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Chapterr 1 

1.11 Histor y of yeas t 

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 Taxonom y of yeas t 

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 member of 
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 genomic s 

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. 
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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 protein-
proteinn 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 Application s of yeas t 

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 core 
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 suga r metabol is m 

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 HXT1-
HXT17HXT17 (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). . 
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Upp til l 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 strain 
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 glucose-
6-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 hexose-
phosphorylatingg 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 
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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 
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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 Modulatio n of fluxe s 

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: 

vv din v, 
£'£' = 

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 +CJ
2 +CJ

3 + = 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 Scop e of thi s thesi s 

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 
wil ll  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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Chapterr 2 

2.11 Summar y 

Thee kinetics of glucose transport and the transcription of all 20 members of the HXT hexose 
transporterr gene family were studied in relation to the steady state in situ carbon metabolism 
off  Saccharomyces cerevisiae CEN.PK113-7D grown in chemostat cultures. Cells were 
cultivatedd at a dilution rate of 0.10"1 under various nutrient-limited conditions (anaerobically 
glucose-- or nitrogen-limited, or aerobically glucose-, galactose-, fructose-, ethanol-, or 
nitrogen-limited),, or at dilution rates ranging between 0.05 and 0.38 h"1 in aerobic glucose-
limitedd cultures. Transcription of HXT1-HXT7 was correlated with the extracellular glucose 
concentrationn in the cultures. Transcription of GAL2, encoding the galactose transporter, was 
onlyy detected in galactose-limited cultures. SNF3 and RGT2, two members of the HXT family 
thatt encode glucose sensors, were transcribed at low levels. HXT8-HXT17 transcripts were 
detectedd at very low levels. A consistent relationship was observed between the expression of 
individuall  HXT genes and the glucose transport kinetics determined from zero frans-infiux of 
I4C-glucosee during 5 s. This relationship was in broad agreement with the transport kinetics 
off  Hxtl-Hxt7 and Gal2 deduced in previous studies on single-HXT strains. At lower dilution 
ratess the glucose transport capacity estimated from zero trans-influx, experiments and the 
residuall  glucose concentration exceeded the measured in situ glucose consumption rate. At 
highh dilution rates, however, the estimated glucose transport capacity was too low to account 
forr the in situ glucose consumption rate. 
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2.22 Introductio n 

Carrier-mediatedd hexose transport across the plasma membrane is an essential step in the 
utilisationn of hexoses by Saccharomyces cerevisiae (106). Based on measurements of zero 
trans-trans- influx of radioactive glucose into washed cells, two kinetically distinguishable 
transportt systems have been described: a low-affinity system (Km « 10-50 mM) expressed by 
cellss growing in media with a high glucose concentration, and a high-affinity system (Km = 1-
33 mM) expressed by cells in low glucose media (15, 239). Cells growing in low glucose 
mediaa often display both a high-affinity component and a low-affinity component (15). 

Geneticc studies and analysis of the S. cerevisiae genome have implicated the HXT 
familyy of homologous genes in encoding the hexose transporters expressed by this yeast. The 
200 members of this family include HXT1-HXT17, GAL2 (encoding the galactose transporter), 
andd SNF3 and RGT2 (encoding putative sensors of high and low glucose concentrations, 
respectively)) (100). The glucose transport kinetics of some individual HXT gene products 
havee been analysed in genetically modified yeast strains; it was found that a strain with null 
mutationss in HXT1-HXT7 (the hxt null strain) was not able to grow on various concentrations 
off  glucose (174). When these seven HXT genes were expressed individually as single 
chromosomall  copies in the hxt null strain, they were all able to confer growth on glucose or 
fructosee medium with the exception of HXT5. However, the growth properties of the single-
HXTHXT strams differed on media with different glucose concentrations, suggesting that the 
geness are regulated differently in response to glucose or that they encode transporters with 
differentt affinities for glucose (174). 

Thuss far, regulation of individual HXT genes or sub-sets of the HXT gene family has 
beenn studied by various means, including immunodetection, mRNA analysis and expression 
off  HXT promoter-ZflcZ fusions (35, 110, 111, 146, 209, 244). These studies indicate that 
HXT1HXT1 is induced by high glucose concentrations, whereas HXT2, HXT4 and HXT6/7 are 
inducedd at low glucose concentrations and HXT3 is induced by glucose irrespective of 
concentration.. The presence of HXT promoters on multicopy plasmids has been shown to 
affectt expression of other HXT genes (149, 209), indicating that regulation of HXT genes is 
preferablyy studied in a wild-type context. 

Withh few exceptions (126, 162), published studies on glucose transport kinetics and 
HXTHXT gene expression in S. cerevisiae are based on batch cultivation in shake flasks. In such 
cultures,, rapid changes occur in substrate availability (e.g. from sugar excess to sugar 
depletion),, metabolite concentrations (e.g. ethanol accumulation), pH, and oxygen tension. 
Moreover,, the substrate affinity of glucose transport changes during batch growth on glucose 
(239).. In contrast to batch cultivation, chemostat cultivation allows for studies on effects of 
specificc environmental parameters because each parameter can be varied independently 
(161).. In particular, the specific growth rate u\ (defined as the relative biomass increase in 
time)) can be easily manipulated, since it is numerically equal to the dilution rate (D) in 
steady-statee chemostat cultures. By selecting appropriate nutrient limitation regimes and 
specificc growth rates, chemostat cultivation permits studies on glucose transport in cells 
grownn under steady-state conditions, both under sugar limitation and in the presence of 
excesss sugar (249). 

Thee aim of the present study was to investigate the regulation of hexose transport in 
S.S. cerevisiae under a wide range of defined growth conditions. Glucose transport kinetics 
weree determined for cells grown at a fixed specific growth rate under different nutrient 
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limitations,, and for cells from aerobic glucose-limited chemostat cultures grown at various 
specificc growth rates. Transcription of all 20 HXT genes was studied by Northern analysis of 
RNAA isolated from these cultures. This approach enabled a comparison of the expression of 
thee individual HXT genes with the glucose transport kinetics of the cultures, taking into 
accountt the kinetic characteristics of the transporter proteins inferred from earlier studies 
withh single-WXr strains (173). 

2.33 Material s an d Method s 

Yeastt  strain and maintenance - The haploid, prototrophic Saccharomyces cerevisiae 
strainn CEN.PK113-7D (MATn MAL2-8? SUC2) was kindly provided by Dr. P. Kotter, 
Frankfurt,, Germany. Precultures were grown to stationary phase in shake-flask cultures on 
minerall  medium (232), adjusted to pH 6.0 and containing 2% (w/v) glucose. After adding 
glyceroll  (30% v/v), 2 ml aliquots were stored in sterile vials at -70°C. These frozen stocks 
weree used to inoculate precultures for chemostat cultivation. 

Chemostatt  cultivation - Chemostat cultures were run in laboratory fermenters (Applikon), 
att a stirrer speed of 800 rpm and at 30°C. The working volume was kept at 1.0 1 by a 
peristalticc effluent pump coupled to an electrical level sensor (135). The exact working 
volumee was measured after each experiment. The pH was kept at 5.0  0.1 by an ADI 1030 
biocontroller,, via automatic addition of 2 M KOH. Aerobic cultures were flushed with air at a 
floww rate of 0.5 litre-min"1 using a Brooks 5876 mass-flow controller. The dissolved oxygen 
concentrationn was monitored with an O2 electrode (model 34 100 3002; Ingold) and remained 
abovee 60% of air saturation. For anaerobic cultivation, fermenters were equipped with 
Norprenee tubing to avoid 02 diffusion and flushed with nitrogen gas at a flow rate of 0.5 
litre-min"1.. Chemostats were started at a dilution rate (D, equal to specific growth rate in 
steadyy state cultures) of 0.10 h"1. Steady states at other dilution rates were achieved by 
changingg the dilution rate in 0.05 h"1 increments. At D values of 0.20 h"1 and above, these 
incrementss were reduced to 0.025 h"1. After each increase of D, cultures were allowed to 
establishh a new steady state (defined as the situation in which at least five volume changes 
hadd passed after the last change in growth conditions, and in which the biomass concentration 
andd specific rates of CO2 production and 02 consumption had remained constant (< 2% 
variation)) for at least two volume changes). Culture purity was routinely monitored by phase-
contrastt microscopy and by plating on YPD (1% yeast extract, 2% peptone, and 2% glucose) 
mediumm (195). 

Carbonn recoveries were 91.3% for the aerobic glucose-limited chemostat with D = 
0.388 h"1, 93.4  1.6% for the aerobic nitrogen-limited chemostats, 93.5  0.8% for the 
anaerobicc glucose-limited chemostats, and >96% for all other chemostats. Carbon recoveries 
weree calculated assuming a carbon content of dry biomass of 48%. Calculations of carbon 
recoveryy did not take into account the minor loss of ethanol in the off-gas that occurred at 
highh dilution rates due to evaporation (232) and the dilution of cultures as a result of KOH 
titration. . 

Mediaa for  chemostat cultivation - For aerobic carbon-limited growth, a defined mineral 
mediumm containing vitamins (232) was used. The concentration of hexoses in the reservoir 
mediaa was 7.5 g-litre"1, and the ethanol concentration was 6.75 g-litre"1. For anaerobic 
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cultivation,, media were supplemented with the anaerobic growth factors ergosterol and 
Tween-800 (10 mg-litre"1 and 420 mg-litre"1, respectively; see (231)) and the glucose 
concentrationn in the medium was increased to 25 g-litre"1. For aerobic nitrogen-limited 
growthh on glucose, the (NR^SĈ  concentration in the mineral medium was reduced to 1.0 
g-litre"11 and the glucose concentration was increased to 25 g-litre"1. Similarly, for anaerobic 
nitrogen-limitedd growth on glucose the (NH4)2S04 concentration was reduced to 0.25 g-litre"1 

andd the glucose concentration was increased to 37.5 g-litre"1. In nitrogen-limited media, the 
reducedd concentration of (NH4)2S04 was compensated for by addition of equimolar amounts 
0fK2SO4. . 

Gass analysis - The exhaust gas was cooled in a condenser (2°C) and dried with a Perma-
Puree dryer (type PD-625-12P). 02 and CO2 concentrations were determined with a Servomex 
typee 1100A analyser and a Beekman model 864 infrared detector, respectively. 
Measurementss of exhaust gas flow rate and calculation of specific rates of C02 production 
andd 02 consumption were performed as described previously (226, 248). 

Determinationn of cultur e dry weight and protein content - The dry weight of chemostat 
biomasss was determined by filtration of culture samples (10 ml) over preweighed 
nitrocellulosee filters (0.45 um pore size; Gelman). After removal of medium, filters were 
washedd with demineralized water, dried in a Sharp R-4700 microwave oven (20 min at 360 
WW output), and weighed. Duplicate determinations differed by less than 1%. The protein 
contentt of chemostat biomass was estimated by a modified biuret method (231) using bovine 
serumm albumin (fatty-acid free, Sigma) as a standard. 

Substratee and metabolite analyses - Cell suspensions were rapidly (within 3 s) 
transferredd from the culture into liquid nitrogen. The frozen suspension was thawed on ice, 
withh gentle shaking to keep the cell suspension at 0°C. Subsequently, cells were removed by 
centrifugationn at 4°C (2 min at 11,600 x g). Ammonium, acetate, glucose and fructose were 
determinedd with Roche Molecular Biochemicals kits no. 1112732, 148261, 716251 and 
1391066 respectively. Ethanol was determined enzymatically (233). Galactose was determined 
spectrophotometricallyy at 340 nm after addition of P-galactose dehydrogenase to an assay 
mixturee containing 100 mM Tris-HCl (pH 7.6), 20 mM NAD and sample. Glycerol and 
pyruvatee in culture supernatants were determined by high performance liquid 
chromatographyy using an HPX-87H Aminex ion exchange column (300 x 7.8 mm, BioRad) 
att 60°C. The column was eluted with 5 mM H2S04 at a flow rate of 0.6 ml-min"1. Pyruvate 
wass detected by a Waters 441 UV-meter at 214 nm, coupled to a Waters 741 data module. 
Ann ERC-7515A refractive index detector (ERMA), coupled to a Hewlett Packard type 3390A 
integrator,, detected glycerol. 

Batchh cultivation - Cells were grown in batch on a rotary shaker at 200 rpm and 30°C in a 
mediumm containing 2% (w/v) glucose, 0.67% (w/v) yeast nitrogen base, and 0.1 M potassium 
phthalatee at pH 5.0. Growth was monitored by measuring the optical density at 600 nm. 
Yeastt cells were grown to exponential phase (OD600 0.5), to the diauxic shift (i.e. before 
growthh resumed on ethanol), or until 5 h after the diauxic shift (i.e. growth on ethanol). 
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Inn vlbo hexose transport assays - Cells were harvested by centrifugation at 4°C (5 min at 
40000 x g), washed three times in ice-cold 0.1 M potassium phthalate buffer (pH 5.0), and 
resuspendedd in 0.1 M potassium phthalate buffer (pH 5.0) to a concentration of 
approximatelyy 4 g-litre"1 protein. Cells were kept on ice until further use. Zero trans-'müux of 
glucosee and fructose was determined at 30°C according to Walsh et al. (239). Briefly, cells 
weree aerated for 2 min before beginning the assay. Fifty |ul of cells were mixed with 12.5 |il 
off  5-fold concentrated glucose or fructose labelled with D-[U-14C]-glucose or D-[U-I4C]-
fructosee (Amersham Pharmacia Biotech) respectively and incubated for approximately 5 sees 
(accuratelyy timed). Uptake was quenched by transfer of 50 jxl of the resulting mixture to 10 
mll  of quench buffer (0.1 M potassium phosphate (pH 6.5)/0.5 M D-glucose, -5°C), and the 
cellss were rapidly harvested by vacuum filtration onto a glass fibre filter (GF/C, Whatman). 
Thee filters were washed twice with quench buffer and transferred rapidly to scintillation vials 
containingg 10 ml of Emulsifier Scintillator Plus (Packard). Disintegrations per min were 
determinedd by scintillation counting. Triplicate determinations were performed at each of 10 
glucosee or fructose concentrations (from 250 mM (6 MBq-mol') to 0.25 mM (1400 
MBq-mol"1))) for each batch of cells. The concentration of the non-radioactive hexose used in 
thee assays was determined as described (11). The protein concentration of the cell 
suspensionss was determined by the method of Lowry (115) using bovine serum albumin 
(fatty-acidd free, Sigma) as a standard. The protein and glucose concentrations were measured 
onn COBAS-BIO and COBAS-FARA automatic analysers (Roche). 

Statisticall  analysis of transport data - Kinetic parameters of hexose transport were 
calculatedd using a computer program written especially for this purpose with the Matlab 
softwaree package (121). The program used the Levenburg-Marquardt nonlinear fitting 
proceduree (194) with the average of the influx rates at each substrate concentration as initial 
weightingg factors. The fitting was repeated four times using the results of the previous fit as 
neww weighting factors according to the method of iteratively reweighted least squares (194). 
Thee models used for the fitting procedure were one- or two-component Michaelis-Menten 
kinetics.. The results of a one-component fit  were checked for significant lack of fit  by an F-
testt that compared the lack of fit to the random error in the data. This test was accompanied 
byy visual inspection of residual plots. If significant lack of fit was found with a one-
componentt model, the data were fitted to a two-component Michaelis-Menten model. 
Confidencee intervals for the estimated kinetic constants were calculated by Monte Carlo 
analysiss using the size of the proportional random error. A detailed description of the 
statisticall  analyses will be presented elsewhere (M. Schepper et al., manuscript in 
preparation). . 

RNAA isolation - Culture samples (approximately 7 mg dry weight) were centrifuged at room 
temperaturee (30 s at 14,000 x g). RNA extraction from the pellets was performed by a 
modifiedd acid phenol procedure (191). Briefly, cells were resuspended in 400 [i\  of AE buffer 
(500 mM sodium acetate, 10 mM EDTA pH 5.0), 40 ^1 of 10% SDS, and 400 |il of AE-
saturatedd phenol/chloroform/isoamyl alcohol (PCI; 25:24:1 vol:vol:vol) by vortexing for 30 
s.. The samples were incubated at 65°C for 5 min, then stored at -80°C. After thawing, the 
sampless were centrifuged at room temperature for 15 min at 16,000 x g. The supernatant was 
extractedd with AE-saturated PCI and centrifuged at room temperature for 4 min at 16,000 x 
g.g. The supernatant was combined with 40 fxl of 3 M sodium acetate and 1 ml of 100% 
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ethanoll  and stored at -20°C. The precipitated RNAs were recovered by centrifugation at room 
temperaturee for 15 min at 16,000 x g, resuspended in formamide, and quantitated as 
describedd (119). Poly(A)+ RNA was exhaustively purified from 150 (Xg samples of total RNA 
usingg oligo(dT) Dynabeads (Dynal) according to the manufacturer's instructions. 

Tablee 2.1 Oligonucleotide probes used to detect mRNAs of the members of the S. cerevisiae 

HXTHXT gene family. 

Gene e Sequence e Position1 1 

HXT1 1 

HXT2 2 

HXT3 HXT3 

HXT4 4 

HXT5 5 

HXTT 6 

HXTT 7 

HXTT 8 

HXTT 9 

HXTT 1 0 

HXTT 1 1 

HXTT 1 2 

HXTT 1 3 

HXTT 1 4 

HXTT 1 5 

HXTT 1 6 

HXT15/16 : : 

HXTT 1 7 

GAL2 2 

SNF3 3 

RGT2 2 

TGTAGTCAGCGCCTCTCTTGGATA A 

TTCTTTTGAGATCCAGCTACCAGA A 

TCAGCACTACGGTTTAGCGTGAAA A 

CCGAACATCTTCTTGTAAAATGGG G 

TTCCAAGGGGCCTTGATGAGCGTT T 

CCATACAATATAAATCGTAAGGGT T 

TTAAAAACGTATTTACTTTTCAAGATATC C 

TGGCAAGTTGGTTTTACGATCAGT T 

GAGGGAGTTTTTAGAGTCATTATGC C 

CTTAGAGAAGTGGATGCCTTGGCG G 

AAGGGAATTTTTAGAGTCACCGTGT T 

GAGGGAGTCTTTGGAGTCACCGTGC C 

AATAGAGGATTGCGCACTAGACAT T 

TAGATACAAAAATTGTTTCATCGTCA A 

GTGAAACCTTGTTGATCTTGGCGA A 

GTGAAACCTTGTCGATCTTGGCGA A 

CGTCAGCTGCACTACTGTTTAGAT T 

CTGAATATCTCTATCACTTTCAGT T 

AGGCATATTGTTCTCCTCAACTGC C 

AGAACTGTTACTATTAGGATCCAT T 

CTGTCGTAGGCAGTTTTGGCTATC C 

1627 7 

1586 6 

++ 1 

++ 1 6 

16 6 

++ 3 7 

++ 3 5 

4 4 

87 7 

36 6 

87 7 

87 7 

1 1 

303 3 

815 5 

815 5 

41 1 

13 3 

4 4 

1 1 

7 7 

Thee position of the oligonucleotide sequence within the gene; '+' indicates that the oligonucleotide 
sequencee occurs 3' of the stop codon; all other oligonucleotide sequences are within the open reading 
frame. . 

^ ee regions surrounding the HXT15 and HXT16 genes are absolutely identical for over 1 kb 5' and 
3'' of the open reading frames. Therefore oligonucleotides were designed to hybridize to the region in 
whichh a single mismatch occurs between the HXT15 and HXT16 open reading frames, and another 
wass designed that will specifically recognize both HXT15 and HXT16, but not their close relatives 
HXT13HXT13 ai HXT17. 

Oligonucleotidee probes - This study required oligonucleotide probes specific to each of the 
200 members of the HXT hexose transporter gene family. These were designed by visual 
inspectionn of the aligned protein and open reading frame sequences, and by computer 
analysiss of pairwise and multiple sequence alignments of highly similar open reading frames 
andd their 5' and 3' flanking sequences. Some of the HXT open reading frames are very 
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similar;; for example, the open reading frames of HXT6 and HXT7 are 99.825% identical, and 
theyy differ by only three nucleotides. However, regions 3' of these open reading frames that 
aree quite dissimilar in sequence are transcribed (R. van Rooijen and P. Klaassen, unpublished 
results),, and gene-specific probes were designed that hybridise to these regions as necessary. 
Thee analysis used the sequence of the complete S. cerevisiae genome at the Saccharomyces 
Genomee DataBase (http://genome-www.stanford.edu/Saccharomyces/), and the Wisconsin 
Packagee software (Wisconsin Package, version 9.0, Genetics Computer Group). The probes 
(Tablee 2.1) were designed such that they were similar in length and percentage of guanine 
andd cytosine bases (with optima of 24 nucleotides and 42% GC), so that they would have 
similarr melting temperatures. The resulting oligonucleotide sequences were compared with 
thee sequence of the yeast genome using the BLAST algorithm to ensure that they were 
unique. . 

Northernn analysis — 5 (ig quantities of total RNA, or the poly(A)+ RNA from 150 jig of total 
RNA,, were separated by electrophoresis in 1% agarose formaldehyde gels (119), transferred 
underr vacuum to nylon membranes (BioRad), and cross-linked to the membranes by 
ultraviolett irradiation. 5 pmol of oligonucleotide (Isogen) were labelled with T4 
polynucleotidee kinase (Roche Molecular Biochemicals) and 25 (j,Ci y-32P-ATP (Amersham 
Pharmaciaa Biotech) and purified with the QIAquick nucleotide removal kit (Qiagen). The 
specificc activities of the probes were routinely 1.75 - 2.5 jxCi/pmol. Prehybridization was 
carriedd out for 1 h at 45°C in 5 ml 6x SSC, 0.1% SDS, 5x Denhardt's solution and 100 
jlg-ml"11 sheared, denatured salmon sperm DNA. Hybridization was carried out by addition of 
thee oligonucleotide probe, and further incubation for 4 h. The blots were washed twice for 5 
minn at room temperature in 6x SSC, 0.1% SDS, twice for 5 min at 45°C in 6x SSC, 0.1% 
SDS,, and once for 5 min at 45°C in 2x SSC, 0.1% SDS. A final wash of 5 min at 45°C in lx 
SSC,, 0.1 % SDS was performed if required. Autoradiograms were developed after exposure 
off  Kodak X-Omat AR film to the blots in the presence of an intensifying screen at -70°C. 
Exposuree times were overnight for total RNA blots and 48 h for poly(A)+ RNA blots. Four 
identicall  blots of total RNA samples were used for each experiment; after autoradiography, 
thee probes were stripped from the blots by treatment in O.lx SSC, 0.1% SDS at 75°C three 
timess for 30 min prior to re-hybridization with other probes. A 1.1 kb BamYHJNcol fragment 
off  the S. cerevisiae PDA1 gene (encoding the a subunit of pyruvate dehydrogenase) was used 
too control for variation in sample loading (246). 

2.44 Result s 

Physiolog yy of S. cerevisia e CEN.PK113-7D in steady-stat e chemosta t culture s - In 

aerobicc glucose-limited chemostat cultures of S. cerevisiae CEN.PK113-7D grown at various 
dilutionn rates, the glucose consumption and product formation profiles were essentially as 
describedd previously (224). At dilution rates below 0.30 h \ growth was completely 
respiratoryy (Fig. 2. IB). Over this range of dilution rates, the specific rate of glucose 
consumptionn increased linearly with the dilution rate; however, the extracellular glucose 
concentrationn did not change significantly with changes in the dilution rate (Fig. 2.1C). This 
peculiarr phenomenon was observed earlier with a different S. cerevisiae strain (162). 

Att D = 0.30 h1, the specific 02 consumption rate of the cultures reached a maximum 
(Fig.. 2.IB). At higher dilution rates, respiration and alcoholic fermentation (including some 
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pyruvate,, acetate and glycerol production) occurred simultaneously (Figs. 2.1 A and 2. IB). 
Thee strong increase of the glucose consumption rate at high growth rates, which results from 
thee lower energetic efficiency of alcoholic fermentation, was accompanied by an increase of 
thee extracellular glucose concentration in the cultures and a reduced biomass yield (Figs. 
2.1Aand2.1C). . 
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Figuree 2.1 Growth of S. cerevisiae 
CEN.PK113-7DD in aerobic glucose-limited 
chcmostatt cultures at various dilution rates. A. 
Biomasss yield (YM in g biomass(g glucose)"1) and 
specificc rate of ethanol production (qnhanoi in 
mmol-(gg biomass)"'-h"1). B. Specific rates of O2 
consumptionn (qC>2 in mmol-(g biomass)"'-h"') and 
CO22 production (qCÜ2 in mmol(g biomass)"1-h"'). 
C.. Specific rate of glucose consumption (qgiucose in 
mmol-(gg biomassy'-h'1) and the extracellular 
glucosee concentration (mmollitre1) in culture 
supernatants. . 

Otherr nutrient limitations were investigated in chemostat cultures grown at a fixed 
dilutionn rate of 0.10 h"1. Al l aerobic hexose-limited cultures were completely respiratory at 
thiss dilution rate, as evident from the absence of fermentation products in culture 
supernatants,, a respiratory quotient close to 1 and a high biomass yield of 0.5 g biomass.(g 
glucose)"11 (Table 2.2). The anaerobic glucose-limited cultures were completely fermentative 
withh specific rates of glucose consumption that were 5-fold higher than the aerobic cultures 
(Tablee 2.2). 
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Regulatio nn of glucos e transpor t in S. cerevisiae 

Aerobicc ethanol-limited cultures served as a reference situation in which no net hexose 
uptakee occurred during growth (Table 2.2). Remarkably, significant concentrations of 
glucosee were detected in supernatants of the ethanol-limited (110 uM), galactose-limited 
(1400 |iM) and fructose-limited (750 uM) cultures. Glucose concentrations in the reservoir 
mediaa were 10, 10, and 100 uM, respectively, indicating that the glucose present in these 
culturess was a result of yeast metabolism. 

Glucose-excesss conditions were obtained by growing cultures with ammonium 
limitationn on glucose. This resulted in increased glucose consumption rates and significant 
productionn of ethanol (Table 2.2). Ammonium-limited cells had a reduced protein content, 
probablyy due to glycogen accumulation (192). 

Kineticss of glucoM transport - The apparent glucose transport kinetics of washed and 
aeratedd cells sampled from the chemostat cultures were assessed by measuring the zero trans-
influxx of  l4C-glucose during 5 s. A statistical test was developed for the kinetic data to 
discriminatee between a single kinetic component for glucose transport and two kinetic 
components. . 

Cellss grown at low dilution rates in aerobic glucose-limited chemostats generally 
displayedd single-component high-affinity glucose transport kinetics with a Km of 
approximatelyy 1 mM (Table 2.3). The cultures grown at D = 0.1 and 0.2 h"1 also displayed a 
low-affinityy component, with a Kg, of about 13 mM. At dilution rates above 0.3 h*\ two 
componentss were consistently detected: a mgh-affinity component with a Km similar to that 
observedd at the lower dilution rates, and a low-affinity component with an average Km of 35 
mM.. Given the uncertainties of the estimates, the overall V,^ of glucose transport showed 
relativelyy little variation at the different dilution rates, and ranged from 578 to 797 
nmol-min"!'(mgg protein)"1. 

Thee galactose-limited and anaerobic glucose-limited cultures (D = 0.1 h"1) displayed 
single-componentt high-affinity glucose transport. All of the other cultures examined at this 
dilutionn rate displayed both high- and low-affinity kinetics (Table 2.4). The high-affinity Km 
valuess of the ethanol- and anaerobic nitrogen-limited cultures were significantly higher than 
thosee of the Ingh-affinity components found in other cultures. The overall V  ̂ values were 
relativelyy low for the ethanol- and anaerobic glucose-limited chemostats, and relatively high 
forr the fructose-limited chemostats. 

Compariso nn betwee n In sit u glucos e consumptio n and zoro trans-Influ x kinetic s -
Glucosee transport rates in the chemostat cultures were calculated using the transport kinetic 
parameterss of the cultured cells estimated from the zero trans-Minx measurements and the 
residuall  glucose concentrations of the cultures. These rates were compared with the in situ 
glucosee consumption rates calculated from the dilution rates of the chemostats and the 
concentrationss of biomass and glucose in the cultures (Fig. 2.6A). In the aerobic glucose-
limitedd chemostat cultures grown at lower dilution rates, the calculated transport rates 
exceededd the in situ glucose consumption rates. Conversely, at high dilution rates, the 
calculatedd transport rates were lower than the in situ consumption rates; at dilution rates of 
0.355 and 0.38 h"1 the calculated rates were only 49 and 72% of the in situ consumption rates, 
respectively. . 
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Thee calculated glucose transport rates for the nitrogen-limited cultures (D = 0.1 h" ) 
exceededd their in situ glucose consumption rates. Similarly, the calculated fructose transport 
ratess exceeded the in situ fructose consumption rates for the fructose-limited chemostats. 
However,, in the anaerobic glucose-limited cultures, the calculated rate of glucose transport 
wass 23% lower than the in situ glucose consumption rate (Fig. 2.6B). 

Transcriptio nn of HXT genes in aerobi c glucose-limite d chemosta t culture s - To 
investigatee whether the changes in hexose transport kinetics as a function of growth 
conditionss could be correlated with the transcription of individual HXT genes, mRNA levels 
off  the 20 HXT genes were determined in cells sampled from each of the steady state 
chemostatt cultures. Transcript levels of HXT1-HXT7 and GAL2 were high enough under 
somee conditions to be detected in total RNA samples (Figs. 2.2 and 2.4). The signals from 
SNF3SNF3 and RGT2 mRNA were too weak to detect them satisfactorily due to the background 
thatt resulted from non-specific hybridization of the probes to ribosomal RNA. However, 
thesee mRNAs were readily detected in samples of poly(A)+ RNA (Figs. 2.3 and 2.5). No 
signall  was detectable for HXT8-HXT17 in total RNA samples, but very low transcript levels 
off  some of these HXT genes were detected on poly(A)+ RNA blots (data not shown). 

Inn the aerobic glucose-limited chemostat cultures grown at dilution rates from 0.05 
too 0.30 h"\ the extracellular glucose concentration remained below 0.2 mM and did not 
changee significantly with dilution rate (Fig. 2.1C). Some remarkable patterns in the HXT 
transcriptt levels could be observed in these cultures (Fig. 2.2). Transcription of HXT1 and 
HXT3HXT3 was low throughout the lower range of dilution rates, but then increased sharply above 
DD = 0.30 h ', a pattern that seems to follow the changes in extracellular glucose 
concentration.. In contrast to this, HXT7 appeared to be transcribed to a considerable extent at 
alll  growth rates, but somewhat less at the highest growth rates. A similar pattern was 
observedd for HXT2. HXT5 mRNA was detected only in slowly growing cells. Transcript 
levelss of HXT4 and HXT6 were erratic throughout the range of dilution rates. The SNF3 and 
RGT2RGT2 genes were both maximally transcribed at the lowest dilution rates; their expression 
levelss declined gradually with increasing dilution rates, but transcription of both genes was 
readilyy detected even at D = 0.38 h"1 (Fig. 2.3). 

Additionall  information was obtained by determining the levels of HXT mRNAs in a 
glucose-grownn batch culture. In exponentially growing cells (extracellular glucose 
concentrationn approximately 100 mM), HXT1, HXT3 and HXT4 were highly expressed, 
whereass transcripts from other HXT genes were not detectable (Fig. 2.2, lane 11). 
Conversely,, in cells grown to glucose exhaustion, mRNAs of HXT1, HXT3 and HXT4 were 
undetectable,, and those of HXT5, HXT6 and HXT7 were abundantly expressed (Fig. 2.2, lane 
12).. Five h after glucose exhaustion, when the culture was growing on ethanol, the level of 
HXT5HXT5 mRNA had increased, whereas the levels of HXT6 and HXT7 had decreased (Fig. 2.2, 
lanee 13). HXT2 mRNA was not detectable in any phase of batch culture tested. 

Transcriptio nn of HXT genes in chemostat cultures grown under  different nutrient 
limitation ss - In anaerobic glucose-limited chemostats (D = 0.10 h1), which exhibited an 
extracellularr glucose concentration approximately 2.5-fold higher than aerobic glucose-
limitedd chemostats grown at the same dilution rate, HXT7 was abundantly expressed and 
HXT2HXT2 and HXT6 were expressed at low levels (Fig. 2.4, lanes 11 and 12). 
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Figur ee 2.2 Expression of HXT genes in aerobic glucose-limited chemostat cultures at various dilution 
ratess and glucose-fed batch cultures at various growth stages. Blot analysis of total RNA samples was 
performedd with oligonucleotide probes specific for the genes HXT1-HXT7. A DNA probe for the PDA1 gene 
wass used to monitor transcript levels of this constitutively expressed gene to control for variation in sample 
loading.. The dilution rates were 0.05 (lane 1), 0.1 (lane 2), 0.15 (lane 3), 0.2 (lane 4), 0.25 (lane 5), 0.28 (lane 
6),, 0.3 (lane 7), 0.33 (lane 8), 0.36 (lane 9) and 0.38 h"1 (lane 10); the stages of batch cultivation on glucose 
weree exponential growth (lane 11), diauxic shift (glucose exhaustion; lane 12), and growth on ethanol (5 h 
afterr glucose exhaustion; lane 13). 

