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Abstract Glycogen and trehalose are two important glucose stores of the yeast

Saccharomyces cerevisiae, and the content of which varies strongly and rapidly in

response to changing environmental conditions. Although the metabolic pathways

of these two glucose stores have been studied for decades, recent biochemical and

molecular studies have unraveled unexpected metabolic features, such as the ability

to accumulate glycogen in the absence of glycogenin, the demonstration that acid

trehalase encoded by ATH1 is localized at the cell surface instead of the vacuole and
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INRA-UMR 792 Ingénierie des Systèmes Biologiques et procédés, Toulouse, France

CNRS-UMR 5504, F-31077 Toulouse, France

Z.L. Liu (ed.), Microbial Stress Tolerance for Biofuels, Microbiology Monographs 22,

DOI 10.1007/978-3-642-21467-7_2, # Springer-Verlag Berlin Heidelberg 2012

29



allows cells to grow on trehalose. It is also clearly demonstrated that glycogen

and trehalose pathways are subject to hierarchical control dependent on major

nutrient-sensing protein kinases, namely TOR, PKA, Snf1 kinase homologous to

mammalian AMP-activated protein kinase (AMPK), Pho85p, and the energy sensor

Pas kinase. The sophisticated control mechanisms highlight the importance of these

two glucose stores in the context of growth and cell cycle of the yeast.

1 Introduction

The budding yeast Saccharomyces cerevisiae accumulates two types of glucose

stores, glycogen and trehalose. Glycogen is a high molecular mass branched

polysaccharide of linear a-(1,4)-glucosyl chains with a-(1,6)-linkages, whereas
trehalose is a nonreducing disaccharide composed of two a-(1,1)-linked glucose

molecules. The content of these two glucose stores varies strongly and rapidly in

response to changing environmental conditions, which emphasizes their role as

energy and carbon resources in yeast cells. Detailed biochemical and molecular

studies over the past 10 years have shown that both glycogen and trehalose

metabolic pathways are subject to hierarchical control dependent on major nutrient-

sensing protein kinases, namely TOR, PKA, Snf1 kinase homologous to mammalian

AMP-activated protein kinase (AMPK), Pho85p, and the energy sensor Pas kinase.

This chapter provides an overview of the genetic and metabolic control of storage

carbohydrate metabolism and discusses these mechanisms in the context of growth

and cell cycle of the yeast S. cerevisiae. For enzymatic systems participating in

glycogen or trehalose metabolism, readers can refer earlier reviews (Lomako et al.

2004; Gancedo and Flores 2004; Parrou et al. 2005).

2 Metabolic Pathways

This section describes pathways and regulation of glucose storage in the yeast

Saccharomyces cerevisiae. It includes new and unexpected features underlined

using combined approaches of genomics, genetics, and proteomics by researchers

over the last 10 years.

2.1 The Glycogen Metabolic Pathway

Glycogen is a highly branched polysaccharide of linear a-(1, 4)-glucosyl chains
with a-(1, 6)-linkages. Each linear chain has an average length of 13 glucose units

and contains two branching points by means of a-(1, 6) glycosidic bonds (Fig. 1).
This structural organization results in a spherical shape of the glycogen molecule
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reaching a molecular mass >106 Da (Melendez et al. 1999). As it is the case for

the production of any polymers, the formation of glycogen requires enzymes for

initiation, elongation, and ramification. The initiation step is carried out by a protein

denoted “glycogenin” which preferentially uses UDP-Glc but can accept CDP-Glc

or TDP-Glc as substrates (Alonso et al. 1995a) to produce a short a-(1,4)-glucosyl
chain covalently attached to a tyrosine residue by autoglucosylation activity.

This initiation step is specific for all eukaryotic cells and has not been identified

in bacteria in which the glycogen synthase is responsible for both initiation and

elongation (Ugalde et al. 2003). In yeast, glycogenin is encoded by two genes,

GLG1 and GLG2 (Cheng et al. 1995; Cheng et al. 1995). However, loss of function
of these genes did not result in a complete glycogen deficiency but in a stochastic

accumulation of glycogen particles in some individual colonies (Torija et al. 2005).

In addition, the occurrence of these glycogen positive glg1 glg2 mutant colonies is

strongly enhanced by the presence of a hyperactive glycogen synthase or upon

deletion of TPS1, encoding a subunit of the trehalose synthase complex. Altogether,

these results contradict previous claims that glycogenin is essential for glycogen

biogenesis in eukaryotic cells (Lomako et al. 2004) and favor the idea that the

initiation step can take place using alternative primers whose synthesis and/or

distribution may be controlled by epigenetic silencing (Torija et al. 2005). On the

other hand, overproduction of glycogenin does not lead to hyperaccumulation of

Fig. 1 Structures of glycogen and trehalose and their metabolic routes from glucose in the yeast

S. cerevisiae
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glycogen (Cheng et al. 1995), indicating that these proteins are likely reiteratively

used in the glycogen synthesis process. Details of this reiteration process remain to

be demonstrated.

The elongation step is catalyzed by glycogen synthase that operates by the

successive addition of a-1,4-linked glucose residues to the nonreducing end of

glycogen, using UDP-Glc as the donor substrate. The yeast S. cerevisiae contains

two genes, GSY1 and GSY2, encoding two glycogen synthases (Fig. 2) that are 80%

identical at the protein level and share 50% similarity with the mammalian muscle

enzyme. Gsy2p was shown to be the predominant glycogen synthase as indicated by

a 90% reduction in both enzyme activity and glycogen levels in a gsy2D mutant

growing on glucose (Farkas et al. 1991; Farkas et al. 1990). However, under other

conditions such as during growth on galactose, Gsy1p appears to be as important as

Gsy2p in glycogen accumulation (JL Parrou & J François, personal communication).
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Fig. 2 A schematic illustration of the metabolic pathways for glycogen and trehalose biosynthesis

and biodegradation and for trehalose assimilation in the yeast S. cerevisiae. Putative or yet

uncharacterized proteins in the pathways are outlined. Abbreviation of the enzyme name:

Hxk2p, hexokinase II; Hxk1p, hexokinase I; Glk1p, glucokinase; Pgm1,2p, phosphoglucose

mutase isoform 1 and 2; Ymr278p, homologous to phosphoglucomutase; Ugp1p, uridylylglucose

pyrophosphorylase; Glg1,2p, glycogenin isoform 1 & 2; Gsy1,2p, glycogen synthase isoform 1 &

