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Outlin ee of thi s thesi s 

Thee yeasts Saccharomyces cerevisiae and Kluyveromyces lactis are extensively studied 

organismss for fundamental research due to their ease of genetic manipulation, short generation 

timess and generally recognized as safe status (GRAS). Since many yeast genes show broad 

sequencee homology to genes in higher eukaryotes, knowledge about the function of a particular 

genee in yeast might be extended to, for example, mammalian genes. Moreover, the interest in 

thesee yeasts comes from many industrial applications, e.g. use in rising of dough, production of 

alcoholicc beverages and heterologous protein production. In large scale industrial productions 

directedd at biomass-yield, baker's yeast S. cerevisiae has a serious drawback in comparison to 

K.K. iactis. S. cerevisiae produces ethanol during aerobic fermentation, which is unfavourable 

sincee cell yield is reduced. Interestingly, K. iactis avoids ethanol production in high glucose 

concentrationss under fully aerobic conditions. A broader understanding of the regulatory 

mechanismss involved in maintaining a balance between fermentative and oxidative metabolism 

willl be useful for biotechnological applications aiming at improved biomass yield. Chapter 1 of 

thiss thesis provides an extensive overview of aspects that are relevant for this understanding 

withh the emphasis on those that are very likely to contribute to the physiological differences of 

fermentativee and oxidative glucose metabolism in the two yeasts. 

Comparativee analysis of one aspect involved in this balance, regulation of respiratory function, 

iss the central theme in the experimental part of this thesis and concerns the difference in 

carbon-sourcee dependent transcriptional regulation of nuclear genes directly (QCR8) and 

indirectlyy {HAP4) involved in respiratory function in S. cerevisiae and K. lactis. 

Thee control on respiratory function at the transcriptional level by the Hap2/3/4/5 complex in S. 

cerevisiaecerevisiae in response to carbon source is exerted mainly via the glucose-regulated 

transcriptionn of the ScHAP4 gene, encoding the activator subunit Hap4p. Chapter 2 is 

concernedd with the unravelling of the unusually long promoter region of the SctiAP4 gene, in 

orderr to provide insight into the regulatory networks influencing the expression of the gene. 

Thee role of the HAP complex in K. lactis is less well understood. Nuclear genes involved in 

respirationn are relatively highly expressed in K. lactis during growth on glucose, and the 

Hap2/3/4/55 complex is involved in maintaining the high level of transcription in this yeast. In 
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chapterr 3, the question is addressed whether clues can be found about the role of the HAP 

complexx in K. lactis by monitoring the transcript level of KIHAP4 in steady state cultures and in 

glucose-limitedd chemostat cultures pulsed with glucose. In the latter experiment, K. lactis 

producess ethanol, like S. cerevisiae, albeit that the onset of ethanol production in K. lactis is 

significantlyy delayed. To determine whether this physiological difference resides in differential 

expressionn of genes encoding subunits of the mitochondrial chain, transcription of KICYC1 and 

KIQCR8KIQCR8 was followed. 

Althoughh the 5' promoter region of the KIQCR8 gene in K. lactis contains a functional binding 

sitee for the Hap2/3/4/5 complex, the Hap2/3/4/5 complex is not required for the induction of 

KIQCR8KIQCR8 when this yeast is shifted to non-fermentative growth conditions. Chapter 4 reports on 

aa detailed promoter analysis of the KIQCR8 gene, aiming at identification of c/s-acting elements 

andd transcription factors responsible for the induction bypassing C-source control by Hap2/3/4/5 

inn K. lactis. 

Withh the complete sequence of the S. cerevisiae genome available, functional-genomic 

technologiess are developing fast and are being applied to understand the behaviour of S. 

cerevisiaecerevisiae in response to physiological changes and to reveal new gene functions and 

interactingg pathways within the cell. Since the K. lactis genome has not been completely 

sequencedd yet, we performed a pilot study on the use of gene filters containing the protein-

codingg sequences of the S. cerevisiae genome as a means of monitoring transcript levels in K. 

lactis.lactis. Chapter 5 describes the identification of new homologues of S. cerevisiae genes in K. 

lactislactis using this genome-wide analysis, and reveals transcriptional differences between two K. 

lactislactis strains exhibiting different physiologies. 

Thee main findings and conclusions are summarized in chapter 6, which also discusses 

implicationss and possibilities for further research. 
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Chapte rr  1 

Thee lifestyle s of K. lactis  and S. cerevisiae: 

balancin gg between respiratio n and fermentatio n 

Thee evolutionary closely related yeasts Saccharomyces cerevisiae and Kluyveromyces iactis 

differr significantly in the way they regulate glucose metabolism. In S. cerevisiae, fermentation of 

glucosee to ethanol predominates, whereas in K. lactis metabolism of the sugar proceeds via 

respirationn all the way to C02 and H20, provided that oxygen is not limiting. K. lactis is more 

dependentt on functional mitochondria, as demonstrated by petite lethality and lack of growth 

duringg anaerobiosis, but this dependence is not due to a limited fermentative capacity. This 

chapterr discusses the difference in lifestyles of the two yeasts and provides an explanation for 

thesee in terms of competition between fermentation and respiration for reducing equivalents and 

carbonn metabolites. The issues of glucose uptake, glycolytic flux and pyruvate metabolism at 

thee branchpoint of fermentation and respiration are discussed. Furthermore, the molecular basis 

off the higher dependence on functional mitochondria in K. lactis will be addressed. The 

conservationn of at least part of the glucose signalling pathway is also discussed from the 

perspectivee of a difference in transcriptional regulation of respiratory genes in K. lactis. 
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Balancingg between respiration and fermentation 

1.. Introductio n 

Yeastt cells are confronted with drastic changes in the availability of nutrients in their 

environment.. They have developed specific regulatory systems to sense the presence, type and 

concentrationn of a carbon source in order to carry out the metabolic functions most appropriate 

too the situation (figure 1). This provides the yeast cell with energy and reducing equivalents in 

thee form of ATP and NAD(P)H and building blocks to synthesize other biomolecules. While most 

yeastss can utilize a variety of carbon sources, glucose is the preferred one. To ensure that 

glucosee is used up before alternative fuels are metabolized, the uptake of alternative carbon 

sourcess is inhibited by repressing synthesis of enzymes required for their utilization [98, 119]. 

Thee major portion of glucose is invariably catabolised via glycolysis, converting hexose 

phosphatee to pyruvate, a feature common to virtually ail sugar-metabolizing micro-organisms. 

Whilee glycolysis is a common theme in most yeasts, the metabolic fate of pyruvate with respect 

too the fermentation to ethanol and oxidation to C02 via the tricarboxylic acid (TCA) cycle differs 

betweenn yeast species and depends on the cultivation conditions. 