GAL2GAL2 mRNA, which was not detectable under any of the other growth conditions 
tested,, was abundant in aerobic galactose-limited chemostat cultures. HXT5 was also 
transcribedd in galactose-limited cultures, albeit at low levels (Fig. 2.4, lanes 1 and 2). In the 
fructose-limitedd chemostats, which had an extracellular fructose concentration of 0.61 mM, 
loww levels of HXT5 and high levels of HXT2 and HXT7 mRNA were detected (lanes 7 and 8). 
Althoughh the feed medium of ethanol-limited cultures did not contain any hexoses, mRNAs 
off  HXT2, HXT5 and HXT7 were detectable at low to moderate levels (lanes 3 and 4). This 
mightt be related to the low concentration of glucose that was found in the residual media of 
thee ethanol-limited chemostats. 
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Inn the anaerobic nitrogen-limited chemostats, which had a high extracellular glucose 
concentrationn of 154 mM, HXT1, HXT2, HXT3 and HXT4 were expressed to various levels 
(Fig.. 2.4, lanes 5 and 6). In the aerobic nitrogen-limited chemostats, which had a lower 
extracellularr glucose concentration of 3 mM, HXT6 and HXT7 mRNAs were also detectable 
(laness 9 and 10). 

PDA1PDA1
1 22 3 4 5 6 7 8 9 10 

Figur ee 2.3 Expression of SNF3 and RGT2 in aerobic glucose-limited chemostat cultures at various 
dilutio nn rates. Blot analysis of poly(A)+ RNA samples was performed with oligonucleotide probes specific 
forr the SNF3 and RGT2 genes. The dilution rates were 0.05 (lane 1), 0.1 (lane 2), 0.15 (lane 3), 0.2 (lane 4), 
0.255 (lane 5), 0.28 (lane 6), 0.3 (lane 7), 0.33 (lane 8), 0.36 (lane 9) and 0.38 h"1 (lane 10). The PDA1 probe 
wass as described for Fig. 2.2. 

Thee SNF3 and RGT2 genes were both expressed at relatively high levels in the 
aerobicc galactose-, fructose- and nitrogen-limited chemostats (Fig. 2.5, lanes 1, 2, 5, 6, 9, and 
10).. SNF3 expression was depressed slightly in the ethanol-limited chemostats (lanes 3 and 
4),, and significantly in the anaerobic nitrogen-limited chemostats (lanes 5 and 6). RGT2 
expressionn was depressed significantly in the ethanol-limited chemostats, and elevated 
slightlyy in the anaerobic nitrogen-limited chemostats. 

2.55 Discussio n 

Kineticss of hexose transport in chemostat cultures - The accuracy of the kinetic 
parameterr estimates was dependent on whether one or two kinetic components were detected. 
Thiss was partly due to the observed proportionality between transport rate and experimental 
error.. When two components were present, estimation of the low-affinity kinetic parameters 
wass predominantly based on those substrate concentrations at which the transport rates, and 
hencee the experimental errors, were highest. Another factor influencing parameter estimation 
iss that each apparent kinetic component may in reality represent the contribution of multiple, 
co-expressedd transporters with substrate affinities that are not sufficiently different to be 
resolvedd analytically. Despite these inherent problems in analysing glucose transport kinetics 
inn S. cerevisiae, some distinct differences in transport kinetics as a function of growth 
conditionss were observed. 
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Single-componentt high-affinity glucose transport kinetics were observed for steady-
statee S. cerevisiae cultures with low extracellular glucose (<0.6 111M), with the exception of 
thee aerobic glucose-limited chemostats at D = 0.1 and 0.2 h". Two transport components 
weree found for the latter cultures, for cultures with higher extracellular hexose levels (0.6 -
1544 mM), and for the cultures with ethanol in the feed medium. These results are consistent 
withh previous observations that high-affinity glucose transport is not detected in glucose-
repressedd (i.e. high extracellular glucose) cultures (13, 239). They support the proposal that S. 
cerevisiaecerevisiae is able to sense the extracellular glucose concentration and express transport 
systemss with a substrate affinity that is appropriate to the available concentration of glucose 
(14,, 144). The presence of two kinetic components in the ethanol-limited cultures, each with 
aa low Vmax, suggests that both high- and low-affinity transporters are expressed at a basal 
levell  when no glucose is furnished to the culture. 

HXT1 HXT1 
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HXT4 HXT4 

HXT5 HXT5 

HXT6 HXT6 ::*;* * 

HXT7 HXT7 ::

GAL2 GAL2 

PDA1PDA1 . 

11 2 3 4 5 6 7 8 9 10 11 12 

Figur ee 2.4 Expression of HXT genes in chemostat cultures with various growth limitation s at a 
dilutio nn rate of 0.1 h . Total RNA was extracted from cells harvested from duplicate chemostats maintained 
att steady-state with various growth limitations. Blot analysis of total RNA samples was performed with 
oligonucleotidee probes specific for the genes HXT1-HXT7 and GAL2. The steady-state culture conditions 
weree aerobic galactose limitation (Gal: lanes 1 and 2), ethanol limitation (EtOH: lanes 3 and 4), anaerobic 
nitrogenn limitation (Nitr Anaer: lanes 5 and 6), aerobic fructose limitation (Fru: lanes 7 and 8), aerobic 
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nitrogenn limitation (Nitr Aer: lanes 9 and 10), and anaerobic glucose limitation (Glu Anaer: lanes 11 and 12). 
Thee PDA1 probe was as described for Fig. 2.2. 

Glucosee transport was assayed by measuring zero fraras-influx over short (5 s) 
intervals.. Calculation of kinetic parameters from these experiments was based on Michaelis-
Mentenn kinetics and rested on the assumption that the intracellular glucose concentration was 
zeroo during the uptake assays. This requires the presence of sufficient hexokinase activity and 
ATP.. If this criterion is also met in the chemostat cultures, then their in situ glucose 
consumptionn rates should equal the glucose transport rates calculated from the transport 
kineticss and the residual glucose concentration. Any discrepancies would indicate that 
Michaelis-Mentenn kinetics do not adequately describe glucose transport in either the off-line 
transportt assays or the steady-state chemostat cultures (199, 204). 
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Figur ee 2.5 Expression of SNF3 and 7JGr2 in chemostat cultures with various growth limitation s at a 
dilutio nn rate of 0.1 h" . Poly(A)+ RNA was extracted from cells harvested from duplicate chemostats 
maintainedd at steady-state with various growth limitations. Blot analysis of the RNA samples was performed 
withh oligonucleotide probes specific for the SNF3 and RGT2 genes. The steady-state culture conditions were 
aerobicc galactose limitation (Gal: lanes 1 and 2), ethanol limitation (EtOH: lanes 3 and 4), anaerobic nitrogen 
limitationn (Nitr Anaer: lanes 5 and 6), aerobic fructose limitation (Fru: lanes 7 and 8), aerobic nitrogen 
limitationn (Nitr Aer: lanes 9 and 10), and anaerobic glucose limitation (Glu Anaer: lanes 11 and 12). The 
PDAIPDAI probe was as described for Fig. 2.2. 

Att lower dilution rates the calculated transport rates exceeded the in situ glucose 
consumptionn rates in the aerobic glucose-limited chemostats (Fig. 2.6A). This suggests that 
ann inhibitor affected glucose uptake in the growing chemostat cultures. The most likely 
inhibitorr is intracellular glucose: a previous study showed that intracellular glucose could 
accountt for a 50% difference between measured zero ?ra«s-influx rates and observed glucose 
consumptionn rates (204). 

Att higher dilution rates the calculated transport rates were lower than the in situ 
glucosee consumption rates (Fig. 2.6A). This suggests that positive effectors influenced the 
glucosee transport step in the chemostat cultures, or, alternatively, that the zero frans-influx 
assayss systematically underestimated the in situ transport capacity. It has previously been 
observedd that zero trans glucose influx is lower than the glucose consumption rate when a 
low-affinityy component of glucose transport is prominent (204), as is the case for some of 
thesee cultures. 
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Amongg the chemostats with various nutrient limitations, only the anaerobic glucose-
limitedd cultures had a calculated glucose transport rate that was lower than the in situ glucose 
consumptionn rate. Eadie-Hofstee plots of glucose transport kinetics of these cultures 
displayedd convex curves (not shown). This behaviour has also been found for an S. cerevisiae 
strainn lacking glucose kinase activity, and may therefore reflect an accumulation of 
intracellularr glucose (199). 
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Figur ee 2.6 Relationship between in situ hexose consumption rates and calculated hexose transport 
ratess in hexose-limited chemostats. The rates of hexose transport were calculated from the zero trans-influx 
kineticss and the residual hexose concentrations. The calculated hexose transport rate is expressed as a 
percentagee of the in situ hexose consumption rate for aerobic glucose limitation at various dilution rates (A) 
andd for various nutrient limitations at a fixed dilution rate of 0.1 h"1 (B). Abbreviations: Glu, glucose; aer, 
aerobic;; anaer, anaerobic; Nitr, nitrogen; Fruc, fructose. 

Transcriptionall  regulation and transport phenotype of HXT genes - Transcription of 
HXTHXT genes in steady state chemostats and batch cultures was strongly influenced by the 
carbonn source, its extracellular concentration, and the specific growth rate. The observed 
regulatoryy patterns for the individual HXT genes will be discussed briefly below. 

HXT1HXT1 - In the aerobic glucose-limited chemostat cultures, HXT1 transcript levels were 
positivelyy correlated with the extracellular glucose concentration; significant HXT] mRNA 
wass detected at extracellular glucose concentrations of 0.65 mM and above. The transcript 
levelss increased with increasing extracellular glucose, but not to the level observed in the 
exponentiallyy growing batch-cultured cells at > 100 mM glucose. In nitrogen-limited cultures, 
HXT1HXT1 mRNA was more abundant under aerobic conditions (extracellular glucose, 3 mM) 
thann under anaerobic conditions (extracellular glucose, 154 mM). Apparently HXT1 
transcriptionn is not exclusively regulated by extracellular glucose concentrations but is also 
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affectedd by, for instance, oxygen or nitrogen availability. An earlier study with batch cultures 
showedd induction of HXT1 transcription by high glucose concentrations (>100 mM) and 
repressionn at low glucose concentrations (<25 mM; see ref: (146)). Meijer et al. (125) found 
thatt HXT1 mRNA levels in aerobic nitrogen-limited chemostats were essentially constant at 
extracellularr glucose concentrations between 1 and 72 mM. This is consistent with our 
observationn that HXT1 transcription is already induced by moderate glucose concentrations. 

Transcriptionn of HXT1 was consistently associated with expression of low-affinity 
glucosee transport, in agreement with the previous observation that HXT I confers low-affinity 
glucosee transport on an hxt null strain (173). 

HXT2HXT2 - This gene was transcribed at high levels in cultures with low extracellular glucose 
concentrations.. In the respiratory glucose-limited chemostat cultures the extracellular glucose 
concentrationn did not appear to be correlated with the dilution rate. Nevertheless, 
transcriptionn of HXT2 reached a maximum at D = 0.2 h"1. Expression was also high in the 
fructose-limitedd chemostats and, to a lesser extent, in the aerobic nitrogen-limited 
chemostats.. Reduced transcript levels were observed in respirofermentative glucose-limited 
culturess grown at higher dilution rates, in which the extracellular glucose concentration 
increasedd up to 19 mM. At the even higher glucose concentration of the anaerobic nitrogen-
limitedd cultures, HXT2 mRNA levels were very low. The levels were also low in the ethanol-
andd aerobic galactose-limited chemostats, and, surprisingly, in the anaerobic glucose-limited 
chemostats.. HXT2 expression was undetectable in any phase examined of batch culture on 
glucose,, in agreement with previous observations (244). Earlier observations that HXT2 
expressionn is high only when batch-cultivated cells are shifted from high to low glucose 
mediaa led to the proposal that expression requires both a low glucose concentration and 
exponentiallyy growing cells (147, 244). Our results are consistent with this model, but they 
pointt to an effect of aerobiosis as well. 

HXT2HXT2 expression is associated with the presence of high-affinity glucose transport; 
inn particular, it is low in the anaerobic nitrogen-limited chemostats, the high-affinity 
componentt of which has a relatively high Km of 4.7 mM. This is consistent with the previous 
observationn that HXT2 can confer relatively high substrate affinity to an hxt null strain (173). 
Inn that study, the HXT2-on\y strain also displayed lower-affinity or biphasic kinetics; our 
resultss cannot verify this behavior, but are not inconsistent with it. In particular, such 
behaviorr could explain the strong dual-component kinetics of the fructose-limited 
chemostats.. It is possible that the affinity of Hxt2 is modulated by, for example, post-
translationall  modification or the lipid composition of the plasma membrane in response to the 
nutritionall  status of the culture. 

HXT3HXT3 - The pattern of HXT3 transcription was virtually identical with that of HXT1. 
Specifically,, HXT3 was not expressed at low glucose concentrations, neither in the aerobic 
glucose-limitedd chemostats nor in batch culture on glucose. This seems to contradict an 
earlierr study on batch-grown S. cerevisiae in which HXT3 expression was found to be 
independentt of the glucose concentration (146). A comparison of HXT1 and HXT3 mRNA 
levelss in exponentially growing batch cultures or aerobic versus anaerobic nitrogen-limited 
chemostatss indicates that, in our experiments, the susceptibility of HXT3 to glucose induction 
iss the same as or even slightly greater than HXTL In line with our results, DeRisi et aL (35) 
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foundd elevated HXT3 expression in cells early in batch culture, at approximately 100 mM 
glucose. . 

HXT3HXT3 transcription was observed in cells with a substantial low-affinity transport 
component,, consistent with the conclusion based on expression in an hxt null strain (173) that 
HXT3HXT3 encodes a low-affinity hexose transporter. 

HXT4HXT4 - Similar to HXT1 and HXT3, HXT4 was induced by elevated glucose concentrations. 
Thiss conclusion is evident in the batch culture (compare the samples from exponential stage 
(Fig.. 2.2, lane 11) with those from glucose-depleted and ethanol-consuming stages (Fig. 2.2, 
laness 12 and 13)), and in the nitrogen-limited chemostats. It is also the trend in the dilution 
ratee series, despite the erratic behaviour of HXT4 expression (see below). Contradictions are 
foundd in the descriptions of HXT4 regulation in previous studies. Using fusions of the HXT4 
promoterr to lacZ on multicopy plasmids as a reporter, it was found mat the HXT4 gene is 
stronglyy glucose-repressed (146, 209) and is co-regulated with HXT2 (146). DeRisi et al. (35) 
detectedd HXT4 mRNA late in fermentative growth and upon glucose exhaustion. In contrast, 
Ciriacyy and Reifenberger (29) cite unpublished data that show HXT4 expression is significant 
onn both low and high glucose. Our results indicated that HXT4 is induced by high glucose 
andd co-regulated with HXT1 and HXT3, and in batch culture its mRNA is scarce upon 
glucosee exhaustion. Possible reasons for these discrepancies include strain differences (we 
havee found considerable differences in the DNA sequences upstream of the different HXT4 
geness in the GenBank™ database; data not shown), lack of specificity of the probes 
previouslyy used to detect HXT4 mRNA (for example, the open reading frames of HXT4 and 
HXT7HXT7 are 82% identical), or to artifacts associated with the use of fusions of HXT promoters 
too lacZ on multicopy plasmids as reporters of HXT gene expression (149, 209). 

Thee respiro-fermentative glucose-limited cultures and the nitrogen-limited cultures 
thatt displayed a low-affinity glucose transport component expressed HXT4. The Km 

previouslyy reported for an hxt null strain expressing HXT4, approximately 9.5 mM (173), 
fallss outside the ranges of Km values measured in the J/XT4-expressing cultures in this study. 
Howeverr in a multicomponent glucose transport system it is difficult to distinguish a 
transporterr with an intermediate affinity for glucose. 

HXT5HXT5 - Previous studies on regulation of HXT genes in batch cultures have not identified 
conditionss in which the HXT5 gene is highly expressed. Furthermore, over-expression of 
HXT5HXT5 confers only a weakly positive growth phenotype to the hxt null strain (19). DeRisi et 
al.al. (35) found HXT5 expression in batch culture upon glucose depletion. We found that HXT5 
wass abundantly transcribed in cultures without glucose in the feed medium; thus it was 
expressedd in fructose-, galactose- and ethanol-limited chemostats. In glucose-limited cultures, 
HXT5HXT5 mRNA was only detected at the lowest dilution rates tested, which yielded low 
extracellularr glucose concentrations and low specific rates of glucose consumption. HXT5 
mRNAA was also abundant in batch-cultured cells after glucose exhaustion. These results are 
consistentt with previous observations, because even the low glucose concentrations that were 
usedd to assay growth (174) would repress HXT5 and prevent it from conferring growth on 
glucose.. Two sequences that match the consensus binding site of the HAP2/3/4/5 
transcriptionall  activator complex occur in the HXT5 promoter region (data not shown). The 
HAPP complex regulates some genes positively in the absence of glucose (for a review, see 
ref.. (58)), which is the pattern of expression that is observed for HXT5. This suggests that 
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HXT5HXT5 is under HAP-complex regulation and is expressed in glucose-deprived cells to ensure 
thatt they are able to utilize the sugar rapidly when it becomes available. 

Noo kinetic data have been published for hexose transport by Hxt5. In the current 
study,, HXT5 expression was not unequivocally associated with either high- or low-affinity 
transport.. The kinetics of glucose transport displayed by strains expressing only HXT5 are 
studiedd in Chapter 3. 

HXT6HXT6 and HXT7 - HXT7 (and, in some aerobic glucose-limited chemostats, HXT6) was 
expressedd at high levels in cultures with low extracellular glucose, and at lower levels in 
chemostatss with higher extracellular glucose (up to 19 mM). At even higher glucose 
concentrationss (e.g. in the anaerobic nitrogen-limited chemostats or exponentially growing 
batch-culturedd cells) HXT6 and HXT7 transcripts were not detected. Expression of HXT7 
increasedd with increasing growth rate up to D = 0.3 h"1. In some previous studies using batch 
cultures,, expression of HXT6 and HXT7 was repressed by high glucose and induced by low 
glucosee (19, 111), in agreement with the findings presented here. Others have reported that 
HXT6HXT6 and HXT7 expression increased early in batch growth, when the glucose concentration 
wass still approximately 100 mM (35). 

HXT6HXT6 and HXT7 expression has also been detected during batch culture on 
glycerol/ethanoll  and galactose media (19, 111); these findings are in accord with our 
observationn that HXT7 was expressed in the ethanol-limited chemostats. However, we did not 
detectt HXT6 or HXT7 in the galactose-limited chemostats. Perhaps in batch culture the cells 
hadd consumed enough galactose (and produced enough ethanol) to allow a higher level of 
expressionn than was observed in the steady state cultures. 

HXT7HXT7 (and in some cases HXT6) was highly expressed in most of the cultures that 
displayedd a strong high-affinity kinetic component. Its expression was lower in cultures with 
aa diminished high-affinity transport capacity (namely the respirofermentative glucose-limited 
culturess and the ethanol-limited chemostats). These results are in clear agreement with the 
conclusionn of Reifenberger et al. (173) that HXT6 and HXT7 are high-affinity hexose 
transporters.. In that study, the transport capacity of cells expressing HXT6 was considerably 
lowerr than that of cells expressing HXT7, which is in broad agreement with the expression 
patternn we observed. 

GAL2GAL2 - GAL2 transcription was only observed in the galactose-limited chemostat cultures. 
Thiss result was expected, because GAL2 is repressed by glucose and induced by galactose 
(78,, 217). Gal2 is able to transport glucose as well as galactose (111, 173). Previous studies 
havee found both high- and low-affinity transport kinetics associated with Gal2 expression 
(103,, 111, 173). In the present study, cells expressing the GAL2 gene displayed a single, 
high-affinityy component of glucose transport. It is possible that under galactose-limited 
conditionss the Gal2 transporter is only present in a high-affinity state. 

SNF3SNF3 and RGT2 - The SNF3 and RGT2 genes have been proposed to encode glucose 
sensors,, rather than transporters of metabolically significant quantities of glucose (143, 144), 
andd to transduce a signal that leads to differential expression of some HXT genes according to 
thee glucose concentration in the medium. It has previously been reported that SNF3 
expressionn is repressed by glucose, and that RGT2 expression is constitutive (25, 132, 144). 
Wee observed that the patterns of SNF3 and RGT2 transcription were virtually identical; 
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exceptionss were the ethanol-limited chemostats, in which RGT2 expression was low, and the 
anaerobicc nitrogen-limited chemostats, in which RGT2 expression was high and SNF3 
expressionn was low. 

Snf33 has been reported to repress HXT6 and/or HXT7 on glucose (111) and to 
inducee HXT2 on low glucose (144), and Rgt2 has been reported to induce HXT1 on high 
glucosee (144). However, in the present study SNF3 was co-expressed with HXT7 under 
conditionss of low extracellular glucose and fructose, and with HXT6 in some of the aerobic 
glucose-limitedd chemostats. Similarly, SNF3 was expressed under conditions of low 
extracellularextracellular glucose in the absence of significant HXT2 expression (e.g. the anaerobic 
glucose-limitedd chemostats). RGT2 expression was high in the aerobic glucose-limited 
chemostatss at lower dilution rates, and declined at higher dilution rates, which is the opposite 
patternpattern of that observed for HXT1 expression. These results suggest that differences in the 
expressionn of the target genes of the SNF3- and /?G72-dependent pathways are due to post-
transcriptionall  control of the Snf3 and Rgt2 sensors, or that other regulatory systems can 
predominatee over the Snf3 and Rgt2 signals in these growth conditions. 

Reproducibilit yy of HXT4 and HXT6 transcriptio n in chemostat cultures - Transcription 
off  HXT4 and HXT6 in the dilution rate series did not follow a consistent trend, in contrast to 
thee other HXT mRNAs analysed. For example, they were much more abundant at D = 0.15 
h"11 than at 0.1 or 0.2 h !, and were much less abundant at D = 0.3 h"1 than at 0.28 or at 0.33 
h"1.. We have examined HXT1, HXT4, HXT6 and HXT7 mRNA levels in samples from three 
differentt aerobic glucose-limited chemostats at D = 0.1 h"1 and from two such chemostats at 
DD = 0.2 h"1 (including the samples shown in Fig. 2.3, lanes 2 and 4) and found that the 
mRNAA levels of HXT4 and HXT6 were particularly variable (data not shown). In one of the 
DD = 0.1 h"1 samples and in the other D = 0.2 h"1 sample, HXT4 and HXT6 mRNA levels were 
higher,, consistent with the levels seen in lanes 1, 3, and 5 of Fig. 2.2. There are two plausible 
explanationss for these results. The cultures with aberrant expression of HXT4 and HXT6 may 
nott have attained the same steady state as the other cultures with respect to expression of 
thesee genes, despite being in a steady state with respect to measured physiological parameters 
andd expression of the other HXT genes. Alternatively, a heritable change may have occurred 
too a cis- or trans-acting factor that influences the regulation of HXT4 and HXT6, resulting in 
theirr anomalous expression in these samples. Nutrient-limited chemostats impose a strong 
selectivee pressure for changes that adapt the cells for more efficient capture of the limiting 
nutrientt (e.g. see refs. (2, 70, 215, 243)). HXT6 has been observed previously to be the 
subjectt of genetic modifications during growth in glucose-limited chemostats (20). In that 
case,, the result was duplications and rearrangements of the tightly linked HXT6 and HXT7 
loci,, resulting in increased levels of HXT6 mRNA. Surprisingly, the erratic behavior of HXT6 
thatt we observed was not accompanied by similar behaviour by HXT7. This suggests that 
thesee two genes are subject to different regulatory influences despite being tightly linked and 
virtuallyy identical in the sequences of their open readingg frames. 

Conclusionss - This study is the first comprehensive survey of the expression of hexose 
transporterr genes and glucose transport kinetics in wild-type S. cerevisiae. The results 
confirmm some previous descriptions of their expression patterns and kinetic properties. They 
pointt to the potential importance of HXT5 as a source of latent glucose transport capacity in 
cellss grown on non-glucose media. They display some discrepancies with previous findings 
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onn the expression of HXT2, HXT3 and HXT4, and of SNF3 and RGT2. Furthermore, they 
reveall  significant differences in the regulation of HXT6 and HXT7. 
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3.11 Summar y 

Thee HXT5 gene encodes a functional hexose transporter that has moderate affinity for 
glucosee (Km = 10 raM), moderate to low affinity for fructose (Km = 40 mM) and low affinity 
forr mannose (Km > 100 mM). The sole presence of Hxt5p in an otherwise hexose transport 
nulll  mutant is sufficient to sustain a flux through glycolysis from glucose to fermentative 
products.. However, the presence of HXT5 as the sole hexose transporter gene results in 
extremelyy poor growth on glucose, which suggests the involvement of glucose repression in 
thee transcriptional regulation of HXT5. From Northern blot analysis on the members of the 
#XT-familyy and studies with HXT5 tagged with the green fluorescent protein (GFP) it is 
evidentt that HXT5 is transcribed and translated during conditions of relatively slow growth, 
duringg growth on non-fermentable carbon sources, and in particular during sporulation. In 
wild-typee batch cultivation's on fermentable carbon sources Hxt5p is abundant in stationary 
phasee or after depletion of the fermentable carbon source, which seems independent of the 
carbonn source. 

Thee deletion of HXT5 does not result in a clear phenotype. A shift of stationary 
phasee cells to fresh glucose medium resulted in somewhat slower growth in the hxt5 deletion 
strainn compared to the wild-type strain. In addition, this shift seemed to initiate pseudohyphal 
growthh in the hxt5 deletion strain. 

Thee abundance of Hxt5p during stationary phase, sporulation, and low glucose 
conditionss suggests that HXT5 is a 'reserve' transporter, which might be involved in the 
generationn of an intracellular signal after the appearance of glucose. Other possible functions 
off  the protein encoded by HXT5 wil l be discussed in the context of the results. 
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3.22 Introductio n 

Mechanismss that sense and respond to changes in the nutritional environment are common 
prerequisitess for survival and reproduction of all organisms. The yeast Saccharomyces 
cerevisiaecerevisiae is a unicellular organism that senses, responds and survives under a large variety 
off  conditions by means of complex mechanisms that include glucose catabolite repression 
(23,, 58), nitrogen catabolite repression (202, 250), heat responses (183) and other stress 
responsess (118). Either as a direct consequence of extracellular signals or as a consequence 
off  derived intracellular signals, the yeast cell accommodates its contents (i.e. protein 
machineryy and metabolite pools) and structure (e.g. sporulation) to the conditions present. 

Thee first step of metabolism is the transport of nutrients over the plasma membrane. 
Inn S. cerevisiae there is a large family of (putative) hexose transporters (19, 100) which are 
differentiallyy regulated depending on the source and the amount of carbon (19, 146, 148). 5. 
cerevisiaecerevisiae is able to grow on a broad range of glucose concentrations. The differential 
expressionn of the hexose transporters encoded by members of the hexose transporter family is 
aa reflection of the ambient glucose concentration (see Chapter 2). The hexose transporter 
familyy includes HXT1-HXT17, GAL2, SNF3 and RGT2. HXT1-HXT4 and HXT6-HXT7 
encodee the major proteins that transport the hexoses glucose, fructose, and mannose over the 
plasmaa membrane (174). Depending on the parental strain, a yeast strain with null mutations 
inn hxtl-hxtl does not grow on glucose at all (174), or grows only slowly on glucose (251). 
SNF3SNF3 and RGT2 encode two proteins that are involved in the sensing of the available glucose 
(144),, and GAL2 encodes the galactose permease (217). The kinetic parameters of the 
individuall  HXT gene products have been determined in an HXTnxAl background (173). It was 
shownn that HXT1 and HXT3 encode low-affinity glucose transporters, HXT2 and HXT4 
encodee moderate affinity glucose transporters, and HXT6 and HXT7 encode high-affinity 
glucosee transporters. The other HXT genes have been shown to be able to restore growth on 
differentt hexoses (except HXT12) when overexpressed individually in an hxtl-hxtl7 gal2 
deletionn strain (251). 

Inn a previous study on die expression of the members of hexose transporter family 
duringg various conditions in a wild-type strain, including aerobic batch cultivation on glucose 
andd aerobic glucose limited chemostat cultivation, it was shown that transcription of HXT1-
HXT4HXT4 and HXT6-HXT7 correlated with the extracellular glucose concentration (see Chapter 
2).. In this same study a consistent relationship was observed between the expression of the 
individuall  HXT genes and the glucose transport kinetics determined from zero fra/is-infiux of 
14C-glucose.. Transcript levels of the HXT8-HXT17 genes were very low under the conditions 
tested.. Surprisingly, transcription of HXT5, a functionally non-characterised member of the 
hexosee transporter family, was abundant at low growth rates and/or conditions of low 
glucose.. In addition, the presence of HXT5 transcript did seem to correlate with the 
expressionn of an additional high-affinity component under several conditions. 

Thee gene HXT5 is located on chromosome IE upstream of HXT1 and HXT4, and its 
productt encodes a protein of 592 amino acids with 12 (putative) membrane spanning helices, 
aa property common to all members of the major facilitator superfamily. In the Yeast 
Transportt Protein Database the protein encoded by HXT5 (YHR096c) is described as a 
proteinn with strong similarity to the hexose facilitators and an unknown function 
(http://alize.ulb.ac.be/YTPdb/),, as a probable glucose transporter in the Swiss-Prot database 
(http://www.expasy.ch/sprot/),, and in the Yeast Protein Database (http://www.proteome.com) 
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ass a probable integral plasma membrane protein involved in small molecule transport with 
highh similarity to other hexose transporters from S. cerevisiae and other organisms from 
prokaryotess to mammals. Expression of HXT5 is induced after a shift to high osmolarity by 
eitherr 0.7 M NaCl or 0.95 M sorbitol (175) as was shown earlier for HXT1 (74). Transcript 
levelss of HXT5 increase strongly approaching and beyond the diauxic shift during growth on 
glucosee (see Chapter 2 and, ref. (35)). A study in which the promoter of HXT5 was fused to 
lacZlacZ implied the presence of Hxt5p during growth on glycerol and suggested that expression 
off  HXT5 is induced by low glucose (148). One study (88) reported fermentation in a strain 
thatt contained only HXT5 and none of the major hexose transporters HXT1-HXT4 and HXT6-
HXT7,HXT7, however no further details were given. 

Inn the present study the kinetic characteristics of Hxt5p have been determined and 
ann attempt was made to reveal the function of the protein encoded by HXT5. 

3.33 Material s an d Method s 

Strains,, media, and growth conditions - The strains of S. cerevisiae used in this study are 
givenn in Table 3.1. Aerobic batch cultivation's were performed at 30°C on a rotary shaker at 
2500 rpm (Gallenkamp) in Erlenmeyer flasks. Cells were grown in a rich medium which 
containedd 2% (w/v) Yeast Extract, 1% (w/v) Peptone (YEP) and a carbon source as specified 
inn the text, or in a minimal medium which consisted of 0.67% (w/v) Yeast Nitrogen Base 
(YNB)) and 0.1 M potassium phthalate at pH 5.0 and a carbon source as specified in the text. 
Too induce sporulation, cells were incubated on sporulation-medium as described in ref. (195). 

Constructionn of strains - The MSY1 strain was created by disruption of HXT5 in strain 
CEN.PK111-32DD with an hxt5::LEU2 disruption cassette from plasmid pD5 (174). Leu+ 

isolatess were checked for correct integration of LEU2 by southern blot analysis with a Kpnl 
restrictionrestriction fragment of pD5 as a probe for HXT5 and with an EcoRV/Clal fragment from 
pRS4255 (197) as a probe for LEU2. The probes were isolated from agarose gels using the 
Qiagenn gel extraction kit. The isolated probes were then labelled with a-[32P]-dATP 
(Amersham)) using the Prime-a-gene labelling kit from Promega. Total yeast genomic DNA 
wass isolated according to (75), cut with Hindlll and transferred to nylon membranes using a 
vacuumm blotter (BioRad). The membranes were washed for 1 hour in lxSSC/0.1% SDS, and 
UVV cross-linked in a UV oven (Stratagene). The membranes were then washed again for 4 
hourss at 68°C in a Hybaid oven in hybridisation buffer (6x SSC, 5x Denhardt's solution, 1% 
SDSS and 0.2 g-litre"' boiled salmon sperm DNA). The membranes were hybridised with the 
probess overnight at 68°C in the Hybaid oven. The blots were washed in respectively 7x 
SSC/0.1%% SDS, lx SSC/0.1% SDS and O.lx SSC/0.1% SDS and exposed to Kodak X-Omat 
ARR film. 

Thee KY98 strain was constructed by tagging HXT5 with the gene encoding 
enhancedd green fluorescent protein (GFP) in the wild-type strain CEN.PK113-7D as follows. 
Thee plasmid pFA6a-GFPS65T-kanMX6 (235) was amplified by PCR using oligonucleotides 
AK411 (AATGATCCGAGACCATTTTATAAAAGGATGTTCACTAAAGAAAAAAGTA A 
AGGAGAAGAACTTTTC;; the underlined nucleotides correspond to the DNA immediately 
5'' of the HXT5 stop codon) and AK42 (AACATTGCAAGTATGCGAAAATAGTTGATCC 
TACACTACAAGAGAGGATGGCGGCGTTAGTATC;; the underlined nucleotides 
correspondd to the DNA immediately 3' of, and including, the HXT5 stop codon). The 
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resultingg DNA was transformed into CEN.PK113-7D and the transformants were selected for 
geneticinn resistance. Proper integration of the GFP cassette was confirmed by PCR with 
primerss AK42 and AK43 (GCTACTAGAAATGATCCGAG; annealing at base 1722 in the 
HXT5HXT5 open reading frame). 