2; Glc3p, glycogen branching enzyme; Gph1p, glycogen phosphorylase; Gdb1p, glycogen

debranching enzyme; Sga1p, amylo (1 ! 4), (1 ! 6) glucosidase; Ath1p, acid trehalase or

extracellular trehalase; Agt1p, a-methylglucose transporter; Nth1, 2p, neutral trehalase isoform

1 & 2; Sgp1p, putative sugar permease; Tps1p, trehalose-6-phosphate synthase; Tps2p; trehalose-

6-P phosphatase; Tps3p & Tsl1p, regulatory subunit of the trehalose synthase complex
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Elongation of glucosyl chains in glycogen is followed by the branching step

catalyzed by an amylo a-(1,4), a-(1,6)-transglucosidase (branching enzyme)

encoded by GLC3 (Thon et al. 1992). This enzyme transfers a terminal stretch of

seven glucose residues from the linear a-(1, 4) glucosyl chain to another linear

chain making an a-(1, 6) bond between glucosyl units deeper in the molecule.

Like in mammals, metabolic regulation of glycogen synthesis in yeast is brought

about through allosteric control of glycogen synthase by Glc6P and by reversible

covalent phosphorylation. The nonphosphorylated, highly active form of glycogen

synthase is insensitive to Glc6P, whereas the phosphorylated, less active form is

highly dependent on the presence of the sugar phosphate. Thus, measurement of

glycogen synthase activity in the absence and in the presence of Glc6P gives a

direct value of the ratio between these two interconvertible forms (Francois and

Hers 1988; Pederson et al. 2000). Mutagenesis studies in yeast (Pederson et al.

2004; Pederson et al. 2000) identified two conserved Arg clusters (Arg579/580/582/

583 and Arg586/587/588/591) that are part of the allosteric control site for Glc6P.

Refinement of the crystal structures corresponding to the basal activity state and

glucose-6-phosphate activated state of yeast glycogen synthase-2 allowed showing

that the enzyme is assembled into an unusual tetramer by an insertion unique to

the eukaryotic enzymes, and this subunit interface is rearranged by the binding

of glucose-6-phosphate, which frees the active site cleft and facilitates catalysis.

Two arginine residues at positions 583 and 587 are shown to be responsible for the

enzyme’s response to control by Glc6P, while the other Arg residues are implicated

in the phosphorylation response of Gsy2p (Baskaran et al. 2010). Glycogen

synthase possesses three phosphorylation sites (Ser-650, Ser-654, and Thr-667) at

its C-terminus, which is in accordance with a maximum of 3 moles phosphate/mol

protein incorporated in the purified inactive glycogen synthase (Peng et al. 1990)

and with the observation that the removal of the C-terminus by mild proteolysis

results in a fully active, Glc6P-insensitive form of Gsy2p (Hardy and Roach 1993).

The cyclin-dependent kinase Pho85 and the PAS kinase encoded by PSK1 and

PSK2 (Rutter et al. 2002) are the two so far identified kinases that can directly

phosphorylate Gsy2p in vitro and in vivo (Huang et al. 1998; Rutter et al. 2002). The
cAMP-dependent protein kinase (PKA) is not effective on this enzyme (Hardy and

Roach 1993) in spite of the fact that several mutants impaired in the PKA activity

exhibit strong alteration of their glycogen content. The action of Pho85p on Gsy2p

requires association of Pho85p with its cyclin partners Pcl8p and Pcl10p. This

protein complex facilitates phosphorylation of Gsy2p at Ser-654 and Thr-667

(Wilson et al. 1999) (Fig. 2), and failure of this phosphorylation event results in a

hyperactive glycogen synthase and higher glycogen content of the cells (Wang et al.

2001; Timblin et al. 1996). On the other hand, the PAS kinase only phosphorylates

the Ser-654 in vivo. This phosphorylation is physiologically relevant since a mutant

defective in this kinase has a higher Glc6P-dependent glycogen synthase activity

(Rutter et al. 2002). The reversibility of a phosphorylation event is ensured by

protein phosphatases, which remove the covalently bound phosphate from Ser/

Thr. On Gsy2p, this task is mainly taken over by type I Ser/Thr protein phosphatase

encoded byGLC7, which is targeted to the glycogen synthase by a specific targeting

Genetics and Regulation of Glycogen and Trehalose Metabolism 33



subunit encoded by GAC1 (Francois et al. 1992; Skroch Stuart et al. 1994).

A tripartite interaction of Gac1p with Glc7p and Gsy2p has been demonstrated,

and these interactions are necessary for a productive and complete dephosphoryla-

tion of glycogen synthase (Wu et al. 2001). In addition to Gac1p, two proteins

encoded by PIG1 and PIG2 isolated by two-hybrid screen with Gsy2p as the bait

(Cheng et al. 1997) may participate in the control of glycogen synthesis since a

gac1 pig1 pig2 triple mutant shows a more severe glycogen defect than a gac1
single mutant, whereas a pig1 pig2 double mutant does not show any glycogen

defect (Cheng et al. 1997; J. Francois, unpublished data). Besides the major role of

the type I Ser/Thr protein phosphatase, type 2A protein phosphatase has been

shown to exert a minor effect on glycogen synthase, but this control is likely to

take place at the transcriptional level (Posas et al. 1993) (see below).

In summary, the activity of glycogen synthase is controlled by the dynamic

equilibrium between the active, nonphosphorylated form and the less active,

phosphorylated form of the enzyme. Whether the active or less active form of

glycogen synthase is more abundant in the cells depends on the relative activities

of kinases and phosphatases that are acting on Gsy2p. In addition to its role as an

allosteric activator of glycogen synthase, Glc6P likely orchestrates the transition

between the different phosphorylation states of Gsy2p by stimulating dephosphory-

lation and inhibiting phosphorylation of the enzyme (Francois and Hers 1988;

Pederson et al. 2004; Baskaran et al. 2010). Therefore, one can expect that any

condition leading to dramatic changes in Glc6P should have a direct impact on

glycogen synthesis (Fig. 3). This hypothesis is actually supported by mutants

defective in phosphoglucose isomerase (pgi1), in mutant with a reduced activity

of the glycolytic 6-phosphofructokinase (pfk2) as they contain both higher Glc6P

and higher glycogen levels than the wild type on glucose (Corominas et al. 1992;

Huang et al. 1997), as well as in tps1 mutant defective in trehalose synthesis that

also exhibit very high levels of hexose monophosphates (J François, Th Walter, and

JL Parrou, unpublished results).