Baker'ss yeast Saccharomyces cerevisiae shows a preference for a fermentative metabolism of 

glucose.. In the presence of glucose, even under aerobic conditions, synthesis of respiratory 

enzymess is repressed and most of the glucose is fermented to ethanol, a phenomenon known 

ass the Crabtree-effect [46]. In contrast, the closely related yeast Kluyveromyces lactis is a 

predominantlyy aerobic respiring yeast in which respiratory function is not repressed by glucose 

andd which metabolizes glucose via both the fermentative and respiratory pathway. Under fully 

aerobicc conditions, K. lactis does not produce ethanol [104], and can therefore be classified as a 

Crabtree-negativee yeast. Like other Crabtree-negative yeasts, the primary trigger for the 

occurrencee of alcoholic fermentation in K. lactis is oxygen limitation [104]. Unlike S. cerevisiae, 

K.K. lactis is unable to grow under anaerobic conditions or in the absence of mtDNA, features that 

seemm to have a positive correlation with the absence of the Crabtree-effect [32, 47]. 

Thee causes underlying the Crabtree effect and the difference between oxidative and 

fermentativee glucose metabolism in K. lactis and S. cerevisiae should not be attributed solely to 

glucosee repression of respiration, since in S. cerevisiae the non-repressing sugar galactose also 

exertss a Crabtree-effect [178]. Nor can it just be considered as a matter of limited fermentative 

capacity,, since the fermentative capacity of Crabtree-negative and -positive yeasts has been 

shownn to be rather similar [81]. Furthermore, the fully respiratory glucose metabolism of K. lactis 

underr aerobic conditions is not due to an absence of key enzymes of alcoholic fermentation in 

thesee circumstances [104, 212]. Instead, the metabolic changes at the onset of the Crabtree 

17 7 



Chapterr 1 

carbohydrates s 

glucose e 

galactose e 

glycero l l 

heme e 

respiratoryy chain 
seee figure 2 

Figur ee 1: Schemati c overvie w of variou s metaboli c pathway s involve d in carbo n and energ y 
metabolis mm in yeast (adapted from Flores era/[68]. 6PG, 6-phospho-gluconolactone; Rul-5-P, ribulose-
5-phosphate;; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; GA3P, glyceraldehyde-3-
phosphate;; DHAP, dihydroxyacetone phosphate; G3P, glycerol-3-phosphate; OAA, oxaloacetate; CoA, 
Coenzymee A; AcCoA, acetyl CoA. Dashed lines indicate indirect routes. 
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Balancingg between respiration and fermentation 

effectt might derive from changes in flux through the glycolytic and pentose-phosphate pathway 

which,, due to a limited respiratory capacity of S. cerevisiae [2], results in ethanol production in 

thiss yeast. Therefore, the basis of the difference in physiology between S. cerevisiae and K. 

lactislactis possibly lies, in the first place, in the regulation of glycolytic flux, determined by concerted 

actionss of glucose-uptake, level of glycolytic activity, activity of hexokinase and glucose-6-

phosphatee dehydrogenase, the latter shuttling glucose into the pentose phosphate pathway. 

Second,, the end-product of glycolysis, pyruvate, is competed for respiratory dissimilation by 

PDHH and fermentative dissimilation by PDC. Thus, different abilities of K. lactis and S. 

cerevisiaecerevisiae to balance these activities will direct pyruvate metabolism either to respiration or 

fermentation.. In the third place, differences in the way the two metabolic pathways (oxidative 

andd fermentative) are regulated at the transcriptional level in both yeasts will accentuate 

differencess in physiology. While the balance between respiration and fermentation can be 

interpretedd in terms of a competition for carbon flow, it can also be interpreted in terms of redox 

metabolism,, in which differing requirements of each yeast to maintain a redox balance 

determinee which pathway is being used. This review focusses on the differences between K. 

lactislactis and S. cerevisiae with regard to above-mentioned topics in order to provide more insight 

intoo the factors that hold the balance between fermentation and respiration in K. lactis and 

contributee to the understanding why K. lactis exhibits a more oxidative glucose metabolism than 

S.. cerevisiae. 

2.2. Mitochondria l functio n 

Reoxidationn of NADH by the respiratory chain is the main source of ATP for cells with a 

respiratoryy metabolism, so prerequisites for respiratory metabolism are functional mitochondria 

andd respiratory chain. In the inner membrane of the 'power house' of the cell, as the 

mitochondrionn is often referred to, a series of electron carriers transfers electrons from NADH 

andd FADH2 to molecular oxygen (figure 2). This electron transport is coupled to the translocation 

off protons across the inner membrane, leading to a proton gradient. The mitochondrial F ^ -

ATPP synthase uses the proton motive force, consisting of an electric potential (A<p) and a 

chemicall potential (ApH), to drive the synthesis of ATP. 

Besidess functioning as an organelle supplying the cell with ATP, the mitochondrion contains 

manyy enzymes that catalyze the oxidation of different metabolites. Reduced coenzymes 

producedd in these catabolic routes are reoxidized by molecular oxygen via the respiratory chain, 

andd thus mitochondria play an important role in the redox balance in the cell. Mitochondria 
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Chapterr 1 

supplyy intermediates for biosynthesis of amino acids, sterols and fatty acids and are required for 

hemee biosynthesis (for review on structure and function of mitochondria see [85]). This makes 

thiss organelle not only essential for growth on non-fermentable carbon sources by supplying a 

proton-motivee force and ATP, but under all growth conditions mitochondrial function is required, 

evenn if respiratory activity is repressed during fermentative and aerobic growth as in S. 

cerevisiaecerevisiae and in anaerobiosis [195]. 

NADH H 
dehydrogenasee (ext) 

lactate e 

inner r 
mitochondrial l 

membrane e 

NADH H 

NAD D 
NADH H 

dehydrogenasee (int) succinate fumarate 

complexx II Complex III 
(succinatee (fcc-| complex) 

dehydrogenase) ) 

Complexx IV Complex V 
(cytochromee c oxidase) ( F 1 F 0 ATP 

synthase) ) 

Figur ee 2: Component s of the respirator y chai n in the inne r mitochondria l membran e in S. 
cerevisiae.cerevisiae. NADH is oxidized through either the external or internal NADH dehydrogenases. Cytochrome 
bb22 (L-lactate cytochrome-c reductase) is able to donate electrons directly to cytochrome c by oxidizing L-
lactate,, and further reducing equivalents are supplied by succinate dehydrogenase. The redox cascade 
involvedd the hydrophobic carrier ubiquinone (UQ) and the hydrophilic carrier cytochrome c (cyt c), the 
cytochromess b and c, within the ubiquinol-cytochrome c oxidoreductase (be, complex), and cytochromes 
aa and a3 within cytochrome c oxidase, ultimately reducing oxygen to water. Proton gradients formed 
duringg electron transfers in complex III and IV are used to synthesize ATP through ATP synthase. 

Inn yeast, the assembly of a functional mitochondrion requires the expression of more than 500 

proteins,, most of which are encoded by the nuclear genome. Yeast mitochondrial DNA codes 

onlyy for a handful of proteins, including subunits for complex III (cytochrome b), complex IV 

(cytochromee c oxidase I, II and III) and the F,F0 ATP synthase (subunits 6, 8 and 9). The correct 

assemblyy of both cytoplasmic translated mitochondrial proteins and intramitochondrial 

translatedd proteins into a functional mitochondrion demands a coordinate expression of 
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Balancingg between respiration and fermentation 

mitochondriall and nuclear genes [18, 82, 83, 157]. This coordinate control is exerted at several 

steps,, namely at the level of transcription, translation and at the final level of complex assembly 

(forr review on these topics see respectively [52, 152,169]). 