Strainn KY92 was constructed in an identical manner, resulting in HXT5 tagged with 
GFPP in strain RE605, which is disrupted in HXT1-HXT4 and HXT6-HXT7 (174). 

Usingg standard genetic techniques (195), the diploid strain KY132 (MATa/MATa 
HXT5/HXT5::GFP)HXT5/HXT5::GFP) was produced by crossing strain KY98 with strain CEN.PK113-1A. 
KY1322 was sporulated and strain KY126 (MATa HXT5::GFP) was recovered. The diploid 
strainn KYI52 (MATa/MATa HXT5::GFP/HXT5::GFP) was produced by crossing strains 
KY988 and KY126. 

T a b lee 3 .1 S. cerevisiae strains 

Saccharomyces Saccharomyces 

cerevisiae cerevisiae 
Genotype e Reference e 

CEN.PK113-7D D 

KY98 8 

CEN.PK113-1A A 

KYII  26 

KYII 32 

KYII  52 

CEN.PK111-32D D 

MSY1 1 

MC996A A 

RE605A1 1 

RE700A" " 

KY92a a 

MATaMATa MAL2-& SUC2 

MATaMATa MAL2-8? SUC2 HXT5..GFP 

MATaMAL2-8MATaMAL2-8ccSUC2 SUC2 

MATaMAL2-8?MATaMAL2-8? SUC2 HXT5::GFP 

MATalMATaMATalMATa HXT5/HXT5::GFP 

MATa/MATaMATa/MATa HXT5::GFP/HXT5::GFP 

MATaMAL2-SMATaMAL2-S11 SUC2 /e«2-3,l 12 

MATaMATa MAL2-8? SUC2 leu2-3,l 12 Ahxt5::LEU2 

MATaMATa MAL2 SUC2 GAL MEL ura3-52 his3-ll,\S 

Ieu2-3,ll2 Ieu2-3,ll2 

MATaMATa hxtlA::HIS3::Ahxt4 hxt7::HIS3 hxt2A::HIS3 

hxt3A::LEU2::Ahxt6 hxt3A::LEU2::Ahxt6 

MATaMATa hxtl A:\H1S3" Ahxt4 hxt5::LEU2 hxt7::HIS3 

hxt2hxt2 A:\H1S3 hxt3A::LEU2::Ahxt6 

MATaMATa hxtlA::HIS3::Ahxt4 hxt5::LEU2 hxt7::HIS3 

hxt2A:\HIS3hxt2A:\HIS3 hxt3A:\LEU2:: Ahxt6 HXT5::GFP 

Dr.. P. Kotter (Frankfurt, Germany) 

thiss study 

Dr.. P. Kotter (Frankfurt, Germany) 

thiss study 

thiss study 

thiss study 

Dr.. P. Kotter (Frankfurt, Germany) 

thiss study 

(174) ) 

(174) ) 

(174) ) 

thiss study 
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Northernn blot analysis - Total RNA was isolated from the yeast cells by acid-phenol 
extraction.. RNA samples were separated by electrophoresis in 1% agarose formaldehyde gels 
(187).. Transfer to nylon membranes, prehybridisation, hybridisation with an /fifr5-specific 
oligonucleotidee probe, and washing were performed as described in Materials and Methods 
off  Chapter 2. 

Zeroo trans-influx off glucose - Cells were harvested by centrifugation at 4°C (5 min at 4000 
xx g), washed three times in ice-cold 0.1 M KH2P04 buffer (pH 6.5), and then kept on ice in 
0.11 M KH2P04 buffer (pH 6.5) until further use. Zero tarns-influx of glucose, fructose, 
mannosee and galactose was determined according to Walsh et al. (239) at 30°C in 0.1 M 
phosphatee buffer (pH 6.5). Kinetic parameters of glucose transport were derived using 
Enzfitterr software. 
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Inn vivo dynamics during glucose consumption - Cultured and washed yeast cells were 
preincubatedd for 3 min in a stirred thermostated vessel at 30°C; then glucose in 0.1 M 
phosphatee buffer (pH 6.5) was added. Samples were taken at different times by adding a 
volumee of the glucose metabolising cells to an equal volume of 10% (w/v) perchloric acid 
whichh was kept on ice. Samples were neutralised within an hour after extraction with 2M 
K 2C033 and stored at -20 °C. Before analysis samples were centrifuged for 1 min at 16000 x g. 
Sampless were analysed for extracellular and intracellular metabolites by NAD(P)H coupled 
enzymaticc reactions on a COBAS-FARA automatic analyser (Roche). 

Fluorescencee microscopy - Cells were harvested from cultivation and embedded in molten 
1%% low-melt agarose, then chilled briefly. They were immediately examined with a Leitz 
Aristoplann epifluorescence microscope. Micrographs were recorded using an Apogee CCD 
cameraa and processed for display using Image-Pro Plus and Adobe Photoshop. 

3.44 Result s 

Expressionn of HXT5 - The expression of a gene under a particular set of conditions often 
hintss to a function under those conditions. To analyse the function of the protein product of 
HXT5,HXT5, transcript levels and abundance of the Hxt5 protein tagged with GFP were measured 
underr different conditions. 

Thee abundance of Hxt5p-GFP was low during exponential growth on fermentable carbon 
sourcess (Table 3.2). However, upon approaching depletion of the carbon source, the 
HXT5::GFPHXT5::GFP fusion was expressed, as apparent from an increase in plasma membrane 
localisedd GFP (see also Fig. 3.1). In contrast, during growth on galactose, which confers a 
lowerr growth rate than glucose, Hxt5p-GFP was already present and membrane localised 
duringg exponential growth. Similarly, it was observed that during growth on non-fermentable 
carbonn sources, i.e. ethanol, glycerol and a mixture of ethanol and glycerol, when growth was 
sloww or almost absent, Hxt5p-GFP was present and plasma membrane localised. 
Interestingly,, HXT5 expression was most abundant with 2% glycerol as a carbon source, 
whenn growth was almost absent. 

Tablee 3.2 Expression of HxtSp during growth on various carbon sources. 
Thee HXT5::GFP fusion strain (KY98) was grown in minimal media containing YNB in 100 mM phthalic 
acidd (pH 5.0) with 2% of various carbon sources. The abundance of Hxt5p-GFP was followed during growth 
byy fluorescence microscopy. 

Carbonn Source 

2%2% Glucose 
2%2% Fructose 
2%2% Mannose 
2%2% Galactose 
2%% Maltose 
2%2% Sucrose 
2%% Raffinose 
2%2% Ethanol 
2%2% Glycerol 
2%% EtOH + 2% Glycerol l 

Growthh rate (h1) 

0.4 4 
0.4 4 
0.28 8 
0.18 8 
0.34 4 
0.39 9 
0.25 5 
0.11 1 
0.02 2 
0.1 1 

Abundancee Hxt5p-GFP 
duringg exponential growth on 

carbonn source 
--
. . 
--

+/--

--
--
--

++ + 
+++ + 
++ + 

Abundancee Hxt5p-GFP 
afterr depletion of 

carbonn source 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

n.d. . 
n.d. . 
n.d d 

n.d.. = not determined 
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Thee expression of HXT5 was studied in more detail during growth on 2% glucose (Fig. 3.1). 
Hxt5p-GFPP expression in KY98 was followed during growth by fluorescence microscopy 
(Fig.. 3.IB) and compared with phase contrast microscopy (Fig. 3.1C), HXT5 transcript levels 
(Fig.. 3.1 A), and the concentration of residual glucose (Fig. 3.1). 

Duringg exponential growth on glucose, transcription of HXT5 was absent; only upon 
approachingg glucose depletion HXT5 transcript levels increased (Fig. 3.1 A). After glucose 
depletion,, the transcription of HXT5 increased even further, and the expression of the fusion 
proteinn Hxt5p-GFP became visible and was mostly plasma membrane localised (Figs. 3. IB 
andd 3.1C), although some cells showed GFP localised in the cell interior (Fig. 3. IB at t = 8 
h). . 

Glucose,, mM 
222 8 1 0 

Timee after glucose exhaustion, h 
- 3 - 22 - 1 0 3 5 8 24 

Figur ee 3.1 Expression of HXT5 during batch growth on glucose. Strain KY98 was cultivated in batch on 
minimall  medium and portions were harvested periodically for glucose determination, RNA extraction, and 
fluorescencee microscopy. The residual glucose concentration and the time after glucose exhaustion are 
indicated.. A. Northern analysis of HXT5 mRNA. B. Fluorescence microscopy of Hxt5p-GFP fusion protein. 
Noo fluorescence was visible prior to the 1 mM glucose time point. C. Phase contrast microscopy of the cells 
shownn in panel B. 

Duringg the studies on HXT5 it became evident that the protein encoded by HXT5 is highly 
expressedd during sporulation (Fig. 3.2). In heterozygous and homozygous diploid cells of 
HXT5::GFP,HXT5::GFP, plasma membrane localised Hxt5p-GFP was abundant, during sporulation. 
SporeSpore formation was confirmed by short-wave fluorescence microscopy, which visualises 
dityrosinee in the ascospore wall. In the homozygous cells (Fig. 3.2B; KYI32; 
HXT5/HXT5::GFP),HXT5/HXT5::GFP), Hxt5p-GFP was present in all four spores. Remarkably, in the 
heterozygouss cells (Fig. 3.2A; KY152; HXT5::GFP/HXT5::GFP), Hxt5p-GFP was only 
presentt in the two spores that contained the HXT5::GFP fusion, which implies that HXT5 is 
expressedd only after spore formation. 
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GFPP UV Phase 

Figur ee 3.2 Expression of HXT5 during sporulation. Diploid strains were incubated on sporulation 
medium,, which imposes nitrogen starvation and supplies acetate as the sole carbon source (195). After 3 days 
thee sporulating cells were examined microscopically by long-wave fluorescence to detect GFP, by short-wave 
fluorescencee to detect dityrosine in the ascospore wall, and by phase-contrast. A. Strain KY152 
(HXT5::GFP/HXT5::GFP).(HXT5::GFP/HXT5::GFP). B. Strain KY132 (HXT5/HXT5::GFP). 

Kineti cc parameters of HXT5 - The kinetic parameters of the protein encoded by HXT5 were 
determinedd in RE605, a strain that does not possess HXT1-HXT4 and HXT6-HXT7 (174). 
Growthh on glucose of the RE605 strain has been reported to be not significantly different 
fromm RE700, a strain lacking HXT1-HXT7 and unable to grow on glucose (174). In our 
hands,, RE605 showed slow growth on YEP/2% glucose plates. In contrast, RE700 produced 
aa large number of revertants on a background of non-growing cells. 

Too determine the kinetic parameters of hexose transport by Hxt5p, the RE605 strain was 
grownn on YEP 2% ethanol/glycerol, in which HXT5 is highly expressed, yet growth is 
presentt (Table 3.2). In a parallel experiment RE700 and KY92 (the RE605 strain with a GFP-
tagg on HXT5) were grown. Again, in all strains growth was slow on ethanol/glycerol, a 
featuree also shown by wild-type yeast strains (results not shown and Table 3.2). The kinetic 
parameterss of hexose transport were determined by zero trans-'müux of glucose assays with 
l4C-hexosee (239). In the RE700 strain glucose (Fig. 3.3), fructose, galactose and mannose 
uptakee was virtually undetectable (during 5 and 10 seconds incubation). In contrast the 
RE6055 strain showed a moderate affinity of 10  1 mM for glucose (Fig. 3.3) and a low-
affinityy of 40  4 mM for fructose, with a maximal velocity (Vmax) of 150  20 nmol-min"1-
(mgg protein)"1 and 150  10 nmol-min"1-(mg protein)"1, respectively. Although some affinity 
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forr mannose was present, it was too low to get an accurate measure of the Km (>100mM). 
Affinit yy for galactose was absent in the RE605 strain. The parallel experiment with the KY92 
strainn confirmed the presence of Hxt5p under the conditions assayed. The GFP-tag on the 
Hxt55 protein did not change the kinetic parameters of Hxt5p to a great extent, and an affinity 
constantt for glucose of 11  1 mM was determined (Fig. 3.3). 
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Figur ee 3.3 Zero trans-influx of glucose by 
Hxt5p.. S. cerevisiae strains were grown on YEP 
containingg 2% ethanol and 2% glycerol, and 
harvestedd during exponential growth. Zero trans-
influxinflux of glucose was measured in RE605 (A), 
KY922 (B) and RE700 (C). v is the zero trans-
influxx of glucose and S is the extracellular 
glucosee concentration. 

InIn  vivo flux through HXT5 - As mentioned before, in a study on the individual hexose 
transporterss it has been reported that the RE605 strain does not grow on glucose (174). 
However,, as described above, Hxt5p is able to transport glucose, fructose, and mannose over 
thee plasma membrane. Furthermore it was described that the RE605 strain will ferment 
supplementedd glucose to ethanol and carbon dioxide after growth on maltose (88). Here we 
determinedd the flux through glycolysis under a defined condition in the RE605 strain and 
comparedd this with the RE700 strain that lacks any of the functional hexose transporters. 

Thee RE605 and RE700 strains were harvested during exponential growth on YEP containing 
2%% ethanol/glycerol and resuspended in potassium phosphate buffer at pH 6.5. Flux through 
glycolysiss was determined by measuring glucose consumption and ethanol production (Figs. 
3.4AA and 3.4B). In addition, the intracellular concentrations of glucose-6-phosphate, 
fructose-6-phosphate,, fructose-1,6-bisphosphate and ATP were followed in time to determine 
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intracellularr responses in the presence of Hxt5p as sole hexose transporter or in the absence 
off  any functional hexose transporter (Figs. 3.4C and 3.4D). 
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F igur ee 3 .4 Steady-state flux through Hxt5p. 5. cerevisiae strains were grown on YEP containing 2% 
ethanoll  and 2% glycerol, and harvested during exponential growth. Cells were washed and resuspended in 
1000 mM potassium phosphate buffer (pH 6.5) and pulsed with 16 mM glucose at t = 0 min. A & B: Glucose 
consumptionn ) and ethanol production (O) in the RE605 and RE700 strains, respectively. C & D: 
Intracellularr concentrations of glucose-6-phosphate , fructose-6-phosphate (G) and ATP (A) in the RE605 
andd RE700 strains, respectively. 

Thee RE605 strain showed a glucose consumption rate of approximately 90 nmol-
min'^mgg protein)"1 (Fig. 3.4A). This approximately equals the zero rrans-influx of glucose 
att that glucose concentration, as determined from the kinetic parameters of Hxt5p (Fig. 3.3). 
Onlyy a small fraction of the glucose was converted into ethanol during glucose consumption 
(Fig.. 3.4A). In the RE700 strain, glucose consumption was absent (Fig. 3.4B). In the RE605 
strain,, the concentration of the intracellular metabolites, glucose-6-phosphate, fructose-6-
phosphatee and ATP increased sharply after the addition of glucose and remained at that same 
levell  during glucose consumption (Fig. 3.4C). Remarkably, in the RE700 strain the 
intracellularr ATP concentration first increased after the addition of glucose, and thereafter 
steadilyy decreased again to the level before addition of glucose (Fig. 3.4D). This suggests 
metabolicc activity in the RE700 strain as a consequence of the addition of glucose, despite 
thee absence of measurable glucose consumption. 
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Functionall  analysis of HXT5 - As was shown above, transcription of HXT5 and presence of 
Hxt5pp tagged with GFP was prominent under specific conditions. However, from these data a 
functionn for Hxt5p was not evident. To obtain a better insight into the function of the protein 
encodedd by HXT5, the physiological characteristics of a wild-type strain deleted in HXT5 
weree determined. 

Thee growth rates of the hxt5 deletion strain, MSY1, and the wild-type CEN.PK113-7D strain 
weree virtually identical on minimal medium with 2% glucose as a carbon source. After 
glucosee was depleted cells were grown to stationary phase (i.e. left for 24 h after glucose 
depletion),, and then shifted to fresh minimal medium containing 2% glucose. Both in the 
wild-typee strain and in the hxt5 deletion strain growth resumed after a lag period of 
approximatelyy 3 hours, however growth, according to measurements of the optical density, 
wass a littl e slower in the hxt5 deletion strain (Fig. 3.5A). Remarkably, the wild-type cells 
resumedd normal growth by budding, while a considerable proportion of the hxt5 deletion 
cellss showed pseudohyphal growth (Fig. 3.5B). Chains of cells were formed by the hxt5 
deletionn strain during the first six hours after the shift in the culture medium. The proportion 
off  cells that formed chains decreased after 6 hours after which growth continued by normal 
buddingg (results not shown). 

Figur ee 3.5 Function of Hxt5p? The HXT5 knockout strain (A; MSY1), KY98 ) and the CEN.PK113-
7DD wild-type strain (O) were grown on YNB containing 1% glucose into stationary phase (i.e. left for one 
dayy after glucose depletion). Subsequently cells were harvested, washed, and shifted to fresh YNB 1% 
glucosee medium. After the shift growth (A) and morphology (B) were monitored. Fig. 3.5B is a representative 
picturee of the MSY1 cells as visualised by phase contrast microscopy, 3 hours after the shift to fresh glucose 
medium. . 

3.55 Discussio n 

Duringg aerobic batch growth on glucose the affinity for glucose of the transport step changes 
(239).. Low-affinity hexose transporters are present when the glucose concentration is 
relativelyy high, while high-affinity hexose transporters are present when the glucose 
concentrationn is relatively low. S. cerevisiae seems optimally adjusted to respond to small 
changess in the availability of glucose through the subtle differences in regulation of the 
variouss hexose transporters (19, 146, 148). The multitude of hexose transporter genes seems 
too be a consequence of ongoing duplications and evolution, and resulted in optimal growth or 
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survivall  under a variety of conditions. As an example, glucose limited continuous cultures 
thatt were maintained for more than 250 generations showed cells that had evolved 
metabolismm optimised for growth with a high biomass yield (49). Multiple duplications in the 
geness encoding hexose transporters were shown to occur under these conditions (20). Also 
thee presence of Hxt5p can be seen as a consequence of duplication of a hexose transporter, 
evolvedd for a function under a particular condition. Since Hxt5p resembles the proteins that 
constitutee the major hexose transporters during growth on glucose (Hxtlp-Hxt4p and Hxt6p-
Hxt7p),, a role for Hxt5p in hexose transport seems probable. The deletion of HXT5 is not 
lethall  and does not result in a clear phenotype under the conditions tested. Therefore, it 
cannott be excluded that the existence of HXT5 is a consequence of a non-advantageous 
duplication,, which resulted in a redundant or non-functional gene. However, the fact that 
HXT5HXT5 is transcribed and subsequently translated into a functional membrane protein with 
moderatee capacity to transport hexoses under particular conditions (suggesting regulation of 
transcription),, properties prone to mutations in time and evolution, strongly suggests that 
HXT5HXT5 encodes a functional protein and is advantageous to the cell. 

Ass was shown by Wieczorke et al (251) none of the proteins encoded by the /fXT-genes is 
essentiall  for viability. Instead, overexpression of any of the hexose transporters (except 
Hxtl2p)) in an hxtl-hxtl7 gal2 deletion strain could restore growth on one or more hexoses. 
Heree we confirmed that the deletion of HXT5 was not lethal. Only under extreme conditions 
off  starvation, the absence of Hxt5p resulted in a change in physiology. A stationary wild-type 
culturee grew faster than a culture of the hxt5 deletion strain when shifted to fresh glucose 
medium. . 

Diploidd cells produce haploid cells in response to starvation through the process of 
sporulationsporulation (28, 129). Sporulation in yeast involves meiosis and spore morphogenesis, 
processess which can be characterised by the sequential transcription of at least four sets of 
genes,, expressed early, middle, mid-late, and late during sporulation (28, 129). HXT5 seems 
too be expressed in the later stages of sporulation (i.e. maturation), since in the heterozygous 
HXT5-GFPHXT5-GFP strain (Fig. 3.2) Hxt5p-GFP was only present in two out of four spores, 
suggestingg HXT5 expression only after spore formation. Earlier studies on the transcription of 
geness during the course of meiosis and spore formation confirm that HXT5 transcription is 
inducedd in the later stages of sporulation (28). 

Thee addition of glucose to cells grown on non-fermentable carbon sources (e.g. ethanol) 
inducess a rapid cAMP signal (12), a trigger for the RAS-adenylate cyclase pathway (200, 
210,, 211), which is responsible for transducing the availability of extracellular nutrients, and 
governss the progression of the cell-cycle. The abundance of HXT5 during nutrient limitation 
andd sporulation might suggest that HXT5 is involved in the generation of an intracellular 
signall  of nutrient availability (e.g. intracellular glucose). In addition, the hxt5 deletion strain 
showedd pseudohyphal growth, which again implies that Hxt5p is involved in cell cycle 
progression.. However, the fact that the RE700 strain showed some changes in intracellular 
metabolitess after the addition of glucose, despite a lack of glucose consumption, implies that 
alsoo in the absence of glucose uptake extracellular signals are transduced into the cell. 
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Alternatively,, the presence of glucose in ethanol limited continuous cultures concurrently 
withh the abundance of HXT5 transcript under these conditions (see Chapter 2), suggests a role 
forr Hxt5p in the efflux of glucose. At first sight this seems futile, however, the role of a 
hexosee transporter under conditions when glucose repression is unfavourable may involve the 
suppressionn of intracellular (glucose) signals by secretion of intracellular glucose, for 
examplee formed by breakdown of the carbohydrate reserves glycogen and trehalose (112, 
151). . 

Inn conclusion, in the present study it is unequivocally shown that Hxt5p is a functional 
hexosee transporter with sufficient capacity to sustain a flux through glycolysis when present 
ass the sole hexose transporter. The presence of a glucose transporter when glucose is absent 
orr low suggests that HXT5 transcription is repressed by glucose. We suggestt a role for Hxt5p 
inn the initial uptake of glucose, when glucose is absent and becomes available again. Hxt5p 
mightt in that case be seen as a transporter that signals the availability of glucose to the cell by 
thee transport of glucose into the cell. Alternatively, we propose a function of Hxt5p in 
protectingg the cell against switching on its glucose repressing mechanism under inappropriate 
conditions. . 
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4.11 Summar y 

Thee extent to which the transport of glucose across the plasma membrane, in the yeast 
SaccharomycesSaccharomyces bayanus, controls the glycolytic flux has been determined. The magnitude of 
controll  was quantified by measuring the effect of small changes in the activity of the glucose 
transportt system on the rate of glucose consumption. 

TwoTwo effectors were used to modulate the activity of glucose transport; i) maltose, a 
competitivee inhibitor of the glucose transport system in Saccharomyces bayanus (as well as 
inn S. cerevisiae) and ii) extracellular glucose, the substrate of the glucose transport system. 
Twoo approaches have been followed to derive from the experimental data the flux control 
coefficientt of glucose transport on the glycolytic flux; i) direct comparison of the steady-state 
glycolyticc flux with the zero frans-influx of glucose and ii) comparison of the change in 
glycolyticc flux with the concomitant change in calculated glucose transport activity upon 
changingg the extracellular glucose concentration. 

Bothh these approaches demonstrated that in cells of S. bayanus, grown on glucose 
andd harvested at the point of glucose exhaustion, a high proportion of the control of the 
glycolyticc flux resides in the transport of glucose across the plasma membrane. 
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4.22 Introductio n 

Thee limits of metabolism are often described in terms of maxima: maximal growth rates, 
maximall  enzyme activities, rate-limiting steps, uptake capacities, maximal consumption rates 
andd maximal production rates (36, 122, 186, 193). Through Metabolic Control Analysis 
(MCA)) the basis for these metabolic limits can be quantified at the most fundamental level, 
thee flux through a metabolic pathway (47, 85). MCA enables us to determine to what extent 
thee component enzymes of a metabolic pathway control the flux through that pathway. In 
otherr words, which enzymatic steps influence the rate limits of that metabolic pathway. As 
predictedd by theory and amply verified experimentally (66, 185) this control may be shared 
byy several steps (85, 221, 247). 

Glucosee transport has often been described as an important rate-limiting step of 
glycolysiss in yeast (36, 56, 95, 138, 154). Supportive evidence for this was provided by the 
factt that overproduction of the individual glycolytic enzymes in S. cerevisiae did not result in 
ann increased glycolytic flux (69, 188). In this study we quantify the control of glucose 
transportt on the glycolytic flux in S. bay anus, by MCA. 

Thee extent to which the transport of glucose across the plasma membrane controls 
thee glycolytic flux is defined as the relative change in the glycolytic flux (J) resulting from a 
relativee change in the activity of glucose transport (v^s) under a defined set of conditions. In 
mathematicall  terms: 

CCLL = ~ / ^  = dlnJ/dlnv,rm, (4.1) 

Consequently,, to determine the control of the glucose transport step on the glycolytic flux 
onee must change the glucose transport activity without affecting other steps in the metabolic 
pathway.. Different approaches can be followed to modulate the activity of glucose transport. 

Glucosee transport activity can be modulated genetically by expressing glucose 
transportt proteins with inducible promoters (80, 185). However, a suitable inducible 
promoterr for the expression of glucose transporters in yeast has not yet been reported. 
Furthermore,, the complexity of glucose transport in yeast (19, 100, 174), in terms of the 
numberss of proteins and regulatory mechanisms involved, restricts the choice of a suitable 
geneticc background in which to perform these experiments. In a wild-type background the 
choicee of modulated transporter protein may not only influence the transport activity but also 
affectt the expression of other glucose transport proteins (209). A background where only one 
activee glucose transport protein is present would be more accessible to this type of analysis; 
howeverr the specific aim of the present study was to determine the control of the glucose 
transportt step in wild-type yeast cells, grown under a specific condition. 

Att constant concentration of the transporter enzyme(s), one can modulate the 
activityy of glucose transport with specific effectors. A method which has successfully been 
appliedd to determine the metabolic control of the glucose transport step in the parasite 
causingg sleeping sickness, Trypanosoma brucei (6). Several specific inhibitors of glucose 
transportt in cells of eukaryotes have been described. Phloretin, cytochalasin B and maltose 
havee all been shown to inhibit glucose transport in human erythrocytes (24). Also, by setting 
variouss extracellular glucose concentrations the glucose transport activity can be specifically 
modulated.. Extracellular glucose as the first metabolite in the glycolytic pathway is a system 
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parameterr and not a variable and as such can be set by the experimenter (47, 85, 206). 
Employingg these methods to modulate the glucose transport activity one can probe the 
controll  characteristics of glycolysis in both laboratory wild-type strains and industrial strains, 
underr physiologically relevant conditions, without the need for genetic modification. 

4.33 Mater ial s an d Method s 

Material ss - D-[U-14C]-glucose was purchased from Amersham. Liquid scintillation fluid 
wass from Packard. Constituents of the growth medium were from Difco. Enzymes were from 
Boehringer.. Glass microfibre-filters (GF/C) were obtained from Whatman. Other reagents 
weree obtained from Merck or Sigma and of analytical grade or higher. 

Strains,, media, and growth conditions - The experiments for the determination of control 
weree performed with Saccharomyces bay anus IGC 4565 (CBS 378, obtained from I. 
Spencer-Martins,, Monte de Caparica, Portugal). In some additional experiments 
SaccharomycesSaccharomyces cerevisiae CEN.PK113-7D (obtained from P. Kotter, Frankfurt, Germany), 
SaccharomycesSaccharomyces cerevisiae IGC 5297 (DGI 342, Danisco, Copenhagen, Denmark) and 
SaccharomycesSaccharomyces cerevisiae X2180 (diploid strain obtained from the Yeast Genetic Stock 
Centerr in Berkeley, California) were used. Cells were grown in batch on a rotary shaker (200 
rpm)) at 30°C, in either 2% (w/v) Yeast Extract, 1% (w/v) Peptone (YEP) and 2% (w/v) 
glucose;; or in mineral medium with 2% (w/v) glucose; or in a medium containing 2% (w/v) 
glucose,, 0.67% (w/v) Yeast Nitrogen Base and 0.1 M potassium phthalate at pH 5.0. Yeast 
cellss were grown to exponential phase (OD 540nm approximately 0.5, 1 = 1 cm, Pharmacia, 
Novaspecc II) , to the diauxic shift (i.e. the moment of glucose exhaustion), or through the 
diauxicc shift (i.e. 4-5 hours after the diauxic shift, cells growing on ethanol). Cells were 
harvestedd by centrifugation at 5000 rpm (4°C), washed three times in ice-cold 0.1 M KH2P04 

bufferr (pH 6.5), and then kept on ice in 0.1 M KH2P04 buffer (pH 6.5) until further use. 

Forr the experiments from which the control of the transport step was determined 
alwayss 5. bayanus cells were used, that were harvested at the moment of glucose exhaustion. 

Glucosee consumption assay - Cultured yeast cells were preincubated for 5 minutes in a 
stirredd thermostated vessel at 30°C; then an equal volume of a glucose/maltose mixture in 0.1 
MM phosphate buffer (pH 6.5) was added. Samples were taken at different times by adding a 
volumee of the glucose metabolising cells to an equal volume of 10% (w/v) trichloroacetic 
acidd which was kept on ice. After centrifugation and dilution, the remaining glucose was 
determined. . 

Zeroo trans-influx assay - Zero fra/is-influx of glucose was determined according to Walsh 
etet al. (239) at 30°C in 0.1 M phosphate buffer (pH 6.5), and for comparison, by the original 
methodd of Bisson and Fraenkel (15), with some slight modifications, i.e. the assay was 
performedd at 25°C in 0.1 M Tris-citrate buffer (pH 5). Maltose inhibition of glucose transport 
wass determined by adding maltose and glucose simultaneously. Kinetic parameters of 
glucosee transport were derived using Enzfitter software. 

Glucosee and protein determination - Glucose was determined as described in Bergmeyer 
(11).. Protein was determined by the method of Lowry (115), using bovine serum albumin 
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(fatty-acidd free) as a standard. Both protein and glucose concentrations were measured on 
COBAS-BIOO or COBAS-FARA automatic analysers (Roche, Basel, Switserland). 

Metabolicc Control Analysis - When extracellular glucose is used to modulate the glucose 
transportt activity, the control of glucose transport on the glycolytic flux may be written as: 

,, = _JlnJ_/dlnv!^  = , , 
"~~ dlnlG^ll  dln[G„,]  'c~'< 'c™' 

Thee response coefficient R (the global change in flux J as an effect of a change in the 
concentrationn of extracellular glucose [Gout]) in equation 4.2 can be derived from the 
determinationn of the glycolytic flux (J) as a function of the extracellular glucose 
concentrationn ([Gout]). 

Thee elasticity coefficient £ (the local change in glucose transport activity vtrans as an 
effectt of a change in the concentration of extracellular glucose [Gout]) can be derived from the 
kineticc parameters of glucose transport. In cells harvested at the diauxic shift, the kinetics of 
glucosee transport were fitted to a system with two components. Assuming two symmetric 
four-statee carriers, the rate equation of glucose uptake (i.e. the steady-state activity of glucose 
transport)) can be written as: 

11 (s-p) 
KKm2 m2 vv = V — + V 

""  tram max 1 _ „ „ „  max 2 „  n „ n 

22 V V v 2 

(4.3) ) mlml ml ml m*  ml m2 

Thee s and p in this rate equation are the concentrations of the substrate and product of the 
carrierr system, i.e. glucose outside (Gout) and glucose inside (Gin) the cell respectively. It is 
assumedd that the glucose transport step is only connected to the rest of metabolism by the 
pooll  of intracellular glucose (p). V ^ is the maximal transport activity of the corresponding 
componentt and Km the apparent Michaelis-Menten constant for glucose of the corresponding 
component.. The "interactive constant" (X is a constant relating the mobilities of the free and 
thee loaded sugar carriers. The interactive constant was set to 0.91 (94, 204). The elasticity 
coefficientt can now be derived by calculating the effect of a small change in extracellular 
glucosee (s) on the steady-state activity of glucose transport (v,^), keeping terms that are 
connectedd to other steps in glycolysis (in this case intracellular glucose, p) constant. 

Thee flux control coefficient of glucose transport on the glycolytic flux is the quotient t 
off  the response coefficient and the elasticity coefficient (equation 4.2). 

4.44 Result s and Discussio n 

Competitivee inhibitio n of glucose transport by maltose - The aim of the present study 
wass to measure the control of the glucose transport step under a particular well-defined 
condition,, in this case the diauxic shift (i.e. the point of glucose exhaustion) of cells of S. 
bayanusbayanus grown in batch on 2% glucose. The control of glucose transport was determined by 
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modulatingg the glucose transport activity with the extracellular glucose concentration and by 
usingg maltose which was found to be a competitive inhibitor of glucose transport in yeast. 

