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Chapterr 1

1.11 History of yeast
Thee art of brewing beverages and baking bread is as old as civilisation. Through cuneiform
characters,, hieroglyphs and written accounts, historians have traced the roots back to ancient
African,, Egyptian and Sumerian tribes, some 6000 years ago. Early accounts on reliefs
foundd in Egyptian tombs, show bread being baked from malted barley, crumbled into water
too make a brewing mash (79). Organic analysis applied to archaeological remains of pottery
vesselss and jars showed evidence of grape must fermentation and barley fermentation as
earlyy as 3000 BC (127).
Thee 'Reinheitsgebot' (German Purity Law) of 1516 stated: '... the only ingredients
usedused for the brewing of beer must be Barley, Hops and Water. Whosoever knowingly
disregardss or transgresses upon this ordinance, shall be punished by the Court authorities
confiscatingg such barrels of beer, without fail' (38, 189). Medieval brewers recognised that
thee dregs of the brew were required for fermentation, yet were unaware of the nature of the
catalystt of the brewing process: Yeast. The substance was known at that time under a variety
off names, 'godisgood' amongst others, a name one can still see in some old inscriptions (79).
Thee English word 'yeast' originally referred to the head of foam that appears on top of
fermentingg ale, beer, cider and mead (a fermented beverage made of water, honey and malt).
Germann 'gischen' (to foam) and 'Gischt' (foam, spray) preserve this sense. The Dutch words
'gist'' (yeast) and 'gisten' (to ferment) are similarly derived.
Thee Dutch scientist Antonie van Leeuwenhoek first viewed yeast cells under a
microscopee in 1680. At that time, yeast was not considered to be a living substance, yet was
recordedd as objects curdled from the fermenting broth (190). In 1789, the Frenchman
Lavoisier,, one of the founders of modern chemistry, described the chemical changes that
occurr during fermentation of a juice of grapes and thereby introduced the idea of the
chemicall equation: 'Ie mout de raisin = acide carbonique + alkool' (see: (7, 8)). In the early
19thh century, the concept of yeast as living organism developed, despite a strong controversy.
Betweenn 1855 and 1875, the French chemist Louis Pasteur established yeast as the single cell
livingg organism of microscopic dimensions responsible for the conversion of fermentable
barleyy malt sugars into alcohol and carbon dioxide (7, 9). No longer was the production of
beerr and leavening of bread an unexplainable phenomenon, but a chemical process catalysed
byy unicellular organisms, natural contaminants of fruit and grain, carried by insects.
Aroundd 1881 Dr. Emile Hansen was the first to isolate a yeast for single-cell
culturess of yeast at production scale at the Carlsberg Brewery in Copenhagen (7). The yeast
wass called Saccharomyces carlsbergensis, a yeast closely related to Saccharomyces
cerevisiaecerevisiae which literally means 'sugar-fungus of beer'. In 1897, the German physiologist
andd chemist Eduard Buchner demonstrated 'cell-free fermentation' in yeast extracts. This
wass the basis for the discovery of glycolysis: the fermentation of glucose to ethanol and
carbonn dioxide chemically catalysed by the contents of the yeast cell. Soon the main
reactionss of the glycolytic pathway were elucidated (7).
1.22 Taxonomy of yeast
S.S. cerevisiae is an unicellular fungus which reproduces by budding (98). It can exist both as a
haploidd (one copy of each chromosome per cell) and as a diploid (two copies of each
chromosomee per cell). Aneuploid or polyploid strains have one or more additional copies of
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chromosomess or chromosome segments. Aneuploidy may arise from mutations, a potential
dangerr for the functional analysis of gene mutations (77,141).
S.S. cerevisiae is one of the four currently recognised species (Saccharomyces
cerevisiae,cerevisiae, Saccharomyces bayanus, Saccharomyces pastorianus/carlsbergensis and
SaccharomycesSaccharomyces paradoxus) that is designated as Saccharomyces sensu stricto, a mem
thee genus Saccharomyces (37, 104, 179, 214, 228). Species within the group of
SacharomycesSacharomyces sensu stricto are closely related species, with similar phenotypic
characteristicss (179). For instance large similarity has been found in sequence, number and
kineticc characteristics of the hexose transporters of S. cerevisiae and S. bayanus (J. Anjos,
personall communication). Different physiological characteristics are used to distinguish
betweenn the species within the group of Saccharomyces sensu stricto. Active fructose
transportt for instance, is specific for S. bayanus and S. pastorianus/carlsbergensis (64, 179),
whichh is mediated by a specific fructose/H+ symporter, encoded by FSY1 in S. carlsbergensis
(64).. However, definitive typing of the different species is only possible with methods such
ass electrophoretic karyotyping (37, 131, 229), analysis of mitochondrial DNA patterns (67),
genomee sequencing (e.g. (63)), or DNA/DNA hybridisation (214). Modern lager brewing
yeast'ss are often hybrid strains consisting of different genomes originating from different
speciess of yeast. Two-dimensional proteome analysis is a method to find taxonomie
relationshipss between divergent yeast species and in particular to identify the origin of the
individuall proteins (84).
1.33 Yeast genomics