2.11 A vita l functio n for mitochondria l DNA in K. lactis 

Sincee the majority of the mitochondrial proteins is encoded by nuclear genes, maintenance and 

expressionn of the mitochondrial genome are completely dependent on nuclear-encoded proteins 

(forr recent review see [42]). Loss of the mitochondrial genome most often results in respiratory 

incompetence,, since essential components of the respiratory chain are lacking. Intriguingly, S. 

cerevisiaecerevisiae tolerates elimination of mtDNA (rho-zero cells) and can spontaneously form "petites" 

(petite-positive(petite-positive yeast). However, "petites" are not found for K. lactis, in which elimination of 

mtDNAA is lethal [40], and in which mitochondrial protein synthesis is required for survival [139, 

153].. It should be noted that K. lactis, in this respect, resembles mammalian cells that are 

basicallyy petite-lethal unless maintained under special conditions [105], 

Thee most simple explanation for the petite-negative phenotype of K. lactis would be that this 

yeastt needs a functional respiratory chain and therefore does not tolerate mutations in the 

mitochondriall genome. This explanation is not tenable however, since K. lactis is able to grow 

onn glucose in the presence of the respiratory inhibitor antimycin. Furthermore, K. lactis strains 

disruptedd for nuclear genes encoding subunits of the respiratory chain CYC1 [34], QCR7 [137], 

QCR8QCR8 [136], COX14 [66] or COX18 [96] cannot grow on non-fermentable carbon sources, but 

doo grow on glucose. Moreover, disruption mutants of genes encoding subunits of the F,F0-ATP 

synthasee can be constructed in K. lactis and are viable [35, 36, 38, 87]. This indicates that 

neitherr electron transport nor ATP synthesis are in themselves essential and also demonstrates 

thatt the petite-negative phenotype cannot be explained by an insufficient fermentative ability of 

K.K. lactis. Obviously, the mitochondrial genome, or perhaps more likely, a mitochondrial 

translationn product, in K. lactis has a vital function. Comparison of the nucleotide sequence of 

mtDNAA analyzed so far from K. lactis with that from S. cerevisiae reveals that both mitochondrial 

genomess encode the same subunits and does not point towards a novel gene in K. lactis 

mtDNAA [32, 200]. However, the difference might be explained in terms of slight differences in 

sequencee combined with altered nucleo-mitochondrial interactions. Insight into the likely identity 

off vital genes in mtDNA came after the discovery that a class of nuclear genome mutants 

termedd mgi (for mitochondrial genome integrity) can suppress the petite-negative phenotype so 

thatt mtDNA deletion mutants can be recovered [34]. Characterisation of these "gain-of-function" 

mutationss showed that they were localised in nuclear genes encoding the a, 6 and y subunits of 
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Chapterr 1 

thee F,-ATPase, the catalytic part of the F,F0-ATP synthase [35, 36, 41]. Suppression of -

lethalityy requires an assembled F, with ATP hydrolyzing activity, but is independent of F0 [38, 

41].. Chen and Clark-Walker propose that an aberrant F, complex, formed by mutations in the a, 

133 and y subunits, has gained a novel function and prevents a collapse of the mitochondrial inner 

membranee potential that normally would occur on loss of the mitochondrial encoded F0 subunits. 

Thiss novel function does not involve blockage of a proton leaky pore through a residual F0 

complexx as suggested previously [35, 36, 41]. Instead, it has been proposed that an altered F, 

facilitatess the hydrolysis of ATP in the absence of F0! to provide ADP required for electrogenic 

exchangee in order to maintain the mitochondrial inner membrane potential [41]. 

Thee fact that mtDNA does not seem to play a vital role in S. cerevisiae could be explained by 

consideringg this petite-positive yeast as a natural mgi mutant, being able to maintain the 

functionall integrity of mitochondria in the absence of mtDNA. Interestingly, deletion of the a and 

BB subunits of F,-ATPase in S. cerevisiae converts this yeast to a petite-negative yeast, 

indicatingg that the FrATPase plays an important role in maintaining the mitochondrial genome 

integrityy also in the latter yeast [32, 37, 42]. 

2.22 Anaerobiosis , petite-lethalit y and mitochondria l functio n 

Inn contrast to S. cerevisiae, which can grow under anaerobic conditions provided that 

supplementss like ergosterol are present in the medium, K. lactis is unable to grow in the 

completee absence of oxygen. It can however sustain growth under oxygen limitation [104]. 

Apparently,, oxygen is needed for cell viability, either by functioning as electron acceptor in the 

finall step of the respiratory chain, or by being essential for the formation of intermediates 

necessaryy for cell function. 

Underr anaerobic conditions, transport over the mitochondrial membrane of metabolites (e.g. 

pyruvate,, oxaloacetate) involved in assimilatory processes within the mitochondria remains a 

necessity,, raising a problem of energizing these transport processes in the absence of electron 

transferr through the respiratory chain. In S. cerevisiae, this problem is overcome by the entry of 

cytoplasmicc ATP into the mitochondria via the ATP-ADP carrier in exchange for ADP formed 

uponn hydrolysis by the F, sector of ATPase [85, 188, 195]. Due to the electrogenic character of 

thee ADP/ATP exchange, a membrane potential across the inner mitochondrial membrane is 

created,, which is essential for mitochondrial protein import. This poses the question whether the 

rho-zeroo lethality and lack of growth under anaerobiosis in K. lactis are due to impaired function 

off the F^Q-ATP synthase and ATP-ADP carrier to energize transport processes and maintain 

thee inner membrane potential. As discussed in the previous section, an aberrant F,-ATPase is 
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Balancingg between respiration and fermentation 

indeedd involved in the maintenance of mitochondrial inner membrane potential in K. lactis [41]. 

Inn addition to this, the two yeasts also differ in ADP/ATP translocation mechanism by the 

ADP/ATPP antiporter protein encoded by the AAC genes. In S. cerevisiae, three genes encoding 

thiss carrier have been identified, with different expression patterns depending on aerobic and 

anaerobicc conditions [59, 60, 108, 114, 143]. In an aac2 background, S. cerevisiae is unable to 

producee viable petites [109], thus resembling petite-negative yeasts. In parallel with the F ^ -

ATPP synthase, this points towards differences in the ATP translocation process and/or 

maintenancee of mitochondrial membrane potential as an explanation of the petite-lethal 

phenotypee of K. lactis. This yeast contains a single gene coding for the ADP/ATP carrier, KIAAC 

[192].. This shows a high degree of sequence similarity with ScAAC2 and can act as a functional 

homologuee of this protein as it is able to complement the op1 (aac2) mutation in S. cerevisiae. 

Thee inability of K. lactis to survive the petite mutation suggests that relevant differences 

betweenn KIAAC and ScAAC may exist. Deletion of the KIAAC gene is not lethal, but causes a 

respirationn deficient phenotype, suggesting an involvement in mitochondrial integrity [193]. The 

expressionn of the carrier in K. lactis is decreased under partially anaerobic conditions and is 

inducedd by non-fermentable carbon sources [185], suggesting that the inability of K. lactis to 

groww under anaerobic conditions can be related in part to the absence of a functional ADP/ATP 

carrierr due to repression of the corresponding gene expression. 