Cellss of S. bay anus harvested at the diauxic shift, exhibited biphasic kinetics (Fig. 4.1). In S. 
cerevisiae,cerevisiae, such biphasic kinetics have been taken to be a consequence of the presence of 
hexosee transporters with low, moderate or high affinity for glucose (173). The apparent 
kineticc characteristics of the glucose uptake system shown in Fig. 4.1 were fitted assuming 
twoo distinct Michaelis-Menten type carriers; a high affinity carrier with an apparent Km of 1.5 

)) mM and a Vmax of 277 (  25) nmol-min"'-(mg protein)"1 and a low affinity carrier 
withh an apparent Km of 34 (  10) mM and Vmax of 339 (  23) nmol-min"'-(mg protein)"1. In 
thee presence of 100 mM maltose the zero trans-'müux of glucose was inhibited (see Fig. 4.1 
andd Table 4.1). This effect of maltose has the characteristics of competitive inhibition 
towardss glucose transport i.e. the Vmax remains constant while the apparent Km increases. 
Underr these conditions the best fit  of the glucose uptake kinetics was obtained with a single 
componentt consisting of an apparent Km of 10 (  0.4) mM and a Vmax of 600 (  19) nmol-
min"'-(mgg protein)"1. From these data it was not possible to distinguish accurately two 
componentss of glucose transport, consequently it was not possible to estimate a separate K; of 
maltosee for each component of the glucose transport system. 

800 0 

'SS 600 

500 100 150 200 
v/SS ((nmol/min/mg protein)/mM) 

Figur ee 4.1 Eadie-Hofstee plot of the inhibitio n of the zero trans-influx of glucose by maltose. Cells of 
SaccharomycesSaccharomyces bayanus (IGC 4565) were grown on YEP, 2% glucose to the diauxic shift. Zero trans-influx 
off  glucose was measured in the absence ) and presence ) of 100 mM maltose, v is the zero trans-müux 
off  glucose and S is the extracellular glucose concentration. Lines represent kinetic fits (see Table 4.1). 

Inn cells of S. bayanus (IGC 4565) harvested in exponential phase (OD = 0.5, see 
Materialss and Methods), the zero frans-influx kinetics of glucose transport fitted to a one 
componentt uptake system (Table 4.1). This component was also competitively inhibited by 
maltosee although the calculated Kj was very high (ca. 300 mM), a concentration of maltose 
thatt yeast cells encounter for instance in wort. 
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InIn cells of S. bayanus harvested 4 h after the diauxic shift the kinetics of glucose 
transportt again fitted to a one component uptake system with a relatively low Km (2.9 mM). 
Ass in the previous two cases this activity was competitively inhibited by maltose (Kj = 26 
mM,, see Table 4.1). 

Thee observed kinetics of glucose uptake in S. bayanus are very similar to those of 5. 
cerevisiae.cerevisiae. In wild-type strains of the latter (CEN.PK113-7D and IGC 5297), grown on 2% 
glucosee and harvested after glucose exhaustion, glucose transport kinetics could be fitted to 
onee high-affinity component (Km of 1.8 and 1.1 mM, respectively). This component was also 
competitivelyy inhibited by maltose, with a K{  of 23 mM (Table 4.1) for both strains. 

Tablee 4.1 The inhibitio n constant (Kt) for  maltose on glucose transport for  different species of 
SaccharomycesSaccharomyces at different growth states. 
Cellss of Saccharomyces bayanus and Saccharomyces cerevisiae were grown on YEP, 2% glucose and 
harvestedd at various points during growth. Yeast cells were grown to exponential phase (exponential), to 
diauxicc shift (diauxic shift), just after the diauxic shift (early stat.), or through the diauxic shift (stationary). 
Zeroo trans-influx of glucose was measured as described in Materials and Methods with and without the 
simultaneouss addition of maltose. K; and Km are expressed in mM. 

Speciess Strain Growth phase Km (mM) Kj(mM) 

SaccharomycesSaccharomyces bayanus 

SaccharomycesSaccharomyces bayanus 

SaccharomycesSaccharomyces bayanus 

SaccharomycesSaccharomyces cerevisiae 

SaccharomycesSaccharomyces cerevisiae 

IGCC 4565 

IGCC 4565 

IGCC 4565 

CEN.PK113-7D D 

IGCC 5297 

exponential l 

diauxicc shift (1) 

(2) ) 

stationary y 

earlyy stat. 

earlyy stat. 

277  2.9 

1.55 1 

344 0 

2.99 2 

1.88 + 0.2 

1.11 3 

307 7 

(50) ) 

(300) ) 

26 6 

23 3 

23 3 

InIn 5. cerevisiae it is known that growth on glucose inactivates maltose permease and 
repressess transcription of MAL-genes whereas maltose induces the transcription of MAL-
genes.. S. cerevisiae and S. bayanus are two closely related species within the group of 
SaccharomycesSaccharomyces sensu stricto of the genus Saccharomyces (228), which have just a few 
differentiall  phenotypic characteristics (179). No significant differences have been reported 
withh respect to the transport of either glucose or maltose in these species (137). Indeed, in the 
yeastt S. bayanus, during growth on glucose, maltose uptake could not be detected and only a 
veryy low maltase activity was present (data not shown). 

InIn Trichomonas vaginalis it was shown mat the inhibition of glucose transport by 
maltosee is a time dependent phenomenon caused by the extracellular hydrolysis of maltose to 
twoo glucose molecules by an Ot-glucosidase (201). This is clearly not the case in S. bayanus 
andd S. cerevisiae since both the zero trans-influx of glucose and the glucose consumption 
ratee were inhibited by maltose to a similar extent. Furthermore, preincubation with maltose 
priorr to zero fra/is-influx measurements did not affect the apparent kinetics of glucose 
transportt (data not shown). 

Inn the S. cerevisiae wild-type strain X2180, which lacks the maltose permease and 
doess not grow on maltose, we found that glucose consumption and zero trans-influx of 
glucosee are both inhibited by maltose (data not shown) in cells grown on glucose. This 
stronglyy suggests that maltose is a inhibitor of glucose transport with a site of inhibition that 
iss located on the external face of the plasma membrane. Similar findings have been described 
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inn human erythrocytes i.e. that maltose is a competitive inhibitor of glucose transport, binding 
att or close to the sugar influx site (24, 105). 

Assumingg that the competitive inhibition is caused by the binding of one of the 
glucosee residues of maltose to the extracellular glucose binding site of the glucose 
transporter,, we wondered whether there was a correlation between the structure of the 
disaccharidee and the inhibition of glucose transport, as previously suggested (105). Maltose 
inhibitss glucose transport in different yeasts of the genus Saccharomyces; however, other 
disaccharidess of glucose, cellobiose, isomaltose and OC-OC-trehalose, did not cause significant 
inhibitionn (data not shown). This suggests that only the (XI-4 linked disaccharide is in a 
conformationn which permits binding to the glucose transport protein. In the case of the other 
disaccharides,, the conformation of the second glucose with respect to the first prevents 
bindingg and hence prevents inhibition of the glucose transport protein. 

Determinatio nn off th e glycolyti c flu x contro l by glucos e transpor t in S. bajftmus 

(i)(i)  Direct comparison of zero trans-influx and the rate of glycolysis - The capacity (V^,*) or 
thee concentration of an enzyme has often been used as a qualitative measure of the degree to 
whichh a step in a metabolic pathway influences the rate-limits of that pathway. The term rate-
limitingg step has often been used for the step with the lowest capacity. In this study we 
examinee the control of glucose transport on the glycolytic flux in a more quantitative manner. 

Thee glycolytic flux was measured as the steady-state glucose consumption rate. 
Otherr measures of the glycolytic flux such as the production of ethanol or C02 (138), or the 
heatt flux (205) would add an extra degree of complexity to the determination of the control 
onn the glycolytic flux, by the branched nature of the glycolytic network and the potential 
redistributionn to and from the storage carbohydrates and into glycerol. Significant differences 
havee been documented in the product patterns of 5. cerevisiae, as a function of strain and 
growthh conditions (154). 

Thee rate of glucose consumption by S. bayanus cells, harvested at the diauxic shift, was 
measuredd at different extracellular concentrations of glucose in the absence and presence of 
1000 mM maltose and compared to the zero f raws-influx of glucose (Fig. 4.2). To compare the 
ratee of glucose consumption at a certain extracellular glucose concentration with the zero 
trans-inüuxtrans-inüux of glucose at that extracellular glucose concentration, the latter was calculated 
fromm the kinetic fit (Fig. 4.1 and Table 4.1). 

Iff  we compare the rate of glucose consumption with the zero trans-influx of glucose 
wee notice that the zero trans-inüux is always in excess over the glucose consumption rate. 
Thiss might suggest that the glucose transport step is not the rate-limiting step of glycolysis. In 
termss of Metabolic Control Analysis the control of the glucose transport step will be between 
00 and 1, whereas a rate-limiting step would have a control of 1. However if we compare the 
relativee change in flux with the relative change in the zero trans-inüux of glucose by making 
aa lntVzero.trans) versus ln(J)-plot, we find that the linearly fitted data result in a control 
coefficientt of 1.04 (+ 0.04), which suggests that all the control of the glycolytic flux is in the 
transportt of glucose across the plasma membrane, in other words glucose transport is the 
rate-limitingg step of glycolysis (Fig. 4.2). 
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(ii)(ii)  Calculation on the basis of carrier kinetics - In the approach used above, the glycolytic 
fluxx at a particular extracellular glucose concentration was compared to the zero trans-influx 
off  glucose at that extracellular glucose concentration. The zero trans-influx rate of glucose, 
however,, does not represent the actual activity of glucose transport under steady-state 
conditions.. Glucose transport is connected to the rest of metabolism by intermediary pools of 
metabolites,, most obviously the product of the glucose transport step, intracellular glucose 
(199,, 204, 239). Glucose transport can be stimulated or inhibited by various metabolites of 
whichh the concentration is determined by the total set of kinetic parameters of metabolism. 
Ideally,, the steady-state activity of glucose transport can be described by a rate-equation (e.g. 
equationn 4.3). For a condition where the glucose transport kinetics could be described by a 
onee (low K J component glucose transport system (204), it was shown that the difference 
betweenn the zero trans-influx rate and the rate of glucose consumption could be explained 
fullyy by the effect of a pool of intracellular glucose. However, the kinetics of high-Km uptake 
systemm led to an underestimation of the actual steady-state rate of glucose consumption. This 
anomalyy remains unexplained. 

F igu r ee 4 .2 Double log plot of the zero trans-influ x 
off  glucose (Vzero-trans) and the glucose consumption 
fluxx (J). The zero trans-inünx of glucose and flux were 
modulatedd by varying glucose and/or maltose. Cells of 
SaccharomycesSaccharomyces bayanus (IGC 4565) were grown on 
YEP,, 2% glucose to the diauxic shift. The rate of 
glucosee consumption (J) and the zero trans-inüux ( v ^ . 
trans)) of glucose were measured as described in Materials 
andd Methods in the absence (D) and presence ) of 
1000 mM maltose. The rate of glucose consumption (J) 
andd the zero /ra«s-influx of glucose (Vzero-trans) are 
expressedd in nmolmin"'(mgprotein)"1. 

Inn the present study we show how the control of glucose transport can be derived 
mathematically,, using experimental data, with a rate-equation that describes glucose 
transportt as a two-component transport system that is only connected to the rest of 
metabolismm by the pool of intracellular glucose (equation 4.3). It should be noted that this 
ratee equation is a very simple description of a two component glucose transport system. If 
onee or both of the components of glucose transport would exhibit more complex kinetics, 
suchh as asymmetry or cooperativity then the rate-equation and therefore the derivation of the 
elasticitiess would also be more complex, which will have implications for the experimental 
determinationn of the control of the glucose transport step. More research would be necessary 
too derive a rate equation of steady-state glucose transport activity that models the inhibition 
byy maltose of a multi-component glucose transport system. As was explained in Materials 
andd Methods, the calculation of the flux control coefficient (i.e. the relative change in the 
glycolyticc flux as a result of a relative change in the glucose transport activity) involves the 
divisionn of the response coefficient by the elasticity coefficient (equation 4.2). In other 
words:: what is the global change in the flux J as an effect of a local change in the glucose 
transportt activity vtrans. 

Thee response coefficient can be determined by measuring the glycolytic flux (the 
glucosee consumption rate) as a function of the parameter modulated i.e. the concentration of 
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extracellularr glucose. The flux vs extracellular glucose was smoothed by fitting a cubic spline 
inn linear space. The slope (dJ/ds) thus determined was scaled in each point by multiplying 
withh the respective extracellular glucose concentration and dividing by the flux [R = (dJ/ds)-
(s/J)],, to yield the flux response coefficient (Fig. 4.3). 

Thee elasticity coefficient was derived by calculating the steady-state activity of 
glucosee transport (equation 4.3) as a function of the concentration of extracellular glucose. 
Thee kinetic parameters in equation 4.3 were determined by measuring the zero trans-influx of 
glucosee (Table 4.1). The concentration of intracellular glucose at each concentration of 
extracellularr glucose was derived by comparing the zero trans-influx of glucose and the 
glucosee consumption rate at that concentration of extracellular glucose (equation 4.3; (204). 
Thee elasticity or the derivative of ln(vtrans) vs ln(extracellular glucose) was then derived by 
calculatingg the effect of a small change in the In of the extracellular glucose concentration on 
thee In of the steady-state glucose transport activity, keeping the concentration of intracellular 
glucosee constant. 

Figur ee 4.3 The flux response coefficient 

(RGG ) of glucose consumption (J) towards 

extracellularr  glucose (s). Cells of Saccharomyces 
bayanusbayanus (IGC 4565) were grown on YEP, 2% 
glucosee to the diauxic shift. Glucose consumption 
wass measured at various concentrations of 
extracellularr glucose. The response coefficient was 
obtainedd as explained in the text. 

00 50 100 150 200 250 
ss  (mM) 

Finally,, the flux control coefficients (Fig. 4.4) were calculated by dividing the 
responsee coefficients by the respective elasticity coefficients (equation 4.2). 

Byy using this more complicated method, we arrive at the same conclusion: when 
cellss of S. bayanus are grown on 2% glucose and harvested at the diauxic shift the flux 
controll  coefficient of the glucose transport step on the glycolytic flux is high (Fig. 4.4). At 
eachh extracellular glucose concentration more than half of the control of the glycolytic flux 
residess in the glucose transport step. In glucose-limited chemostats it was shown that yeast 
cellss evolved in time and showed enhanced relative fitness (and yield), which correlated with 
increasedd expression levels of high affinity glucose transporters and an increased zero trans-
influxx of glucose. This already had indicated indirectly the important role of the glucose 
transporterss in metabolism (20). 

Thee estimated concentration of intracellular glucose was verified by the method of 
Dee Koning and Van Dam (34). This method may give a value for intracellular glucose that is 
tooo high (204) since it does not correct for glucose bound to the cell. Thus, these values give 
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aa maximal intracellular glucose concentration. For example, at an extracellular concentration 
off  200 mM, an intracellular glucose concentration of 4 mM was measured, which results in a 
controll  coefficient (C) of the glucose transport step of 0.61. When the intracellular glucose 
concentrationn was calculated from the comparison of the glucose consumption and the zero 
trans-influxtrans-influx of glucose a value of 2 mM was found and the derived control coefficient is 
0.75.. We conclude that the exact value of the flux control coefficient is dependent on the 
concentrationn of intracellular glucose, but the derived flux control coefficient of glucose 
transportt is always high (i.e. more than half of the control is in the glucose transport step). 
Fromm the distribution in the calculated control coefficients (Fig. 4.4) it can be estimated that 
thee error in the control coefficients is around 20%. 

Fluxx control coefficients of more than 1 were calculated in some cases when the 
extracellularr glucose concentration was high. At higher extracellular glucose relatively more 
fluxx occurs through the low affinity component. It was already mentioned above that in cells 
off  S. cerevisiae harvested in exponential phase the glucose consumption rate was higher than 
calculatedd from the kinetic characteristics of glucose transport and the concentration of 
intracellularr glucose (204). Such cells only show low-affinity kinetics of glucose transport 
(239).. These authors concluded that the low-affinity component was underestimated. Cells of 
S.S. bayanus, harvested at the diauxic shift show dual kinetics, a high affinity component and a 
loww affinity component (Fig. 4.1). If we incorporated an increased low-affinity component in 
ourr calculations, we found that the control of glucose transport on the glycolytic flux at 
higherr extracellular glucose concentrations decreased (not shown). However, the anomalous 
behaviourr of cells containing only a low affinity glucose uptake system needs to be further 
investigated. . 

Figur ee 4.4 The flux control coefficient 

(( Cv ) of glucose transport activity on the 

ratee of glucose consumption (glycolytic flux; 
J)) as a function of extracellular  glucose (s). 
Cellss of Saccharomyces bayanus (IGC 4565) 
weree grown on YEP, 2% glucose to the diauxic 
shift.. The flux control coefficient was obtained 
byy dividing the flux response coefficient (Fig. 
4.3)) by the elasticity coefficient (see text). 

00 50 100 150 200 250 
ss (mM) 

Inn this study we show how the control of the glucose transport step on the glycolytic 
fluxflux can be derived on a quantitative basis. From our results we conclude that a high 
proportionn of the control of the glycolytic flux resides in the glucose transport step. The fact 
thatt the glucose transport capacity is always in excess over the glucose consumption rate and 
thee presence of intracellular glucose (204) does not prove that the control of glucose transport 
onn glycolysis is low, yet is an effect of the metabolic steps following the glucose transport 
step.step. The Km for glucose of the hexokinases (0.1-0.2 mM) and glucokinase (0.03 mM) in S. 
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cerevisiaecerevisiae is far below the measured and calculated concentration of intracellular glucose 
(204).. This might suggest that glucose should be phosphorylated at the maximal velocity; 
however,, the apparent Km of hexokinase may be increased by the competitive inhibition by 
trehalose-6PP (17) or by a direct interaction with the trehalose-6-phosphate synthase (212). 
Thee interaction of the Tps-system with hexokinase has been suggested to regulate the influx 
intoo glycolysis (207, 212), in the absence of the Tps-system glycolysis overflows. 
Differencess between the glucose consumption rate and the zero fr<ms-influx of glucose, as 
welll  as the presence of intracellular glucose, may thus arise as effects of the metabolic steps 
followingg the glucose transport step. 
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5.11 Summar y 

Thee glucose transport kinetics and the level of mRNAs of different glucose transporters 
(HXT)(HXT) were determined in Saccharomyces cerevisiae strains expressing different sugar 
kinasess during batch cultivation in glucose medium. Strains with null mutations of the HXK2 
genee exhibited a high-affinity hexose transport activity during exponential growth on 
glucose.. This was associated with an elevated transcription of the high-affinity transporter 
geness HXT2 and HXT7, and a diminished transcription of the low-affinity transporter genes 
HXT1HXT1 and HXT3. Deletion of HXT7 in an hxk2 null strain revealed that the high-affinity 
componentt is mostly due to HXT7; however, a previously unidentified very high-affinity 
componentt (Km = 0.24 mM) was due to other factors. Expression of genes encoding 
hexokinasess from Schizosaccharomyces pombe or Yarrowia lipolytica in an hxkl hxk2 glkl 
strainn prevented derepression of the high-affinity transport at high concentrations of glucose. 
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5.22 Introductio n 

Thee yeast Saccharomyces cerevisiae can utilize a variety of compounds as carbon sources for 
growth,, but glucose and related hexoses are used preferentially. Glucose elicits a variety of 
cellularr responses that ensure its preferential use, ranging from modulation of enzyme 
activityy to repression or induction of gene transcription (for reviews see: (22, 23, 58)). The 
unravelingg of the molecular mechanisms underlying these responses is one of the main 
challengess in current yeast research. 

Transcriptionall  repression by glucose has been correlated with a high glycolytic flux 
(54,, 149, 256). A number of regulatory proteins have also been shown to participate in the 
glucosee repression pathway; some of these are required for repression of several genes while 
otherss are more specific (for review see (58)). Among the proteins that play a role in the 
repressionn of several genes is the glycolytic enzyme hexokinase n, encoded by HXK2 (42, 
46). . 

Onee of the activities regulated by the presence of glucose in the culture medium is 
thee uptake of the sugar. Glucose transport is the first step of glycolysis and is carried out in S. 
cerevisiaecerevisiae by the products of a subset of the HXT family of transporter genes ((174); for 
reviewss see (19, 100)). Phenomenologically, glucose transport in wild-type yeast exhibits 
high-- and low-affinity kinetic components (15) whose proportions depend on the culture 
conditionss (see Chapter 2 and (239)). The high-affinity transport component of wild-type 
cellss is repressed at high glucose concentrations, both in batch cultures (see Chapter 2 and 
(13,, 16, 120, 124, 145, 238, 239)) and during chemostat cultivation (see Chapter 2 and 
(126)).. The kinetics observed are the result of the differential expression of HXT genes that 
encodee glucose transporters with different substrate affinities. HXT1 and HXT3 encode low-
affinityy transporters (K™ = 50-100 mM), HXT2 and HXT4 encode intermediate-affinity 
transporterss (Km - 10 mM), and HXT6 and HXT7 encode high-affinity transporters (Km = 1-2 
mM)) (173). Glucose affects expression of these genes in different ways: it represses genes 
encodingg high- and intermediate-affinity transporters, and induces HXT3 expression. These 
effectss are relieved in hxk.2 mutants (111,146, 171, 245). 

Hexokinasee is also related to the regulation of glucose repression and hexose uptake 
inn Kluyveromyces lactis. Mutations in the RAG5 gene of K. lactis, encoding the sole 
hexokinasee of this yeast, reduce the expression of the high- and low-affinity transport 
systemss of this yeast, and impair the transcription of the RAG1 low-affinity glucose 
transporterr gene (26,165). 

Inn this study we have analysed in parallel the kinetics of hexose uptake and the 
transcriptionn of hexose transporter genes in S. cerevisiae strains carrying deletions in the 
HXK2HXK2 gene, and in strains expressing only HXK2 or heterologous hexokinase genes from 
SchizosaccharomycesSchizosaccharomyces pombe or Yarrowia lipolytica. 

5.33 Material s and method s 

Yeastt  strains - The strains of S. cerevisiae used in this study are listed in Table 1. The 
HXK2HXK2 gene was deleted in strain CEN.PK113-7D to create strain KYI 16, and in strain 
CEN.PK113-5DD to create strain KYI 14 as follows: the kanMX cassette of plasmid pFA6a-
kanMX44 (235) was amplified using the Expand PCR kit with the primers AK53 (GTTGTAG 
GAATATAATTCTCCACACATAATAAGTACGCTAATTCGTACGCTGCAGGTCGAC; ; 
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thee underlined nucleotides correspond to the DNA immediately 5' of the HXT2 open reading 
frame)) and AK54 (AAAAGGGCACCTrcrTGTTGTTCAAACTTAATTTACAAATTAA G 
IATCGATGAATTCGAGCTCG;; the underlined nucleotides correspond to the DNA 
immediatelyy 3' of the HXT2 open reading frame), following the instructions of the 
manufacturerr (Roche). The resulting PCR product was transformed into competent 
CEN.PK113-7DD and CEN.PK113-5D cells as described (61). After 2 h of cultivation in YPD 
mediumm (1% yeast extract, 2% peptone, 2% glucose), the transformed cells were plated on 
solidd YPD medium containing G418 (200 ug/ml) and incubated at 30°C. G418-resistant 
isolatess were tested for proper replacement of the HXK2 locus with the kanMX cassette by 
analyticall  PCR using the TaqPlus Long PCR kit with the primers AK60 
(GACGAAATACGCGATCGCTGT)) and AK61 (GCCGAACATTTCAAAGTCAACC) as 
recommendedd by the manufacturer (Stratagene). The HXT7 gene was replaced by URA3 to 
producee strain KYI68 via amplification of the URA3 gene in plasmid pRS406 (197) by PCR 
ass described above, using primers JD3 (TATGCCAATACTTCACAATGTTCGAATCTATT 
CTTCATTTGCAGCGTATCACGAGGCCCTTTCGTC:: the underlined nucleotides 
correspondd to the DNA 100 bp 5' of the HXT7 open reading frame) and JD4 (ATGCACAAA 
TTAGAGCGTGATCATGAATTAATAAAAGTGTTCGCAAAACGTTTACAATTTCCTG G 
ATGCGG;; the underlined nucleotides correspond to the DNA immediately 3' of the HXT7 
openn reading frame). The resulting PCR product was transformed into KYI 14, and 
transformantss were selected as uracil prototrophs on solid medium containing 2% (w/v) 
glucose,, 0.67% (w/v) Yeast Nitrogen Base (Difco). Ura+ isolates were tested for proper 
replacementt of the HXT7 locus with URA3 by analytical PCR as described above, using 
primerss P9 (CGGTCTCCAGCTTCTCAGAAATGCATGCAGTG) and PI 1 (GACTAGGAT 
GAGTAGCAGCACGTTC). . 

Plasmidss - To construct strains expressing only one hexokinase, the following plasmids 
weree introduced into strain THG1: pCEWScHXK2, EL centromeric plasmid carrying the S. 
cerevisiaecerevisiae HXK2 gene (159); pTP5, a multicopy plasmid carrying the 5. pombe Sphxk2+ gene 
encodingg hexokinase II (156), or pDB20/YlHXKl, a multicopy plasmid carrying the Y. 
lipolyticalipolytica YIHXK1 gene encoding hexokinase I (158). The heterologous genes were under the 
controll  of the S. cerevisiae ADH1 promoter. 

Growthh conditions - Cells were grown in batch on an orbital incubator at 250 rpm and 30°C 
inn a medium containing 2% (w/v) glucose, 0.67% (w/v) Yeast Nitrogen Base, 0.1 M 
potassiumm phthalate, pH 5.0, and amino acids as required (195). Growth was monitored by 
measuringg the optical density at 600 nm. The glucose concentration in the cultures was 
monitoredd with Glucotest strips (Roche), and measured precisely by an enzymatic assay (see 
below).. For transport assays, cells were harvested by centrifugation at 4°C (5 min, 4000 x g), 
washedd twice in ice-cold 0.1 M potassium phosphate buffer (pH 6.5), resuspended in this 
bufferr to a cell concentration of approximately 7.5 (g proteinjlitre"1, and kept on ice until use. 

Glucosee and protein determination - Glucose was determined enzymatically as described 
inn Bergmeyer (11). Protein was determined by the method of Lowry et al. (115), using 
bovinee serum albumin (fatty-acid free) as a standard. 
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T a b lee 5.1 5~ cerevisiae strains used in this study. 

Strainn [Plasmid] Genotype e Source e 

CEN.PK113-7D D 

CEN.PK113-5D D 

KYII  14 

KY116 6 

KYII  68 

DFY1 1 

DFY567 7 

THG1 1 

THG11 [pCEN/ScHXK2] 

THG11 [pTP5] 

THG1 1 

[pDB20/Y!HXKl ] ] 

MATa,MATa, MAU-tf SUC2 

MATa,MATa, MAL2-8:SUC2 uro3-52 

MAT*,MAT*, MAL2-&SUC2 ura3-52 hxk2A:kanMX 

P.. Kotter (Frankfurt, 

Germany) ) 

P.. Kotter (Frankfurt, 

Germany) ) 

Thiss study 

MATa,MATa, MAL2-80 SUC2 hxk2A:kanMX This study 

MATa,MATa, MAL2-& SUC2 ura3-52 hxk2A:kanMX 

hxt7A:URA3 hxt7A:URA3 

MATalysl-1MATalysl-1 leul-\ 

Thiss study 

(241) ) 

MATaMATa tys\-\ leul-\ hxk2::LEU2 (241) 

MATaMATa leu2-l «ra3-52 hxkl::LEU2 hxk2::LEU2 

glkl:.LEU2 glkl:.LEU2 

MATaMATa leu2A ura3-52 hxkl::LEU2 hxk2::LEU2 

glkl::LEU2glkl::LEU2 [ScHXK2 URA3] 

MATaMATa leu2~\ wra3-52 hxkl::LEU2 hxk2::LEU2 

glkI::LEU2glkI::LEU2 [Sphxk2* URA3J 

MATaMATa leu2-\ «ra3-52 hxkl::LEU2 hxk2::LEU2 (158) 

glkl::LEU2glkl::LEU2 [YIHXK1 URA3J 

(156) ) 

(158) ) 

(159) ) 

Hexosee zero trans-Influ x assay - Zero frans-influx of hexoses was determined according to 
Walshh et al (239) at 30°C in 0.1 M potassium phosphate buffer (pH 6.5). Kinetic parameters 
off  glucose transport were derived from least-squares fitting of the data to one- or two-
componentcomponent Michaelis-Menten models using Enzfitter software. 

Enzymee activities - Hexokinase activity was measured spectrophotometrically by following 
NADPP reduction in the presence of glucose, ATP, and glucose 6-phosphate dehydrogenase as 
describedd in Gancedo et aL (59). When fructose was used in the assay, 2 units of 
phosphoglucosee isomerase were added. Invertase activity was measured as in (156). 

Northernn analysis of HXT mRNA - The abundance of HXT transcripts was assessed by 
extractionn of RNA from cells with acid phenol and blot-hybridization with oligonucleotides 
specificc to each HXT gene, essentially as described previously (see Chapter 2). 
Prehybridizationn and hybridization were carried out with 7% SDS/0.5 M sodium-phosphate, 
pHH 7.5. Hybridization was performed at 50°C with the HXT1 and HXT2 probes, and at 45°C 
withh the other probes. 
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5.44 Result s 

Transportt  kinetics of wild-typ e and nxk2 strains grown on glucose - The kinetics of 
glucosee uptake by wild-type 5. cerevisiae cells depends on the stage of the culture; a low-
affinityy is observed in cells harvested during exponential growth at high glucose 
concentrations,, and a high-affinity when glucose is exhausted (16, 239). We examined the 
effectt of the deletion of HXK2 on the apparent kinetics of glucose uptake and on the 
expressionn of the different HXT genes. The results of the transport kinetic determinations are 
shownn in Table 5.2 (see also Fig. 5.1). During exponential growth on glucose a wild-type 
strainn and an isogenic hxk2 mutant displayed a major low-affinity component with similar 
Vmaxx and Kro. However, the hxk.2 strain showed, in addition, a very high-affinity component 
withh a Km of 0.24 mM and a V  ̂ that was about 16% of that of the low-affinity component. 
Fructosee and mannose transport also showed a high-affinity component in cells of the hxk.2 
mutantt harvested during the exponential phase (Table 5.2). Transport of galactose was not 
affectedd by deletion of HXK2, and was negligible in both strains (data not shown). Similar 
kineticss of glucose transport were obtained with strains DFY1 (wild-type) and DFY567 
(isogenicc hxk2 null mutant), from a different genetic background (data not shown). 

Whenn glucose was depleted from the cultures, yeast cells displayed only high-
affinityy glucose uptake, with a Kn, of around 2 mM. No differences in the kinetics of fructose 
andd mannose transport were found between the wild-type and hxk.2 mutant strains in those 
conditions.. In both strains the K^ for fructose was around 7 mM and the Km for mannose was 
approximatelyy 14 mM. Galactose transport remained negligible (data not shown). 

Deletionn of the HXT7 gene in the hxk.2 mutant eliminated a substantial proportion of 
thee high-affinity component of glucose uptake during exponential growth on glucose (Fig. 
5.1).. However, in the double mutant, the component with very high-affinity for glucose 
remainedd (Km = 0.19 mM), but with an activity that was only about 2% of that of the low-
affinityy component (Table 5.2). 

Expressionn of HXT mRNA's - To determine which of the glucose transporters were 
responsiblee for the observed glucose uptake kinetics, we determined the expression of HXT 
mRNAss at different stages of growth on glucose by Northern blotting (Fig. 5.2). RNA was 
isolatedd from the same cell samples as used for glucose transport determinations. The wild-
typee strain mostly expressed HXT1 and HXT3 during exponential growth on glucose, with 
loww levels of HXT2 and HXT4 mRNA also detectable. This is consistent with the low affinity 
off  glucose uptake displayed by these cells, in light of the previously determined substrate 
affinitiess for these transporters (174). At the diauxic shift, transcription of the high-affinity 
transporterr gene HXT7 and to a lesser extent HXT6 increased in the wild-type strain, while 
transcriptionn of the low-affinity transporter genes HXT1 and HXT3 decreased. HXT2 and 
HXT4HXT4 mRNAs were not detected and HXT5 was expressed to a moderate level. 

InIn contrast, the hxk.2 deletion strain showed a high expression of HXT2 and HXT7 
andd reduced levels of HXT1 and HXT3 mRNA during exponential growth on glucose. HXT6 
transcriptionn was not detected under these conditions. The levels of all mRNAs except HXT5 
weree quite low in the mutant culture after glucose exhaustion. A similar expression pattern 
wass observed in the DFY1 and DFY567 strains (data not shown). 

Thee pattern of uptake kinetics as well as that of HXT transcription in glucose-grown 
cellss shows that HXK2 influences the expression of the genes encoding glucose transporters. 
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Inn particular, deletion of HXK2 leads to a marked increase of the high-affinity 
componentt of hexose transport and of the expression of the HXT2 and HXT7 transporter 
geness during growth at high glucose concentrations. 
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Figur ee 5.1 Eadie-Hofstee plot of the effect of 
successivee deletions in HXK2 and HXT7 genes on 
glucosee transport. Zero rrans-influx of glucose 
wass determined for S. cerevisiae CEN.PKH3-7D 
(wild-type,, , KYI 16 (hxk2A, ) and KY168 
(hxk2A(hxk2A hxt7A, O) strains during exponential 
(OD60o=l)) growth on YNB glucose (2%). Results 
off  one representative experiment are shown. V is 
thee zero frarcs-influx of glucose and S is the 
extracellularr glucose concentration. The calculated 
kineticc parameters are presented in Table 5.2. 