The biodegradation of glycogen in yeast occurs in the cytosol by the sequential

actions of glycogen phosphorylase and glycogen debranching enzymes encoded

by GPH1 (Hwang et al. 1989) and GDB1 (Teste et al. 2000), respectively, which

degrade glycogen to glucose-1-P and glucose (Fig. 2). Like in mammals, the yeast

glycogen phosphorylase (Gph1p) is activated by phosphorylation, and this phos-

phorylation occurs on a single threonine residue (Thr31) of the protein (Lin et al.

1995). Since Gsy2p and Gph1p exist as interconvertible forms in the cells, the

balance of the two forms depends upon the stringent of the relative activity of the

kinases and phosphatases. Unlike for glycogen synthase, there is no technical

means to determine the proportion of the two Gph1p forms in vivo, although it is

feasible with the mammalian cells for which the dephosphorylated, inactive form is

highly sensitive (and stimulated by) to AMP (Fletterick et al. 1986). In addition,

the protein kinases and protein phosphatases implicated in the regulation of yeast

Gph1p regulation have not yet been fully understood. Recent data indicated the

implication of the Pho85-Pcl6p/Pcl7p complex in controlling the phosphorylation

state of Gph1p. However, this implication was not direct but mediated through the
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phosphorylation of Glc8p. This latter protein interacts with the protein phosphatase

Glc7p to form a Glc7–Glc8p complex, which in turn dephosphorylates and hence

inactivates Gph1p (Wilson et al. 2005). Therefore, and contrary to expectation,

the effect of Pho85p is also to inactivate Gph1p as in the same time this kinase

inactivates Gsy2p by direct phosphorylation. This result merits further investigation

since it contradicts the fact that two enzymes are controlled by an on/off mecha-

nism, posing that glycogen synthase be active when glycogen phosphorylase is

inactive and vice versa (Francois and Parrou 2001). The PKA has been reported to

phosphorylate Gph1p in vitro (Lin et al. 1995) but has not been verified in vivo. On
the other hand, the crystal structure analysis of phosphorylated and nonphosphorylated

Gph1p bound to Glc6P revealed that this metabolite serves as a dephosphorylation

facilitator by modifying the accessibility of the phosphorylation site to protein

phosphatases (Lin et al. 1996). This finding supports the role of Glc6P as a major

effector controlling glycogen phosphorylase activity in vivo (Fig. 3).

The other mechanism for glycogen breakdown involves an amylo (1,4), (1,6)

glucosidase encoded by SGA1 that releases glucose as the final product (Colonna

and Magee 1978; Clancy et al. 1982). Initially thought to be expressed only during

sporulation (Clancy et al. 1982; Chu et al. 1998), SGA1 has now been found to be

induced in late stationary phase or under starvation conditions (Teste et al. 2009).
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The encoded protein is localized in vacuoles and serves to hydrolyze glycogen

particles that have been imported into vacuole by the autophagy process during

growth on glucose. Thus, the vacuolar glycogen pool is protected from degradation

by the cytosolic glycogen phosphorylase and takes place only under extreme

growth conditions (Wang et al. 2001). The observation that impairment of the

vesicular trafficking or of the vacuole formation resulted in hypoaccumulation of

glycogen in cells at the stationary phase or under starved conditions argues in favor

of this model (Wilson et al. 2002b).

It should be pointed out that glycogen has been recognized as the first biological

fractal structure at the molecular level. Fractal objects are complex structures built

by an iterative process, which is the case for the glycogen molecule (Alonso et al.

1995b). To successfully produce this fractal structure, the following rules have to be

obeyed: (i) the branching activity must be in excess over the synthase such that

a new branch is made when it is physically possible, (ii) the growth of glycogen

must be favored in the inner growing chains to avoid excessive external growth, and

(iii) glycogen phosphorylase should exhibit activities even during the biosynthesis

of the polymer in order to correct any mistake under the abovementioned conditions

(Melendez et al. 1999). While two out of the three conditions have received

experimental evidence (Wilson et al. 2004), the role of glycogen phosphorylase

in the synthesis of the fractal glycogen structure remains to be proved.

2.2 The Trehalose Metabolic Pathway

Trehalose is a disaccharide made of two glucose units linked by an a-1 ! 1 bond

(Fig. 1). The metabolic pathways for synthesis, mobilization, and assimilation of

this disaccharide are depicted in Fig. 2. At least five different biosynthetic pathways

are known for trehalose synthesis (Avonce et al. 2006). The most widely distributed

pathway in nature, present in fungi, consists of two consecutive enzymatic reactions

employing a trehalose-6-phosphate-synthase (TPS) enzyme, producing the inter-

mediate trehalose-6-phosphate (Tre6P), and a Tre6p-phosphatase (TPP) enzyme.

In filamentous fungi and yeasts, the two activities are borne on a single protein

complex, whereas in bacteria, they exist as two separated entities. A recent evolu-

tionary study on trehalose biosynthesis genes provided evidence that the formation

of bifunctional protein complexes took place already in some group of bacteria and

archea, but the physiological consequence of this protein fusion is still unclear

(Avonce et al. 2010). In S. cerevisiae, the TPS/TPP complex is encoded by TPS1
and TPS2, respectively, and contains two additional subunits encoded by TPS3 and
TSL1 that are apparently not present in other fungal TPS/TTP (Kwon et al. 2003;

Avonce et al. 2006). These two subunits show high degree of similarity and may

function as stabilizer of the complex as suggested by the fact that a tps3 tsl1 double
mutant has a reduced TPS activity and trehalose content (Reinders et al. 1997; Bell

et al. 1998). The loss of TPS1 not only abolishes the synthesis of trehalose but also

causes several other metabolic disorders that will be detailed below. Also, the
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deletion of TPS2 results in a temperature-sensitive growth phenotype, which

has been attributed to an excessive accumulation of Tre6P since a suppressor of

this phenotype was found to be PMU1 encoding a putative phosphomutase.

Overexpression of PMU1 reduced levels of Tre6P and converted it into yet

uncharacterized intermediates (Elliott et al. 1996). In contrast to enzymes of the

glycogen pathway, the TPS/TPP is not the subject of reversible phosphorylation.

The Tps1p subunit is highly sensitive to inhibition by Pi, which acts as a noncom-

petitive inhibitor to both Glc6P and UDP-Glc (Ki ~ 2 mM) (Vandercammen et al.