Itt may be useful to discuss the difference between K. lactis and S. cerevisiae in the ability to 

groww in the absence of oxygen in relation to the ability of each of the yeasts to sustain the 

formationn of petites. A correlation seems to exist between the ability to grow anaerobically and 

thee ability to survive the loss of mtDNA (see [41] and references therein). In this perspective, 

differencee in redundancy of S. cerevisiae and K. lactis AAC genes and different transcription 

regulation,, together with the differences in the respective F, F0-ATPases, might be reflected in 

thee inability of the latter yeast to grow anaerobically and in the absence of mtDNA due to an 

inabilityy to maintain intramitochondrial ATP levels and mitochondrial membrane potential under 

thesee circumstances. 

3.. Relatio n betwee n respiration , fermentatio n and glycolyti c flu x 

Ass stated before, K. lactis is more dependent on respiration when growing on glucose than S. 

cerevisiae.cerevisiae. However, respiratory activity is dispensable, since respiratory inhibitors, like 

antimycinn A, do not inhibit growth on glucose [75]. This is called the Rag* phenotype (resistance 

too antimycin A on glucose) and Rag+ strains obviously have sufficient fermentative capacity to 
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groww in the absence of respiration [203]. Some natural K. lactis strains, however, are unable to 

growgrow on glucose when respiration is blocked by antimycin A (Rag phenotype). Characterization 

off the mutant alleles causing the Rag" phenotype has shed more light on the factors that 

determinee respiration-independent growth on glucose. Among the RAG genes are both 

structurall and regulatory genes, and the fact that rag mutants can be detected physiologically 

indicatess the low-redundancy of the genes involved. Structural RAG genes comprise the low-

affinityy glucose transporter (RAG1 [75, 203]), phosphoglucose isomerase (RAG2 [78, 202]), 

hexokinasee (RAG5 [158]), pyruvate decarboxylase (RAG6 [7]), and phosphofructokinase 

subunitt 2 (RAG14 [11]). These genes are all involved in early steps of glycolysis or the 

fermentativee pathway, indicating that in the Rag" mutants a lowered glycolytic flux is responsible 

forr the respiration-dependent growth on glucose. Conversely, fermentation could result from an 

increasedd glycolytic flux. The next section describes the mechanisms of glucose uptake in K. 

lactislactis in relation to glycolytic flux. Furthermore, the relation between rate of glucose uptake, 

glucosee sensitivity and glucose metabolism is discussed. 

3.11 Glucos e uptak e mechanis m 

AA major determinant that limits the glycolytic flux is the rate of glucose uptake. Indeed, the 

fermentationn of glucose by Rag+ strains depends upon a glucose-inducible glucose transporter 

system.. The low-affinity glucose permease encoded by RAG1 constitutes the major glucose 

carrierr of this system [75, 203]. The permease is necessary to maintain a sufficient flux of 

glucosee through glycolysis. 

Inn S. cerevisiae, a large family of more than 20 different hexose transporter-related proteins, 

mediatee the transport of hexoses across the plasma membrane, the first step of glucose 

metabolism.. These transporters encompass a low-affinity system, and a glucose-repressed, 

high-affinityy system (for reviews see [15, 149]). Although the low-affinity system has generally 

beenn coupled to constitutive expression, it has been shown that this is not true, as, for example, 

HXT1,HXT1, encoding a low-affinity transporter, is induced by glucose [57]. 

K.K. lactis, like S. cerevisiae, also has a high-affinity and a low-affinity glucose uptake system. 

However,, in contrast to S. cerevisiae, the high-affinity glucose uptake system is constitutively 

expressed,, whereas the low-affinity system is induced by glucose [79, 203]. Furthermore, the 

redundancyy of the transporters is lower than in S. cerevisiae; only four glucose transporters 

havee been identified in K. lactis, three low-affinity glucose transporters {RAG1, KHT1 and KHT2) 

andd one high-affinity glucose transporter (HGT1). 
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3.1.11 Low-affinit y glucos e permeas e Ragl p 

Growthh on high concentrations of glucose or fructose requires the low-affinity glucose 

transporterr Raglp. The Raglp protein shares the highest degree of identity (73%) with the 

galactosee carrier Gal2p of S. cerevisiae. However, the RAG1 gene cannot complement a gall 

mutation,, and this is due to the fact that Raglp is not a galactose carrier. In the absence of 

respiratoryy inhibitors, growth on galactose is not affected in ragl mutants, since the lactose 

transporterr Lac12p in K. lactis also transports galactose [200]. However, in the presence of 

antimycinn A, K. lactis cannot grow on galactose, indicating that the metabolism of galactose, 

unlikee that of glucose, in K. lactis is essentially dependent on respiratory function. Rag1 null 

mutantss have a reduced growth rate when grown on high glucose (5%) and this growth is strictly 

dependentt on respiration. The fact that ragl mutant strains occur rather frequently in nature 

suggestss that the defect in this transporter is not necessarily a disadvantage in the natural 

habitatt of K. lactis. Most K. lactis strains have been recovered from milk products, lactose-

containingg media in which high glucose/fructose concentrations are not found. The ragl mutant 

willl thus only be at a disadvantage under conditions of limited respiration. 

Highh concentrations of glucose, fructose, mannose, raffinose, and, although not transported by 

Raglp,, lactose and galactose, induce the transcription of the RAG1 gene. This induction is 

regulatedd by RAG4, RAG5 and RAG8 [39], genes that are also involved in the Rag phenotype. 

RAG5RAG5 encodes the only hexokinase of K. lactis (see below) and is essential for the glucose-

inducedd transcription of RAG1. RAG8 codes for a casein kinase I similar to the two casein 

kinasess I of S. cerevisiae, Ycklp and Yck2p [171, 196], and is an essential gene. Regarding the 

involvementt in transcriptional regulation of the low-affinity glucose permease, it has been 

suggestedd that the Rag8 casein kinase functions in the glucose signalling pathway. 

RAG4RAG4 encodes a low-affinity glucose sensor with a striking similarity to Snf3p and Rgt2p [149]. 

Itt contains a C-terminal extension harbouring the 25-aa element found in the C-terminal tails of 

Rgt2pp and Snf3p that is thought to be involved in glucose signalling via the Grr-Rtg1 pathway 

[101].. This glucose induction pathway is conserved in K. lactis [149] and it is likely that Rag4p 

functionss as a low-affinity glucose sensor that generates the high glucose signal required for 

glucose-inducedd transcription of the RAG1 gene. 

3.1.22 High-affinit y glucos e permeas e Hgtl p 

Inn K. lactis, the major, perhaps even sole, high-affinity glucose permease is encoded by the 

HGT1HGT1 gene and is required for growth on low concentrations of glucose [8]. HGT1 expression is 

constitutive,, which corresponds to the constitutive, high-affinity glucose uptake mentioned 
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previouslyy [203]. Although the transcription of HGT1 does not seem to be regulated by carbon 

source,, both the hexokinase Rag5p and Rag4p, the glucose sensor, are involved. HGT1 

expression,, similar to RAG1 expression, was severely decreased in rag5 mutants. Rag4p plays 

aa negative role in HGT1 expression, in contrast to its positive role in the expression of RAG1. 