Specificityy of the effect of HXK2 on glucose transport - During exponential growth in 
glucose,, wild-type strains of S. cerevisiae show only the low-affinity component of the 
glucosee transport. Mutations in either HXK1 or GLK1 do not alter this pattern (124, 198). 
Thiss indicates that HXK2 represses the appearance of the high-affinity component. To 
determinee the specificity of the effect of HXK2 on glucose repression of high-affinity hexose 
transport,, we compared S. cerevisiae strains that expressed only one gene encoding 
hexokinasee from different yeast species. The results of these experiments are shown in Table 
5.3. . 

Ann S. cerevisiae strain expressing only HXK2 showed transport kinetics very similar 
too those of the wild-type strain. During exponential growth, this strain displayed only low-
affinityy glucose transport (Table 5.3). Strains expressing heterologous hexokinase genes, 
eitherr from S. pombe or Y. lipolytica respectively, yielded essentially the same results during 
exponentiall  growth (Table 5.3). These results indicate that the heterologous hexokinases can 
substitutee for the S. cerevisiae Hxk2 protein in exerting glucose repression on high-affinity 
glucosee uptake. The heterologous hexokinases were also active in repressing invertase (Table 
5.3). . 

5.55 Discussio n 

Glucosee has profound and complex effects on the genes and enzymes involved in the switch 
betweenn fermentative and oxidative metabolism in S. cerevisiae. We have examined the 
modulationn of hexose transport activity, and the role of HXK2 in that regulation. We found 
thatt at high glucose concentrations, in the presence of HXK2, the expression of high-affinity 
glucosee transporters is repressed. This repression is absent when HXK2 is deleted. 

Furthermore,, an unprecedented very high-affinity glucose transport activity is 
revealedd in hxk.2 mutant strains grown at high glucose concentrations. This activity is not due 
too HXT7, since it is also detectable in an hxk2 hxt7 double null strain. It is also unlikely to be 
duee to HXT8-HXT17 or related genes encoding hexose transporters (251), since the 
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expressionn of these genes is low and does not differ significantly between the wild-type and 
hxk2hxk2 mutant (data not shown). The very high-affinity component may be due to the high level 
off  HXT2 expression observed in the hxk2 mutant at high glucose. This possibility is 
supportedd by previous observations that suggested that the affinity of Hxt2 for glucose can be 
modulatedd by the growth conditions; in addition to intermediate-affinity kinetics in cells 
grownn at high glucose concentrations, it confers dual kinetics, with both high- and low-
affinityy components, when cells are grown at low glucose concentrations (173). The results 
reportedd here might be another aspect of the unusual kinetic characteristics of Hxt2. 

Tabl ee 5.3 Glucose transport kinetics and invertase and hexokinase activities in S. cerevisiae strains 
containingg only one hexokinase. S. cerevisiae THG1 was transformed with plasmids pCEN/ScHXK2 
(ScHXK2),(ScHXK2), pTP5 (Sphxk2+) or pDB20/YlHXKl (YIHXK1) carrying the genes encoding hexokinases from S. 
cerevisiae,cerevisiae, S. pombe and Y. lipolytica respectively (see Chapter 5.3 Materials and Methods). Invertase 
activitiess were determined using cells incubated in the presence of 2% of glucose (repressed) or 0.05% 
glucosee (derepressed). Extracts used for glucose transport and hexokinase assays were obtained from cells 
growingg exponentially on YNB glucose (2%). The data of zero frans-influx of glucose were fitted to a model 
off  one-component to determine the maximum velocity (Vmax* in nmol-min~L-(mg protein"1)) and Michaelis 
constantt (Km, in mM). 

Strain n 

ScHXK2 ScHXK2 

Sphxk2Sphxk2+ + 

YIHXK1 YIHXK1 

Glucose e 

V V 

4688  30 

4199 0 

4966 4 

transport t 

Km m 

344 3 

311 3 

233 3 

Invertase e 
mU.mgg cells"1 

RepressedRepressed Derepressed 

<100 225 

300 190 

<100 175 

Hexokinase* * 
mU.mgg protein"' 

1270 0 

1260 0 

1190 0 

'assayedd with glucose (1 mM). 

Glucosee repression of invertase and high-affinity hexose transport is restored to an 
hxklhxkl hxk2 glkl triple deletion strain by expression of HXK2, or by over-expression of HXK2 
homologss from Y. lipolytica or 5. pombe. These results suggest two hypotheses for the role of 
thesee hexokinases in glucose repression. A minimal level of hexokinase activity might be 
necessaryy to bring about glucose repression. This is supported by the ability of over-
expressionn of HXK1 or heterologous hexokinases to bring about repression (117, 158, 181). 
Alternatively,, the heterologous hexokinases may share a regulatory capability that is distinct 
fromm their enzyme activities, and that is not shared by hexokinase I or glucokinase of S. 
cerevisiaecerevisiae (124, 198). Hxk2 has features of a regulatory protein: it occurs in both the 
cytoplasmm and the nucleus (170), and is phosphorylated at low glucose concentrations (171). 
Thee serine at which phosphorylation occurs is conserved in the YIHXK1 sequence, but not in 
thee Sphxk2+ sequence (155, 156). 
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Figur ee 5.2 Expression of different MX I  mRNAs in 
S.S. cerevisiae wild-type (CEN.PK113-7D) and hxk2A 
(KY II  16) strains at different stages of growth on 
glucose.. Cells were harvested simultaneously for RNA 
analysiss and for the transport assays as shown in Fig. 5.1 
andd Table 5.2. Lane 1, wild-type, exponential growth 
(OD6ooo = 1); lane 2, hxk2A, exponential growth (OD6oo = 
1);; lane 3, wild-type, glucose exhaustion; lane 4, hxk2A, 
glucosee exhaustion. The PDA] mRNA levels were used 
ass control for RNA loading (246). 

1 22 3 4 
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HXT5 HXT5 
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PDA1 PDA1 
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 . ... 
:!!  : . -...... ... 

Thee wild-type and hxkl strains displayed similar levels of high-affinity transport 
activityy upon glucose depletion. However, the levels of HXT7 mRNA were significantly 
higherr in the wild-type strain. We have observed that HXT7 mRNA is rapidly turned over 
afterr glucose exhaustion, whereas Hxt7 protein (as a GFP fusion) is quite stable (data not 
shown).. Thus, the high level of high-affinity transport activity in the hxk2 mutant (Fig. 5.1 
andd Table 5.2) may result from persistence of the Hxt7 protein in these cells, which is not 
reflectedd in the HXT7 mRNA pool (Fig. 5.2). Alternatively, Hxt5 (whose transcript is 
abundantt in the glucose-depleted hxk2 culture) may account for the high-affinity activity 
observedd under these conditions. 

Wee noticed that expression of the low-affinity transporter genes HXT1 and HXT3 
wass significantly reduced in the hxk2 mutant during exponential growth, but that this was not 
reflectedd in the measured low-affinity transport activity of the bxk.2 strain. One possibility 
mayy be that the translation of Hxtl and Hxt3 protein was increased per mRNA to compensate 
forr the reduced transcript levels. Alternatively, the occurrence of a significant high-affinity 
componentt in the exponential-phase hxk2 cells may have led to an over-estimate of the low-
affinityy component. 

Thee presence in S. cerevisiae of a large family of glucose transporters that have 
differentt affinities for their substrates and whose expression is finely regulated remains an 
enigma.. From a physiological point of view it appears reasonable to express high-affinity 
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transporterss only at low external glucose concentrations. However it is not immediately clear 
howw expression of these transporters at high glucose concentration could be detrimental to 
thee cell. 
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6.11 Summar y 

Hexokinasee II is an enzyme central to glucose metabolism and glucose repression in the yeast 
SaccharomycesSaccharomyces cerevisiae. Deletion of HXK2, the gene which encodes hexokinase II, 
dramaticallyy changed the physiology of 5. cerevisiae. The hxkl null mutant strain displayed 
fullyy oxidative growth at high glucose concentrations in early exponential batch cultures, 
resultingg in an initial absence of fermentative products such as ethanol, a postponed and 
shortenedd diauxic shift, and higher biomass yields. 

Severall  intracellular changes were associated with the deletion of hexokinase II. The 
hxk2hxk2 deletion strain had a higher mitochondrial HT-ATPase activity and a lower pyruvate 
decarboxylasee activity, which coincided with an intracellular accumulation of pyruvate in the 
hxk2hxk2 mutant. The concentrations of adenine nucleotides, glucose-6-phosphate, and fructose-
6-phosphatee were comparable in the wild-type and the hxk2 mutant. In contrast, the 
concentrationn of fructose-1,6-bisphosphate, an allosteric activator of pyruvate kinase, was 
clearlyy lower in the hxk2 mutant than in the wild-type. 

Thee results suggest a redirection of carbon flux in the hxk2 mutant to the production 
off  biomass, as a consequence of reduced glucose repression. 
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6.22 Introductio n 

Glycolysiss plays a central role in glucose metabolism in the yeast Saccharomyces cerevisiae. 
Itt is the root for many different pathway branches which lead primarily to the production of 
biomass,, ethanol, and C02. The first step in glycolysis is the transport of glucose across the 
celll  membrane by members of the hexose transporter family (19, 100, 173). Subsequently, 
intracellularr glucose is phosphorylated to glucose-6-phosphate. In the yeast S. cerevisiae, 
theree are three isozymes that phosphorylate glucose: glucokinase (encoded by GLK1), 
hexokinasee I (encoded by HXK1), and hexokinase II (encoded by HXK2). These isozymes 
havee different affinities for glucose and ATP, and different specificities towards other sugars 
suchh as fructose and mannose (59, 113). Furthermore there are differences in the 
transcriptionall  regulation of the genes that encode these hexose-phosphorylating enzymes, 
dependingg on the source and the amount of carbon (72). In contrast to hexokinases from other 
organisms,, S. cerevisiae hexose kinases are not inhibited by their product glucose-6-
phosphatee (for review see: (21)). Instead, the inhibition of hexokinase II activity by trehalose-
6-phosphatee (17) may be involved in the regulation of the sugar influx into glycolysis by 
trehalose-6-phosphatetrehalose-6-phosphate synthase (207, 212) and thereby in the regulation of intracellular 
metabolitee pools. Furthermore, from previous studies it is known that hexokinase II is 
involvedd in glucose repression (for reviews see: (22, 58)). 

Glucosee repression is a mechanism that adapts yeast cells for the fermentation of 
glucose,, the preferred carbon source (for recent reviews see (22, 58)), by repression of a large 
numberr of genes at the level of transcription. Transcription of SUC2 (encoding invertase), 
GALGAL genes (encoding proteins involved in galactose metabolism), MAL genes (encoding 
proteinss involved in maltose metabolism), HXK1 (encoding hexokinase I), and genes 
encodingg enzymes of the glyoxylate shunt, the tricarboxylic acid cycle, and gluconeogenesis 
aree all repressed in the presence of glucose. In addition, genes involved in respiration and 
otherr mitochondrial activities are repressed by glucose. In S. cerevisiae, glucose repression 
leadss to the occurrence of diauxic growth on glucose. 

Thee mechanism governing glucose repression is not yet well understood, and several 
regulatoryy pathways seem to be involved. A central role for hexokinase II is apparent (58). 
Thee absence of hexokinase II causes derepression of high-affinity glucose transport (124, 
198)) encoded by at least HXT7 (see Chapter 5 and ref. (111)). Also the synthesis of 
hexokinasee I (45), invertase (encoded by SUC2), maltase, malate dehydrogenase (46), 
galactokinase,, cytochrome c reductase, and cytochrome c oxidase (128) is no longer 
repressedd by glucose in hxk2 mutants. 

Severall  properties of hexokinase II may be involved in glucose repression. 
Previously,, the sugar-phosphorylating activity of hexokinase II was suggested to be directly 
correlatedd to the extent of glucose repression (116). Overproduction of hexokinase I (encoded 
byy HXK1) restored glucose repression in an hxk.2 mutant, however overexpression of GLK1 
(encodingg glucokinase) did not (182). Hexokinase II is a phosphoproteinn in vivo (234), which 
suggestss a regulatory function. Both hexokinase I and hexokinase II exist in two isoforms in 
vitro,vitro, a monomeric and a dimeric form, which have different affinities for glucose (10). 
Phosphorylationn at serine-15 converts hexokinase II to the monomeric form (10, 99), which 
seemss essential for glucose repression (171). Furthermore, a dual cytosolic-nuclear 
localizationn of hexokinase II has been demonstrated (170). In the nucleus, the hexokinase II 
proteinn participates in a regulatory DNA-protein complex necessary for glucose repression of 
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thee SUC2 gene in the nucleus (73). Thus, there are strong connections between glucose 
repressionn and hexokinase II in terms of both metabolic and regulatory activity. 

Manyy previous studies have been dedicated to the role of hexokinase II in glucose 
repression;; in this paper we give the first comprehensive physiological characterization of S. 
cerevisiaecerevisiae cells deleted in hexokinase II during and beyond aerobic batch growth on glucose. 

6.33 Material s and method s 

Strainn and growth conditions - S. cerevisiae wild-type strain CEN.PK113-7D (MATa 
MAL2-&MAL2-& SUC2) provided by Dr. P. Kotter (Frankfurt, Germany) was used for a PCR-based 
genee disruption of HXK2. Primers described in this study were constructed by Isogen 
Biosciencee BV. The HXK2 gene was replaced by a fowMX-cassette in CEN.PK113-7D to 
createe strain KYI 16 as follows: using primer AK53 (GTTGTAGGAATATAATTCTCCACA 
CATAATAAGTACGCTAATTCGTACGCTGCAGGTCGAC:: the underlined nucleotides 
correspondd to the DNA immediately 5' of the HXK2 open reading frame) and primer AK54 
(AAAAGGGCACCTTCTTGTTGTTCAAACTTAATTTACAAATTAAGTATCGATGAA T T 
TCGAGCTCG;; the underlined nucleotides correspond to the DNA 3' of the HXK2 open 
readingg frame) the kanMX cassette of plasmid pFA6a-kanMX4 (235) was amplified using the 
Expandd PCR kit as recommended by the manufacturer (Roche Diagnostics). The resulting 
PCRR product was transformed into competent CEN.PK113-7D as previously described (61). 
Afterr 2 h of cultivation in YEPD medium (1% w/v yeast extract, 2% w/v peptone, 2% w/v 
glucose),, the transformed cells were plated on solid YEPD medium containing G418 (200 
fAg/ml)) and incubated at 30°C. G418-resistant isolates were tested for the proper integration 
off  the kanMX cassette at the HXK2 locus by analytical PCR using the TaqPlus Long PCR kit 
withh the primers AK60 (GACGAAATACGCGATCGCTGT) and AK61 (GCCGAACATTT 
CAAAGTCAACC)) as recommended by the manufacturer (Stratagene). 

Aerobicc batch cultivations were performed in a bioreactor at 30°C at a stirring speed of 1000 
rpmm and an aeration rate of 1 volume of air per vessel volume per minute. The minimal 
mediumm contained 1% (w/v) glucose, 0.17% (w/v) Yeast Nitrogen Base (YNB) without 
aminoo acids or (NH^SOt*  (Difco), 0.5% (NH^SÔ  (w/v), and 0.1 M potassium phthalate at 
pHH 5.0. Samples were taken for analysis of extracellular metabolites, intracellular 
metabolites,, dry weight, protein, optical density, and enzyme activities. O2 consumption and 
C022 production were measured by on-line mass spectrometry of the exhaust gas The optical 
densityy of the culture was measured at 600 nm in a spectrophotometer (1=1 cm, Novaspec II, 
Amershamm Pharmacia). Throughout this chapter, data are shown of a single representative 
experiment.. Variations between experiments were less than 15% and within each experiment 
eachh data point had an error of less than 5%. 

Samplee extraction - For the determination of the protein concentration 1.2 ml of the culture 
wass centrifuged for 1 min at 14000 x g. The pellet was resuspended in 1.2 ml of 1 M NaOH. 

Sampless for the determination of extracellular metabolites were prepared by adding 
1000 ul 35% perchloric acid (v/v, PC A) to 1 ml of the culture supernatant. Samples were 
neutralizedd before analysis with 55 ul 7 M KOH. After centrifugation (1 min at 14000 x g) 
thee supernatant was filtered through 0.45 um nylon syringe filters (Alltech). 
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Sampless for the determination of intracellular metabolites were prepared by addition 
off  100 ul 35% PC A (v/v) to 600 |il culture and put on ice. Samples were neutralized within 
ann hour after extraction with 145 ul 2 M K2CO3. 

Forr the preparation of enzyme extracts 10 ml of culture was centrifuged for 5 min at 
40000 x g at 4°C. The pellet was resuspended in 0.6 ml 20 mM potassium phosphate buffer 
(pHH 7) and extracted by vigorous shaking for 15 min with 0.5 gram glass beads (0 ~ 0.45-10" 
33 m) at 4°C. To inhibit serine protease activity 1 uM phenylmethylsulfonyl fluoride (PMSF, 
dissolvedd in dimethylsulfoxide: DMSO) was added. 

Forr the determination of mitochondrial HP-ATPase activity 10 ml of culture was 
centrifugedd for 5 min at 4000 x g at 4°C. The pellet was resuspended in 100 ul buffer 
containingg 500 mM mannitol, 1 mM ATP, 2 mM EDTA, 0.2% bovine serum albumin (w/v), 
10%% methanol, 10 mM e-aminocaproic acid in 0.1 M Tris-HCl (pH 7.5) and extracted by 
vigorouss shaking for 30 min with 0.2 gram glass beads (0 ~ 0.45-10"3 m) at 4°C (222). To 
inhibitt protease activity 1 uM PMSF (in DMSO) was added. ATPase activity was measured 
inn the complete extract. 

Analysess - Protein concentrations were determined by the method of Lowry et al. (115) 
usingg bovine serum albumin (fatty-acid free, Sigma) as a standard. Extracellular metabolites 
weree determined by means of high performance liquid chromatography (LKB, Bromma, 
Sweden)) with a Rezex organic acid analysis column with an 8u particle size, 8% cross 
linkingg and a hydrogen ionic form (Phenomex, Torrance, CA), at a temperature of 45°C and 
withh 7.2 mM H2S04 as eluent. Detection occurred by an RI-1530 refractive index detector 
(Jasco,, Tokyo, Japan). Peak integration and data processing were done with Borwin (Le 
Fontanil,, France) chromatography software. Intracellular metabolites were determined by 
NAD(P)HH coupled enzymatic reactions (11). Intracellular concentrations were calculated 
assumingg that 1 mg of protein corresponds to 3.75 ul of intracellular volume (34, 177, 204). 
Enzymee activities were determined at 30°C and pH 7.0 by NAD(P)H coupled enzymatic 
reactionss (203). Mitochondrial ATPase activity (azide sensitive ATP hydrolysis) was 
determinedd by subtracting the azide-in sensitive ATPase activity from the total ATPase 
activity.. Total ATPase activity was measured at 30°C at pH 8.0 with 0.5 mM 
phosphoenolpyruvate,, 6 mM MgCl2-6H20, 85 mM sucrose, 5 mM ATP, 35 mM Tris-HCl, 
0.33 mM NADH, 50 uM antimycin A, 5 Umi1 pyruvate kinase and 5 U-ml"1 lactate 
dehydrogenasee (222). The reaction was started with crude enzyme extract. The azide-
insensitivee ATPase activity was measured with the same reaction mixture in the presence of 5 
mMM NaN3. Protein, intracellular metabolites and enzyme activities were measured on a 
COBAS-FARAA automatic analyser (Roche). 

6.44 Result s 

Physiologicall  changes - During aerobic batch growth on 1% glucose, distinct growth 
phasess could be distinguished in wild-type S. cerevisiae (Fig. 6.1 A; for a description of wild-
typee yeast batch growth see (114)). In a first exponential growth phase the glucose was 
metabolizedd predominantly to ethanol and CO2, minor products of fermentation being 
glycerol,, acetate and pyruvate (Figs. 6.2A and 6.3A). Both protein concentration and optical 
densityy of the culture increased exponentially at a rate of approximately 0.38 h"1. The specific 
C022 evolution rate was 800 nmol-min'Ong protein)"1 and the specific 02 consumption rate 
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wass 65 nmol-min"1-(mg protein)"1, resulting in a respiratory quotient (RQ=C02/02) of 
approximatelyy 12 during exponential growth (Fig. 6.3A). This RQ is indicative of respiro-
fermentativee growth. Only a small part of the glucose was respired whereas the rest was 
fermentedd primarily to ethanol. As a consequence of the production of ethanol, which has a 
relativelyy high energy content, the growth yield was low. On a C-molar basis 71% of the 
glucosee was converted to ethanol and C02, 2% to C02 via the TCA cycle, 13% to biomass, 
5%% to glycerol, 2% to acetate and 0.5% to pyruvate, which gives a carbon recovery of 93.5%, 
howeverr a part of the missing carbon can be accounted for by ethanol evaporation (i.e. 
substantiall  amounts of ethanol were measured in the off-gas by means of a cold trap). 
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Figur ee 6.1 Influence on growth 
characteristicss of the HXK2 deletion. The 
wildd type strain (A) and the hxk2 mutant strain 
(B)) were grown on YNB, 1% glucose. Growth 
wass monitored by measuring the optical 
densityy at 600 nm ) and the total protein 
concentrationn (D) of the culture. Dotted lines 
indicatee the moment of glucose exhaustion. 
Errorss are less than 5%. Data are shown of a 
representativee experiment. 
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Afterr glucose was exhausted, growth was arrested in the wild-type yeast cells for at 
leastt 4-5 hours while they adapted their metabolic machinery for respiratory growth on 
ethanol.. The depletion of glucose coincided with a sudden drop in C02 production and 02 

consumption.. Both C02 production and 02 consumption resumed before growth did 
(comparee Figs. 6.1 A and 6.3A). After the lag-phase the wild-type yeast consumed the ethanol 
andd other fermentative products that were produced during growth on glucose. An RQ of 
approximatelyy 0.6 was measured (Fig. 6.3A) which is characteristic for growth on ethanol 
(114).. During growth on ethanol the optical density increased relatively more than the protein 
concentrationn (Fig. 6.1). At the end of growth there was a small increase in RQ (Fig. 6.3A), 
characteristicc for the metabolism of acetate (114). 

Thee deletion of the HXK2 gene altered the growth characteristics at high glucose 
concentrationss (Fig. 6. IB). Compared to the wild-type yeast the rate of exponential increase 
inn protein and optical density was decreased (u = 0.33 h"1), and slowed further to a rate of 
0.222 h"' at later stages of growth on glucose. The protein content per OD-unit was lower in 
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thee hxk.2 mutant during exponential growth on glucose (between 5 and 25% more protein per 
OD-unitt in the wild-type yeast), possibly as a consequence of differences in the cellular 
make-upp between the wild-type and hxk.2 mutant (e.g. storage carbohydrates). Most striking, 
duringg early exponential growth the hxk.2 mutant consumed much less glucose than the wild-
typee strain and no products of fermentation could be detected in the culture supernatant (Fig. 
6.2B).. During this period glucose was only converted into biomass and C02 in contrast to the 
wild-typee during exponential growth on glucose. In the hxk2 mutant glucose was completely 
convertedd by oxidative metabolism as evidenced by an RQ of 1 (Fig. 6.3B). 

Figur ee 6.2 Changes in the external metabolite 
patternn as a consequence of an HXK2 deletion. The 
wildd type strain (A) and the hxk2 mutant strain (B) 
weree grown on YNB, 1% glucose. Glucose , 
ethanoll  (D), glycerol (V), acetate (A), and pyruvate 
(O)) were determined in the supernatant of the culture. 
Dottedd lines indicate the moment of glucose 
exhaustion.. Errors are less than 5%. Data are shown of 
aa representative experiment. 
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Att a, at first sight, arbitrary moment the hxk.2 mutant showed a decrease in 02 

uptakeuptake rate and an increase in the rate of C02 evolution, resulting in an increase of RQ to a 
maximumm of 2.5, which is still much lower than for the wild-type during fermentative 
growth.. These changes in gas metabolism coincided with the production of fermentative 
productss such as ethanol, acetate, glycerol and pyruvate (Fig. 6.2B). On a C-molar basis 25% 
off  the glucose was converted to ethanol and C02, 14% to C02 via the TCA-cycle, 48% to 
biomass,, 6% to glycerol, and 6% to acetate (carbon recovery of 99%). 

Afterr glucose exhaustion and a lag period, which is shorter than for the wild-type 
(Figs.. 6.1 and 6.3), the hxk2 mutant metabolized and grew on the fermentative products of 
glucosee metabolism. As in the wild-type, this process occurred with an RQ of approximately 
0.6.. The growth on fermentative products was shorter than for the wild-type cells since the 
amountt of fermentative products produced was lower during the preceding exponential 
growthh on glucose. As with the wild-type, a small increase in RQ was observed at the end of 
growthh as a consequence of acetate metabolism. 
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F igur ee 6 .3 Specific C02 production, 02 

consumptionn and the Respiratory Quotient durin g 
growth.. The wild type strain (A) and the hxk2 mutant 
strainn (B) were grown on YNB, 1% glucose. C02 

productionn ) and 02 consumption (D) were 
measuredd continuously from the off-gas and are 
expressedd in umol-min"'-(mg total cell protein)"'. The 
RQQ (—) was determined by dividing the specific C02 

productionn by the specific 02 consumption. Dotted 
liness indicate the moment of glucose exhaustion. 
Errorss are less than 5%. Data are shown of a 
representativee experiment. 

Too determine the reason for the onset of fermentation in the hxkl mutant, experiments were 
performedd in which growth, glucose consumption, and the start of ethanol production were 
determinedd at initial glucose concentrations between 0.5% and 8%. The exponential growth 
ratess of both the wild-type and the hxkl mutant strains decreased with increasing initial 
glucosee concentrations. The growth rate of the wild-type decreased from 0.39 h"1 at 0.5% 
initiall  glucose to 0.34 h"1 at 8% initial glucose. Remarkably, in the hxkl mutant the growth 
ratee showed a dramatic decline in growth rate from 0.32 h"1 at 0.5% initial glucose to 0.18 h"1 

att 8% initial glucose. The onset of ethanol production was not associated with the residual 
concentrationn of glucose (results not shown). Additionally, the onset of ethanol production 
wass not a consequence of an insufficient dissolved oxygen tension during batch growth on 
11 % glucose. Dissolved oxygen did not drop below 90% of air saturation during any stage in 
growthh for either the wild-type or the hxkl mutant strains (results not shown). The onset of 
ethanoll  production was correlated with the biomass concentration of the cultures, and started 
att a protein concentration of approximately 0.25 glitre"' irrespective of the initial glucose 
concentration. . 

Intracellula rr  changes - To understand the molecular basis of the physiological changes that 
resultt from the deletion of the HXK1 gene, some intracellular properties of the wild-type and 
thee hxkl mutant were monitored during growth on 1 % glucose. As was shown in the first part 
off  the results section, the growth characteristics (Fig. 6.1) of the wild-type and hxkl mutant 
strainn are differ strongly. In both in the wild-type and the hxkl mutant strains the metabolite 
patternn continuously changes during growth on 1% glucose (Fig. 6.4). The intracellular 
concentrationss of glucose-6-phosphate, fructose-6-phosphate and ATP decreased during 
exponentiall  growth on glucose in both strains. The intracellular concentration of fructose-1,6-
bisphosphatee decreased in the wild-type, but remained relatively low and constant in the hxkl 
mutant.. The total concentration of the adenine nucleotides decreased in both the wild-type 



Physiologyy of an hxk2 mutant 

strainn and the hxk.2 mutant strain. The concentrations of ADP and AMP were marginally 
higherr in the hxk2 mutant strain. The onset of fermentation in the hxk.2 mutant coincided with 
ann intracellular accumulation of pyruvate. A comparison between the culture supernatant and 
ann extract of the total culture suggests that pyruvate accumulated extracellularly and was not 
excreted,, levels up to 40 mM of intracellular pyruvate were estimated (data not shown), 
whereass the wild-type excreted the pyruvate. 

100 15 20 35 40 
Time e 

Figur ee 6.4 Internal metabolites during growth on glucose. The wild type strain (A & C) and the hxk2 
mutantt strain (B & D) were grown on YNB, 1% glucose. The intracellular concentrations of glucose-6-
phosphatee , fructose-6-phosphate (D), and fructose-1,6-bisphosphate (A) in Figs. A and B, and the adenine 
nucleotidess ATP , ADP (D), and AMP (A) in Figs. C and D are expressed in mM in the cytosol. Dotted 
liness indicate the moment of glucose exhaustion. Errors are less than 5%. Data are shown of a representative 
experiment. . 

Glucose-phosphorylatingg activity increased during exponential growth on glucose in the 
wild-typee (Fig. 6.5A). A slightly higher specific phosphorylating activity was measured with 
fructosee than with glucose, which indicates the presence of hexokinase I. In the hxk2 mutant 
thee hexose-phosphorylating capacity increased only slightly during growth on glucose (Fig. 
6.5B).. In the hxk2 null strain the hexokinase activity was slightly higher with fructose than 
withh glucose early in exponential growth. When growth on glucose continued, fructose 
clearlyy became the preferred substrate, with fructose activity being two times higher than 
glucosee activity. After glucose exhaustion the wild-type showed a higher glucose- and 
fructose-phosphorylatingg activity than the hxk2 mutant. 

Pyruvatee decarboxylase converts pyruvate into acetaldehyde en route to ethanol. 
Bothh in the hxk2 mutant and in the wild-type the pyruvate decarboxylase activity was 
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relativelyy constant during growth on glucose (Fig. 6.5); however in the hxk.2 mutant the 
pyruvatee decarboxylase activity was 2-3 times lower than in the wild-type. 

Inn the wild-type ,a low, yet increasing, mitochondrial ATPase activity was observed 
whenn glucose was consumed during growth on 1 % glucose. In contrast, in the hxk.2 mutant 
thee mitochondrial H+-ATPase activity was high throughout exponential growth on glucose, 
indicativee of a derepressed mitochondrial respiratory capacity. 
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F igu r ee 6 .5 Specific enzyme activities durin g growth on glucose. The wild type strain (A & C) and the 
hxk2hxk2 mutant strain (B & D) were grown on YNB, 1 % glucose. In Figs. A and B the fructose-phosphorylating 
activityy , the glucose-phosphorylating activity (D) (in umol substrate converted per minute per mg total 
celll  protein), and the ratio between fructose- and glucose-phosphorylating activities, are depicted. In Figs. C 
andd D the pyruvate decarboxylase activity (O), and mitochondrial H+-ATPase ) activity are depicted. 
Dottedd lines indicate the moment of glucose exhaustion. Errors are less than 10%. Data are shown of a 
representativee experiment. 

6.55 Discussio n 

Aerobicc batch growth on 1% glucose of wild-type S. cerevisiae is characterized by respiro-
fermentativee metabolism. The energy necessary for exponential growth is partly generated by 
respirationn (i.e. the oxidation of glucose to C02 via the TCA cycle and oxidative 
phosphorylation)) and partly by fermentation (i.e. the conversion of glucose to fermentative 
products,, primarily ethanol). Oxidative growth yields more ATP per glucose molecule than 
fermentativee growth. The production of ethanol from glucose under aerobic growth 
conditionss is referred to as the Crabtree effect. The Crabtree effect has been ascribed to a 
limitedd capacity of the mitochondrial respiratory chain, or an overflow of metabolism at the 
levell  of pyruvate (166). In the industrial production of yeast biomass the formation of ethanol 
iss undesirable, and industrial fermentations are designed to avoid it. The production of 
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ethanoll  (or other metabolites) is accompanied by reduction of biomass yield, and is related to 
inhibitionn of yeast growth and poor performance during subsequent fermentation (230). 
Furthermoree the production of fermentative products results in a diauxic shift; first the cells 
groww on glucose and then they have to adapt to growth on the fermentative products. 
Productionn of fermentative products can be avoided by means of fed batch cultivation of the 
yeast.. The culture is fed below a critical dilution rate and is mixed vigorously by aeration to 
avoidd local high concentrations of glucose and/or low concentrations of dissolved oxygen. 

Yeastt strains with (null) mutations in HXK2 have a reduced growth rate and reduced glucose 
repressionn at higher glucose concentrations (this study and (46)). This reduction suggests that 
hexokinasee n and/or glucose repression are necessary to regulate glucose metabolism for fast 
growthh at high external glucose concentrations. However, elimination of hexokinase II, an 
enzymee central in glucose repression, does not result in severe growth defects or apparent 
changess in cell morphology (results in this chapter and not shown). Instead a yeast strain with 
aa null mutation in HXK2 displays fully oxidative growth at high glucose concentrations in 
earlyy exponential batch cultures, resulting in an initial absence of fermentative products such 
ass ethanol, a postponed and shortened diauxic shift, and higher biomass yields. 

Changess inn intracellular properties resulting from the absence of the hexokinase II protein are 
apparentt (this study and refs: (45, 46, 111, 124, 128, 157, 198)). Hexokinase II is the 
dominantt hexose-phosphorylating enzyme during exponential growth on glucose. Only when 
glucosee declines do the other hexose-phosphorylating enzymes, hexokinase I and 
glucokinase,, appear (59, 72). Mutations in the genes encoding hexokinase I (HXK1) and 
glucokinasee (GLK1) do not have significant effects on glucose repression. However, 
overexpressionn of HXK1 can restore glucose repression in an hxk.2 mutant (182). 
Overproductionn of glucokinase on the other hand was not sufficient to restore glucose 
repression.. Hexokinase I, like hexokinase II, but in contrast to glucokinase, exists in both 
monomelicc and dimeric states (123). This similarity suggests that the hexose-phosphorylating 
activityy itself is not directly related to glucose repression, yet there might be a relation 
betweenn the presence of the different oligomers and glucose repression. In this study we 
showw that the hxk.2 mutant and the wild-type have comparable hexose-phosphorylating 
activitiess during exponential growth on glucose. This finding contradicts the hypothesized 
relationshipp between glucose repression and hexose-phosphorylating capacity. However, the 
inin vitro phosphorylating capacity might be similar in the different strains, yet the affinities of 
thee glucose-phosphorylating enzymes differ strongly (113), thus the in vivo phosphorylating 
activityy or the resulting metabolite pools cannot be excluded as direct regulators of glucose 
repression. . 