1989; Londesborough and Vuorio 1993), whereas Tps2p requires the presence of

Pi for full activity. On the other hand, Fru6P acts as an allosteric effector, reducing

the Km for Glc6P from around 5 to 1.5 mM. Taking into account these enzymatic

data, the in vivo rate of Tre6P synthesis is actually largely determined by the

availability of Glc6P and UDP-Glc as substrates and by levels of its main allosteric

effectors, Fru6P and Pi (Vandercammen et al. 1989; Londesborough and Vuorio

1993), besides the fact that the TPS complex is also subject to repression by glucose

(Neves et al. 1991; Winderickx et al. 1996). This may thus explain the rapid

accumulation of Tre6P that takes place upon glucose addition to respiring yeast

cultures as under this condition, there is a transitory increase of Glc6P and Fru6P,

accompanied by a drop of Pi triggers which leads to imbalance of Tps1p and Tps2p

activity (Walther et al. 2010). However, trehalose accumulation during stationary

phase is not accompanied by a noticeable increase of Tre6P (J. François, unpub-

lished data), which indicates that both trehalose 6-P synthase and phosphatase

functioned at the same rate.

In the yeast S. cerevisiae, two types of trehalase, distinct in their optimal pH

and localization, can hydrolyze trehalose into glucose. NTH1 encodes a cytosolic

trehalase that is optimally active at neutral pH with a relatively high Km (5–35 mM)

for trehalose (Londesborough and Varimo 1984; App and Holzer 1989). A relevant

regulatory property of Nth1p is to be activated by phosphorylation. To date, the

PKA is the sole protein kinase that has been reported to directly phosphorylate this

protein (Fig. 3). Interestingly, the Nth1p harbors eight putative PKA-dependent

phosphorylation sites (Wera et al. 1999), but only Ser21 and Ser23 have been shown

to be phosphorylated in vivo (Ficarro et al. 2002). In addition, complete activation

of Nth1p requires the binding with the 14-3-3 protein encoded by BMH1/BMH2 on
phosphorylated Ser21 (Panni et al. 2008). Yeast possesses a second functional

trehalase encoded by NTH2 that is 77% identical to Nth1p (Jules et al. 2008). Little

is known about the kinetic properties and regulation of the second trehalase,

except that it has been implicated in trehalose mobilization in late stationary

phase of growth on glucose or upon growth recovery from heat and saline stress

(Nwaka et al. 1995; Jules et al. 2008; Garre and Matallana 2009).

Another hydrolase acting on trehalose is encoded by ATH1. Strong experimental

evidence shows that this trehalase has a dual localization, both at the cell surface

and in the vacuole. However, only the cell-surface localized enzyme was found to

be active and able to hydrolyse extracellular trehalose (Jules et al. 2004; He et al.

2009). Hence, this localization can account for its requirement for the growth on

trehalose as a sole carbon source (Nwaka et al. 1996; Jules et al. 2004) (Fig. 2).
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The cell-surface localization of Ath1p is likely mediated by the classical secretion

“Sec” pathway, despite the fact that the protein does not harbor any secretion signal

(He et al. 2009); S.He and JL Parrou, unpublished data), whereas the delivery of

Ath1p to the vacuole follows the multivesicular body pathway (MVB) (Huang et al.

2007). The function of this vacuolar-localized Ath1p is unknown. Since

constraining the enzyme into vacuolar impairs the growth on trehalose, no evidence

for vacuolar import of trehalose by the autophagy process can be done as it has been

shown for glycogen (Jules et al. 2008) (Fig. 2). As a result, it is proposed to replace

the terms of neutral and acid trehalase by “cytosolic” and “extracellular” trehalases

as they are more adequate to describe the localization and the function of these two

enzyme forms (Parrou et al. 2005).

As mentioned above, trehalose can be assimilated as an exogenous carbon

source by several fungi, including the yeast S. cerevisiae (Parrou et al. 2005). In

addition to the Ath1-dependent pathway (Fig. 2), a second route that couples the

high-affinity trehalose H+-symporter encoded by AGT1 (Plourde-Owobi et al.

1999) with the neutral trehalase encoded by NTH1 can facilitate cell growth on

trehalose (Jules et al. 2004). However, this second pathway is not functional in mal-

strain because AGT1 expression is dependent upon the MAL system (Han et al.

1995) or is weakly effective even in Mal+ strain since Agt1p rapidly loses activity

during growth on trehalose (Jules et al. 2004). It is noteworthy that the growth on

trehalose is strictly respiratory (Jules et al. 2005) and thus subject to the so-called

Kluyver effect, i.e., the inability to ferment a sugar even under anaerobic conditions

(Fukuhara 2003). This effect is likely due to the rate-limiting activity of Ath1p

since the growth rate can be increased to a maximum of threefold by overexpression

of ATH1 (Jules et al. 2005; He et al. 2009). However, no further increase in growth

rate could be obtained even after a 20-fold increase in the expression of Ath1p,

suggesting that other limiting steps may exist that prevent cells to ferment trehalose.

2.3 UDP-Glucose Partitioning

UDP-glucose is a donor of glucose units at the crossroads between several

pathways, including glycogen and trehalose, cell wall b-glucan, and glycosylation

of proteins. The production of UDP-Glc is catalyzed by UDP-glucose pyropho-

sphorylase encoded byUGP1 (Daran et al. 1995). Significant reduction of UDP-Glc
levels by reducing the activity of Ugp1p was accompanied by a significant decrease

in glycogen and trehalose production, whereas levels of cell-wall b-glucan were

slightly altered, raising the hypothesis that UDP-glucose could be channeled toward

the synthesis of b-glucan (Daran et al. 1997). A partitioning of glucose toward

b-glucan and away from glycogen (Smith and Rutter 2007) demonstrated that

Ugp1p is phosphorylated on Ser11 by the PAS kinase with the consequence that

the phosphorylated enzyme is targeted to the cell periphery to favor glucan synthe-

sis, while its catalytic activity is not affected (Fig. 3). Therefore, the inability to

phosphorylate Ugp1p or the deletion of PSK1 and PSK2 leads to elevation of
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glycogen and renders the cells hypersensitive to cell wall perturbing agents likely

because of a reduction of b-glucan.