Thee casein kinase Rag8p is not required for transcription of HGT1. Furthermore, HGT1 does not 

alloww ragl mutants to grow on high glucose concentrations in the presence of antimycin A, 

indicatingg that the capacity of the high-affinity glucose transporter is not sufficient to support 

fermentativee growth. 

3.22 Glucos e uptak e determine s sensitivit y to glucos e repression : an additiona l glucos e 

transporte rr  in glucose-sensitiv e strain s 

Thee rate of glucose uptake not only determines the glycolytic flux, it also plays an important role 

inn the sensitivity to glucose repression of genes involved in alternative sugar metabolism. This 

insightt arose when the molecular basis of the variability between K. lactis with respect to 

glucosee metabolism was studied. Some strains are more sensitive to glucose repression than 

otherss [23, 64], and there is also variation among K. lactis strains in the dependence on 

respirationn for growth on glucose as described before. Therefore, the question was addressed 

whetherr a causal relationship between the sensitivity to glucose repression and the dependence 

onn oxidative phosphorylation exists [197]. It was shown that the laboratory strain JA6, exhibiting 

strongg glucose-repression of genes involved in lactose and galactose metabolism, contains a 

hexosee transporter gene, KHT2, which is not present in strains less sensitive to glucose 

repression.. KHT2 is tandemly arranged with KHT1 which is identical to RAG1, except for the C-

terminus.. Sequence analysis indicated that most of KHT2 had been lost by a recombination 

eventt between KHT1 and KHT2 generating the chimeric RAG1. The genetic instability was 

confirmedd by Southern analysis of different strains which revealed a high variability at the RAG1 

locuss [197]. KHT1 is regulated like RAG1, whereas KHT2 is induced by low glucose, and 

repressedd at high glucose concentrations [24]. 

Strainss lacking both KHT1 and KHT2 are severely impaired in glucose repression of p-

galactosidase.. Glucose consumption as well as ethanol production are low in the double 

mutant,, which cannot grow on glucose in the presence of antimycin A (ragphenotype), like a 

raglragl mutant. The loss of glucose repression is not likely to be caused by the reduction in 

glycolyticc flux, since in the rag2 mutant, impaired in glycolysis by blocking the phosphoglucose 

isomerase,, no influence on glucose repression was observed. Rather it seems that the 

sensitivityy to glucose repression is dependent on the rate of glucose uptake. The glucose-
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insensitivee strain CBS2360 has a defective RAG1 gene and no KHT2 gene. The moderate 

sensitivee CBS2359 strain only contains the RAG1 gene, and the strain with the strongest 

glucosee repression, JA6, has both KHT1 and KHT2 [197], although, interestingly, this latter 

strainn does not contain the HGT1 gene [24]. Both rag1/hgt1 and kht1/kht2 double deletion 

mutantss showed a highly reduced level of glucose uptake, but some low-affinity, low-capacity 

glucosee uptake was still detected, indicating the presence of an other, weak, glucose uptake 

system.. Since Southern blot experiments under low-stringency conditions revealed only one 

singlee gene for RAG1 and HGT1, this weak glucose uptake should differ from the known 

glucosee transport systems [8]. Interestingly, single mutants in khtl and kht2 sustain growth on 

glucosee in the presence of antimycin A, contrasting to ragl mutants, and this suggests that JA6 

hass adapted towards a more fermentative metabolism than other K. lactis strains. Regarding the 

possiblyy fermentative glucose metabolism of the JA6 strain and the oxidative glucose 

metabolismm of a ragl strain, the conclusion can be drawn that the glucose-sensitivity of a K. 

lactislactis strain correlates with the glucose uptake mechanisms and the dependence on respiratory 

glucosee metabolism. In this respect, the lower glucose sensitivity and the higher dependence on 

respirationn of K. lactis compared with S. cerevisiae might be attributable to the lower number of 

glucosee transporters in K. lactis. 

4.. Pyruvat e metabolis m at the branchpoin t betwee n respiratio n and fermentatio n 

Pyruvate,, the end-product of glycolysis, is located at the junction of respiratory dissimilation of 

sugarss and alcoholic fermentation (figure 3). It can either be converted into acetyl-CoA by PDH 

inn the mitochondria, fuelling the respiratory path, or be decarboxylated to acetaldehyde by PDC, 

feedingg the fermentative reduction to ethanol. A third possibility is the conversion of pyruvate to 

acetyl-CoAA by the concerted action of pyruvate decarboxylase, acetaldehyde dehydrogenase 

andd acetyl-CoA synthetase. This route is also referred to as the PDH bypass and allows a 

respiratoryy dissimilation of pyruvate in a pdh mutant [162]. In addition, pyruvate can be 

carboxylatedd to oxaloacetate by pyruvate carboxylase (PYC), a reaction essential to replenish 

C44 components in the Krebs cycle. On glucose, the relative activities of PDC and PDH, or 

competitionn between those two enzyme complexes, determine which pyruvate dissimilation 

pathwayy is being used (for review on pyruvate metabolism in S. cerevisiae see [161]). In other 

words,, when answering the question what makes K. lactis an oxidative yeast, a study of the 

metabolismm of pyruvate could be a useful approach. 
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4.11 Pyruvat e decarboxylas e in K. lactis 

Thee first step in the formation of ethanol from pyruvate is catalysed by pyruvate decarboxylase 

(PDC).. Unlike S. cerevisiae, in which three structural PDC genes have been identified (see refs 

inn [161]), K. lactis contains a single structural gene, KIPDC1 [7]. The phenotype of K. lactis 

mutantss lacking KIPDC1 differs strongly from S. cerevisiae pdc mutants. Whereas S. cerevisiae 

pdcpdc null mutants grow very poorly on glucose under aerobic conditions [67], null mutants of 

pddpdd in K. lactis grow normally on glucose, but not when respiration is inhibited by antimycin A 

(rag"" phenotype [7]). This difference in phenotype illustrates that pyruvate channelling through 

fermentationn and respiration is regulated differently in the two yeasts. 
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Figur ee 3: pyruvat e branchpoint . Schematic representation of the key enzymic reactions of pyruvate 
metabolismm in yeast. PDH, pyruvate dehydrogenase; PDC, pyruvate decarboxylase; PYC, pyruvate 
carboxylase;; ADH, alcohol dehydrogenase; ALD, acetaldehyde dehydrogenase; ACS, acetyl-coenzyme A 
synthetase. . 

KIPDC1KIPDC1 expression is induced by glucose, fructose, galactose and glycerol and is repressed by 

ethanoll [54, 159]. The induction by glucose requires the product of the RAG3 gene [159], 

equivalentt to the Pdc2 regulator involved in PDC expression in S. cerevisiae [97, 164]. Pyruvate 

decarboxylasee activity per mg of total protein is increased at low dissolved oxygen 

concentrationn in K. lactis [104] which seems to be common in Crabtree-negative yeasts. This 

regulationn occurs at least partially at the transcriptional level of the KIPDC1 gene [54]. 