Duringg growth on glucose, the fructose-phosphorylating activity of the hxk2 mutant 
increasess while the glucose-phosphorylating activity remains constant, which suggests an 
increasee in hexokinase I, since fructostose is not phosphorylated by glucokinase and the ratio 
off  fructose over glucose phosphorylation is approximately 1.3 for hexokinase II, and around 
33 for hexokinase I (72). 

High-affinityy glucose transport is subject to glucose repression (13, 16, 173). In 
wild-typee yeast die kinetics of glucose transport are determined predominantly by low-
affinityy transporters at high concentrations of glucose. When the glucose concentration 
declines,, glucose transport switches more and more to high-affinity transporters (e.g. Chapter 
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22 and (239)). In a strain in which HXK1 is deleted, high levels of high-affinity glucose 
transporterss are found even at high concentrations of glucose (see Chapter 5 and ref. (13)). 
Steady-statee intracellular metabolite levels are determined by the transport step and the 
subsequentt metabolic machinery. The changes in inhibition of hexokinase activity by 
trehalose-6-phosphatee or in the interaction with trehalose-6-phosphate synthase, and the 
presencee of high-affinity glucose transport activity in the hxkl null mutant during growth at 
highh glucose concentrations may change the concentration of intracellular metabolites (e.g., 
intracellularr glucose or glucose-6-phosphate) and thereby relieve glucose repression. 

Bothh intracellular glucose and glucose-6-phosphate might act as signal molecules 
forr glucose repression. Entian et al (46) showed that intracellular concentrations of glucose-
6-phosphate,, fructose-6-phosphate and fructose-1,6-bisphosphate are comparable in the wild-
typee and the hxkl mutant grown on different carbon sources. However, intracellular 
metabolitess were not followed during growth, but measured in cells harvested at an arbitrary 
pointt (after 36 hours of growth). In our experiments, both glucose and ethanol metabolism 
weree finished by 36 hours, which may indicate that in the experiment described by Entian et 
al.al. the cells were no longer exponentially growing on glucose. Here we show that the 
concentrationss of glucose-6-phosphate, fructose-6-phosphate, and ATP change during growth 
onn 1% glucose, yet are comparable in the wild-type and the hxkl mutant. 

Thee ATP/AMP ratio might act as a signal for glucose repression by modulating the 
Snfll  kinase activity (252). The Snfl kinase is required for the transcription of glucose-
repressedd genes. However, the role of the ATP/AMP ratio in glucose repression has been 
calledd into question (58). In our experiments, the ATP/AMP ratios are similar in the wild-
typee and the hxkl mutant, in spite of the dramatically different states of glucose repression, 
whichh suggests that the hypothesis that the ATP/AMP ratio triggers glucose repression is 
incorrect. . 

Thee concentration of fructose-1,6-bisphosphate decreased in wild-type yeast during 
growthh on glucose. In the hxkl mutant strain the concentration of fructose-1,6-bisphosphate 
iss lower than in the wild-type during growth in glucose medium. Fructose-1,6-bisphosphate is 
ann allosteric activator of pyruvate kinase. Pyruvate kinase is the enzyme that converts 
phosphenolpyruvatee into pyruvate in the last step of glycolysis. The reduced levels of 
pyruvatee decarboxylase and the decreased activation of pyruvate kinase in the hxkl mutant 
mightt be directly responsible for the redirection of carbon-flux from the production of 
ethanoll  to the production of biomass. 

Inn the wild-type the culture density and culture protein concentration remained constant for 
approximatelyy 5 hours after glucose exhaustion. During this diauxic shift the O2 consumption 
andd C02 evolution decreased strongly, however increased again soon, indicative for the re-
initiationn of metabolism, yet the arrest in growth persisted (Figs. 6.1 and 6.3A). This lag 
indicatess that the adaptation, involving the conversion of enzymes of the metabolic 
machinery,, is an energy consuming process. In the hxkl mutant the adaptation period seemed 
approximatelyy 1 hour (Figs. 1-3), which suggests that at least some of the mRNA or enzymes 
necessaryy for growth on ethanol were already present. This hypothesis is confirmed by the 
derepressedd mitochodrial iT-ATPase activity. 

Thee hxkl mutant began fermentation after the glucose had been partially consumed. 
Thiss delay was unexpected, since as the concentration of glucose declines during growth one 
wouldd expect glucose repression and flux through glycolysis to decline as well. Possible 
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explanationss for these results include: (i) the dissolved oxygen concentration may have been 
tooo low, resulting in a limited supply of 02 at elevated concentrations of biomass, (ii) a 
vitaminn or nutrient other than glucose may have been depleted after a certain amount of 
biomasss was produced (168), or (iii ) intracellular accumulation of metabolites may have 
causedd an overflow of metabolism into fermentation, or affected the expression of particular 
geness (e.g. accumulation of intracellular glucose may result in glucose repression). 

Forr the oxidative degradation of glucose to C02 and biomass, oxygen must be 
present.. Oxygen-limitation forces yeast to fermentative glucose metabolism to acquire energy 
forr growth. However, in our experiments, the dissolved oxygen levels never dropped below 
90%% (both in the wild-type and the hxk.2 mutant), therefore we conclude that oxygen supply 
wass not limiting. 

Thee intracellular accumulation of pyruvate in the hxk2 mutant during growth on 
glucosee was unexpected. Apparently, the hxk2 mutant either actively transports pyruvate 
backk into the cell or is unable to excrete pyruvate effictively (see: (168)). The ongoing 
accumulationn of pyruvate might result in the overflow of metabolism to the production of 
ethanol,, which is initially not present as a result of the low pyruvate decarboxylase activity. 

Furthermore,, the increase in hexokinase I activity during growth on glucose in the 
hxk.2hxk.2 mutant may be responsible for glucose repression at the onset of ethanol production. 

Inn summary, we have shown that the deletion of HXK2 in S. cerevisiae results in a Crabtree-
negativee or Crabtree-diminished phenotype: the strain displayed completely oxidative growth 
duringg aerobic batch cultivation on glucose, with a high biomass yield. Ethanol production 
beginss only after continued growth on glucose. Overproduction of the separate enzymes of 
glycolysiss does not increase the glycolytic flux (188). We think that changing regulatory 
pathwayss may be a fruitful approach to alter yeast physiology and to divert glucose 
metabolismm into desired pathways, e.g. the production of biomass or the production of 
heterologouss proteins in the presence of abundant glucose. 
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7.11 Summar y 

Inn glucose-limited aerobic chemostat cultures of a wild-type S. cerevisiae CEN.PK113-7D 
andd a derived hxkl null strain, metabolic fluxes were identical at lower dilution rates. 
However,, concentrations of intracellular metabolites, especially fructose-1,6-bisphosphate, 
weree different in the wild-type and the hxkl null strain at the various dilution rates. During 
oxidativee growth at low dilution rates the maximal specific in vitro glucose-phosphorylating 
activityy was higher in wild-type cells than in cells of the hxkl mutant strain. The maximal 
hexose-phosphorylatingg velocity with fructose as a substrate compared to glucose as a 
substratee increased at higher dilution rates in the mutant cells yet decreased in the wild-type 
cells,, suggesting an increase in hexokinase II activity in the wild-type cells and an increase in 
hexokinasee I activity in the hxkl mutant cells. Interestingly, the hxkl null strain showed a 
higherr maximal growth rate and ethanol production started to appear at a higher dilution rate, 
revealingg a higher oxidative capacity for this strain. 

Afterr a pulse of glucose, aerobic glucose-limited cultures of wild-type S. cerevisiae 
displayedd an overshoot in the intracellular concentration of glucose-6-phosphate, fructose-6-
phosphate,, and fructose-1,6-bisphosphate before a new steady-state was established. In the 
hxklhxkl null mutant glucose-6-phosphate, fructose-6-phosphate, and fructose-1,6-bisphosphate 
reachedd a new steady-state without overshoot. Furthermore, the steady-state level of fructose-
1,6-bisphosphatee after a glucose pulse was considerably lower in the hxkl null strain. At low 
dilutionn rates the overshoot of intracellular metabolites in the wild-type strain coincided with 
thee immediate production of ethanol after the glucose pulse. In contrast, in the hxkl null 
strainn the production of ethanol started gradually. In spite of the differences in intracellular 
properties,, the steady-state fluxes after transition from glucose limitation to glucose excess 
weree not significantly different in the wild-type strain and the hxkl null strain at any dilution 
rate. . 
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7.22 Introductio n 

SaccharomycesSaccharomyces cerevisiae contains three genes that encode hexose-phosphorylating 
enzymes:: hexokinase I encoded by HXK1, hexokinase II encoded by HXK2, and glucokinase 
encodedd by GLK1. Hexokinase II has been known to play an important role in glucose 
repressionn (for reviews see (22, 23, 58)), however the exact mechanism of action still remains 
too be elucidated. In previous studies we found that the deletion of HXK2 from the yeast 
genomee has profound effects on the physiology of S. cerevisiae in batch cultures with 
glucosee as a carbon source (see Chapter 6 and (168)). An hxk2 null mutant displays fully 
oxidativee growth at high concentrations of glucose, as evidenced by a redirection of carbon 
fluxx to the production of biomass. However, ethanol production was not completely 
abolished. . 

Duringg batch cultivation of wild-type S. cerevisiae with glucose as a carbon source ethanol 
productionn seems inevitable, which makes 5. cerevisiae a true Crabtree-positive yeast (32, 
33).. In the industrial production of yeast biomass ethanol is undesirable. Alcoholic 
fermentationn is avoided by means of sugar-limited fed-batch cultivation. Incomplete mixing 
orr insufficient air supply in bioreactors during the production of yeast biomass are potential 
causess for the production of ethanol (for instance see (253)) and limit the maximum biomass 
yieldd and productivity. Chemostat cultivation is an excellent method to mimic yeast at 
differentt stages of growth in the bioreactor at steady-state conditions. 

Aerobicc glucose-limited continuous cultures of S. cerevisiae show a behavior typical of 
Crabtree-positivee yeasts. At low dilution rates glucose metabolism is strictly oxidative and 
hass a relatively high biomass yield. Above a threshold or critical dilution rate metabolism 
switchess to a respiro-fermentative mode which is accompanied with the production of ethanol 
andd a decrease in biomass yield. The switch in metabolism after this Crabtree-threshold 
dilutionn rate coincides with changes in the metabolic machinery of the yeast cell; e.g. the 
kineticc parameters of glucose transport (see Chapter 2 and (249)) and levels of the glycolytic 
enzymess (196, 225). The Crabtree-effect has been ascribed to a limited respiratory capacity 
(178),, and/or an overflow at the level of pyruvate (160,163). 

Itt was shown that rapid changes in the intracellular metabolites occur after injection of 
glucosee to a glucose-limited culture (208). These rapid changes are associated with the 
productionn of ethanol or the short-term Crabtree-effect, which again is attributed to a limited 
respiratoryy capacity (160), or an overflow at the level of pyruvate (226). In a bioractor yeast 
respondss rapidly to sugar gradients or oxygen shortages. To model the effect of an hxk2 null 
mutationn on the physiology of S. cerevisiae in a bioreactor, transient responses of a glucose-
limitedd culture to glucose excess were studied in a wild-type strain, CEN.PK113-7D, and a 
derivedd hxk2 null mutant. 

7.33 Material s an d Method s 

Strainss - Saccharomyces cerevisiae wild-type strain CEN.PK113-7D (MATa MAL2-& 
SUC2)SUC2) provided by Dr. P. Kotter (Frankfurt, Germany) was used (223) for a PCR-based gene 
disruptionn of HXK2. The HXK2 gene in CEN.PK113-7D was replaced by a JcanMX-cassette 
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too create strain KYI 16 as follows: using primer AK53 (GTTGTAGGAATATAATTCTCCA 
CACATAATAAGTACGCTAATTCGTACGCTGCAGGTCGAC;; the underlined nucleo-
tidess correspond to the DNA immediately 5' of the HXK2 open reading frame) and primer 
AK544 (AAAAGGGCACCTTCITGTTGTTCAAACTTAATTTACAAATTAAGTATCGA T 
GAATTCGAGCTCG;; the underlined nucleotides correspond to the DNA 3' of the HXK2 
openn reading frame) the kanMX cassette of plasmid pFA6a-kanMX4 (235) was amplified 
usingg the Expand PCR kit as recommended by the manufacturer (Roche). The resulting PCR 
productt was transformed into competent CEN.PK113-7D as described (61). G418-resistant 
isolatess were tested for proper integration of the kanMX cassette at the HXK2 locus by 
analyticall  PCR using the TaqPlus Long PCR kit with the primers AK60 
(GACGAAATACGCGATCGCTGT)) and AK61 (GCCGAACATTTCAAAGTCAACC) as 
recommendedd by the manufacturer (Stratagene). 

Chemostatt  cultivation - Chemostat cultures were run under aerobic glucose-limited 
conditionss in laboratory fermenters (L.H. Engineering) at a stirrer speed of 1000 rpm and at 
30°CC in a defined mineral medium containing vitamins (232). The concentration of glucose in 
thee reservoir media was 5 g.litre"1. The working volume in the culture vessel was kept at 
approximatelyy 0.6 litre. The exact working volume was measured after each experiment. The 
pHH was kept at 5.0  0.1 via automatic addition of 1 M KOH. Silicone antifoam was added to 
preventt the development of foam. Chemostat cultures were flushed with air at a flow rate of 
approximatelyy 1 volume of air per vessel volume per minute. Culture purity was routinely 
monitoredd by phase-contrast microscopy and by plating on YPD and YPD + G418 medium 
(seee Chapter 6 Materials and Methods). 02 and C02 concentrations were determined in the 
effluentt gas with an oxygen analyser (paramagnetic 02 transducer, Servomex) and an I.R. gas 
analyserr (Servomex), respectively. 

Pulsee experiments - For the transition of the glucose-limited steady-state cultures to a 
conditionn of glucose excess, the medium feed to the culture vessel was switched off. 
Simultaneously,, the cultures were pulsed with 20 mM of glucose (final concentration in the 
culturee vessel) by means of a syringe. Samples for the determination of intracellular 
metabolitess and extracellular metabolites were taken as frequently as possible during the first 
11 min after the pulse, then samples were taken at regular time intervals until glucose 
depletion.. During the pulse O2 and C02 concentrations were measured from the effluent gas. 

Samplee extraction - Samples for the determination of intracellular metabolites were taken 
fromm the culture with a fast sampling device. Approximately 600 ul (accurately measured) of 
culturee from the culture vessel was added within milliseconds to 100 ul 35% PC A (v/v) on 
ice.. Samples were neutralized within an hour after extraction with 150 ul 2 M K2C03 and 
storedd at -20°C. Before analysis samples were centrifuged for 1 min at 16000 x g. Samples 
forr the determination of extracellular metabolites were prepared by addition of 100 pi 35% 
perchloricc acid (v/v) to 1 ml of culture supernatant, and stored at -20°C. Samples (on ice) 
weree neutralized with 55 ul 7 M KOH, cooled on ice and centrifuged (1 min at 16000 x g) 
beforebefore analysis. For the determination of the protein concentration 1 ml of culture was 
centrifugedd for 1 min at 16000 x g. The pellet was resuspended in 1 ml of 1 M NaOH, stored 
overnightt at room temperature and centrifuged for 1 min at 16000 x g before analysis. 
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Samplee analysis - Protein concentrations were determined by the method of Lowry et al. 
(115)) using bovine serum albumin (fatty-acid free, Sigma) as a standard. Extracellular 
metabolitess were determined by means of high performance liquid chromatography. 
Intracellularr metabolites were determined by NAD(P)H coupled enzymatic reactions (11). 
Proteinn concentrations and intracellular metabolites were measured on a COBAS-FARA 
automaticc analyser (Roche). Intracellular concentrations were calculated assuming that 1 mg 
off  protein corresponds to 3.75 ul of intracellular volume (34, 177, 204). Furthermore, it was 
assumedd that cells of the wild-type and the hxkl mutant have the same cell volume. 

7 .44 R e s u l t s 

Effect ss of an hxk2  nul l mutatio n on th e metabol is m of yeas t in continuou s culture s -

Thee parental strain, CEN.PK113-7D and the derived hxk2 null strain were grown in aerobic 
glucose-limitedd continuous cultures. Below the critical dilution rate of the wild-type strain (D 
== 0.28 h"1) metabolism of both strains was indistinguishable (Figs. 7.1A and 7.IB); 02 

consumption,, C02 production and other metabolic fluxes were virtually identical. In both 
strainss metabolism was completely oxidative and the respiratory quotient (RQ: ratio of 
carbonn dioxide production to oxygen consumption) was close to unity. Above D = 0.28 h"1 

(thee critical dilution rate) the parental strain switched from oxidative metabolism to respiro-
fermentativee metabolism as was apparent from the production of ethanol and the increase in 
RQQ (results not shown and Fig. 7.1 A). In contrast, in the hxk2 null strain glucose metabolism 
remainedd fully oxidative (Fig. 7.IB). In the hxk2 null strain respiro-fermentative metabolism 
seemedd to commence at D = 0.35 h*1. At this dilution rate, results were erratic; i.e. production 
off  ethanol and increase in RQ was sometimes present and sometimes absent. By rinsing out 
thee culture, the maximal specific growth rate of the hxk2 deletion strain was found to be 0.45 
h",, compared to 0.39 h"1 for the wild-type strain. 

Thee biomass yield of the wild-type strain was approximately 0.5 g biomass  [g 
glucose]"11 up to the critical dilution rate (0.28 h"1) , at higher dilution rates the biomass yield 
decreasedd (Fig. 7.1 A). In the hxk2 null mutant the yield remained 0.5 g biomass-[g glucose]"1 

upp to a D of 0.35 h"1 (Fig. 7.1). 
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Figur ee 7.1 Physiology of S. cerevisiae in aerobic glucose-limited chemostat cultures. The wild-type 
strainn CEN.PK113-7D (A) and the hxkl null strain KYI 16 (B) were grown in aerobic glucose-limited 
continuouss cultures. Biomass yield ; in g biomass[g glucose]"1) and respiratory quotient (O, RQ = specific 
carbonn dioxide production divided by the specific oxygen consumption) were determined at the various 
dilutionn rates. Lines are drawn to indicate possible trends. 
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Effectss of an hxk2 null mutation on the internal properties of yeast in continuous 
culturess - Despite the comparable overall metabolism below the critical dilution rate of the 
wild-typee strain, some internal properties of the cell were clearly different in the hxk.2 null 
strainn compared to the wild-type strain. The concentration of some key internal metabolites 
aroundd hexokinase were determined (Fig. 7.2). The intracellular concentration of ATP was 
higherr in the wild-type strain at the lower dilution rates, yet decreased and became 
comparablee to the hxkl null strain approaching the critical dilution rate. The intracellular 
concentrationss of glucose-6-phosphate and fructose-6-phosphate were somewhat lower in the 
hxk.2hxk.2 null strain at the lower dilution rates. In the wild-type strain the concentration of these 
compoundss seemed to increase approaching the critical dilution rate, yet decreased again at 
higherr dilution rates. In the wild-type strain the concentration of fructose-1,6 bisphosphate 
increasedd above the critical dilution rate, but remained constant in the hxkl null mutant. 

Figur ee 7.2 Intracellular concentrations of glycolytic intermediates in aerobic glucose-limited chemostat 
culturess of S. cerevisiae. The wild-type strain (A) and the hxk2 null strain (B) were grown in aerobic glucose-
limitedd chemostats at different dilution rates. Samples were taken at each dilution rate for the determination of 
intracellularr metabolites. The intracellular concentrations of glucose-6-phosphate , fructose-6-phosphate 
(A),, fructose-1,6-bisphosphate (A), and ATP (D) are expressed in mM in the cytosol. 

Inn the wild-type strain the maximal specific in vitro hexose-phosphorylating activity with 
eitherr fructose or glucose as a substrate remained relatively constant from low to high 
dilutionn rates (results not shown). Consequently the ratio of the maximal fructose- and 
glucose-phosphorylatingg activity remained constant (at a value of approximately 1.5) at all 
dilutionn rates (Fig. 7.3). In the hxk2 null strain the fructose-phosphorylating activity increased 
att higher dilution rate in contrast to the glucose-phosphorylating activity (results not shown). 
Inn the hxk2 null strain the ratio of fructose- and glucose-phosphorylating activity increased at 
higherr dilution rates from 1.5 to 3-4, and only at the highest sampled dilution rates the ratio 
decreasedd to approximately 2 (Fig. 7.3). However, at the higher dilution rates results where 
difficul tt to reproduce for the hxk2 null strain; different steady-states were obtained at the 
samee dilution rate. 

Effectss of an hxk2 null mutation on the in vivo dynamics - The steady-state of aerobic 
glucose-limitedd continuous cultures of the wild-type strain CEN.PK113-7D and the hxk.2 null 
strainn was disturbed with a pulse of 20 mM glucose (final concentration in the culture vessel) 
att dilution rates ranging from D = 0.1 h~' to 0.35 h '. After the injection of glucose the wild-
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typee culture responded instantaneously with the production of ethanol (short-term Crabtree 
effect)) at all dilution rates (Figs. 7.4A and 7.4B). The transition from completely oxidative to 
respiro-fermentativee metabolism was apparent from the increase in RQ from unity (results 
nott shown). In contrast to the wild-type strain, the hxk2 mutant did not show any ethanol 
productionn in the first minutes after a glucose pulse, at dilution rates lower than D = 0.2 h"1 

(e.g.. Fig. 7.4). After this initial lag the conversion rates of glucose to ethanol, acetate, 
pyruvate,, or glycerol were comparable in wild-type and hxk2 null strain. Also the specific 
oxygenn consumption rates, specific carbon dioxide production rates and consequently the 
respiratoryy quotient were comparable for both strains (results not shown). Since samples 
weree not always taken exactly at the moment of glucose depletion the exact distribution of 
thee metabolic fluxes during the glucose pulse was estimated. From the pattern of metabolite 
productionn it was estimated that at all dilution rates glucose was converted (on a C-molar-
basis)) to approximately 40% biomass, 25% ethanol, 7% acetate and small amounts of 
pyruvatee and glycerol. Above the critical dilution rate the wild-type culture already contained 
ethanol.. This did not influence the metabolite production pattern of the glucose pulse to a 
greatt extent; although the production of acetate was decreased. 

Figur ee 7.3 Ratio between fructose- and 
glucose-phosphorylatingg activities in aerobic 
glucose-limitedd chemostat cultures of S. 
cerevisiae.cerevisiae. The wild-type strain (O) and the hxk2 
nulll  strain ) were grown in aerobic glucose-
limitedd chemostats at different dilution rates. 
Maximall  specific glucose- and fructose-
phosphorylatingg activities were determined from cell 
freee extracts at the different dilution rates. Values 
aree means of duplicate samples from steady state 
chemostatt cultures. 

Inn contrast to the comparable flux distribution in the wild-type strain and the hxk2 null strain 
afterr a glucose pulse, the transient response of intracellular metabolites of the two strains was 
clearlyy different (Fig. 7.4). In the wild-type strain, the intracellular concentrations of glucose-
6-phosphate,, fructose-6-phosphate and most markedly fructose-1,6-bisphosphate showed a 
sharpp increase in the first minute after the glucose pulse, concomitant with a decrease in the 
intracellularr concentration of ATP. After this initial overshoot the concentration of glucose-6-
phosphate,, fructose-6-phosphate, fructose-1,6-bisphosphate relaxed to a new steady state 
levell  (Figs. 7.4C-F). Compared with the steady level during glucose limitation, the steady-
statee level after the glucose pulse was higher for fructose-1,6-bisphosphate and 
approximatelyy equal for glucose-6-phosphate, fructose-6-phosphate, and ATP. Surprisingly, 
inn the hxk2 null strain the intracellular metabolites responded with a gradual approach to a 
neww steady state level. The concentration of glucose-6-phosphate, fructose-6-phosphate, and 
fructose-1,6-bisphosphatee increased while the concentration of ATP remained constant. The 
steady-statee levels of glucose-6-phosphate, fructose-6-phosphate, and especially fructose-1,6-
bisphosphatee were higher during the glucose pulse in the wild-type strain compared to the 
hxk2hxk2 null strain at all dilution rates. 

Att all dilution rates, both in the wild-type strain and the hxk2 null strain, glycolytic 
intermediatess were drained as the cultures approached glucose depletion, as was evidenced 
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byy the decrease in the concentration of glucose-6-phosphate, fructose-6-phosphate, and 
fructose-1,6-bisphosphate.. Only the concentration of ATP remained around the steady state 
level. . 

Figur ee 7.4 Transient responses of S. cerevisiae after  a shift from glucose limitatio n to glucose excess 
att  D = 0.15 h"1. The wild-type strain (A, C & E) and the hxk.2 null strain (B, D & F) were grown in aerobic 
glucose-limitedd chemostats at different dilution rates. Samples were taken at each dilution rate for the 
determinationn of extracellular (A and B) and intracellular metabolites (C and D). The initial responses of the 
internall  metabolites are depicted in E an F (enlargement of C and D). Glucose (•), ethanol (O), and acetate 
(*)) are expressed in mM in the culture vessel. The intracellular concentrations of glucose-6-phosphate (•), 
fructose-6-phosphatee (A), fructose-l,6-bisphosphate (A), and ATP (D) are expressed in mM in the cytosol. D 
== 0.15 h*1 is chosen as representative of all other dilution rates. Lines are drawn to indicate possible trends. 

Anaerobicc growth - To study whether the change towards oxidative metabolism in the hxk2 
mutantt under aerobic glucose limited conditions implied impaired anaerobic growth and 
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metabolism,, the wild-type and hxk.2 mutant were cultivated in anaerobic glucose limited 
cultures.. Both strains displayed identical metabolic fluxes (data not shown) at all dilution 
ratess tested (0.1 to 0.25 h"1). The similar fluxes suggest that the hxk.2 mutant is capable of 
anaerobicc glucose metabolism to the same extent as the wild-type. 

7.55 Discussio n 

Inn previous investigations it was shown that some specific properties of glycolysis are 
affectedd by the deletion of HXK2 during batch growth at excess glucose (e.g.: Chapter 5 and 
66 and refs. (45, 168)). In particular, invertase, pyruvate decarboxylase, high-affinity glucose 
transport,, mitochondrial activities and the concentration of fructose- 1,6-bisphosphate are 
influencedd by an hxk2 null mutation. It can be concluded that glucose repression is reduced in 
ann hxk2 null mutant under repressing conditions. However, wild-type cells in a glucose-
limitedd environment are non-repressed. The residual glucose concentrations in the wild-type 
culturee and the culture of the hxk2 mutant were too low to be detected at any dilution rate, 
exceptt for the wild strain above the critical dilution rate (results not shown, see Chapter 2); 
accordingly,, glucose repression was absent under these conditions. During oxidative growth 
inn glucose-limited cultures the wild-type strain and the hxk2 null strain showed equal biomass 
yieldss and RQ-values. In spite of the similar metabolic fluxes, different intracellular 
concentrationss of metabolites in the wild-type strain and the hxk2 null strain at the different 
dilutionn rates were found. As has been shown before (e.g. (169)), comparable fluxes do not 
necessarilyy result in comparable intracellular metabolite concentrations. In fact, the different 
intracellularr metabolite concentrations may reflect: i) the absence of hexokinase II via the 
differentt kinetic properties of the glucose-phosphorylating enzymes (59, 113), ii) the specific 
inhibitoryy characteristics of trehalose-6-phosphate towards hexokinase II activity (17), or iii ) 
thee inhibition of hexokinase II by high concentrations of ATP (91). Differences in the in vitro 
specificityy of the hexose-phosphorylating activities between the glucose-limited cultures of 
thee wild-type strain and the hxk2 null strain were clear from the ratio between the maximal 
fructose-- and glucose-phosphorylating activities (Fig. 7.3), which reflect the differential 
expressionn of the genes encoding hexose-phosphorylating enzymes. Glucokinase does not 
phosphorylatee fructose at all, a ratio of 3 is typical for hexokinase I and a ratio of 1.2 is 
typicall  for hexokinase II (72). In the hexokinase II deletion strain the ratio of the maximal 
specificc fructose- and glucose-phosphorylating activity increased at higher dilution rates, 
suggestingg an increased contribution of hexokinase I at the higher dilution rates. In contrast, 
inn the wild-type strain the ratio of maximal specific fructose- and glucose-phosphorylating 
activityy remained approximately constant at 1.5, which suggests an important contribution of 
hexokinasee II at all dilution rates. Transcription of genes encoding the three hexose-
phosphorylatingg enzymes was shown to be differentially regulated depending on the carbon 
sourcee and growth condition (72, 196). In aerobic glucose-limited cultures of a wild-type 5. 
cerevisiaecerevisiae strain it was shown that the transcription of HXK2 increased, while the 
transcriptionn of HXK1 decreased with increasing dilution rate, yet the specific hexose-
phosphorylatingg activity remained relatively constant (196). 

Wee suggest that the difference in intracellular metabolites, in spite of the 
comparablee metabolic fluxes, is due to the difference in specificity of the hexose-
phosphorylatingg step in the wild-type and the hxkl null strains. The different intracellular 
metabolitee concentrations (especially intracellular glucose (see: (204)) might affect the 
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transcriptionall  regulation of enzymes further down glycolysis. In spite of the non-repressed 
conditions,, glucose repression signals might still be present (to a lesser extent) and regulate 
genee expression. 

Wild-typee yeast cells respond rapidly to changes in the environment, as is apparent from the 
instantt production of ethanol (short-term Crabtree-effect) after a transition from glucose 
limitationn to glucose excess (this study, (160, 208, 226)). This fast response seems to be a 
consequencee of a limited respiratory capacity (160) or, as suggested by others, the 
characteristicss of hexose transport, the ability to synthesize reserve carbohydrates, or the 
pyruvatee decarboxylase activity (226). 

Inn die wild-type, the transition from glucose limitation to glucose excess resulted in 
aa sharp drop in the intracellular ATP concentration immediately after the glucose pulse, at all 
dilutionn rates (Fig. 7.4E). As was suggested before, this is a result of an initial imbalance of 
thee ATP consuming steps and the ATP producing steps (208), which is apparent from the 
sharpp increase in glucose-6-phosphate and fructose-6-phosphate. Only after some minutes, 
whenn the lower part of glycolysis has been saturated, the internal metabolites relax to a new 
steadyy state not far from the glucose-limited steady-state (with the exception of the higher 
intracellularr concentration of fructose-1,6-bisphosphate). In contrast, in the hxkl null mutant, 
thee concentration of ATP remained at the glucose-limited steady-state level (Figs. 7.4D and 
7.4F).. The concentration of glucose-6-phosphate and fructose-6-phosphate showed a small 
initiall  overshoot before settling into a steady-state, which was again not far from the steady 
statee under glucose limitation. Previous observations on limit-cycle oscillations in glycolysis 
alreadyy suggested an influence of the hexokinase reaction on the dynamic behavior of 
glycolysiss (176). The results in the present study suggest that the decreased hexose-
phosphorylatingg activity in the hxk2 mutant results in a slower ATP consumption and 
consequentlyy an absence of imbalance between the upper and lower parts of glycolysis. 
Instead,, in the HXK2 null mutant glycolysis gradually fill s up after a transition from glucose 
limitationn to glucose excess. 

Inn spite of the differences in intracellular metabolite concentrations between the strains 
(especiallyy ATP and glucose-6-phosphate, a substrate and a product of the hexokinase 
reaction,, respectively), alcoholic fermentation was not considerably influenced by the 
deletionn of HXK2. In addition, overproduction of the separate enzymes of glycolysis does not 
significantlyy increase the glycolytic flux (188). This indicates that glycolysis is strongly 
regulatedd by allosteric interactions. The concentration of fructose-1,6-bisphosphate, which is 
clearlyy different in the wild-type strain and the hxk2 null strain both under glucose-limited 
conditionss and under conditions of glucose excess, is a good candidate as an important 
allostericc regulator of glycolysis under these conditions (e.g. as activator of pyruvate kinase). 
Thee differences in fructose-1,6-bisphosphate concentration might be an indirect consequence 
off  the change in kinetic properties of the hexose-phosphorylating step. Homeostatic control 
off  for instance the concentrations of adenine nucleotides, might result in changed 
intracellularr metabolite pools further down glycolysis as response to the shifted demands. 

Inn batch cultures under conditions of glucose excess the deletion of HXK2 results in 
aa redirection of the metabolic flux to biomass and an initial absence of ethanol production 
(seee Chapter 6). We concluded that this redirection was a consequence of a reduction in 
glucosee repression. Under truly derepressed conditions (glucose-limited cultivation), both the 
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wild-typee and hxk.2 mutant are capable of alcoholic fermentation. This contraction suggests 
thatt under conditions of glucose excess an active up-regulation of mitochondrial activities, 
hexose-transportt properties (see Chapter 5), or other enzymatic activities (e.g. at the level of 
pyruvate)) might be involved in the altered metabolism of the hxk2 null mutant. 