3 Nutrients, Stress, and Growth Control of Glycogen

and Trehalose

It is well established that levels of glycogen and trehalose in yeast cells vary

significantly according to growth, nutrients, and stress conditions (e.g., osmotic,

saline, and heat shock (Francois and Parrou 2001)). These variations are accounted

largely to the main nutrient-sensing pathways PKA, TOR, and SNF1 (Fig. 4). As

recently illustrated by microarrays analyses of starved cells challenged with nutrient

repletion (Slattery et al. 2008), the transcription response, which is strongly repressive

for the glycogen and trehalose-related genes, is largely dependent on the cAMP/PKA

pathway. At present, this repressive effect exerted by the PKA is explained by at least

three modes of action. First, and likely the most effective mechanism, is to restrict

Msn2/4p in the cytosol, which is facilitated by the PKA-dependent phosphorylation
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Fig. 4 A schematic illustration of the transcriptional control of glycogen and trehalose by the

nutrient-sensing pathways dependent on the PKA, TORC1, and SNF1 kinases in the yeast

S. cerevisiae. Genes given as targets in these pathways are those encoding principal enzymes in

the synthesis and degradation of the two glucose stores. See text for detailed explanations
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of this protein (Gorner et al. 2002). Consequently, this restriction prevents the

transcription activation of glycogen and trehalose-related genes (to which can be

included PGM2 andUGP1, two genes required for the production of UDP-Glc) that
normally takes place by DNA binding of Msn2/4p to the STRE elements (CCCCT)

present in several copies in the promoter of these genes (Ni and LaPorte 1995;

Parrou et al. 1999b; Winderickx et al. 1996; Parrou et al. 1999a; Sunnarborg et al.

2001; Zahringer et al. 2000). The second mechanism implicates the transcriptional

repressor Sok2p (Ward et al. 1995) since all important glycogen and trehalose-

related genes harbor a consensus motif for SOK2 in their promoter region. It was

reported that overexpression of SOK2 reduced expression of GAC1 (Ward et al.

1995); J. François, unpublished data), whereas SOK2 deletion partially released

GSY2 repression in a mutant with a high PKA activity (Enjalbert et al. 2004).

A third pathway by which the PKA exerts its repressing effect is through the

blockage of the Rim15-Gis1p cascade. The latter pathway mediates its effects

through an upstream activating sequence (UASPDS) that is present in most of the

glycogen and trehalose-related genes. However, this cascade is only operative in

stationary phase cells or when cells enter into quiescent G0 state (Pedruzzi et al.

2000; Pedruzzi et al. 2003).

Evidence has been accumulated that the TOR (target of rapamycin) pathway,

through its TORC1 complex (complex made of Tor1p or Tor2p with three other

partners, Kog1p, Lst8p, Tco89p; see (De Virgilio and Loewith 2006 for a review),

also affects storage carbohydrates as shown by rapamycin-induced glycogen and

trehalose accumulation in yeast cells growing on glucose (Barbet et al. 1996). This

accumulation is accompanied by upregulation of the glycogen and trehalose genes

(Zurita-Martinez and Cardenas 2005). This upregulation can be explained by the

effect of rapamycin to induce nuclear localization of Msn2/4p via inhibition of

TORC1 (Santhanam et al. 2004). Therefore, TORC1 may negatively control stor-

age metabolism through a signaling pathway involving phosphorylation of Tap42p,

which in turn inhibits Ser/Thr protein phosphatase 2A by direct binding. Conse-

quently, this latter protein is no longer able to dephosphorylate Msn2p, which

therefore remains sequestered in the cytoplasm (Zaman et al. 2008). This mechanism

can therefore account for previous reports showing effects of this type 2 phosphatase

on glycogen levels (Clotet et al. 1995). Additionally, TORC1 has been shown

to negatively control Rim15-Gis1p cascade through the protein kinase Sch9

(De Virgilio and Loewith2006). Altogether, these data bring into light a converging

effect of the two main nutrient-sensing pathways, PKA and TOR, on Msn2/4p to

regulate expression of glycogen and trehalose genes. Hence, any changes in the

balance of the activities of PP2A and PKA may directly impact the expression

levels of these genes and eventually on the attendant metabolism. This model is in

fact more complex since the PKA is able to phosphorylate the Msn2 protein on both

the nuclear localization signal (NLS) and the nuclear export signal (NES) of this

protein, whereas PP2A only dephosphorylates NES (Gorner et al. 2002; Santhanam

et al. 2004), indicating a prominent effect of the PKA in controlling the localization

ofMsn2/4p and consequently onMsn2-dependent gene expression. Nonetheless, the

mechanism by which nitrogen starvation, heat, or osmotic shock promote activation
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of glycogen and trehalose-related genes is mainly due to the PP2A-dependent

dephosphorylation as there is no evidence that the PKA activity is modified under

these conditions (Zaman et al. 2008) (Fig. 4). However, this model cannot account

for the independency between the TOR and the PKA in glycogen accumulation as

shown by the fact that yeast cells bearing unbridled PKA activity (i.e. bcy1 mutant)

and treated with rapamycin are still able to accumulate glycogen (Barbet et al. 1996;

Zurita-Martinez and Cardenas2005). A possible explanation for this effect is to

propose that the apparent glycogen accumulation is actually a consequence of the

sequestration of this glucose polymer into the vacuole by the rapamycin-dependent

induction of the autophagy process (Noda and Ohsumi 1998; Dubouloz et al. 2005),

implying inhibition of the TORC1 but being independent to Msn2/4p and Rim15p

(Budovskaya et al. 2004; Yorimitsu et al. 2007) (Fig. 4).

Two additional nutrient-sensor kinases, namely the cyclin-dependent Pho85

kinase and the Snf1 kinase, have been reported to control glycogen and trehalose.

However, contrary to the PKA and the TORC1 pathways, which merely exert

control at the transcriptional level (see Fig. 4), the regulation by Snf1p and Pho85p

takes place at both transcriptional and posttranslational levels. A two- to threefold

upregulation or downregulation of glycogen and trehalose metabolism-related genes

has been reported in pho85 and snf1 mutants, respectively (Timblin and Bergman

1997; Parrou et al. 1999b), but the mechanisms of this control are not yet determined.

The presence of binding sites for the transcriptional factors Adr1p or Mig1p in most

of glycogen and trehalose-related genes could be the mechanism through which Snf1

kinase exerts its positive transcriptional effect (Fig. 4), whereas effects of Pho85

kinase on expression of these genes are still unclear (Enjalbert et al. 2004). At the

posttranslational level, the positive control on glycogen accumulation by Snf1p

appears to involve two distinct pathways. On the one hand, the Snf1 kinase has

been shown to antagonize the Pho85-dependent phosphorylation of Gsy2p (Huang

et al. 1996; Wilson et al. 1999), but how this antagonism takes place is not yet

understood. On the other hand, Snf1p can indirectly affect glycogen store through its

positive control of the autophagy process involving APG1 and APG13 (Wang et al.