Ann important step towards the complete understanding of an eukaryotic cell, S. cerevisiae in
particular,, has been the completion of the entire S. cerevisiae genome sequence (62, 63). The
entiree sequence of the 16 chromosomes and the sequence of the mitochondrial DNA (52) has
providedd scientists with a powerful tool to assign the complete set of gene functions and
elucidatee the different pathways of protein action and interaction. The exact number of open
readingg frames (ORFs) is a matter of debate, but approximately 6200 ORFs have been
estimatedd for me yeast genome of which approximately 4300 have been (partly)
characterizedd by genetics, biochemistry or sequence homology (62, 96).
Thee existence of an ORF does not necessarily imply a functional gene; an ORF
mightt be non-coding or non-functional. On the basis of codon usage in the second position it
wass estimated that up to 1200 ORF's could be non-coding (96). However, the MIPS database
(http://www.mips.biochem.mpg.de/)) lists only 403 'questionable' ORF's and 9 'putative
pseudo-genes'.. The exact number of non-coding ORF's has to be proven by experiment.
Non-functionall proteins might exist, yet this should be difficult to prove.
Inn the post-genomic era a difficult task emerges: the assignment of a biological function to all
novell yeast genes uncovered by the entire genome sequence. Currently, the (exact) function
off approximately 40% of the ORF's is still unknown. On the basis of homology, functional
classess of putative proteins have been predicted, yet the exact function often remains to be
solvedd (see for instance (40)). In the so called EUROFAN project, gross characterisation
(withh respect to growth, temperature, stress, cell wall etc.) of mutant phenotypes from ORFs
off unknown function might lead to identification of functions of novel proteins (62). Other
approachess have been devised to characterise large numbers of novel genes.
77

Chapterr 1

Specificc elements in promoters are often responsible for the regulation of the
expressionn of a particular gene. Genome-wide promoter analysis may identify proteins that
aree important under particular conditions, or have a (prominent) role in particular pathways
(130). .
DNAA micro-array techniques are used to probe the transcript (mRNA) levels of all
(orr a selection of) yeast genes, the 'transcriptome' (108, 254). This technique has been used
forr instance to measure transcript levels of (most) genes during growth on glucose, from
exponentiall phase to the diauxic shift. Many previously uncharacterised genes were
(differentially)) expressed during growth on glucose (35). DNA micro-arrays uncover the
expressionn of genes with unknown function, expression of other genes in disruption mutants
off genes with unknown function might reveal the function of the unknown gene.
Similarly,, the study of the 'proteome', the large-scale analysis of proteins, in
particularr 2D protein analysis in combination with mass-spectrometry, will contribute greatly
too the understanding of protein function and the identification of function of novel proteins in
particularr (150). In addition, a genome-wide two-hybrid screen identifies putative proteinproteinn interactions and thereby predicts functional links (by regulation or via metabolic
pathways)) between proteins (40, 150).
Anotherr example of high throughput experiments in the functional analysis of gene
productss is the analysis of metabolite patterns, or 'metabolome'. The concentration of
intracellularr metabolites in the cell mirrors the kinetic properties of the complete sets of
enzymes,, and gives in principle an easily accessible overview of metabolism and an indirect
picturee of the distribution of flux control (85). Differences in metabolite patterns in disruption
strainss of genes of unknown function might elucidate function or identify regulatory
pathwayss (169, 219).
Onn the basis of sequence similarity, novel proteins often can be classified. Accordingly, the
familyy of genes that encode putative hexose transporters was identified (100). Similarly, all
putativee permeases and other membrane plurispanners of the major facilitator superfamily
encodedd by the complete genome of 5. cerevisiae have been described (133). To conclude, an
inventoryy was given of all established and putative transporters encoded within the complete
genomee of 5. cerevisiae (153). In three eukaryotes of which the entire genome sequence has
beenn determined (Drosophila melanogaster, Caenorhabditis elegans and S. cerevisiae) the
relativelyy large size of the sugar transporter family in the genomes iss striking (184).
1.44 Applications of yeast