Inn contrast to the pdd null mutant, the rag3 null mutant grows with a reduced growth rate on 

glucose,, suggesting that Rag3p could have other targets besides PDC1 [159]. Indeed, Tizzani 

eff al reported that Rag3p is required for the expression of two genes (KITPI4 and KITPI5) 

involvedd in the biosynthesis of thiamine, which is in its diphosphate form TPP a co-factor of 
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pyruvatee decarboxylase [182]. As in S. cerevisiae, KIPDC1 transcription is impaired in K. lactis 

raglragl and rag2 mutants blocked in early steps of glycolysis [7, 17], indicating that the mechanism 

off PDC induction depends on a glycolytic signal. Since only the low-affinity glucose transporter 

Raglpp is involved in KIPDC1 expression, a high glycolytic flux could be required. Furthermore, 

KIPDC1KIPDC1 transcription was affected in mutants of hexokinase {ragS) and casein kinase I (rag8), 

whichh both are also required for expression of RAG1, whereas the glucose sensor Rag4p did 

nott seem to play a role in KIPDC1 transcription [7]. 

4.22 Pyruvat e dehydrogenas e in K. lactis 

Afterr pyruvate is transported into the mitochondria, the first step in the respiratory dissimilation 

off pyruvate to acetyl-CoA is an oxidative decarboxylation catalysed by the mitochondrial 

pyruvatee dehydrogenase complex. In K. lactis, inactivation of the Pdh complex by disruption of 

thee KIPDA1 gene, encoding the complex-specific E1a subunit, resulted in a substantial 

productionn of ethanol and acetaldehyde in aerobic batch cultures [212], a feature that does not 

occurr in wild-type K. lactis cells under these conditions and is characteristic for Crabtree-

positivee yeasts. In other words, disruption of KIPDA1 converted K. lactis into a Crabtree-positive 

yeast,, indicating the pivotal role the PDH complex plays in the respiratory dissimilation of 

pyruvate. . 

Thee slow growth rate and the occurrence of alcoholic fermentation in aerobic batch fermentor 

culturess of the Klpdal mutant indicate that, under these conditions, the capacity of the PDH 

bypasss is too low to fulfil the intramitochondrial demands for acetyl-CoA in order to sustain 

respiratoryy growth at wild-type rates. Only at low growth rates in an aerobic, glucose-limited 

chemostatt culture, does the PDH bypass allow pyruvate to be directed into the TCA cycle and 

underr this specific condition no alcoholic fermentation is exhibited [212]. 

Inn S. cerevisiae, disruption of the PDA1 gene results also in a reduced growth on glucose, but 

thiss could be restored by addition of leucine. The partial leucine deficiency was attributed to 

inhibition,, by a high CoA/acetyl CoA ratio inside the mitochondria, of 2-isopropyl malate 

synthetasee which catalyzes the first committed step in leucine biosynthesis [198]. However, in 

K.K. lactis pdal mutants, the slow growth on glucose could not be restored by leucine. In fact, 

growthh could be restored by adding as nitrogen sources amino acids that require mitochondrial 

acetyl-CoAA for their biosynthesis [211]. Furthermore, low concentrations of L-carnitine also 

restoredd growth on glucose of a pdal mutant in K. lactis but not in S. cerevisiae. Since the 

carnitinee shuttle is a key mechanism for mitochondrial acetyl-CoA transport in yeast (see figure 

1),, the requirement for L-carnitine revealed the insufficient capacity for the import of cytosolic 
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acetyl-CoAA into the mitochondria in the klpdal mutant. Acetyl-CoA synthetase activity in the 

klpdalklpdal mutant is low, leading to the postulation that ACS activity, involved in the cytosolic 

conversionn of acetate to acetyl-CoA, limits the capacity of the PDH bypass [212]. The limited 

capacityy for acetyl-CoA transport into mitochondria in the klpdal mutant suggests that, in wild-

typee K. lactis, the PDH complex is the major source of intramitochondrial acetyl-CoA during 

growthh on glucose. 

Thee different requirements for growth on glucose in pdal mutants in K. lactis and S. cerevisiae 

indicatee that the two yeasts differ in the way in which transport of acetyl-CoA between 

mitochondriaa and cytosol takes place. This is further demonstrated in pdc mutants of S. 

cerevisiaecerevisiae which require addition of small amounts of ethanol or acetate for provision of 

cytosolicc acetyl-CoA during growth on glucose [67], contrasting with klpdc mutants which do not 

havee a growth defect on glucose [7]. Apparently, acetyl-CoA synthesized in the mitochondrial 

matrixx by the PDH complex cannot be transported to the cytosol in S. cerevisiae, whereas in K. 

lactislactis this transport might occur. 

Carbon-limitedd chemostat cultures have shown that, unlike the constitutively expressed ScPDAI 

gene,, the KIPDA1 gene is regulated at the transcriptional level in response to carbon source 

andd this transcriptional regulation corresponds well with the activity of the PDH complex. It has 

beenn hypothesized that transcriptional, and possibly post-translational, regulation of the KIPDA1 

genee might be attributed to differences in mitochondrial and cytosolic NAD7NADH ratios, which 

resultt from different subcellular localization of ethanol and acetate-converting enzymes [210]. 

Pyruvatee dehydrogenase, like pyruvate decarboxylase, is a TPP dependent enzyme. Rag3p, 

involvedd in thiamine biosynthesis and induction of KIPDC1 expression on glucose, slightly 

repressess the transcription of KIPDA1 on glucose [182]. Thus, on glucose, Rag3p favours the 

conversionn of pyruvate to ethanol, and negatively affects the oxidative conversion of pyruvate. 

Therefore,, Rag3p may act as a general regulator in the balance of the two alternative pathways 

off pyruvate metabolism in K. lactis. 

5.. Maintainin g the redo x balanc e 

Mitochondriaa play an important role in the maintenance of the intracellular redox balance which 

iss closely connected to carbon and nitrogen metabolism. Controlling the cytosolic and 

mitochondriall NAD(P)H/NAD(P)+ ratio is crucially important for sustained cellular metabolism. 

Thee requirement for redox adjustment systems differs, depending on growth conditions, the 

availabilityy of oxygen and type of carbon source (for recent review see [4]). During growth, 
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excesss NADH is produced in the cytosol and mitochondria due to the formation of biomass and 

differentt by-products. In S. cerevisiae, mechanisms for reoxidation of cytosolic NADH include 

alcoholicc fermentation, glycerol production, respiration via either external mitochondrial NADH 

dehydrogenasess [124] or via the glycerol-3-phosphate shuttle [113], and oxidation of 

intramitochondriall NADH via a NADH dehydrogenase in the inner mitochondrial membrane 

facingg the matrix [50, 126]. In this way, pyruvate formed in glycolysis can be dissimilated in a 

fullyy respiratory way, being taken up by the mitochondria followed by the conversion to acetyl-

CoA,, the fuel of the TCA cycle. During alcoholic fermentation, pyruvate is converted into carbon 

dioxidee and acetaldehyde by pyruvate decarboxylase, acetaldehyde being the electron acceptor 

forr NADH reoxidation by alcohol dehydrogenase. In S. cerevisiae, glycerol formation is the only 

wayy to restore the cytoplasmic redox balance under anaerobic conditions. It should be noted 

thatt fermentation is a redox neutral process, and can only reoxidize glycolytic NADH, whereas 

thee production of glycerol matches the formation of biomass. 