Concludingg remarks - The hxk.2 mutant does not behave as a truly Crabtree-negative yeast. 
Forr Crabtree-negative yeast's it was shown that the transition from glucose limitation to 
glucosee excess results in increased biomass production rather than alcoholic fermentation. 
Thiss was attributed to differences in the reserve carbohydrates, differences in the kinetics of 
glucosee transport, and differences in pyruvate metabolism (226). From the present study it 
cann be concluded that the flux through glycolysis after a transition from glucose limitation to 
glucosee excess is not (additionally) limited in the hxk2 null mutant, i.e. ethanol production is 
nott considerably influenced. However, the instantaneous production of ethanol is delayed in 
thee hxk2 null mutant. This is very appealing for the industrial production of yeast biomass; 
thee hxk2 null mutant seems less vulnerable to sugar gradients (which occur in large-scale 
fermentationn processes). Still, the mutant is able to produce ethanol (and carbon dioxide) to 
thee full extent under anaerobic conditions, which is an important property for the application 
off  yeast in dough. In addition, the higher critical dilution rate of the hxk2 deletion strain 
revealss an enhanced oxidative capacity, which enables acceleration of the production process 
withoutt the formation of the undesired ethanol. The unique phenotype of the hxk2 mutant 
strainn in chemostat cultures can contribute to a large extent in understanding the regulation of 
thee distribution of fluxes in S. cerevisiae. If e.g., DNA arrays or 2D protein gels reveal what 
geness are affected in the hxk.2 mutant during growth rates higher than the critical dilution rate 
andd maximal growth rate of the wild-type, we might understand why and how it manages to 
groww faster and has a higher oxidative capacity than its parent. Accordingly, a more focussed 
approachh can be undertaken to construct strains with particular controlled and redirected 
fluxess by directed genetic changes. 
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8.11 Summar y 

Inn Chapter 6 it was shown that deletion of the HXK2 gene in Saccharomyces cerevisiae 
yieldss a strain that hardly produces ethanol and grows almost exclusively oxidatively in the 
presencee of abundant glucose. This chapter reports on physiological studies on the hxkl 
mutantt on mixtures of glucose/sucrose, glucose/galactose, glucose/maltose and 
glucose/ethanoll  in aerobic batch cultures. The hxk.2 mutant co-consumed galactose and 
sucrosee together with glucose. In addition, co-consumption of glucose and ethanol was 
observedd during the early exponential growth phase. In S. cerevisiae, co-consumption of 
ethanoll  and glucose (in the presence of abundant glucose) has never been reported before. 
Thee specific respiration rate of the hxk2 mutant growing on the glucose/ethanol mixture was 
9000 umol-min ĝ protein)"1, which is 4 to 5 times higher than that of the hxk2 mutant 
growingg oxidatively on glucose, 3 times higher than its parent growing on ethanol (when 
respirationn is fully derepressed) and is and almost 10 times higher than its parent growing on 
glucosee (when respiration is repressed). This indicates that the hxk2 mutant has a strongly 
enhancedd oxidative capacity when grown on a mixture of glucose and ethanol. 
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8.22 Introductio n 

SaccharomycesSaccharomyces cerevisiae or bakers' yeast ferments under aerobic conditions and is therefore 
aa Crabtree-positive yeast. Aerobic fermentation is a consequence of a phenomenon called 
glucosee repression. In the presence of high concentrations of glucose the expression of genes 
involvedd in the tricarboxylic acid (TCA) cycle, oxidative phosphorylation, glyoxylate cycle, 
gluconeogenesiss and metabolism of sugars other than glucose is repressed (for recent 
reviews:: (22, 23, 58)). Additionally, the expression of genes involved in alcoholic 
fermentationn is induced. This regulatory mechanism in S. cerevisiae results in the preferential 
consumptionn of glucose over other carbon sources. Thus, when S. cerevisiae grows on a 
mixturee of glucose and another carbon source such as sucrose, maltose, galactose or ethanol, 
growthh is diauxic, i.e. glucose is metabolized first, whereas the other carbon sources are not 
metabolizedd until glucose is exhausted. Only after all sugars have been depleted, the ethanol 
producedd during the fermentation of the sugars is consumed. 

S.S. cerevisiae contains three distinct hexose-phosphorylating enzymes, hexokinase I (encoded 
byy HXK1), hexokinase II (encoded by HXK2) and glucokinase (encoded by GLK1). 
Hexokinasee I and II phosphorylate fructose as well as mannose and glucose, whereas 
glucokinasee is only able to phosphorylate glucose and mannose. Each isozyme has a different 
affinityy for glucose and ATP and is subject to a different mechanism of transcriptional 
regulation,, depending, among others, on the concentration and the kind of carbon source 
availableavailable (72). Unlike in most other species, the activity of the hexokinases in S. cerevisiae is 
nott inhibited by their metabolic product, glucose-6-phosphate, but appears to be regulated by 
trehalose-6-phosphatee which is assumed to regulate the flux through the upper part of 
glycolysiss (207, 212). 

Inn many previous studies, it has been shown that hexokinase II is involved in 
glucosee repression (for reviews see: (22, 23, 58)). Nevertheless, the exact role is of 
hexokinasee II in glucose repression is still a matter of debate. On the one hand it is thought 
thatt deletion of HXK2 causes relief of glucose repression as a consequence of the reduced 
hexosee phosphorylating capacity (116, 182); on the other hand a direct regulatory role has 
beenn ascribed to hexokinase II (43, 44). In favour of the last proposal, hexokinase II is a 
phosphoproteinn in vivo (234) which can exist in either a dimeric or monomeric form. The 
oligomerisationn state of hexokinase II shifts to the monomeric state by phosphorylation 
whichh is initiated at low glucose (10). The phosphorylated form of hexokinase II was recently 
shownn to enter the nucleus (170), the nuclear protein participates in a DNA-protein complex 
whichh regulates repression of at least the SUC2 gene by glucose (73). The phosphorylation of 
hexokinasee II at low glucose (10) contradicts the results that show that phosphorylation of 
thiss enzyme is necessary to enter the nucleus and initiate glucose repression (73, 97). At this 
moment,, the exact mechanism by which hexokinase II enters the nucleus and causes 
repressionn of at least SUC2, is unclear. 

EarlyEarly characterisation of an S. cerevisiae strain deleted in the HXK2 gene showed that the 
absencee of hexokinase II relieved glucose repression of the indicator gene SUC2, encoding 
invertasee (42, 116, 128). Further, the genes encoding the maltose transporter and maltase 
(257)) and the genes encoding the high-affinity glucose transporters Hxt2p and Hxt7p were 
shownn to be derepressed (see Chapter 5 and (245)). DNA arrays performed on an hxk2 
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deletionn strain grown with excess glucose showed clearly that the expression of many genes 
involvedd in glucose repressible routes such as the TCA cycle, glyoxylate cycle, oxidative 
phosphorylationn and the consumption of sugars other than glucose were up-regulated 
whereass the expression of those gene products involved in glycolysis were down-regulated 
(unpublishedd results). Accordingly, the hxk2 deletion strain displayed an increased flux 
throughh the TCA cycle and oxidative phosphorylation in the presence of excess glucose. The 
fluxx through glycolysis and the fluxes to ethanol and glycerol were decreased resulting in 
almostt exclusively oxidative growth and diminished ethanol production (see Chapter 6). The 
growthh yield of the hxk2 deletion strain during aerobic growth on glucose is much higher 
thann that of its parent strain since fermentation of glucose to ethanol yields only two ATP per 
glucosee consumed, whereas complete oxidation of glucose to carbon dioxide and water yields 
roughlyy 20 ATP. 

Thee derepression of the genes encoding enzymes involved in maltose metabolism 
(MAL(MAL genes) and sucrose metabolism (SUC2) might suggest that the hxkl deletion strain is 
alsoo capable of consuming sucrose and maltose in the presence of abundant glucose. 
Therefore,, in continuation of the physiological characterisation of the hxk2 deletion strain in 
Chapterss 6 and 7, the performance of this strain was studied on mixed carbon sources, i.e. 
mixturess of glucose with either sucrose, galactose, maltose or ethanol both on plates and in 
batchh cultures. 

8.33 Mater ial s an d Method s 

Strainss - The wild-type Saccharomyces cerevisiae strain X2180-1A (MATü SUC2 mal mei) 
wass obtained from the Yeast Genetic Stock Center in Berkeley, California. The S. cerevisiae 
prototrophicc wild-type strain CEN.PK113-7D (MATSL MAL2-& SUC2) obtained from P. 
Kotterr (Johann Wolfgang Goethe Universitat, Frankfurt, Germany) was used to create a 
strainn KYI 16 in which the HXK2 gene was deleted as follows: using primers AK53 (GTTG 
TAGGAATATAATTCTCCACACATAATAAGTACGCTAATTCGTACGCTGCAGGTCA A 
C)) and AK54 (AAAAGGGCACCrTCTTGTTGTTCAAACTTAATTTACAAATTAAGT A 
TCGATGAATTCGAGCTCG),, the kanMX cassette of plasmid pFA6a-kanMX4 (235) was 
amplifiedd using the Expand PCR kit as recommended by the manufacturer (Roche). The 
resultingg PCR product was transformed into competent CEN.PK113-7D as described (61). 
Afterr 2 hours of cultivation in YPD medium (1% w/v yeast extract, 2% w/v peptone, 2% w/v 
glucose),, the transformed cells were plated on solid YPD medium (2% w/v agar) containing 
G4188 (200 ugml"1) and incubated at 30°C. G418-resistant isolates were tested for proper 
integrationn of the kanMX cassette at the HXK2 locus by analytical PCR using the TaqPlus 
Longg PCR kit with the primers AK60 (GACGAAATACGCGATCGCTGT) and AK61 
(GCCGAACATTTCAAAGTCAACC)) as recommended by the manufacturer (Stratagene). 

Platee assays - Solid medium contained 2% (w/v) of each carbon source and 1 mM 5-thio-
D-glucosee in YNB medium which consisted of 0.17% (w/v) yeast nitrogen base w/o amino 
acidss (Difco) with 0.5% (NH^SCv The strain X2180 was supplemented with casamino 
acids. . 

Co-consumptionn batch experiments - The yeast strains were cultivated in batch 
fermentorss at 30°C. The cells were pregrown in 20 ml of 1% (w/v) glucose-YNB medium in 
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1000 mM potassium phthalate at pH 5.0. The next day, fermentors were inoculated containing 
11 litre of fresh medium with 1% (w/v) glucose plus 0.4% (w/v) sucrose, 0.4% (w/v) galactose, 
0.4%% (w/v) maltose, or 100 mM ethanol. The hxk2 mutant and the isogenic parent strain were 
cultivatedd on each of these carbon mixtures. To exclude the possibility that the onset of 
fermentationn is caused by oxygen limitation, the fermentors were aerated at 1 vessel volume 
perr minute and stirred at 1000 rpm. The cells were grown overnight and samples were taken 
thee next day during and beyond the exponential phase. Growth was monitored by measuring 
thee optical density at 600 nm. 

Extracellularr metabolites were measured by spinning down 1 ml of culture and 
injectingg the supernatant into 100 pi of 35% (v/v) PCA at 0°C. After 15 minutes, part of the 
PCAA was precipitated by adding 55 pi of 7 M KOH. After centrifugation the supernatant was 
filteredd and analysed for glucose, ethanol, glycerol, acetate and pyruvate by HPLC (see 
Materialss and Methods Chapter 6). 

Oxygenn consumption and carbon dioxide production were determined by passing 
thee gas from the fermentor through an oxygen analyser (Taylor Servomex Type OA 272) and 
aa carbon dioxide analyser (Servomex IR Gas Analyser PA 404). The protein content of the 
culturee was measured according to Lowry et al. (115) using bovine serum albumin (fatty-acid 
free)) as a standard and measured on a COBAS-FARA automatic analyser (Roche). 

Thee RQ equals the quotient of C02 production to 02 consumption. When S. 
cerevisiaecerevisiae completely oxidises a fermentable carbon source, i.e. glucose too CO2 and water via 
thee TCA cycle, the RQ equals 1, because for each molecule of C02 produced one molecule of 
022 is consumed. When a fermentable carbon source is partially fermented and partly oxidised 
thee RQ will reach values (much) larger than 1. When S. cerevisiae grows on ethanol the RQ 
hass the specific value of 0.67 (114). 

8.44 Result s 

Glucosee repression through HXK2; revisited - The glucose analogue 5-thioglucose is 
knownn to induce glucose repression in S. cerevisiae, yet cannot be metabolised after being 
takenn up by the cell (39). Consequently, a wild-type 5. cerevisiae strain will not be able to 
groww on medium containing both 5-thioglucose and another carbon source such as sucrose, 
galactose,, maltose or ethanol since the required pathways and enzymes are repressed. In the 
presencee of 5-thioglucose, metabolism in the isogenic wild-type strain is glucose repressed 
andd therefore it cannot consume either sucrose or ethanol/glycerol in the medium, whereas 
glucosee can still be consumed (Fig. 8.1). Galactose consumption does not seem to be strongly 
glucosee repressed in the parent strain since quite some growth appeared on galactose in the 
presencee of 5-thioglucose. This may be explained by the fact mat expression of genes whose 
productss are involved in galactose metabolism are not only regulated by glucose repression 
butt can also be induced by the presence of galactose (140). Due to the constitutive expression 
off  the MAL genes in the CEN.PK113-7D strain, growth of the parent strain on maltose in the 
presencee of 5-thioglucose was not inhibited (Fig. 8.1). Further, growth on maltose in the 
presencee or absence of 5-thioglucose was reduced in the hxk2 deletion strain compared to its 
parentt (Fig. 8.1). In the X2180-1A strain the MAL genes seems glucose repressible and, 
accordingly,, growth on maltose is impaired in the presence of 5-thioglucose whereas in the 
absencee of 5-thioglucose growth in both the mutant strain and its parent is restored. These 
resultss show that this phenotype is strain dependent (Fig. 8.1). 
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Figur ee 8.1 Growth on plates containing various carbon 
sourcess in the presence or  absence of 5-thioglucose. Growth 
onn glucose, sucrose, galactose, or ethanol/glycerol of the wild-
typee strain, CEN.PKl 13-7D (HXK2) and the hxk.2 mutant strain 
(hxk2A)(hxk2A) in the presence of 5-thioglucose. Growth on maltose of 
thee wild-type strain CEN.PKl 13-7D (HXK2) and the hxk2 
mutantt strain {hxk.2 A) compared to the wild-type strain, X2180-
ll  A (HXK2) and the hxk2 mutant (hxk2A) in the presence (+5tG) 
orr absence(-5tG) of 5-thioglucose. 

Thee hxk.2 deletion strain is capable of growth in the presence of 5-thioglucose on 
eachh of the carbon sources tested (Fig. 8.1). Thus, the enzymes involved in the metabolism of 
sucrose,, galactose, maltose, and ethanol/glycerol were expressed in the hxk2 deletion strain in 
thee presence of 5-thioglucose. This is confirmed by the fact that invertase, galactose 
permease,, maltase, and maltose permease are derepresssed in the hxk2 deletion strain (42, 46, 
128,, 167, 168). Moreover, genes involved in ethanol/glycerol metabolism are expressed as 
well.. Additionally, DNA arrays performed on the hxk2 deletion cells grown on glucose 
showedd that ALD2 (aldehyde dehydrogenase) and ACSI (acetyl-coA synthetase), both 
involvedd in ethanol metabolism, are up-regulated in the mutant (data not shown). 
Surprisingly,, ADH2 (alcohol dehydrogenase) whose product catalyses the conversion of 
alcoholl  to acetaldehyde, was down-regulated, suggesting that ethanol needs to be present for 
thee up-regulation of ADH2. The same is true for the gluconeogenic enzyme fructose-1,6-
bisphosphatasee which is not expressed in the hxk2 deletion strain growing on glucose, but 
whichh must be expressed on ethanol/glycerol plus 5-thioglucose to form sugar phosphates 
fromm either glycerol or ethanol for further anabolism. 

Deletionn of HXK2 enhances oxidative metabolism; co-consumption of glucose and 
sucrosee - The physiology of the hxk2 deletion strain co-consuming glucose with either 
sucrose,, galactose, maltose or ethanol was studied in greater detail and more quantitatively in 
aeratedd batch fermentors. To obtain a better insight in the distribution of the carbon fluxes 
overr the fermentative and the oxidative routes the respiratory quotient (RQ) was calculated 
duringg the entire batch growth. 

Thee C02 production, 02 consumption, and RQ of the parent strain grown in an 
aeratedd batch fermentor on a mixture of glucose and sucrose were measured as a function of 
thee time after inoculation (Fig. 8.2A). Growth on glucose yielded an RQ of approximately 9, 
confirmingg respiro-fermentative growth. After 20.5 h glucose had been completely consumed 
andd the shift to growth on sucrose was made as can be observed from the small decrease in 
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C022 production and 02 consumption rates. Subsequently, the value of the RQ was about 6, 
indicatingg fermentative growth and thus repressed metabolism but less severely than during 
growthh on glucose. Growth on sucrose was rather brief (1 to 2 h) since the biomass 
concentrationn was high and the original sucrose concentration added to the medium was 
relativelyy low. After approximately 22 h, the sucrose was exhausted and the shift to growth 
onn ethanol set in. Accordingly, the C02 production and to a lesser extent the 02 consumption 
ratess collapsed. Within a few hours metabolic fluxes were re-established with an RQ of 0.6 
whichh is characteristic for growth on ethanol. At approximately 40 h the RQ rose from 0.6 to 
11 which is indicative for growth on acetate after the ethanol has been exhausted. After 42 h 
thee RQ values scattered as growth had ended and the 02 consumption was almost zero. The 
scatterr of the RQ within the first 20 hours was caused by the low oxygen consumption rate 
duee to glucose repression in combination with a low biomass concentration. 
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Figur ee 8.2 The gas-profiles of the wild-type strain and hxk2 deletion strain growing in batch on a 
mixtur ee of glucose and sucrose. The respiratory quotient (x) (RQ = C02 / 02), the C02 production rate (•) 
andd the 02 consumption rate (O) per litre culture (% gas-min"'(litre culture)"1) in the wild-type strain (A) and 
thee hxkl deletion strain (C). The specific C02 production (•) and 02 consumption (O) (umol-min"1-(g 
protein)"1)) of a part of the growth curve of the wild-type strain (B) and the hxk2 deletion strain (D). 
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Figur ee 8.3 The gas-profiles of the wild-type strain and hxk2 deletion strain growing in batch on a 
mixtur ee of glucose and ethanol. The respiratory quotient (x) (RQ = C02 / 02), the C02 production rate (•) 
andd the 02 consumption rate (O) per litre culture (% gas-min"1 -(litre culture)"1) in the wild-type strain (A) and 
thee hxkl deletion strain (C). The specific C02 production (•) and 02 consumption (O) (umol-min"'-(g 
protein)"1)) of a part of the growth curve of the wild-type strain (B) and the hxk2 deletion strain (D). 

Thee RQ profile, the C02 production rate and 02 consumption rate in the hxkl 
deletionn strain are very different from the wild-type (Fig. 8.2C). First, there is no discernible 
shiftt from glucose to sucrose, which suggests that the sucrose is simultaneously metabolised 
withh the glucose. Fig. 8.4B indeed shows that sucrose is already immediately hydrolysed by 
derepressedd invertase activity to glucose and fructose. The fructose formed was not 
metabolisedd until practically all glucose had been consumed. This is not caused by glucose 
repressionn but is a consequence of the lower affinity of the hexose transporters for fructose 
thann for glucose (174). The parent strain, however, does not hydrolyse the sucrose before all 
glucosee has been consumed (Fig. 8.4A). 

Secondly,, the growth of the hxkl deletion strain on ethanol (from approximately 30 
too 37 h) takes only half the time of that of the parent strain (from 24 to 38 h) (compare Figs. 
8.2AA and 8.2C). This is caused by the much lower ethanol production during the 
predominantlyy oxidative growth on glucose and sucrose by the hxkl deletion strain, whereas 
thee wild-type strain converts glucose mainly to ethanol. In the first 22 hours, the RQ of the 
hxklhxkl deletion strain was close to 1 which is characteristic of fully respiratory growth (Fig. 
8.2C).. Then, fermentation set in at around 23 h and the RQ rose above 1 and gradually 
increasedd further to almost 3 before glucose and sucrose were exhausted at 28 h. 

Thee specific respiration rates of the parent strain (Fig. 8.2B) and hxkl deletion strain 
(Fig.. 8.2D) during exponential growth with glucose (and sucrose) as carbon source, show that 
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thee specific C02 production rate is much higher in the parent than in the mutant, 900 
iimol-min"'-(gg protein)"' and 600 umol-min"'-(g protein)"1, respectively. The specific oxygen 
consumptionn is approximately 150 umol-min"1-(g protein)"1 in the parent and maximally 450 
jimol-min""  (g protein)"1 in the hxkl deletion strain. 
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Figur ee 8.4 Growth on a mixtur e of glucose and sucrose. The extracellular sugar concentrations (mM) 
duringg growth of the wild-type strain (A) and the hxk2 deletion strain (B) on a mixture of glucose (•) and 
sucrosee (O) and fructose (-••). 

Co-consumptionn of glucose and galactose or  maltose - Growth of both the parent and 
thee hxk.2 deletion strain growing batch-wise on glucose plus galactose essentially showed the 
samee RQ, C02 and 0 2 profile as Figs. 8.2A and 8.2C (results not shown). In the hxk.2 deletion 
strainn the co-consumption of glucose and galactose was obvious: the extracellular galactose 
concentrationn was already decreasing when glucose was still abundant (Fig. 8.5B). In the 
parentt first the glucose was exhausted (at 18 h) after which the galactose was consumed (Fig. 
8.5A).. At 23 h the galactose was exhausted and the shift to growth on ethanol set in. 

Thee parent strain did not have any difficulty growing on a mixture of glucose and 
maltose,, first the glucose was consumed and then the maltose was taken up and hydrolysed to 
glucosee (Fig. 8.6A). The hxk2 deletion strain, however, grew poorly on a mixture of maltose 
andd glucose (or maltose alone) with a umax of 0.12 h"1 instead of 0.32 h"1 on other fermentable 
carbonn sources (data not shown). Nevertheless, maltose concentrations decreased, indicating 
uptakee and intracellular hydrolysis of maltose (Fig. 8.6B). Simultaneously, the extracellular 
glucosee levels increased slightly around 16 to 18 h, indicating that the maltose was 
hydrolysedd faster than it was metabolised resulting in the export of intracellular glucose into 
mee medium oy uiC availaule nexose transporters, -n.ii.cr all tuc maitose uau ueen nydroiyseu, 
thee glucose was consumed next and growth was restored. The poor growth in the presence of 
maltosee was not due to ATP depletion as a consequence of uncontrolled active transport of 
maltosee over the membrane, since the intracellular ATP concentration was approximately 8 
mMM and the ATP/ADP ratio approximately 5. 
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Figur ee 8.5 Growth on a mixtur e of glucose and galactose. The extracellular sugar concentrations (mM) 
duringg growth of the wild-type strain (A) and the hxk.2 deletion strain (B) on a mixture of glucose (•) and 
galactosee (•••). 
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Figur ee 8.6 Growth on a mixtur e of glucose and maltose. The extracellular sugar concentrations (mM) 
duringg growth of the wild-type strain (A) and the hxk2 deletion strain (B) on a mixture of glucose (•) and 
maltosee (-$-). 

Co-consumptionn of glucose and ethanol - On a mixture of glucose and ethanol the parent 
consumedd the glucose first and converted the glucose mainly to ethanol; only after glucose 
exhaustionn ethanol was consumed (Figs. 8.3A and 8.7A). Interestingly, in the early to mid 
exponentiall stages of growth, the ethanol concentration in the medium of the hxk2 deletion 
strainn decreased (Fig. 8.7B). This suggests consumption of ethanol, but might be an artefact 
causedd by evaporation of ethanol in the vigorously aerated fermentor. However, the gas data 
revealedd that the RQ value was lower than 1, which irrefutably shows that ethanol was 
actuallyy consumed simultaneously with glucose. The RQ gradually increased and at 18 h the 
valuee became larger than 1 and net fermentation set in. Thus the hxk2 deletion strain 
consumedd ethanol in the presence of abundant glucose in early exponential growth, then 
switchedd to ethanol production during late exponential growth, then switched back to ethanol 
consumptionn after the glucose was exhausted (Figs. 8.3C and 8.7B). The parent strain 
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producedd ethanol due to fermentation of glucose (Fig. 8.7A) which agrees with the high RQ 
valuess of 8 until glucose was exhausted (Fig. 8.3A). The specific oxygen consumption by the 
hxk.2hxk.2 deletion strain was extremely high and reached values of almost 900 umol-min"'-(g 
protein)"11 compared to 200 for the parent (Fig. 8.3B). Even during fully oxidative growth of 
thee parent on ethanol this value reached only 300 umol-min"'-(g protein)"' (Fig. 8.2B). 

155 Time(h) 20 

Figur ee 8.7 Growth on a mixtur e of glucose and ethanol. The extracellular glucose (•) and ethanol (•••) 
concentrationn (mM) during growth of the wild-type strain (A) and the hxk2 deletion strain (B). 

8.55 Discussio n 

Thiss chapter reports on the physiological behaviour of S. cerevisiae strains deleted in the 
HXK2HXK2 gene during growth on mixtures of carbon sources. The hxk2 deletion strain was 
investigatedd for co-consumption properties both on plates and, in more detail, in batch 
fermentors.. The plate assays revealed that the hxk2 deletion strain could grow on sucrose and 
evenn on ethanol/glycerol in the presence of the glucose analogue 5-thioglucose whereas the 
parentt could not (Fig. 8.1). Comparable, more quantitative results were found in the batch 
fermentors.. In batch cultures, the hxk2 deletion strain co-consumed sucrose with glucose 
(Fig.. 8.4B), galactose with glucose (Fig. 8.5B) and ethanol/glycerol together with glucose 
(Fig.. 8.7B) of which the latter could be confirmed by the RQ value which was smaller than 1 
(Fig.. 8.3D). 

Itt was observed consistently that the specific oxygen consumption in the hxk.2 
deletionn mutant decreased in time (Figs. 8.2D and 8.3D). Recently, we found that the 
requirementt for biotin in the hxk.2 deletion strain is higher than in its parent (167, 168). The 
graduall decrease in specific respiration rate can be (partly) prevented by the addition of extra 
biotinn to the standard growth medium. 

Inn liquid medium and on plate, the hxk2 mutant consumed galactose in the presence 
off glucose and 5-thioglucose, respectively. The parent strain, however, grew in the presence 
off 5-thioglucose on plates as well, thus galactose metabolism was not fully repressed. In the 
batchh fermentor, the parent strain could not consume glucose together with galactose (Figs. 
8.11 and 8.5A). This discrepancy might be caused by the different concentration of galactose 
inn the medium or the different molar ratio of glucose (or 5-thioglucose) to galactose. On 
platess a higher concentration of galactose (2%) was present than in the fermentors (0.4%). 
Thee higher galactose concentration in the solid medium may be sufficient to induce galactose 
metabolismm and overrule the glucose repression in the parent strain whereas the lower initial 
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galactosee concentration in the batch fermentor may not have been able to overrule glucose 
repression. . 

Remarkably,, the X2180-1A strain was capable of growth on maltose (Fig. 8.1), 
whichh is in contrast to earlier observations (e.g. Chapter 4). The X2180-1A is characterised 
ass mal minus, however it is not clear whether this characterisation is based on 
phenotypologicall  tests or addresses to its genotype. The absence of maltose uptake and 
growthh on maltose in liquid medium that was found for the diploid strain as described in 
Chapterr 4, in contrast to the growth on plates of the haploid described in this chapter, might 
bee related to differences in preceding growth conditions. We presume that the X2180 strains 
aree able to grow on maltose, but induction of the MAL genes is dependent on the preceding 
growthh conditions. However this hypothesis has to be tested further. 

Thee hxkl deletion strain grew poorly on a mixture of glucose and maltose in liquid 
medium,, first all maltose was taken up and hydrolysed before the glucose was consumed 
(Fig.. 8.6B). The hydrolysed maltose was probably accumulated in the cytoplasm and 
subsequentlyy transported out of the cell since the extracellular glucose concentration actually 
rose.. On plates it could be observed as well that the hxkl deletion strain in the CEN.PK 
backgroundd grew worse on maltose in the presence of 5-thioglucose compared to its parent 
(Fig.. 8.1), probably as a result of the constitutive expression of the MAL genes in this strain. 
Thee uncontrolled uptake of maltose by the hxkl deletion strain costs ATP, since maltose 
permeasee is an active transporter. This may suggest that the strain cannot grow well due to 
exhaustionn of intracellular ATP. However, the ATP concentration was 8 mM and the 
ATP/ADPP ratio was approximately 5, values which are even higher than the average on 
fermentablee carbon sources. The hxkl mutant may show impaired growth as a result of 
osmoticc damage. 

AA completely novel observation was the ability of an S. cerevisiae (with an HXK1 
deletion)) strain to simultaneously metabolise glucose and ethanol in the presence of excess 
glucose.. Co-consumption of glucose and ethanol in S. cerevisiae has been reported but this 
couldd be only accomplished by using dual-substrate limited chemostat cultures (60). In such 
cultures,, the glucose and ethanol consumption could be manipulated by changing the relative 
concentrationss of glucose and ethanol in the medium feed. 

Thee specific respiration rates measured in the batch fermentors varied strongly 
dependingg on the carbon sources available and the type of strain. The parent strain displayed 
respirationn rates that were maximally 200 umol-min ĝ protein)' in the presence of glucose, 
sucrosee or galactose and 300 umol-min ĝ protein)"1 during growth on ethanol (fully 
derepressedd conditions; Figs. 8.2B and 8.3B, and Chapter 6). The hxk2 deletion strain had an 
increasedd specific respiration rate on galactose and sucrose of approximately 450 
umolmin^gg protein) \ and on a mixture of glucose and ethanol attained 900 umol-min (g 
protein)"1.. Especially under these conditions where high biomass concentrations are present 
inn combination with high specific growth rates, the specific respiration rates decline in time 
(Figs.. 8.2D and 8.3D). This is most likely due to the earlier mentioned biotin requirement 
(167,, 168). 

Duringg industrial processes in rich complex medium S. cerevisiae will first consume 
thee most favoured carbon source and then switch to the next and so on. An 5. cerevisiae 
strain,, such as the hxkl mutant, that can co-consume different substrates would overall grow 
fasterr and is therefore appealing for use in processes such as the production of bakers' yeast 
orr heterologous proteins. Additionally, if most of the available sugars can be consumed in 
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industriall  media, the environmental burden of squandering used media will clearly be 
relieved.. The hxk2 mutant strain therefore appears to meet several of the properties desired 
forr an S. cerevisiae strain to be used for commercial yeast biomass production or 
heterologouss protein production. 
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Chapterr 9 

9.11 Summar y 

Thee research described in this thesis addressed two central questions concerning the 
physiologicall  functions of hexose transport and hexose phosphorylation in Saccharomyces 
cerevisiae: cerevisiae: 

1)) What is the (quantitative) role of the individual hexose transporters in metabolism?, and 
2)2) How does the regulatory role of hexokinase II relate to hexose metabolism? 

Somee pieces of the puzzle were answered, yet new questions emerged. In this section, I wil l 
evaluatee to what extent the questions have been answered, and which new questions have 
arisen.. Ideas will be discussed that have emerged during the last four years and may direct to 
futuree investigations. 
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9.22 Rol e an d functio n of th e hexos e transporter s In metabol is m 

Multitud ee of hexose transporters - The presence of a multitude of hexose transporters in 
manyy organisms and in S. cerevisiae in particular (see Introduction and Chapters 2 and 3) 
suggestss an evolutionary advantage. This was confirmed by studies with glucose limited 
continuouss cultures that were maintained for more than 250 generations, which showed cells 
thatt had evolved and were optimized for growth with a high biomass yield (49). Multiple 
duplicationss in the genes encoding hexose transporters were shown to occur under these 
conditionss (20). The ability too adapt rapidly to changes in the environment and the capacity to 
transportt glucose across the plasma membrane under any condition (e.g. HXT5 in Chapter 3) 
seemm to be the consequence of or even the reason for the large family of hexose transporters. 

Inn Chapters 2 and 3 of this thesis, the kinetics of glucose transport and the expression of 
hexosee transporters under various growth conditions confirmed that: 
1)) HXT1-HXT4, and HXT6-HXT7 are (quantitatively) the most relevant carriers for hexose 
transportt during growth on glucose (173, 174), and 
2)) their expression is differentially regulated in response to the extracellular glucose 
concentrationn (19, 35, 110,111, 146,148, 209, 244), and 
3)) HXT5 confers weak/no growth on glucose, when present as sole transporter in an HXT1-
HXT7HXT7 null background (19, 173, 174). 