Bakingg - The function of yeast in baking is to ferment the sugars present in flour or added to
thee dough, to ethanol and carbon dioxide. In a 'lean' dough a small amount of sugars is
availablee as free sugar in the flour, while the major part of sugar is obtained from the
hydrolysiss of starch to maltose by wheat amylases (see for review: (139)). The carbon
dioxidee produced from the sugars is trapped within the gluten structure of the dough forming
bubbless and eventually causes dough leavening, or rising (55).
Highh biomass yield and rapid growth are important characteristics for the
commerciall production of bakers' yeast (172). Subsequently, the baker requests good dough
leaveningg activity and prolonged shelf life. Recombinant-DNA technology offers an
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approachh to improve yeast performance by directing metabolism. However, the high and
irregularr degree of polyploidy of industrial bakers' yeast complicates this approach.
Brewingg - In the production of wine and beer, sugars (starch hydrolysed to maltose from
barleyy in the case of beer and free fermentable sugars from grapes in the case of wine) are
convertedd to ethanol and carbon dioxide. In addition higher alcohol's are produced which
contributee to the taste (for review see (139)).
Inn the wine industry fermentation's are often inoculated with starter cultures.
Recently,, many winemakers have started to use pure S. cerevisiae strains to produce wines of
moree reproducible quality. Again, recombinant DNA-technology presents an opportunity to
improvee the performance of yeast in brewing.
Otherr applications - Traditionally, S. cerevisiae has been applied in the production of beer,
winee and bread. Currently 5. cerevisiae is used for numerous other applications. Yeast
extractss are natural ingredients and currently enjoy vast popularity due to their excellent
organolepticc qualities, their role as a flavour enhancer or vitamin source. Inactivated yeast
culturess and processed yeast are sold as feed ingredients for live stock and pets or organic
fertiliserr (see: http://www.dsm.nl/dbi/ or http://www.lesaffre.com/).
Sincee S. cerevisiae is GRAS (Generally Regarded As Safe) listed and only secretes
smalll amounts of a few of its own enzymes, it is a convenient host for the production of
heterologouss proteins. Examples include, the production of hepatitis B surface antigen and
insulinn (see for reviews on other successful examples: (142, 218)).

Modell eukaryote - S. cerevisiae has been in relation with mankind for millennia. Since the
timee of Louis Pasteur a lot is known about the physiology and biochemistry of this yeast. Its
rapidd growth, which facilitates experiments on a test tube scale, the power of yeast genetics
throughh the ease of transformation, the determination of the sequence of the entire genome
(63),, the ability to quickly map a phenotype-producing gene to a region of the S. cerevisiae
genome,, and the development of two-hybrid screening (50, 109), has made S. cerevisiae an
excellentt model system for eukaryotes.
AA comparison of the genomes of S. cerevisiae, the simple multi-cellular worm
CaenorhabditisCaenorhabditis elegans, and the fly Drosophila melanogaster revealed that the cor
biologicall functions, such as intermediary metabolism, DNA and RNA metabolism, protein
folding,, trafficking, and degradation, are carried out by orthologous proteins (proteins with
commonn ancestors) (27, 184). Proteins involved in signal transduction, or multicellularity,
specialisationn to different cell types are generally not orthologous with yeast proteins,
drawingg the line between single- and multi-cellular life. Consequently, for the study of core
metabolism,, or the general principles of eukaryotic cell function, S. cerevisiae may serve as a
modell organism (65). In studies on perixosomal disorders, S. cerevisiae has often been used
ass a model (for review see: (242)). Also for other human genetic diseases yeast may serve as
aa model organism (51). However, often Drosophila is a better model for understanding the
molecularr basis of human diseases, since it contains orthologs of a large proportion of the
identifiedd human disease genes (27, 184).
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1.55 Yeas t sugar metabolism