Despitee the ability to perform alcoholic fermentation, K. lactis is, as mentioned above, unable to 

groww anaerobically, indicating that the role of mitochondria in anabolic reactions may be more 

importantt than in S. cerevisiae. Additionally, K. lactis cells fail to produce significant amounts of 

glyceroll when growing under hypoxic conditions or in situations where other reoxidation 

mechanismss are impaired (e.g. in  strains, see below). This indicates that glycerol 

productionn does not play a major role in maintaining a redox balance in K. lactis. Hence, the 

inabilityy to grow anaerobically could also be explained by lack of a mechanism to adjust redox 

balancess in a different way than via oxidative phosphorylation (e.g. glycerol production). 

Somee K. lactis strains possess an antimycin-resistant mitochondrial respiration in the presence 

off high concentrations of glucose, which is sustained by NADH and NADPH, but not by 

succinatee [65, 118]. The antimycin A-insensitive respiration could take over the reoxidation of 

NAD(P)HH when respiration is blocked at the level of electron transfer at the bcy complex in the 

presencee of antimycin. This might be indicative of the presence of an external NAD(P)H 

dehydrogenasee in K. lactis, in analogy to an outer-membrane NADH dehydrogenase in S. 

cerevisiaecerevisiae which has been proposed to transfer electrons to cytochrome c oxidase via a 

cytochromee c shuttle between the outer and inner membrane [49]. 

Respiratoryy and fermentative glucose metabolism follow the same enzymic reactions in glucose 

transportt and glycolysis, in contrast to the further metabolism of end-product of glycolysis, 

pyruvate:: depending on whether pyruvate is metabolized via respiration or fermentation, the 

routess for NADH reoxidation differ strongly. In this light, the difference in physiology of S. 
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cerevisiaecerevisiae and K. lactis may well be regarded in terms of a competition for reducing equivalents 

betweenn respiration and fermentation. 

5.11 Role of pentos e phosphat e pathwa y 

Whereass NADH can be regarded as a predominantly catabolic reducing equivalent, generated 

duringg glycolysis and Krebs cycle, NADPH is involved mainly in anabolic processes, for 

synthesiss of amino acids, fatty acids and nucleic acids and nucleotide cofactors. The specific 

requirementt for NADPH in the assimilation of sugars to cell material, necessitates the 

conversionn of a small fraction of the glucose-6-phosphate via the pentose phosphate pathway 

(figg 1), which is the main route to supply the yeast cell with NADPH, since yeast lacks 

transhydrogenasee activity. S. cerevisiae mutants defective in phosphoglucose isomerase or 

phosphofructokinasee are not able to grow on glucose as the sole carbon source [16, 93], 

suggestingg that the pentose phosphate pathway cannot function as a dissimilatory pathway in S. 

cerevisiae.cerevisiae. This contrasts sharply with corresponding K. lactis mutants, which do grow on 

glucosee and are even able to produce ethanol, demonstrating that they can metabolize glucose 

exclusivelyy via the pentose phosphate pathway, bypassing the blockade in the glycolysis step 

[80,, 94]. In other words, in K. lactis the pentose phosphate pathway is capable of substituting for 

glycolyticc flux. The fact that the pentose phosphate pathway plays a more important role in 

glucosee metabolism in K. lactis than in S. cerevisiae could reflect differences in the pathways for 

reoxidationn of NADPH in both yeasts. S. cerevisiae probably lacks a NADPH reoxidation 

mechanismm (in the form of a NADPHrubiquinone oxidoreductase) and, consequently, NADPH 

reoxidationn must be closely coupled to its synthesis. Therefore, cytoplasmic NADP is rapidly 

depletedd in the pentose phosphate pathway, leading to a growth defect of pgi mutants on 

glucose.. Gonzales-Siso ef al. show that utilization of the pentose phosphate pathway in K. lactis 

iss related to an increase in the activity of the mitochondrial respiratory chain [80]. Furthermore, a 

rag2rag2 mutant, defective in phosphoglucose isomerase, is unable to grow on glucose when the 

respiratoryy chain is blocked by antimycin [78, 202], indicating that a functional respiratory chain 

iss required for the bypass via the PPP pathway in the rag2 mutants. It has been hypothesized 

thatt an external mitochondrial NADPH dehydrogenase allows reoxidation of the cytoplasmic 

NADPHH produced in the PPP pathway by passing electrons to the mitochondrial respiratory 

chainn at the level of the bCi complex [80]. This hypothesis is supported by experimental data 

demonstratingg NADPH dehydrogenase activity in isolated mitochondria from K. lactis and 

inhibitionn of NADPH-dependent oxygen uptake in these isolated mitochondria by antimycin 

(K.M.. Overkamp, pers. comm.). 
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5.22 Role of alcoho l dehydrogenas e isozyme s 

Despitee the fact that the fermentative activity of K. lactis is low compared to bakers' yeast, four 

structurall genes encoding alcohol dehydrogenase isozymes are present in K. lactis [174]. These 

fourr genes show a high degree of sequence conservation with the three S. cerevisiae ADH 

genes.. KIADH1 and KIADH2 encode, like ScADHI and ScADH2, cytoplasmic alcohol 

dehydrogenases.. KIADH3 and KIADH4 code for isozymes with a mitochondrial localisation, in 

parallell with ScADH3. Both cytosolic activities seem to play, similar to ScADHI, a fermentative 

role,, being involved in ethanol production, and the genes are preferentially expressed in the 

presencee of glucose [174]. In contrast, the genes encoding the mitochondrial isozymes, are 

tightlyy regulated by carbon source in K. lactis, whereas the mitochondrial ScADH3 gene is 

poorlyy expressed and seems to play a minor role in oxidative function [208]. However, this 

mitochondriall ScADH3 is important for anaerobic growth [3]. KIADH4 is specifically induced at 

thee transcriptional level by ethanol and not by other respiratory carbon sources [127]. KIADH3 is 

inducedd by different respiratory carbon sources except ethanol [173] and repressed by glucose 

[210].. Although the KIADH4 gene is not responsive to stress conditions, induction of the gene is 

partlyy mediated by stress response elements [128]. K. lactis strains carrying only one of the four 

ADHADH genes can still grow on ethanol [172], whereas growth on ethanol is abolished in adh null 

strains.. In contrast to S. cerevisiae, in which glycerol production is important to maintain redox 

balancess and is increased in adh null mutants, in K. lactis its production is very low in both wild-

typee and adh null mutants. As discussed earlier, glycerol production is not a major mechanism 

too control thee redox balance in K. lactis. 