2001), as this latter mechanism causes part of glycogen particles to be stored into

the vacuole. This process being defective in a snf1 mutant would account in part for

the lack of glycogen in this mutant. Finally, the recovery of glycogen in an snf1pho85
mutant is explained by a concomitant hyperactivation of glycogen synthase and an

apparent recovery of the autophagy process, indicating that Pho85 also controls in an

antagonistic manner to Snf1 the autophagy process (Wang et al. 2001).

In summary, several nutrient-sensing pathways impinge on glycogen and treha-

lose metabolic systems at the transcriptional and posttranslational levels. The PKA

pathway is clearly the major transcriptional mechanism of control, whereas Glc6P

is the major metabolic effector as it is a direct substrate for trehalose synthesis, a

potent activator of glycogen synthase and an inhibitor of glycogen phosphorylase,

and last but not least, its binding to these two enzymes favors the dephosphorylation

and inhibits the phosphorylation processes (Fig. 4) (Francois and Parrou 2001).

Under efficient growth related to available nutrients, such as during growth on

glucose rich medium, glycogen and trehalose accumulation is prevented because
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the PKA and the TORC1 are fully operative, whereas under growth imbalance

related with some nutrients shortage, accumulation of these two glucose stores

may be favored. However, the nature of the growth-limiting nutrient is critical for

effective accumulation of glycogen and trehalose. In excess of glucose in a nitrogen-

depleted medium, the high Glc6P prevailing in this condition favors synthesis of

glycogen and trehalose (Francois et al. 1988; Parrou et al. 1999b; Hazelwood et al.

2009). On the other hand, limitation or depletion of sulfate, phosphate, or zinc is not

accompanied by the rise of glycogen or trehalose because under this growth-limiting

condition, the PKA and the TOR pathways are activated, as indicated by low

transcript levels of glycogen and trehalose-related genes (Hazelwood et al. 2009).

Finally, it is noteworthy that the coexpression of genes in the biosynthetic and the

biodegradation pathways mainly due to the presence of STRE in their promoter may

lead to a recycling of trehalose and glycogen (Blomberg 2000; Voit 2003). Whether

this recycling, which has been genetically demonstrated to exist under heat shock,

saline stresses, and during growth on glucose (Parrou et al. 1997; Parrou et al. 1999b;

Pedreno et al. 2002; Mahmud et al. 2009), has any physiological meaning or is

a fortuitous consequence of the coexpression of these genes remains to be addressed.

4 Biological Function of Storage Carbohydrates in Yeast

It is well established that glycogen and trehalose are two energy stores for the yeast

cells. This section discusses more precisely how and when yeast cells are playing

with these two glucose stores thanks to the use of more sophisticated bioprocess

conditions combined with the use of dedicated mutants. Besides, the trehalose

synthesis pathways are endowed with a peculiar function that is likely needed in

the regulation of the energy and carbon metabolism in yeast.

4.1 Function as Energy and Carbon Stores

Glycogen agrees with the concept of an energy store since it is found to accumulate

when glucose is still present in the medium, and is only mobilized when all

exogenous carbon sources have been exhausted (Parrou et al. 1999b; Wang et al.

2001). Trehalose does not exactly fit with this concept since it accumulates only

after glucose has been consumed (Francois et al. 1991). Nevertheless, several

biological situations indicate that both glucose stores have an energetic function

in yeast cells. A relevant example is found with respiratory-deficient mutant cells,

which accumulate larger amount of glycogen during the growth phase on glucose

and then readily mobilize it at the onset of glucose depletion because these cells are

respiratory deficient and hence cannot resume on the accumulated ethanol or amino

acids present in the growth medium. This rapid mobilization coincides with a drop

of Glc6P, accompanied by an increase of glycogen phosphorylase and decrease of
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glycogen synthase activity (Enjalbert et al. 2000) by a mechanism that may

implicate Pho85p kinase as well as other uncharacterized partners (Wilson et al.

2002a). It is worth noting that respiratory mutants are also unable to accumulate

trehalose (J. François, unpublished data). A seemingly direct function of trehalose

in carbon and energy metabolism has been recently underscored from studies

aiming at characterizing whether Ath1 can hydrolyze endogenous trehalose. In

this work, an nth1nth2 mutant defective in cytosolic trehalases was grown on

trehalose and then subjected to carbon starvation. This extreme situation resulted

in a rapid mobilization of trehalose by a mechanism involving first its export out of

the cell by a yet uncharacterized exporter, the hydrolysis of the exported trehalose

at the cell surface by Ath1p, and the subsequent uptake of the released glucose

(Jules et al. 2008).

It is well known that accumulation of reserve carbohydrates is favored at lower

growth rates under carbon- or nitrogen-limited conditions. In fact, this accumula-

tion is proportional to the duration of the G1 phase of the growth cycle (Sillje et al.

1999; Paalman et al. 2003) and correlates with the transcriptional activation of

glycogen and trehalose-related genes (Brauer et al. 2008; Hazelwood et al. 2009).

In contrast, it is reduced by overexpression of the G1 cyclin Cln3, the translation

rate of which is positively regulated by the TORC1 kinase (Barbet et al. 1996).

These data are in accordance with the recent proposition that TORC1 is the major

controller of growth rate in response to nutrient availability (Castrillo et al. 2007).

The stored carbohydrates can be readily mobilized upon raising the growth rate, and

this rapid mobilization is likely to supply ATP surplus required for budding process

since a good correlation has been obtained between the increase in the budding

index and the extension of reserve carbohydrates mobilization, when the growth

rate was suddenly increased from 0.05 to 0.15 h–1 (Guillou et al. 2004). This

experimental approach is strongly reminiscent to the energy-metabolism

oscillations (EMO) that arise spontaneously under glucose- or nitrogen-limited

continuous cultures at low dilution (growth) rate, showing periodicity of approxi-

mately 300 min of waves of accumulation and mobilization of reserve carbohydrates,

as first reported almost 40 years ago (Kuenzi and Fiechter 1972). Such oscillatory

behavior has been also observed in batch culture of yeast on trehalose (Jules et al.