Yeastt sugar metabolism comprises the conversion of sugar, the carbon source, into biomass
andd fermentative products. In addition to sugar metabolism, metabolism of other elements
suchh as nitrogen and phosphorous is involved in growth and fermentation. The research
describedd in this thesis will focus on the physiological function of the first two steps in
glucosee metabolism, the transport of glucose across the plasma membrane and the subsequent
phosphorylationn to glucose-6-phosphate, by hexokinase II.
Hexosee transport - The first step in sugar metabolism is the transport of the sugar over the
plasmaa membrane. A large diversity of hexose transport systems exists that can be separated
broadlyy into three categories: active transport through a hexose/H* symporter as was shown
forr the active uptake of fructose in S. bayanus and S. pastorianus, but is absent from S.
cerevisiaecerevisiae (64, 179); hexose transport with concomitant phosphorylation as for the
phosphoenolpyruvatexarbohydratee phosphotransferase systems (PTS) of bacteria (164); or
hexosess are transported by facilitated diffusion as occurs in S. cerevisiae by members of the
hexosee transporter family (19, 71, 100, 148, 173, 174, 251). Facilitated diffusion is the free
energy-independentt transport over the plasma membrane, as catalysed by transport proteins
inn the plasma membrane.
Initially,, it was proposed that hexose transport in 5. cerevisiae is mediated by only two
systems,systems, one component with high affinity for hexoses and one with a low affinity
componentt (14, 106). Later it was demonstrated that the individual hexose transport proteins
encodedd by the HXT genes can function independently as hexose transporters (174). The
apparentt kinetic characteristics of hexose transport appear to be the sum of the different
hexosee transport proteins present. However, modulation of the apparent kinetics, by changes
inn the lipid environment (e.g. ref. (237)), or by interactions between the hexose transporters
orr other proteins cannot be excluded (see this thesis and (239)).
Inn the yeast genome 20 homologues of hexose transporter genes have been identified (4, 19,
76,, 100, 148, 153, 251). The family of homologous hexose transporter genes includes HXT1HXT17HXT17 (tfeXose Transport), GAL2 (GALactose), SNF3 (.Sucrose Non Fermenting) and RGT2
(Restoress Glucose Transport) and is part of the major facilitator superfamily of transporters
(152). .

