycolytic pathway (glucose to
pyruvate). Glycogen is first broken down into glucose-1-phosphate, which is converted
into glucose-6-phosphate, and trehalose is converted into directly into D-Glucose (Diagram

1-4).
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Using response to mating pheromone and morphological features the re-entry block caused
by this mutation was found to occur during G,, before the cell cycle step ‘start’ (Drebot,
Johnston et al. 1987). Unlike conditional mutants that halt at ‘start’ and then released, cells
exiting from stationary phase are not synchronised (Werner-Washburne, Wylie et al.
2002). ‘Start’ is a point in the G, phase at which cell proliferation is regulated (Pringle and
Hartwell 1981). Various conditions must be met to proceed past this point, undergo DNA
synthesis and produce a bud. These include adequate nutrients in the medium and
attainment of a critical size (Sudbery, Goodey et al. 1980).

Work with conditional mutants has shown that stationary phase is not part of Gy,
but is a separate distinct state. Cells that enter and exit stationary phase take longer to
traverse G, than those cells that do not enter stationary phase. Suggesting that entering and
exiting stationary phase require the completion of a process that cycling cells are not
required to undertake (Diagram 1-5A) (Johnston, Pringle et al. 1977). Arrest in the G
phase of the cell cycle does not appear to be an essential condition of stationary phase.
Using conditional mutants to halt cells in different phases of the cell cycle it has been
shown that the mechanisms used to enter stationary phase are able to operate in any stage
of the cell cycle, not just during G; (Wei, Nurse et al. 1993).

Observations of stationary phase cells show that a similar state of arrest is caused
by nitrogen, sulphur, and carbon starvation (Drebot, Barnes et al. 1990). However long
term maintenance of viability is only elicited by carbon starvation (Granot and Snyder
1991; Granot and Snyder 1993). This has led to a two-state model of growth arrest and
stationary phase in response to starvation (Werner-Washburne, Braun et al. 1996).
Starvation for any nutrient causes cells to exit from the cell cycle and enter Go. However
only the absence of a carbon source will allow the acquisition of a state where the cell can

survive for a prolonged period of time without added nutrients (Diagram 1-5B).
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mitochondria (Stevens 1981; Bugeja, Piggott et al. 1982; de Nobel, Klis et al. 1990;
Werner-Washburne, Braun et al. 1993; Herman 2002).

There are also internal cellular changes that have been linked to entry into
stationary phase. Lipid vesicles become more numerous, proteases accumulate in certain
subcellular locations and electron dense material accumulates in the vacuole. The DNA
content of a stationary phase cell is unreplicated and the chromosomes become folded in a
characteristic manner (Pifion 1978; Achstetter, Ehmann et al. 1983; Jones 1984; Werner-
Washburne, Braun et al. 1993).

Triacylglycerol synthesis increases, while total phospholipid synthesis decreases
and the relative concentrations of phosphotidylinositiol and phosphotidylserine change.
Mutants of Opi3p lose viability when in exhausted medium. This protein functions in the
final methylation reaction during phophatidylcholine synthesis which suggests that the
membrane plays an important part in stationary phase (McGraw and Henry 1989; Werner-
Washburne, Braun et al. 1993).

Glycogen and trehalose (Diagram 1-6) accumulate in the cytoplasm and are slowly
metabolised during stationary phase (Werner-Washburne, Braun et al. 1993; Herman 2002;
Jorgensen, Olsson et al. 2002). The pattern of accumulation and utilization of glycogen and
trehalose are different, suggesting that the two carbohydrates fulfil different roles.
Glycogen starts to accumulate before the diauxic shift while trehalose doesn’t start to
accumulate until the diauxic shift, and the levels of both drop as stationary phase proceeds.
The patterns suggest that glycogen is being used as an energy source during respiratory
adaptation and stationary phase. While trehalose is used as an energy source during
stationary phase only and is probably primarily used during stationary phase as a stress
protectant (Lillie and Pringle 1980; Werner-Washburne, Braun et al. 1993; Roy and Ghosh

1998).

12
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Diagram 1-6: Chemical structures of glycogen (top) and trehalose (bottom). Chemical
structures obtained from http://www.gwu.edu/~mpb/polysacc.htm and www.med.unibs.it/

~marchesi/trehalose.html respectively.