2005). This EMO has been recently investigated in a system-level approach,

showing that it is composed of two distinct phases termed respiro-fermentative and

respiratory period, respectively. The transition between these two periods is basically

characterized by a periodic change in the NADH/NAD+ ratio, where the ratio is high

during the respiro-fermentative period and low during the respiratory period (Xu and

Tsurugi 2006). The importance of trehalose and glycogen in controlling EMO has

been illustrated using mutants defective in the synthesis of trehalose (tps1 mutant)

that exhibit destabilized EMO (Xu and Tsurugi 2007), while mutants defective in

glycogen (gsy2 or gsy2gsy1p mutants) show very weak oscillatory waves (Xu and

Tsurugi 2006; J. Francois, unpublished results). At a global transcriptomic level,

these spontaneous oscillations, which were also termed yeast metabolic cycle

(YMC), revealed that over half of yeast genes exhibited periodic expression patterns,

with a common period of transcript oscillation of ~300 min (Tu et al. 2005). Using an
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unbiased k-means cluster analysis, these authors identified three superclusters

defining a temporal compartmentalization of the oscillations in three major phases,

namely the Ox (oxidative), the R/B (reductive-building), and R/C (reductive-

charging) phase, respectively. The Ox clusters mainly comprises genes involved

in ribosome and protein synthesis, the R/B cluster was enriched of genes encoding

proteins required for DNA replication and genes encoding mitochondrial proteins,

whereas the R/C supercluster contained proteins involved in protein degradation,

peroxisomes, fatty acid oxidation as well as genes of the glycogen and trehalose

metabolism. Taking into account the metabolic events identified in the EMO, the

respiratory phase would correspond to the last part of R/B and R/C, as it is the

period during which storage carbohydrate accumulates and the respiratory quotient

(RQ) is close to 1.0. On the other hand, the respiro-fermentative phase corresponds

to Ox and to the beginning of R/B during which stored carbohydrates are liquidated

and the RQ > 1.0, corresponding to a reductive, highly glycolytic metabolism.

Recently, an interesting model was proposed that the temporal compartmentaliza-

tion of respiration and the restriction of DNA replication to the reductive phase of

the metabolic cycle are to protect cells for genomic integrity (Chen et al. 2007).

However, another model assigns the sudden mobilization of reserve carbohydrates

to specific metabolic requirements to pass the START at the G1/S transition of the

cell cycle, as proposed by Futcher (Futcher 2006). This author proposed the

“finishing kick” hypothesis which states that at low growth rate, the cell organizes

its metabolism to store sufficient carbohydrates during the G1 phase then suddenly

burns it to provide an additional burst of ATP for biosynthesis processes in late G1,

resulting in increased budding rate. This finishing kick hypothesis also suggests that

the critical size that has to be reached to pass through the Start could be correlated

to the stored carbohydrates. However, the function of reserve carbohydrate as cell

sizer remains to be verified. Moreover, the hypothesis of a finishing kick is only

valid for slow growing cells since rapidly growing cells do not store glycogen or

trehalose but show normal cell cycle progression.

While the mechanism that governs the synthesis of glycogen and trehalose

during G1 may be dependent on a reduction of the TORC1 activity, the rapid

mobilization of the stored carbohydrates in late G1 coincided with a transient burst

of cAMP (Xu and Tsurugi 2006; Muller et al. 2003). This suggests that mobilization

of the stored carbohydrate is mediated by the PKA pathway. In favor of this model,

trehalase and glycogen phosphorylase activity was found to increase at this period

(Muller et al. 2003; J. François, unpublished data).

4.2 Specific Function of Trehalose as a Stress Protectant

A number of reports have shown that the trehalose molecule is endowed with

the unique property to act as a replacement of water molecule to stabilize proteins

and membranes from dessication. However, recent results indicate that trehalose is

neither necessary nor sufficient for dessication tolerance in yeast (Ratnakumar and

44 J.M. François et al.



Tunnacliffe 2006). Thermotolerance has also been reported to be a synergistic

effect due to the accumulation of trehalose acting as chemical chaperones and

molecular chaperones (Singer and Lindquist 1998; Lee and Goldberg 1998). How-

ever, Thevelein’s group recently showed that additional unidentified factors may

participate in this resistance since a mutant strain defective in adenylate cyclase

(fil1 mutant) that was rendered unable to accumulate trehalose and lacking also

Hsp104 protein still exhibited elevated thermotolerance (Versele et al. 2004).

Besides, the role of trehalose in the acquisition of thermotolerance may be depen-

dent on the property of this disaccharide to activate Hsf1 (Bulman and Nelson 2005;

Conlin and Nelson 2007), which is an essential transcriptional regulator of heat

shock response in eukaryote (Amoros and Estruch 2001). On the other hand,

recovery of viability of cells from heat shock or saline stress required that the

accumulated trehalose is mobilized, to allow proper recovery to normal conditions

(Wera et al. 1999; Garre and Matallana 2009). The proposed explanation is that the

disaccharide can interfere with the refolding of denatured proteins by HSPs that

takes place upon return from heat shock or salt stress (Singer and Lindquist 1998).

The adaptation of yeast cells to near-freezing temperatures seems also to be

linked to the presence of trehalose. Shifting temperature from 25 to < 10�C is

accompanied by a dramatic rise in trehalose and by a Msn2/Msn4p-dependent

induction of genes related to its synthesis as well as genes encoding some HSP

proteins (Panadero et al. 2006; Schade et al. 2004). It has been observed that an

msn2/msn4 mutant dies quickly when maintained at temperature below 10�C
(Kandror et al. 2004), but it has not been shown whether this rapid death was due

to the lack of trehalose. Finally, trehalose protects cells from damage induced by

oxygen radicals as well as from ethanol toxicity (Benaroudj et al. 2001; van Voorst

et al. 2006). These protective effects are likely due to the property of this disaccha-

ride to prevent proteins to be damaged under these harsher conditions.

5 The Role of Tps1/ Trehalose-6-Phosphate in Carbon

and Energy Metabolism

An unexpected link between the trehalose and the glycolytic pathway is that

mutations in TPS1 prevent growth on rapidly fermentable carbon sources (reviewed

in (Gancedo and Flores 2004). The metabolic phenotype that characterizes this

mutant is a massive accumulation of sugar phosphates and precipitous depletion of

ATP immediately after glucose addition. These effects are likely responsible for

the inability of a tps1 mutant to growth on glucose. The tps1 mutant can grow on

less rapidly fermented sugars such as galactose or raffinose that also depend on the

function of the glycolytic pathway causing, however, lower flux over this pathway.