HXT1-HXT4HXT1-HXT4 and HXT6-HXT7 encode the relevant hexose transporters for growth on glucose
(90,, 173, 174). Deletion of HXT1-HXT7 (the so called RE700 strain, or hxt null strain) is
sufficientt to abolish growth on glucose in the MC996A wild-type strain completely (174).
However,, in the CEN.PK wild-type strain, currently selected by many laboratories as
experimentall wild-type or parental strain (223), the concurrent knockout of HXT1-HXT17
GAL2,GAL2, and three members of the maltose transporter family, AGTI, YDL247w and YJR160c,
iss required to abolish growth on glucose completely (251). Again in this wild-type strain
HXT1-HXT7HXT1-HXT7 encode the proteins most significant for hexose transport. Surprisingly, deletion
off SNF3 in a 'complete' hxt null mutant restored the ability to grow on glucose (251), which
impliess additional proteins or mechanisms that confer the uptake of glucose.
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Kineticc experiments on the individual transporters showed that HXT1 and HXT3 encode
hexosee transporters with low affinity for glucose (K™ = 50-100 raM), HXT4 encodes a
transporterr with moderate affinity for glucose (Kn, = 10 mM), and HXT6 and HXT7 encode
highh affinity (Km =1-2 mM) hexose transporters (173). The HXT2 gene encodes a hexose
transportt protein which shows aberrant kinetic characteristics, which consists at times even of
twoo kinetic components (102, 173, 255). An extremely high affinity component (Kn, = 0.25
mM)) in addition to a component of moderate affinity for glucose (Km =15 mM) was found in
aa strain expressing HXT2 as sole hexose transporter (255); post-translational modifications
mightt be involved (245). In addition to glucose affinity, the hexose transporters show affinity
forr fructose and mannose (71, 106, 173).
Duringg exponential growth on excess glucose, glucose transport exhibits low affinity
kinetics.. As glucose gets depleted the affinity for glucose increases (36, 239). In aerobic,
glucosee limited chemostats the affinity of the hexose transport was correlated to the amount
off extracellular hexoses, as well (126, 162). In practice it is assumed that the kinetics can be
describedd by one or more components that obey Michaelis-Menten kinetics which can be
derivedd from computer-assisted non-linear regression analysis (30, 53).
Thee expression of the different hexose transporter genes is regulated by different regulatory
mechanismss (19, 76, 146, 148). The current model for the regulation of expression of hexose
transporterr genes includes a glucose-sensing function for the proteins encoded by RGT2 and
SNF3.SNF3. The generated signal is transmitted via several steps to either a general component of
glucosee repression, Migl, or via the more specific Rgtl (for review see (148)). The combined
actionn of several regulatory mechanisms on the expression of the HXT-genes provides a
sophisticatedd method to express a set of hexose transporter proteins appropriate for the
nutritionall status of the environment (148).
SNF3SNF3 and RGT2 are highly homologous to the HXT-genes. However, SNF3 expression was
shownn to be much weaker than that of HXT-genes (132, 146, 245) and not sufficient to confer
uptakee of glucose (111). A role in regulation rather than in metabolism became apparent. It
wass found that SNF3 is required for the expression of HXT-genes at low levels of glucose,
whilee RGT2 encodes a protein that is involved in the expression of HXT-genes at high levels
off glucose (101, 111, 144). Both genes appear to encode modified hexose transporters that
actt as glucose sensors (31, 101, 143, 144). The long C-terminal tails of both proteins that are
predictedd to be in the cytoplasm seem to be responsible for the generation of an intracellular
signall for induction of HXT gene expression depending on the availability of glucose (31,
101,143,, 144, 220).
Inn the absence of glucose, HXT I and HXT3 are repressed through the action of Rgtl (for
revieww see (148)). HXT1 and HXT3 are induced at high extracellular glucose concentrations
byy the inactivation of Rgtl by Girl. In addition, HXT1 is activated by an unknown
mechanismm (for review see (148)).
Inn the absence of glucose, HXT2 expression is absent due to the action of Rgtl,
whereass at a high concentration of glucose or fructose HXT2 is repressed through the action
off Migl. Consequently only at low levels of glucose HXT2 is expressed (19, 146, 148, 245).
Thee expression of HXT4 is repressed by glucose in a similar way as HXT2 (19, 146, 148,
209). .
11 1
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Upp till now, the protein product of HXT5 has not been shown to encode a functional
hexosee transporter. However, various studies suggest a specific role for HXT5. Transcript
levelss of HXT5 are surprisingly high under several conditions; e.g. at glucose depletion after
exponentiall growth on glucose (35), and during growth on glycerol (148). In a strain that
containedd only HXT5 and none of the relevant hexose transporter genes, HXT1-HXT4 and
HXT6-HXT7,HXT6-HXT7, growth on glucose was absent (173), yet after growth on maltose, the stra
showedd a high capacity of glucose consumption (88).
HXT6HXT6 and HXT7 encode two high affinity hexose transporters. Expression of HXT6
andd HXT7 is repressed by glucose through the action of SNF3 (111, 148). Further regulation
iss comparable to HXT2 and HXT4 (for review see: (148)). Interestingly, multiple duplications
off HXT6 and HXT7 evolved and formed chimeras in response to prolonged cultivation in a
glucose-limitedd environment (20). Indeed some yeast strains contain a chimera of HXT6 and
HXT7HXT7 instead of two separate genes (e.g. (90, 174)).
HXT9HXT9 and HXT11 are able to transport glucose (136, 251), but are also involved in
thee pleiotropic drug resistance (136).
GAL2GAL2 codes for the galactose permease (217), which facilitates transport of
galactosee and that of glucose with high affinity (173). Gal2p differs from the hexose
transporterss in that it contains a substrate recognition domain specific for galactose (86, 87,
134).. The expression of GAL2 is induced by galactose (217) and repressed by glucose (22,
57,58,216). .
Onee of the genes that are involved in cold-sensitivity, CSF1, is required for the
transportt of glucose (and other nutrients) at low temperatures (213). At 10°C, a csfl
disruptionn mutant shows three- to five-fold lower glucose transport rates than the wild-type,
whilee transport rates are virtually identical at 30°C.
Inn brewers' wort and bakers' flour, maltose is the main source of sugar. In addition