Thee existence of a large number of separate low- and high-affinity hexose transporters is not 
directlyy obvious. In principle, one high-affinity glucose transporter would be sufficient to 
transportt glucose across the plasma membrane at high capacity at any glucose concentration. 
However,, it is clear mat the concentration of intracellular glucose is dependent on the affinity 
off  the transporter(s) present (see Chapter 4 and ref. (204)). Low-affinity transporters will 
conferr changes in the intracellular glucose concentration at abundant glucose while 
remainingg a high capacity of glucose transport, and high-affinity glucose transporters will do 
thee same at low glucose. It can be suggested that changes in the availability of glucose can be 
sensedd by the fine-tuning of intracellular signals (e.g. intracellular glucose itself) through the 
actionn of the multitude of glucose transporters. The mechanism of glucose catabolite 
repressionn might be sensitive to such a system. In addition, the 'sensing' cytosolic tail of 
Rgt2pp and Snf3p (see Introduction) may work in collaboration with the different hexose 
transporters.. One might speculate that the hexose transporters are responsible for setting the 
intracellularr glucose concentration through a particular set of kinetic parameters, while the 
sensorss are responsible for the sensing of changes and the subsequent regulation of hexose 
transportertransporter expression. Experiments in which the affinity (or capacity) of glucose transport is 
variedvaried by constitutive or regulated expression of the different hexose transporters, and in 
whichh the presence of the 'sensors' Rgt2p and Snf3p is modulated, in combination with 
genomic,, proteomic, or metabolomic studies may result in a better understanding of the 
mechanismm of nutrient 'sensing'. In addition, a comparison of yeast as the 'model-eukaryote' 
withh higher eukaryotes is appealing, especially in relation to human diseases, in particular 
diabetess (e.g. ref. (89)). 

Overexpressionn of any of HXT8-HXT17 (except HXT12) was shown to restore growth on 
glucosee in a 'complete' hexose transport null strain (251), implying that they are all able to 
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conferr the uptake of glucose. However, significant transcription of HXT8-HXT17 has never 
beenn shown under any condition tested (e.g. Chapter 2). Systematic studies in which the 
uptakee of (or growth on) sugars other than glucose, fructose, galactose, mannose, or maltose 
byy the individual hexose transporters is tested seems a first possibility to unravel the function 
off  the transporters. Kinetic studies on me individual hexose transporters encoded by HXT8-
HXT17,HXT17, in addition to studies on metabolic properties as a consequence of the deletion of the 
individuall  genes (for instance see ref. (169)) might reveal their function. Other functions in 
metabolismm than in hexose transport should not be disregarded, e.g. HXT9 and HXT11 are 
knownn to be involved in pleiotropic drug resistance (136). 

Relationn between hexokinase II , hexose transport and metabolism - At first, the 
questionss raised at the beginning of this chapter may seem unrelated; however, the deletion 
off  hexokinase II results in the absence of repression of high-affinity glucose transport during 
growthh on abundant glucose (Chapter 5). This result has strong bearing on the regulation of 
thee intracellular glucose pool mentioned before. The presence of a high-affinity glucose 
transporterr during growth on excess glucose most likely wil l influence the intracellular 
metabolitee pools. The altered physiology of S. cerevisiae as a consequence of the deletion of 
HXK2HXK2 (Chapters 5-8) might very well, in addition to its direct influence in glucose 
repression,, be related to the changed hexose transport characteristics, through changed 
intracellularr metabolite pools (e.g. intracellular glucose). The inhibition of growth in a 
hexokinasee II deletion strain at higher glucose concentrations (Chapter 6) might be the result 
off  presence of high-affinity transport and changed intracellular metabolites as well. In 
general:: systematic experiments in which the intracellular metabolite pools (intracellular 
glucosee in particular) are changed by changing the hexose transporters present, might reveal 
whichh factors correlate with glucose repression, or from an industrial point of view, with 
rapidd growth and/or a high fermentative capacity. In particular: overexpression or constitutive 
expressionn of high affinity glucose transport in a wild-type strain might mimic the 
physiologicall  characteristics of an hxk.2 null mutant (e.g. see (256)). 

Kineticss of hexose transport - The determination of the kinetic parameters of glucose 
transportt is often based on a one or two component Michaelis-Menten model (e.g. Chapters 
2,, 4 and 5). However, it is known that seven hexose transporters may contribute to the 
apparentt kinetics of glucose transport (e.g. Chapters 2, 3 and ref. (173)). Therefore, the 
determinationn of the apparent kinetic parameters of hexose transport often results in an 
equationn that describes the relation between substrate and velocity in an empirical way only. 
Especiallyy low-affinity parameters which are often based on extrapolation might deviate from 
reall  values. Ultimately, the zero trans-influx of  14C-hexoses can be analysed by fixing the 
(accuratelyy determined) affinity constants of hexose transporters present (by means of 
Westernn or Northern analysis), and determining the maximal capacity (V^,) of the different 
hexosee transporters, through computer analysis. 

Low-affinit yy hexose transport - In Chapters 2 and 4 of this thesis it is described that often, 
whenn low-affinity transporters are present, zero trans-influx of glucose, estimated from 14C-
glucosee uptake, is lower than the steady state glucose consumption (also see ref. (204)). 
Differentt reasons can be thought of: 
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1)) There is accumulation of intracellular glucose during the uptake measurement, which 
resultss in inhibition of the transport (e.g. through the breakdown of intracellular glycogen or 
thee low initial concentration of ATP in cells with low-affinity hexose transporters; see Figs. 
9.1AA and 9.1B). Possibly the cells have to be energized (to furnish ATP, e.g.: (6)) or starved 
(too degrade glycogen) before the assay. 
2)) Low-affinity glucose transport has to be activated (by interaction with other enzymes or 
throughh phosphorylation of the transporter). A pulse of '4C-glucose at various time-points 
duringg glucose consumption would resolve whether the transport increases (is activated) 
duringg consumption. 

timee (min) time (min) 

Figur ee 9.1 Intracellular  metabolites in S. cerevisiae after  addition of glucose to cells harvested at 
differentt  phases of growth. Diploid S. cerevisiae X2180 cells were grown at 30°C at pH 5 in a minimal 
mediumm containing Yeast Nitrogen Base, lOOmM phthalic acid and 2% glucose. Cells were harvested during 
exponentiall  phase (A) or at the diauxic shift (B), and washed. At t=0 cells were preincubated at 30°C in 
potassiumm phosphate buffer (pH 6.5), at t=3.5 min 100 mM glucose (final concentration) was added. Dynamic 
responsess of some intracellular metabolites were followed in time. Glucose 6-phosphate (•), ATP (O), and 
fructosee 6-phosphate (*) concentrations are expressed in mM in the cytosol. Lines are drawn to indicate 
possiblee trends. 

Controll  of glucose transport - In Chapter 4 it was found that a high proportion of the 
controll of the glycolytic flux resides in the transport of glucose across the plasma membrane. 
Thiss was determined in cells at one particular condition: the moment of glucose depletion 
duringg aerobic batch growth on glucose. It is a small piece of a much more complex problem: 
thee distribution of control during growth under any condition. The condition that was 
monitoredd in Chapter 3 resembles the situation of bakers' yeast before the addition to dough. 
Thus,, causally we might conclude that overexpression of hexose transporters in bakers' yeast 
mightt result in an increased fermentative capacity. However, different problems emerge: 
1)) What is the control of the separate hexose transporters on the glycolytic flux, and what is 
thee result of their overexpression? 
2)) What is the result of the overexpression of hexose transport during the production of 
bakers'' yeast? 
3)) To what extent does a commercial bakers' yeast differ from an S. bayanus lab strain? 
4)4) What happens to the control distribution when hexose transport is overexpressed? 
Intimatee knowledge of metabolism by means of in silico and in vivo experiments will result 
inn an 'improved' yeast strain and ultimately in a predictive model of the yeast cell. 
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Physiologica ll  function s of hexos e transpor t an d hexos e phosphorylatio n i n 
Saccfiaromyce ss cerevfsia e 

Thee yeast S. cerevisiae is a unicellular fungus that can grow on a variety of carbon sources. 
Thiss thesis deals with aspects of the physiological function of the first two steps of the 
metabolismm of hexoses, especially glucose. The first step in hexose metabolism is the 
transportt across the plasma membrane. This process is facilitated by proteins of the hexose 
transporterr family, which are encoded by the HXT genes and the GAL2 gene (Chapters 2-5). 
InIn the second step of hexose metabolism, the internalized hexose is phosphorylated to 
hexose-6-phosphatee by hexokinase I, hexokinase II, or glucokinase. In addition to its 
metabolicc role in hexose phosphorylation, hexokinase II is involved in glucose repression, 
andd thereby in the regulation of the make-up of the cell machinery (Chapters 5-8). 

Hexos ee transpor t 

Thee entire yeast genome sequence revealed 20 homologues of hexose transporter genes, 
designatedd HXT1-HXT17, GAL2, SNF3, and RGT2. The abundance of putative hexose 
transporterss strongly raises the question whether the separate transporters have a specific 
functionn in the cell. 

InIn previous studies it was shown that HXTJ-HXT4, HXT6-HXT7 and GAL2 encode 
thee relevant hexose transport proteins during growth on glucose or galactose. Roughly it can 
bee stated that HXT1 and HXT3 encode transporters with low-affinity for glucose, HXT2 and 
HXT4HXT4 encode transporters with moderate affinity for glucose, HXT6 and HXT7 encode 
proteinss that have a high-affinity for glucose, GAL2 encodes a transport protein with high 
affinityy for both glucose and galactose, and SNF3 and RGT2 encode a low and high glucose 
sensor,, respectively (see Introduction) . Studies on the kinetics of glucose transport have 
shownn that during growth on glucose the affinity of the glucose transport step changes. At a 
highh concentration of glucose, yeast glucose transport exhibits relatively low affinity for 
glucose,, while approaching glucose depletion the affinity for glucose increases. In Chapter  2 
thee kinetics of glucose transport and the transcription of all 20 members of the hexose 
transporterr gene family were studied during batch growth on glucose and in chemostat 
culturess under various nutrient-limited conditions. Transcription of HXTJ-HXT4 and HXT6-
HXT7HXT7 was correlated with the extracellular glucose concentration in the cultures. Noticeably, 
theree was a difference in the transcription pattern of HXT6 and HXT7, implying the different 
regulatoryy mechanisms of these two almost identical high-affinity glucose transporters. 
Transcriptss of HXT8-HXT17 were present under various conditions, but at very low levels, 
suggestingg a minor role in hexose transport for the proteins encoded by these genes. GAL2 
mRNAA was only detected in galactose-limited cultures, showing the requirements of GAL2 
inductionn by galactose. SNF3 and RGT2, two members of the HXT family that encode 
glucosee sensors, were transcribed at low levels that did not clearly correlate with the 
extracellularr glucose concentration. This suggests a glucose sensing mechanism which is not 
regulatedd by the external glucose concentration per se. Kinetics of glucose transport were 
roughlyy in agreement with the previously identified kinetic parameters of the hexose and 
galactosee proteins present as predicted from the HXT genes transcribed. In addition, in 
aerobicc glucose-limited cultures at the lower dilution rates the residual glucose concentration 
didd not change significantly with changes in the dilution rate. Only when approaching the 
criticall  dilution rate, the residual glucose concentration increased. The glucose transport 
capacityy calculated from zero trans-influx experiments and the residual glucose concentration 
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exceededd the measured in situ glucose consumption rate at the lower dilution rates, which 
suggestss the existence of a constraint on the glucose transport activity (for instance a pool of 
intracellularr glucose). At high dilution rates, however, the calculated glucose transport 
capacityy was too low to account for the in situ glucose consumption rate. Discrepancies in 
(thee determination of) low-affinity glucose transport seem to be involved. 

Duringg the studies described in Chapter  2 various conditions were identified where the 
previouslyy uncharacterized hexose transporter homologue HXT5 was transcribed. Transcript 
levelss of HXT5 were abundant after glucose exhaustion during batch growth on glucose. 
Furthermore,, HXT5 mRNA was present in slowly growing cells, i.e. at low dilution rates in 
glucose-limitedd cultures and during (slow) growth on carbon sources other than glucose (in 
ethanol-,, fructose- and galactose-limited cultures). Under ethanol-limited culture conditions 
HXT5HXT5 was almost the only, but certainly the most prominently transcribed //XT-gene. 
Remarkably,, glucose was present in the culture supernatant of ethanol-, fructose- and 
galactose-limitedd cultures. These results suggest that HXT5 encodes first a 'reserve' hexose 
transporterr since it was present when no glucose was present, possibly to be able to transport 
glucosee rapidly when it becomes available, or secondly functions as a 'reverse' transporter, 
sincee excreted glucose was measured during growth on carbon sources other than glucose 
wheree HXT5 transcript levels were relatively high. The expression pattern of HXT5 and its 
possiblee role in the physiology of yeast were studied in more detail in Chapter  3. From 
Northernn blot analysis on HXT5 transcription and from studies with a strain in which HXT5 
wass tagged with the green fluorescent protein (GFP) it became apparent that HXT5 is 
expressedd and present as a protein during conditions of relatively slow growth, sporulation 
andd during growth on non-fermentable carbon sources. 

Thee kinetic parameters of the protein encoded by HXT5 were determined in strain 
RE6055 that possesses neither HXT1-HXT4 nor HXT6-HXT7, which encode the major hexose 
transporters.. It was found that HXT5 encodes a functional hexose transporter, that has 
moderatee affinity for glucose (Km = 10 mM), moderate/low-affinity for fructose (Km = 40 
mM)) and poor affinity for mannose. The RE700 strain, which lacks HXT1-HXT7 completely, 
didd not show any hexose uptake on a 5s time-scale. 

Inn spite of the clear evidence that Hxt5p is a hexose transporter that is present when 
glucosee is scarce or absent, no obvious phenotype was found of an HXT5 deletion. However, 
whenn stationary phase cells, where Hxt5p is abundant in wild-type cells, were shifted to fresh 
glucosee medium, a longer lag in growth initiation was observed in the hxt5 deletion strain, 
thann in the wild-type strain. In addition, this shift seemed to initiate pseudohyphal growth in 
thee hxt5 deletion strain. However, the exact role of the HXT5 gene product remains unclear. 

Inn the past, glucose transport has often been described as rate-limiting step of glycolysis in 
yeast.. Through Metabolic Control Analysis (MCA) the extent to which the transport of 
glucosee across the plasma membrane controls the glycolytic flux has been determined in cells 
off  S. bayanus at one particular condition: the moment of glucose depletion during batch 
growthh on glucose (Chapter  4). 

Experimentall  determination of a flux control coefficient requires that the activity of 
thee component of interest be modulated in some manner. To this end, the activity of glucose 
transportt was modified in two ways: i) by inhibition of the glucose transport step by maltose, 
aa competitive inhibitor of glucose transport both in the yeast S. cerevisiae and S. bayanus, ii) 
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byy modulation of the concentration of the substrate of the glucose transport step, extracellular 
glucose.. The response of the glycolytic flux to such modulations has been determined 
experimentally.. Furthermore the elasticity of the transport step to extracellular glucose has 
beenn derived. Subsequently, the flux control coefficient was derived from the ratio of the 
responsee and elasticity coefficients. The results demonstrated that in cells of S. bayanus 
grownn on glucose and harvested at the point of glucose exhaustion, the transport of glucose 
acrosss the plasma membrane has a high control on the glycolytic flux. 

Regulatio nn of metabolis m by hexokinas e II 

Glucosee repression is a regulatory mechanism that is responsible for the repression of genes 
encodingg enzymes that are involved in oxidative metabolism and in the metabolism of carbon 
sourcess other than glucose. As a consequence glucose is the preferred carbon and free energy 
sourcee of S. cerevisiae, and glucose metabolism is fermentative in the presence of oxygen. 
Besidess its importance for hexose metabolism, hexokinase II plays a prominent role in the 
mechanismm of glucose repression. 

Ass was shown in the past and in Chapter  2 high-affinity glucose transport is repressed at 
highh concentrations of glucose by the regulatory mechanism of glucose repression involving 
hexokinasee II. In Chapter  5 the effect of the expression of different hexokinases on the 
kineticss of glucose transport and the transcript levels of the major hexose transporters HXT1-
HXT7,HXT7, was determined. It was confirmed that a null mutation of the HXK2 gene prevents 
repressionn of high-affinity glucose transport at abundant glucose. Moreover, it was found that 
thee high-affinity component in the hxk2 null strain is associated with an elevated transcription 
off  the high-affinity transporter genes HXT2 and HXT7, and a diminished transcription of the 
low-affinityy transporter genes HXT1 and HXT3 compared to the wild-type. Additional 
deletionn of HXT7 in the hxk2 null strain revealed that the high-affinity component could 
mostlyy be ascribed to the expression of HXT7; however, a previously unidentified very high-
affinityy component (Km = 0.24 mM) was due to other factors, possibly HXT2. 

Hexokinasess from the 'non-conventional' yeasts Schizosaccharomyces pombe or 
YarrowiaYarrowia lipolytica could restore repression of high-affinity glucose transport in a triple 
hexokinasee deletion strain (hxkl hxk2 glkl). This implies that the function of hexokinase II in 
glucosee repression has been conserved during (this little bit of) evolution. 

Duringg the studies described in Chapter  5 it became evident that the absence of hexokinase 
III  strongly influences the physiology of 5. cerevisiae (Chapters 6-8). 

Chapterr  6 describes the effects of the deletion of HXK2 on the distribution of 
metabolicc fluxes, the enzyme activities, and the intracellular metabolite concentrations, 
duringg batch growth on glucose. In aerobic batch cultures on glucose the hxk2 null strain 
displayedd severely changed properties such as increased mitochondrial activities and altered 
enzymee activities around pyruvate, as compared to the wild-type. This resulted in fully 
oxidativee growth during early exponential growth, or in other words: an initial absence of 
fermentationn (ethanol production), a postponed and shortened diauxic shift, and a higher 
biomasss yield. 

Thee effects of the deletion of hexokinase II on S. cerevisiae in continuous cultures 
aree described in Chapter  7. In glucose-limited aerobic chemostat cultures of a wild-type S. 
cerevisiaecerevisiae CEN.PK113-7D and a derived HXK2-im\l strain, metabolic fluxes were identical 
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att lower dilution rates. Interestingly, the critical dilution rate (ethanol production) and 
maximall  growth rate in the hxk2 null strain were higher than for the wild-type. After a 
glucosee pulse to the steady-state aerobic glucose limited chemostat cultures, metabolic fluxes 
weree similar in the two strains. In contrast, the concentrations of some intracellular 
metabolitess were clearly different. This implies that hexokinase II is not involved in the 
controll  of the glycolytic flux under these conditions, but the different set of kinetic 
parameterss for the glucose-phosphorylating step, results in different metabolite 
concentrationss at identical fluxes. 

Inn Chapter  8 it is shown that an hxk2 null mutant strain is able to co-consume 
carbonn sources, i.e. glucose in combination with sucrose, ethanol or galactose. By contrast in 
wild-typee 5. cerevisiae, enzymes involved in the initial metabolism of carbon sources other 
thann glucose are repressed, and the depletion of glucose precedes consumption of other 
carbonn sources present. 
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Fysiologisch ee functie s van hexos e transpor t en hexos e fosforylatj e in 
Saccharomyce ss cerevfsla e 

Dee gist S. cerevisiae is een eencellige schimmel die kan groeien op een verscheidenheid aan 
suikers.. Dit proefschrift behandelt aspecten van de fysiologische functie van de eerste twee 
stappenn van hexose metabolisme, in het bijzonder die van glucose. De eerste stap van hexose 
metabolismee is het transport over de plasmamembraan. Dit proces wordt gefaciliteerd door 
eiwittenn uit de familie van hexose transporters. Deze worden gecodeerd door de HXT genen 
enn het GAL2 gen (Chapters 2-5). In de tweede stap van hexose metabolisme wordt de 
opgenomenn hexose gefosforyleerd tot hexose-6-fosfaat door hexokinase I, hexokinase E, of 
glucokinase.. Hexokinase II is, naast zijn rol in hexose fosforylatie, betrokken bij glucose 
repressie,, en daarbij in de regulatie van de samenstelling van het interne cel mechanisme 
(Chapterss 5-8). 

Hexos ee transpor t 

Dee sequentie van het gehele gistgenoom onthulde 20 homologen van hexose transporter 
genen.. Deze zijn benoemd als HXT1-HXT17, GAL2, SNF3, en RGT2. De overvloed aan 
mogelijkee hexose transporters roept sterk de vraag op of de afzonderlijke transporters een 
specifiekee functie in de cel hebben. 

Eerderr onderzoek heeft laten zien dat HXT1-HXT4, HXT6-HXT7 en GAL2 coderen 
voorr de relevante hexose transport eiwitten tijdens groei op glucose en galactose. Globaal 
genomenn kan worden gezegd dat HXT1 en HXT3 coderen voor transporters met lage affiniteit 
voorr glucose, HXT2 en HXT4 coderen voor transporters met gematigde affiniteit voor 
glucose,, HXT6 en HXT7 coderen voor eiwitten met een hoge affiniteit voor glucose, GAL2 
codeertt voor een transport-eiwit met hoge affiniteit voor zowel glucose als galactose, en 
SNF3SNF3 en RGT2 coderen sensors voor respectievelijk hoge en lage concentraties glucose (zie 
Introduction) .. Onderzoek naar de kinetiek van glucose-transport heeft laten zien dat tijdens 
groeii  op glucose de affiniteit voor glucose verandert. Glucose transport in gist toont relatief 
lagee affiniteit voor glucose tijdens groei bij een hoge concentratie glucose, terwijl de affiniteit 
toeneemtt als de glucose opraakt. Chapter  2 beschrijft onderzoek naar de kinetiek van 
glucosee transport en de transcriptie van alle 20 leden van de familie van genen die coderen 
voorr hexose transporters, tijdens batch groei op glucose en in chemostaat cultures onder 
verschillendee nutriënt limitaties. De transcriptie van HXT1-HXT4 en HXT6-HXT7 correleerde 
mett de extracellulaire glucose concentratie in de cultures. Het opvallende verschil in 
transcriptie-patroonn tussen HXT6 en HXT7, wijst op het verschil in regulatie van deze twee 
vrijwell  identieke hoge-affiniteits glucose transporters. Onder verschillende condities kon 
transcriptiee van HXT8-HXT17 worden aangetoond, echter op een erg laag niveau. Dit 
suggereertt dat de eiwitten gecodeerd door deze genen geen grote bijdrage leveren aan hexose 
transport.. Alleen in galactose-gelimiteerde cultures werd GAL2 mRNA gedetecteerd; wat laat 
zienn dat GAL2 transcriptie moet worden geïnduceerd door galactose. Transcriptie van SNF3 
andd RGT2, de twee leden van de HXT familie die coderen voor glucose sensors, was laag en 
niett duidelijk gecorreleerd aan de extracellulaire glucose concentratie. Dit suggereert dat het 
'sensing'' mechanisme zelf niet wordt gereguleerd door de extracellulaire glucose 
concentratie.. De kinetiek van glucose transport was globaal in overeenstemming met de 
aanwezigee hexose en galactose transporters, zoals voorspeld uit het transcriptie-patroon van 
dee ffiÉT-genen. Verder leek de residuele glucose concentratie in aërobe glucose gelimiteerde 
culturess onafhankelijk van de verdunningssnelheid (D), pas rond de kritieke 
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verdunningssnelheidd nam de residuele glucose concentratie toe. Bij lagere 
verdunningssnelheden.. was de glucose transport capaciteit, berekend uit de zero trans-influx 
experimentenn en de residuele glucose concentratie, hoger dan de gemeten in situ glucose 
consumptiee snelheid. Dit wijst erop dat de glucose transport activiteit onder deze 
omstandighedenn (negatief) wordt beïnvloed, bijvoorbeeld door de aanwezigheid van 
intracellulairee glucose. Echter, bij hogere verdunningssnelheden was de berekende glucose 
transportt capaciteit te laag om de in situ glucose consumptie snelheid te kunnen verklaren. 
Onjuisthedenn in de bepaling van de component van glucose transport met lage affiniteit, 
lijkenn hierbij betrokken. 

Tijdenss het onderzoek zoals beschreven in Chapter  2 werden verschillende condities 
gevondenn waar het tot dan toe ongekarakteriseerde hexose transporter homoloog HXT5 werd 
getranscribeerd.. Tijdens batch groei op glucose was transcriptie van HKT5 overvloedig na 
glucosee depletie. Verder was HXT5 mRNA aanwezig in langzaam groeiende cellen, i.e. bij 
lagee verdunningssnelheden in glucose gelimiteerde cultures, en tijdens (langzame) groei op 
koolstofbronnenn anders dan glucose (in ethanol-, fructose- en galactose-gelimiteerde 
cultures).. Onder condities van ethanol-limitatie was HXT5 de voornaamste zo niet enige van 
dee getranscribeerde HXT genen. Opmerkelijk was de aanwezigheid van glucose in het 
supernatantt van de ethanol-, fructose- en galactose-gelimiteerde cultures. Deze resultaten 
suggererenn dat HXT5 codeert voor ten eerste: een 'reserve*  hexose transporter, omdat deze 
aanwezigg was in afwezigheid van glucose, wellicht om glucose snel te kunnen transporteren 
alss het beschikbaar komt, en ten tweede: een 'reverse' (tegengestelde) transporter, omdat er 
(uitt de cel getransporteerde) glucose werd gevonden tijdens groei op koolstofbronnen anders 
dann glucose en HXT5 transcriptie relatief gezien hoog was onder deze omstandigheden. 

Inn Chapter  3 wordt onderzoek beschreven naar het patroon van expressie en de 
mogelijkee rol van HXT5 in de fysiologie van gist. Door middel van Northern blot analyse van 
HXT5HXT5 transcriptie en onderzoek met een stam waar HXT5 was gefuseerd met het 'green 
fluorescentt protein' (GFP) werd duidelijk dat HXT5 tot expressie komt onder condities van 
langzamee groei, sporulatie, en tijdens groei op niet-fermenteerbare koolstof-bronnen. 

Dee kinetische parameters van het eiwit gecodeerd door HXT5 werden bepaald in de 
zogenaamdee RE605 stam, een stam die geen van de HXT1-HXT4 of HXT6-HXT7 genen bezit 
(dee genen die coderen voor de belangrijkste hezose transporters). HXT5 codeert een 
functionelee hexose transporter, met gematigde affiniteit voor glucose (Km = 10 mM), 
gematigdee tot lage affiniteit voor fructose (Km = 40 mM) en vrijwel geen affiniteit voor 
mannose.. De RE700 stam, die geen van de HXT1-HXT7 genen bezit, toont geen hexose 
opnamee tijdens 5s opname studies. 

Ondankss het duidelijke bewijs dat Hxt5, als hexose transporter aanwezig is, wanneer 
glucosee schaars of afwezig is, leidde deletie van HXT5 niet tot een duidelijk fenotype. Echter, 
alss cellen uit de stationaire fase, waar Hxt5 hoog tot expressie komt in wilde type cellen, 
werdenn voorzien van vers glucose medium, werd een langere vertraging in opstarten van 
groeii  waargenomen in de stam met de HXT5 deletie dan in de wilde type stam. Verder leek 
hett verse glucose medium in de hxt5 deletie stam te leidden tot groei in de vorm van 
pseudohyphae.. Echter, de exacte rol van het product van HXT5 blijf t onduidelijk. 

Inn het verleden is glucose transport vaak beschreven als een snelheidsbepalende stap van de 
glycolyse.. In Chapter  4 wordt beschreven hoe door middel van Metabole Controle Analyse 
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(MCA)) de controle van het transport van glucose over de plasmamembraan op de 
glycolytischee flux kan worden bepaald. Dit is gedaan voor één bepaalde situatie, namelijk het 
momentt van glucose depletie in cellen van S. bayanus tijdens batch groei op glucose. 

Dee bepaling van een flux controle coëfficiënt vereist dat de activiteit van de 
betreffendee component kan worden gemoduleerd. De glucose transport activiteit is op twee 
manierenn gemoduleerd: i) door remming van het glucose transport door middel van maltose, 
eenn competitieve remmer van glucose transport zowel in de gist S. cerevisiae als in S. 
bayanus,bayanus, ii) door modulatie van de concentratie van het substraat van glucose transport, 
extracellulairee glucose. De respons van de glycolytische flux op deze modulaties werd 
experimenteell  bepaald en de elasticiteit van de transport stap ten aanzien van extracellulaire 
glucosee werd afgeleid. De flux controle coëfficiënt werd vervolgens afgeleid als ratio van de 
respons-- en elasticiteits-coëfficiënten. Deze benadering en een directe vergelijking tussen de 
'steady-state'' glycolytische flux en de zero frans-influx van glucose lieten zien dat in cellen 
vann het type S. bayanus, gegroeid op glucose en geoogst op het moment van glucose depletie, 
eenn aanzienlijk deel van de controle over de glycolytische flux in het transport van glucose 
overr de plasma membraan berust. 

Regulati ee va n metabol ism e doo r hexokinas e II 

Glucosee repressie in gist is een mechanisme van regulatie dat verantwoordelijk is voor de 
repressiee van transcriptie van genen die coderen voor enzymen betrokken bij oxidatieve groei 
enn het metabolisme van koolstofbronnen anders dan glucose. Hierdoor geniet glucose de 
voorkeurr als koolstofbron en is het metabolisme van glucose fermentatief in de aanwezigheid 
vann zuurstof. Naast een belangrijke rol in het metabolisme van hexose, speelt hexokinase II 
eenn aanzienlijke rol in het mechanisme van glucose repressie. 

Inn het verleden en in Chapter  2 is laten zien dat hoge-affiniteits glucose transport wordt 
gerepresseerdd door hoge concentraties glucose door het mechanisme van glucose repressie 
waarr hexokinase II bij betrokken is. In Chapter  5 werd bepaald wat het effect is van de 
expressiee van verschillende hexokinases op de kinetiek van glucose transport en de mate van 
transcriptiee van de belangrijkste hexose transporter genen HXT1-HXT7. Het onderzoek 
bevestigdee dat deletie van het HXK2 gen, de repressie van hoge-affiniteits glucose transport 
bijj  hoge concentraties glucose tegengaat. Verder werd gevonden dat in vergelijking met het 
wildee type, de hoge-affiniteits component correleert met verhoogde transcriptie van de hoge-
affiniteitss transporter genen HXT2 en HXT7, en een verminderde transcriptie van de lage-
affiniteitss genen HXT1 en HXT3. Deletie van HXT7 in de HXK2 gedeleteerde stam het zien 
datt de hoge-affiniteits component voor het grootste deel kon worden toegeschreven aan 
HXT7,HXT7, echter een niet eerder geïdentificeerde component met een heel hoge affiniteit voor 
glucosee (Km = 0.24 mM) werd veroorzaakt door andere factoren, wellicht HXT2. 

Hexokinasess uit de 'niet-conventionele*  gisten Schizosaccharomyces pombe of 
YarrowiaYarrowia lipolytica waren in staat de repressie van het hoge-affiniteits glucose transport te 
herstellenn in een drievoudige hexokinase deletie stam (hxkl hxk.2 glkl). Dit wijst erop dat de 
werkingg van hexokinase II in glucose repressie in stand is gehouden tijdens evolutie. 

Tijdenss het onderzoek zoals beschreven in Chapter  5 werd het duidelijk dat de afwezigheid 
vann hexokinase II de fysiologie van 5. cerevisiae in belangrijke mate beïnvloedt (Chapters 
6-8). . 
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Chapterr  6 beschrijft het effect van de deletie van HXK2 op de verdeling en richting 
vann metabole fluxen, de activiteiten van enzymen, en de concentratie van intracellulaire 
metabolieten,, tijdens batch groei op glucose. De hxk.2 deletie stam toonde grote verschillen in 
intracellulairee eigenschappen ten opzichte van de wilde type stam in aërobe batch cultures op 
glucose,, zoals verhoogde mitochondriale activiteiten en veranderde enzym activiteiten rond 
pyruvaat.. Dit resulteerde in volledig oxydatief metabolisme tijdens vroeg exponentiele groei, 
off  in andere woorden, in eerste instantie volledige afwezigheid van fermentatie (ethanol 
productie),, een uitgestelde en verkorte 'diauxic shift' (overgang van groei op glucose naar 
groeii  op ethanol), en een hogere opbrengst aan biomassa. 

Hett effect van de deletie van hexokinase II op S. cerevisiae in continu cultures wordt 
beschrevenn in Chapter  7. Metabole fluxen waren identiek bij lagere verdunningssnelheden in 
glucose-gelimiteerdee aerobe cultures van de wilde type S. cerevisiae stam CEN.PK113-7D en 
dee afgeleide hxk.2 deletie stam. Interessant was het feit dat de hxk.2 deletie stam pas bij een 
hogeree verdunningssnelheid ethanol produceerde en een hogere maximale groeisnelheid 
vertoonde.. Een puls van glucose aan de steady-state aërobe glucose gelimiteerde chemostaat 
culturess resulteerde in gelijke metabole fluxen in beide stammen. Echter de concentraties van 
verschillendee intracellulaire metabolieten waren duidelijk verschillend. Dit suggereert dat 
hexokinasee II niet is betrokken bij de controle over de glycolytische flux onder deze 
condities,, maar wel dat de verschillen in kinetische eigenschappen van glucose fosforylatie 
leiddenn tot verschillen in concentraties van intracellulaire metabolieten bij identieke fluxen. 

Inn Chapter  8 wordt beschreven dat een hxk2 deletie stam verschillende 
koolstofbronnenn tegelijkertijd kan consumeren, i.e. glucose in combinatie met sucrose, 
ethanoll  of galactose; in tegenstelling tot een wilde type stam waar enzymen betrokken in de 
eerstee stappen van het metabolisme van koolstofbronnen anders dan glucose gerepresseerd 
zijn,, en glucose eerst volledig moet zijn opgebruikt voor andere aanwezige koolstofbronnen 
wordenn geconsumeerd. 
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