The concentrations in the stationary phase cell of glycogen and trehalose have been
observed to affect cell viability. If a cell cannot accumulate glycogen and trehalose as it
adapts to starvation conditions stationary phase the viability of the cell during stationary
phase is reduced (Lillie and Pringle 1980; Slaughter and Nomura 1992; Silljé, Paalman et
al. 1999). It has also been observed that during stationary phase the exhaustion of cellular
stores of glycogen and trehalose is associated with a loss in cellular viability
(Samokhvalov, Ignatov et al. 2004).

Removal of GPHI (encoding glycogen phosphorylase) or over-expression of GSY2
(encoding glycogen synthase) increases the level of glycogen in a stationary phase cell
enhances the ability of cells to survive stationary phase (Pérez-Torrado, Gimeno-Alcaniz et

al. 2002). Both GPHI and GSYI have STRE (Stress Response Element)-like elements in
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their promoters that cause them to be regulated by nutrient starvation-induced signalling
pathways (Ruis and Schiiller 1995).

Cells in stationary phase have increased stress resistance (such as resistance to heat
shock) (Werner-Washburne, Braun et al. 1993; Herman 2002). Mutants of Hsp104p (a heat
shock protein of the ClpA/CIpB family from Escherichia coli) suffer increased mortality on
heat shock and slight loss of viability in stationary phase (Werner-Washburne, Braun et al.
1993). An over-activation of the heat shock response can, in some cases, increase the
chronological lifespan (Harris, MacLean et al. 2001). Mutants of RVSI16/ are sensitive to
carbon, nitrogen and sulphur starvation and high salt conditions and are unable to grow on
nonfermentable carbon sources (Werner-Washburne, Braun et al. 1993). When the
mitochondrial superoxide dismutase gene (MnSOD) SOD?2 is deleted, yeast cells display a
reduced stationary phase survival phenotype suggesting that the generation of reactive
oxygen species (ROS) is detrimental to stationary phase survival (Longo, Liou et al. 1999).
At the diauxic shift and during stationary phase several genes encoding antioxidants are
induced and cells become more resistant to hydroperoxides indicating that the antioxidant
defences of S. cerevisiae are under carbon catabolite control (Maris, Assumpgdo et al.
2001; Cyrne, Martins et al. 2003).

Transcription and translation occur at a reduced rate during stationary phase
(Werner-Washburne, Braun et al. 1993), however if this is taken into account over 1000
genes are effectively upregulated (even though the actual rate of mRNA production has
fallen) (van de Peppel, Kemmeren et al. 2003). The cdc33-/ mutation of translation
initiation factor eIF-4F causes arrest in stationary phase. This gene may affect stationary
phase through the inhibition of translation of certain key genes (Werner-Washburne, Braun
et al. 1993). It has also been shown that proteins of the SRB complex (from RNA
polymerase II) are required for entry into stationary phase (Herman 2002). Translation of
rDNA genes is also affected. Not only is transcription by RNA polymerase I down-

regulated but histones H3 and H4 are acetylated by Rpd3p, a histone deacetylase. This
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acetylation causes the DNA to shift from an open to a closed (transcription inhibitory)
state. In a Arpd3 mutant the transcription of rDNA genes is still reduced in stationary phase
though this is due to a reduced number of RNA polymerases (Sandmeier, French et al.
2002).

The ilsI-1 (temperature sensitive) mutation of the isoleucine-tRNA synthetase gene
blocks cell proliferation and causes the acquisition of some stationary phase characteristics.
This is believed to be a general control problem because ilsI-1 gcnl/gcn2/gen3 double
mutants are not viable (Werner-Washburne, Braun et al. 1993). Agcs! mutants are known
to be defective for re-entry to the cell cycle from stationary phase at a restrictive
temperature (Drebot, Johnston et al. 1987). Geslp is a 39 KDa protein with a ‘Zn-finger’
motif. Mutation of this motif produces a phenotype identical to the deletion of the whole
gene, indicating that the motif is essential for Geslp function (Ireland, Johnston et al.
1994). Rpilp is a transcriptional activator that is localised in the nucleus. The function of
this protein seems to be to alter the transcription of several cell wall metabolism proteins in
order to fortify the cell wall in preparation for stationary phase (Sobering, Jung et al.
2002).