too the hexose transporters mere are multiple a-glucoside transporter genes that are specific
forr the uptake of maltose and similar sugars. After the uptake of maltose, the disaccharide is
splitt by the enzyme maltase into two glucose moieties. The a-glucoside transporters are
memberss of the sugar permease family and quite homologous to the hexose transporters (81).
Thee main maltose permease, which is encoded by several MAL transporter gene sequences,
catalysess active maltose transport and is repressed by glucose (see for reviews: (22, 57, 58,
227)).. Rgt2p is both implicated in the regulation of expression of the HXT-genes and
involvedd in the rapid, glucose-dependent proteolysis of the maltose permease (82, 83).
Hexosee phosphorylation - The first intracellular step of glucose metabolism, or the first
stepp of the glycolytic pathway, is the phosphorylation of the internalised glucose to glucose6-phosphate.. In the yeast S. cerevisiae, there are three enzymes that phosphorylate glucose:
hexokinasee I (encoded by HXK1), hexokinase II (encoded by HXK2) and glucokinase
(encodedd by GLKJ). They have different affinities for glucose and ATP, and different
specificitiess towards other sugars such as fructose and mannose (59, 113). Furthermore there
aree differences in the transcriptional regulation of the genes that encode these hexosephosphorylatingg enzymes, depending on the nature and the amount of carbon source (72).
Generally,, the expression of hexokinase I and glucokinase is repressed by glucose, whereas
thee expression of hexokinase II is induced by glucose. Medium constituents other than
glucosee also seem to influence the expression of HXK1: transcript levels of HXK1 were 17
timess higher in minimal medium than in rich medium (254). In contrast to hexokinases from
12 2
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otherr organisms, the activity of 5. cerevisiae hexose kinases is not inhibited by their product
glucose-6-phosphatee (see for review: (21)). Instead, the inhibition of hexokinase II activity by
trehalose-6-phosphatee (17) has been suggested to be involved in the tuning of the upper part
off glycolysis by trehalose-6-phosphate synthase (207, 212).
Initiallyy it was thought that high affinity glucose transport (or expression of high-affinity
transporters)) was dependent on the presence of glucose-phosphorylating enzymes (15, 107).
Inn mutants that lack the three glucose-phosphorylating enzymes, glucose transport was
impairedd and showed a decreased affinity. Rapid uptake assays on a 200 ms-scale showed,
however,, that high-affinity transport of glucose in 5. cerevisiae is not directly dependent on
thee presence of glucose-phosphorylating enzymes. The apparent loss of high-affinity glucose
transportt was shown to be a consequence of an insufficient rate of removal of the
intracellularr glucose by phosphorylation (198, 199, 240).
Inn contrast to a wild-type strain, an hxk2 null strain shows derepressed high affinity
glucosee transport in the presence of excess glucose (13, 15, 198, 241). Hexokinase II is one
off the factors involved in die mechanism of glucose repression (for reviews see (23, 57, 58)).
Catabolitee repression - Glucose catabolite repression is a complex mechanism which
involvess the regulation of gene expression in response to the presence of glucose (see for
reviews:: (23, 57, 58)). Glucose represses expression of many proteins, including those
involvedd in the respiratory pathway (e.g. the mitochondrial ATPase) and the metabolism of
carbonn sources other than glucose (e.g. maltose, sucrose and galactose). In the yeast S.
cerevisiae,cerevisiae, the glucose repression mechanism results in a Crabtree-positive phenotype:
aerobicc growth in the presence of excess glucose results in the production of ethanol, or
fermentativee growth (32). Glucose repression of oxidative metabolism was shown to be
decreasedd by overexpression of the Hap4 subunit of the Hap2/3/4/5p complex, an important
activatorr complex in the expression of mitochondrial enzymes; redirection of fluxes to
biomasss and improved biomass yields were evident (18). In addition to die mechanism of
glucosee catabolite repression, a mechanism of nitrogen catabolite repression enables the yeast
celll to regulate the expression of genes involved in nitrogen metabolism (see for reviews:
(202,, 250)).
Severall properties of hexokinase II may be involved in glucose repression. The
sugar-phosphorylatingg activity of hexokinase II was suggested to be directly correlated to the
extentt of glucose repression (116). Overproduction of hexokinase I (encoded by HXK1)
restoredd glucose repression in an hxkl mutant, however overexpression of GLK1 (encoding
glucokinase)) did not (182). Hexokinase II has been shown to be a phosphoprotein in vivo
(234)) which suggests a regulatory function. Serine-15 has been identified as the primary
targett for phosphorylation (99). Both hexokinase I and hexokinase II have been described to
existt in two isoforms in vitro, a monomeric and a dimeric form, which have different
affinitiess for glucose. Phosphorylation at serine-15 seems to affect the oligomerisation state
off hexokinase II, i.e. in vitro it causes dissociation to the monomeric form (10). It has been
suggestedd that phosphorylation of hexokinase II is essential for glucose repression (171) and
thatt protein phosphatase I (Glc7p) and its binding protein Reglp (3) are involved. Moreover,
aa dual cytosolic-nuclear localisation of hexokinase II has been demonstrated (170). The
hexokinasee II protein participates in a regulatory DNA-protein complex necessary for
glucosee repression of the SUC2 gene in the nucleus (73). Thus, there are strong connections
13 3
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betweenn glucose repression and hexokinase II, although the exact molecular mechanism
remainss to be identified. Both metabolic activity, for instance by regulating or sensing
intracellularr metabolite concentrations (e.g. intracellular glucose), and regulatory activity, by
physicall interactions with transcription factors, seem to be involved.
Inn addition to the involvement of hexokinase II, hexose transport capacity or the
(kineticc parameters of) hexose transporters present, is sometimes directly correlated to
glucosee repression (238, 256), which suggests mat metabolic fluxes or intracellular
metabolitee concentrations (e.g. intracellular glucose) function as a signal for glucose
repressionn (204).
1.66 Modulation of fluxes