In addition, catabolism of these sugars differs from the one of glucose in the sensing

and the uptake mechanisms, respectively (Gancedo 2008). This led to the hypothesis

that the lack of growth of the tps1 mutant could be caused by deregulation of the

transport step or of the glucose phosphorylating activity.
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Three models have been put forward trying to explain the involvement of Tps1

in the control of the sugar influx and, by extension, in the regulation of glycolysis.

The first model is based on the finding that the main hexokinase in yeast encoded by

HXK2 is inhibited by Tre6P, the product of the Tps1p reaction (Blazquez et al.

1993). Though quite attractive at first sight, the Tre6P inhibition model of hexoki-

nase is probably incomplete since yeast cells growing exponentially on glucose

(and thus in a highly glycolytic state) or overexpressing TPS2 that encodes the

trehalose 6-P phosphatase have barely detectable Tre6P levels while growth on

glucose is not impaired (Hohmann et al. 1996). Also, growth and fermentative

capacity of yeast are not altered after replacement of a Tre6P-sensitive hexokinase

by an enzyme insensitive to this metabolite (Bonini et al. 2003). More importantly,

it was recently found that TPS1 from Y. lypolitica fully complemented growth of an

S. cerevisiae tps1D mutant on fructose, even though Tre6P was barely detected in

this mutant (C. Gancedo and J. François, unpublished results). Such a result brings

us to the second hypothesis which proposes that besides its catalytic function,

Tps1p may have a regulatory role, as for instance by restricting sugar influx through

a yet unidentified protein interaction. Evidence in support of this hypothesis came

from work on the pathogenic fungusMagnaporthe grisea, in which the introduction
of a noncatalytic form of Tps1p into tps1 mutants from this fungus recovered its

capacity to invade rice leaves which was lost upon deletion of the protein. Another

interesting observation was made in the model plant A. thaliana where a single

point mutation in the AtTPS6 gene resulted in many phenotypes, although the

mutated variant protein kept its catalytic function (Chary et al. 2008). In yeast,

there is so far no direct evidence supporting the hypothesis of a regulatory role

exerted by the Tps1 protein independently from its reaction product, Tre6P. How-

ever, the fact that tps1mutants are also unable to undergo sporulation, a process that

occurs in the absence of fermentable carbon sources and thus independently

from Tre6P, supports the idea that the Tps1 protein has functions other than the

simple formation of the Tre6P from UDP-Glc and Glc6P (Silva-Udawatta and

Cannon 2001). In addition, it was shown that Tps1p may be present as a free

protein (i.e., not bound to the TPS protein complex) (Bell et al. 1998), and recent

global interactomics studies indicate that Tps1p may belong to a large interactomic

network, whose partners mainly fall into the MIPS categories of energy and

metabolism (27%), cell rescue and defense (12%), and cell cycle and DNA

processing (10%) (Krogan et al. 2006; Gavin et al. 2006). The third hypothesis

proposes that the trehalose biosynthetic pathway can serve an additional function,

i.e., in the recovery of inorganic phosphate that is required for the functioning of

glycolysis at the level of glyceraldehyde 3-P dehydrogenase. The importance of Pi

replenishment in rescuing growth of tps1 on highly fermentative sugars has been

illustrated by hyperactivity of the Gpd1p and/or of the glycerol facilitator encoded

by FPS1 (Van Aelst et al. 1991) that both result in excess glycerol formation at the

expense of triose intermediates DHAP. The rapid drop Pi in a tps1 mutant is likely

not collateral effect of the lack of sugar influx but may be a direct consequence of

the lack of activation of H+-ATPase in a tps1 mutant (Th Walther and J François,

unpublished results).
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Recent genome-wide analyses on pairwise genetic interactions have provided

new insights on how Tps1p may impinge on cellular growth. These results indicated

that TPS1 negatively interacts with more than 200 genes, whose functions mainly

fall into the MIPS functional categories vesicle formation and vesicular transport,

phosphate metabolism, budding/cell polarity, cell wall, and general stress response.

It suggests that the levels of Tre6P or the Tps1 protein itself may be critical in

regulating some targeted cellular functions by coordinating sugar metabolism

with cell growth, budding, and cell wall synthesis according to carbon availability.

A similar hypothesis has been raised for the role of Tre6P in plant in coordinating

sugar metabolism with development, particularly with the cell wall synthesis that

depends on the supply of Glc6P and UDP-Glc (Paul et al. 2008). Also and quite

intriguingly, a considerable number of genes that negatively interact with TPS1
were found to positively interact with TPS2 and vice versa (Fiedler et al. 2009;

Costanzo et al. 2010). These genes provide candidate cellular functions that are

controlled by Tre6P since this metabolite is absent in tps1 mutants and exhibits

hyperaccumulation in tps2 strains. Genes that show negative interaction with

TPS1 and positive interaction with TPS2 include (among others) ANP1, RIM20,
CHS5, PSD1, WHI2, COG7, RSP5, DFG16, ADO1, ATX1, and VSP9 , whereas the

opposite situation is found for HXK2, UBR1, PAP1, PMA1, YHC1, and CAK1.
These findings support a potential direct implication of Tre6P in the regulation of

vesicle formation, phospholipid metabolism, and Pi/ATP homeostasis. In short,

converging data strongly support an essential function of Tps1 and its metabolite

Tre6P in the regulation of carbon and energy metabolism in yeast, for which the

precise mechanism of the action and relevant cellular targets remain to be

identified.

6 Conclusion and Perspectives

The yeast S. cerevisiae accumulates two storage carbohydrates, glycogen and treha-

lose, that fulfill and share, in some cases, specific functions. The control of the

metabolism of these two glucose stores is extremely sophisticated and is likely

meant to satisfy rapidly changing energetic needs during cell cycle and upon changes

in nutrient availability. Among numerous questions regarding mechanisms by which

the nutrient-sensing pathways impact on storage carbohydrate metabolism, twomajor

problems need to be solved. The first one is to identify the alternative priming system

that allows glycogen to be synthesized without glycogenin that also includes the

elucidation of the stochastic nature of this alternative mechanism. Answering this

question can be expected to have a strong impact on human glycogen and its related

metabolic disorders. The second question is to unravel the complete mechanism by

which the TPS complex and/or Tre6P regulate glycolysis and energy metabolism.

It is essential to address this question because it is indispensable for our general

understanding of fermentative growth. It is also a necessary step toward rational

engineering of the glycolytic pathway, being it dedicated to improve fermentation of
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natural substrates or to enable fermentation of nonnaturally consumed carbon

sources like xylose.
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