Ribosome localisation may also have an effect on the correct entry into stationary
phase. Work on Podospora anserina has shown a transient accumulation of ribosomal
proteins and/or subunits in the nucleolus at the beginning of stationary phase (Lalucque
and Silar 2000). Rix7p is a novel member of the AAA ATPase superfamily, which
associates with 60S ribosomal precursor particles. During exponential growth Rix7p
localises throughout the nucleus, but accumulates in the nucleolus during stationary phase
(Gadal, StrauB} et al. 2001). It is suggested that this is an additional level of regulation
involved in ensuring correct cell cycle arrest.

The genes YPTI and PMRI both are involved in protein transport between the ER
and the Golgi body. Yptlp is a small GTP-binding protein associated with the Golgi body.
It is required for transport from the ER through the Golgi body, and is essential for
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viability on nitrogen, but not carbon, starvation (Werner-Washburne, Braun et al. 1993).
PMRI codes for a protein that resembles a calcium ion pump. Loss of this gene
compromises viability in stationary phase, and also affects ER to Golgi transition (Werner-
Washburne, Braun et al. 1993).

Enzymes involved in protein modification have also been implicated in stationary
phase. ARDI and NATI mutants affect protein N-terminal acetylation. Both these mutants
cease proliferation, but do not acquire stationary phase characteristics when starved
(Werner-Washburne, Braun et al. 1993). UBI/4 is the only ubiquitin gene of four in the
genome to be induced at entry to and during stationary phase (Finley, Ozkaynak et al.
1987; Fraser, Luu et al. 1991; Werner-Washburne, Braun et al. 1993). UBI4 (encoding
polyubiquitin, a heat shock protein) mutants are sensitive to chronic heat stress at 38.5°C
but resistant to acute heat stress. UBI4 mutants seem to be able to enter stationary phase
upon starvation but are unable to maintain viability (Finley, Ozkaynak et al. 1987). Ubclp
is a ubiquitin-conjugating enzyme and mutants of this gene are slow to resume growth on
exiting stationary phase implicating ubiquitination in stationary phase (Werner-

Washburne, Braun et al. 1993).

Signal pathways known to be involved with stationary phase in S. cerevisiae

Three signalling pathways have been shown to be involved in stationary phase:
RAS/cAMP, TOR and SNF1 protein kinase pathways. The RAS/cAMP and TOR pathways
are both sufficient but not essential for entry into stationary phase. A S. cerevisiae cell will
enter a stationary phase-like state if either of the pathways are disrupted. However if both
pathways are disrupted, the cell cannot enter stationary phase (Broach 1991; Schmelzle
and Hall 2000; Herman 2002).

The target of rapamycin (TOR) pathway has been implicated as a stationary phase
signalling pathway. Cells that are TOR depleted or are treated with rapamycin acquire

several physiological characteristics of stationary phase cells (such as down regulation of
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transcription and translation, and glycogen accumulation) (Zaragoza, Ghavidel et al. 1998;
Hardwick, Kuruvilla et al. 1999; Schmelzle and Hall 2000). The TOR proteins (Torlp and
Tor2p) are activated by the presence of nutrients in the medium, and are inactive under
unfavourable growth conditions. The signal pathway components that are upstream of
TOR in yeast have yet to be identified.

Downstream of the TOR proteins some of the components of the signal pathway
have been identified (Diagram 1-7). When nutrient levels are not low Tor2p (but not
Torlp) activates the Rhol GTPase. Active Rholp then starts, via protein kinase C (Pkclp),
a MAP kinase signal cascade which controls cell cycle dependent polarisation of the actin
cytoskeleton (Krause and Gray 2002).

When nutrient levels fall, TOR becomes inactive resulting in several different
effects. There are changes in the permeases used to import nutrients into the cell, an
example being the amino acid transporters Tat2p and Gaplp. In response to nutrient
deprivation the high affinity tryptophan transporter Tat2p is degraded and the general
amino acid permease Gaplp is upregulated (Diagram 1-7). The nitrogen and stress
transcription factors Gln3p (which is also regulated in response to glucose by the Snflp
signal pathway (Bertram, Choi et al. 2002)), Msn2p and Msn4p become relocated from the
cytoplasm into the nucleus where they upregulate genes required for stress conditions. It
has been shown that they can bind to upstream activation sequence STRE (core consensus
sequence: AGGGG or CCCCT) (Ruis and Schiiller 1995). Transcription, using all three
RNA polymerases, and translation are also down regulated in response to the inactivation

of the TOR pathway.
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