Applicationss in which yeast is involved are often less of an exact science than an art. The
processess of baking bread and brewing beverages have developed often by means of 'trial
andd error'. For the production of bakers' yeast rapid growth with a high yield and a
subsequentt high fermentative capacity, are interesting properties (172). However, oxidative
growthh with a high biomass yield is repressed by glucose, the main carbon source during the
productionn of bakers' yeast. Therefore production of yeast biomass proceeds in fed-batch at
loww residual glucose concentrations and at sub-maximal growth rates (68, 253).
Manyy attempts have been made in the past 20 years to increase fluxes in yeast.
Thesee include attempts to grow S. cerevisiae on alternative carbon sources; e.g. lactose in
cheesee whey (1, 5) and xylose in hydrolysed wood-waste (41, 92, 93, 142, 236). Full
understandingg of metabolism (in particular the quantitative distribution of fluxes) is the
ultimatee aim, which is both an academic and industrial challenge.
Thee first step in glucose metabolism, the transport of glucose across the plasma membrane,
hass often been described as an important rate-limiting step of glycolysis in yeast (36, 56, 95,
138,, 148, 154), but also in mammalian cells (e.g. (89)). Supportive evidence for this was
providedd by the fact that overproduction of the individual glycolytic enzymes in S. cerevisiae
didd not result in an increased glycolytic flux (69, 188). The extent of expression of hexose
transporterss was in some cases directly correlated to the growth rate on glucose and the rate
off glucose consumption. An hxt2 null mutant grows and consumes glucose significantly
slowerr than the parental strain during growth on low amounts of glucose (244). In a yeast
strainn expressing HXT7 as sole hexose transporter, hexose transport was shown to have a
highh control on the rate of growth (256). A quantitative analysis of the control of the
individuall hexose transporters or even the 'complete' hexose transport step on the glycolytic
flux,, or on growth in a wild-type yeast strain, had not yet been performed, when the
investigationss described in this thesis were initiated.
Metabolicc Control Analysis - Yeast sugar metabolism, starting with the uptake of the sugar
acrosss the plasma membrane, is the result of subsequent steps of chemical conversions
catalysedd by enzymes which are part of a network of metabolic pathways. In Metabolic
Controll Analysis (MCA) the behaviour of a pathway, or ultimately of the complete metabolic
network,, is studied and the control of enzymes of a pathway on fluxes and metabolite
concentrationss at steady-state, is quantified (e.g.: (47, 85, 180)). Eventually, MCA may be
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usedd to engineer the flux through a pathway by assessing metabolic responses to changes in
enzymee activities (48).
Inn MCA, the extent to which a component in a metabolic pathway controls the flux through
suchh a pathway under a defined set of conditions is quantified by a flux control coefficient.
Fluxx Control Coefficients are defined as the relative effect of a (small) change in the activity
Vjj of an enzyme i in a pathway, on the relative flux J through that pathway, or in
mathematicall terms:

CCJJ = — /fy -

dlnJ

JJ J v,- dinv,Thee determination of a flux control coefficient requires the ability to make a change in a
parameterr p that only affects the activity of enzyme i (e.g. by a specific inhibitor). The 'local'
effectt of the parameter change p on the activity v of enzyme i is defined as the elasticity
coefficientt e, and is a function of the kinetic characteristics of enzyme i:
din v,

vv

£'£'

=

dlnp dlnp
Thee 'global' effect or steady-state response of the parameter change p on the flux J is defined
ass the Response coefficient R, in mathematical terms this coefficient reads:
„j„j

dlnJ
dlnp dlnp
Inn an experimental set-up for the determination of the control on flux through a pathway by a
certainn enzymatic step, the global effect of a local change in enzyme activity, on the flux
throughh that pathway is studied. The elasticity of an enzyme in a pathway relates to the
responsee of the flux through that pathway as follows:
jj _ din J _ din J/dlnp _ Rp
dlnVidlnVi dlnvjdlnp
£v<
Thee sum of flux control coefficients of all n enzymes in a pathway equals unity:

CJCJ +CJ2 +CJ3 +

= 7,or ICf =1

Too quantify the control of the glucose transport on the flux through glycolyis, the effect of
thee specific modulation of glucose transport on the glycolytic flux has to be determined. First,
onee should define the pathway of interest and be able to measure the flux through this
pathway.. Secondly, in order to measure the control of the glucose transport specifically, an
effectorr that only affects the glucose transport step should be available.
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1.77 Scope of this thesis

Thee first step in glucose metabolism, i.e. the facilitated transport of hexoses by members of
thee major sugar permease family has often been described as rate-limiting. Furthermore, the
multitudee of genes encoding putative hexose transporters seems redundant. In Chapters 2-5
thee functionality and the control on glucose metabolism of the putative hexose transporters is
studied. .
Inn Chapter 2 the expression of the multiple hexose transporter genes is studied
underr various conditions including batch cultivation on glucose, and aerobic and anaerobic
sugarr limited growth in chemostat cultures. Conclusions are drawn about the regulation of
expressionn of the different hexose transporters as a consequence of the environmental
conditions.. The hypothesis is tested whether the in vivo flux through the glucose transporter
followss Michaelis-Menten kinetics and can be calculated from the kinetics of glucose
transportt and the concentration of the substrate, i.e. extracellular glucose. Furthermore, it is
analysedd whether the sum of the expressed transporters can account for die measured kinetic
parameterss of hexose transport. In Chapter 2 it is found that HXT5 transcription is abundant
att conditions of low glucose and/or slow growth. This previously uncharacterised transporter
iss studied in more detail in Chapter 3. Several roles for this hexose transporter homologue
willl be suggested. In Chapter 4, strategies are described and applied to determine the extent
off control of the glucose transport step on sugar metabolism.
InIn Chapters 5-8 the importance of hexokinase II for the regulation of glucose
metabolismm is studied. In Chapter 5 the effects of the deletion of HXK2, the gene encoding
hexokinasee II, on the kinetics of glucose transport are related to its effects on the expression
off the individual hexose transporters. Chapters 6, 7 and 8 describe the influence of the
regulationn by the HXK2 gene product on sugar metabolism. The effects of the deletion of
HXK2HXK2 on the general physiology of the yeast during batch growth are described in Chapter
6.. In Chapter 7, the effect of the HXK2 deletion is studied in glucose-limited continuous
cultures.. Furthermore, transient intracellular and extracellular responses to a shift from
glucosee limitation to glucose excess are studied both in the wild-type strain and the hxkl
deletionn strain. Chapter 8 addresses the question whether the impaired glucose repression in
ann hxk2 deletion strain influences the ability to grow on mixtures of sugars.
Too conclude, the results on the expression, role and control of the hexose
transporterss and the effects of hexokinase II on hexose transport and sugar metabolism are
broughtt in perspective in a General Discussion (Chapter 9).
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