Biochemicall characterization of the four alcohol dehydrogenases in K. lactis [22] suggests that 

thee activities of the ADH genes are due to specific biochemical properties and play different 

physiologicall roles in the two organisms, in agreement with the difference in carbon source 

regulationn of the ADH genes in S. cerevisiae and K. lactis. Both cytosolic isozymes, KIAdhl and 

KIAdhll,, have a substrate specificity similar to ScAdhl and exhibit a strict specificity for NAD(H) 

ass a cofactor. In contrast, the mitochondrial KIADH activities, in parallel with their differentially 

regulatedd expression, differ in their substrate preferences and, interestingly, are able to accept 

eitherr NAD(P)+ or NAD{P)H as coenzymes. Regarding the requirement for reoxidizing the 

cytosolicc NADPH produced more abundantly in the pentose phosphate pathway in K. lactis than 

inn S. cerevisiae (see previous section), it was speculated that KIAdhlll and KIAdhlV, with their 

particularr affinity for NADPH, are capable of fulfilling this requirement for reoxidation [22]. Since 

KIAdhllll and IV isozymes are presumably matrix-localized (C. Mazzoni, pers. comm.), they 

mightt be involved in a redox shuttle mechanism across the mitochondrial membrane. 
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6.. Transcriptiona l regulatio n of respirator y functio n 

Onee very important and evident determinant whether respiratory or fermentative metabolism is 

exertedd is the respiratory chain itself. In S. cerevisiae, the expression of genes encoding 

respiratoryy genes is repressed at the transcriptional level under glucose-grown conditions. 

Consequently,, S. cerevisiae is directed to metabolize most of the glucose through the 

fermentativee pathway. In contrast, glucose repression of respiration hardly occurs in K. lactis, 

enablingg the cells to grow in respiro-fermentative mode on glucose. Besides transcriptional 

regulationn by carbon source, the expression of respiratory genes is controlled by oxygen in both 

yeastss [70] (for recent review on oxygen regulated transcription in S. cerevisiae see [156]). 

Althoughh respiratory genes are relatively highly expressed in K. lactis on glucose, their 

expressionn is induced when cells are shifted to non-fermentable carbon sources. This induction 

iss prevented by glucose, similar to what has been reported for the carbon source dependent 

expressionn of KIDLD1, encoding D-lactate ferricytochrome c oxidoreductase [117, 136, 137]. 

Thiss suggests that some form of regulation exerted by glucose on respiration does exist in K. 

lactis. lactis. 

Forr glucose repression to occur, a whole cascade of proteins is involved, and a question that 

immediatelyy arises when addressing the difference in glucose repression of respiration is 

whetherr factors involved in the glucose signalling pathway in S. cerevisiae are conserved in K. 

lactis.lactis. If this is indeed the case, the next point to focus on is whether they fulfil a similar function 

orr whether the respective factors have acquired divergent functions in the two yeasts. 

Thee first step involved in glucose signalling has already been described above, involving the 

uptakee of glucose by glucose transporters. Once glucose has entered the cell, a cascade of 

proteinss is triggered in order to transduce the glucose signal to the level of transcription of target 

genes.. In both yeasts, the final effect of the glucose signal is a dual one: on the one hand, 

geness required for glucose utilization (glucose transporters and glycolytic enzymes) are 

induced,, and, on the other hand, genes encoding enzymes for the utilization of alternative 

carbonn sources are repressed (e.g. galactose regulon [58]). However, while in sofar the two 

yeastss share a common signal transduction, the effect of glucose on the expression of 

respiratoryy genes diverges. 

Thee most extensively investigated glucose signalling pathways in S. cerevisiae are the cAMP-

proteinn kinase (PKA) pathway (for recent review see [181]) and the main glucose repression 

pathwayy (reviewed by [28, 71, 101, 106]). In K. lactis, very little information is so far available 

aboutt the PKA pathway, involving Ras-adenylate cyclase, and will not be discussed here. In 
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contrast,, components of the glucose repression pathway have been identified in K. lactis, and it 

cann be envisaged that their exerted action plays an important role in determining whether the 

scalee points towards respiration or not. In this respect, components of this pathway in S. 

cerevisiaecerevisiae will be discussed in the light of the presence and function of corresponding 

homologuess in K. lactis. 

6.11 Component s of the glucos e repressio n pathwa y in K. lactis 

6.1.11 Role of hexokinas e in glucos e sensin g 

Oncee glucose has been transported across the plasma membrane, several distinct glucose 

signallingg pathways are switched on to ensure an accurate metabolism of glucose, involving 

bothh induction and repression mechanisms (for recent reviews see [28, 101, 181]). The signal 

forr triggering these cascades is not yet known. It has been hypothesized that glucose itself is a 

signallingg molecule [180], but another possibility could be that the signal is generated during the 

metabolismm of glucose, with hexokinase being involved. In S. cerevisiae, hexokinases play a 

catalyticc function in phosphorylating intracellular glucose generating glucose-6-phosphate for 

glycolysis.. S. cerevisiae contains three genes for glucose-phosphorylating enzymes, 

hexokinasee 1 (Hxklp), hexokinase 2 (Hxk2p) and glucokinase (Glklp). Besides the catalytic 

function,, Hxk2p also exerts a regulatory function, acting as a key element for glucose repression 

[63].. Hxk2p seems to be required for transcriptional regulation of the HXT genes and for glucose 

repressionn of genes involved in the utilization of alternative carbon sources, like SUC2 [9, 62]. 

K.K. lactis appears to have only one enzyme for glucose phosphorylation, encoded by RAG5 

[158],, and, like Hxk2p in S. cerevisiae, this hexokinase plays a central role in regulation of 

glucosee repression [77]. Rag5p is required for efficient transcription of both the low- and high-

affinityy glucose transport systems (Raglp and Hgtlp respectively), demonstrating the tight 

feedbackk control between hexokinase function and the regulation of glucose uptake. The 

mechanismm by which the Rag5 hexokinase positively controls the transcription of both genes is 

unknown.. However, it has been demonstrated recently that hexokinase 2 is located both in the 

nucleuss and cytoplasm in S. cerevisiae and participates in DNA-protein complexes necessary 

forr glucose repression of the SUC2 gene [95]. This suggests that, at least in S. cerevisiae, the 

Hxk2pp protein could participate in the transduction of the glucose signal by interacting with 

transcriptionall factors related to the glucose signalling pathway. 

Complementationn experiments between RAG5 of K. lactis and HXK2 of S. cerevisiae indicate 

thatt the genes are interchangeable for the catalytic activity, but not for their role in glucose 
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repressionn [158]. This indicates that sugar phosphorylation and glucose repression can be 

separated.. Furthermore, it demonstrates that also at the level of hexokinases, K. lactis and S. 

cerevisiaecerevisiae show significant differences that contribute to the way in which both yeasts responds 

too the presence of glucose. 

6.1.22 The Snf1 protei n kinas e of S. cerevisiae  and K. lactis 

AA central component of the glucose signalling pathway in S. cerevisiae (figure 4) is the Snf1 

proteinn kinase. The Snf1 kinase activity is required for transcription of glucose repressed genes 

inn response to glucose limitation, as well as for diverse cellular functions like sporulation, 

glycogenn storage, peroxisome biogenesis and thermotolerance [89]. The Snf1 protein kinase is 

foundd in high molecular mass complexes with the activating subunit Snf4 [99, 121] and Sip1, 

Sip22 and Gal83, a family of related proteins that interacts with Snf1 and Snf4. This family serves 

aa scaffolding function in the kinase complex and could be responsible for recruiting substrates 

[100].. Gal83 also mediates the interaction between the Snf1 kinase and the transcriptional 

activatorr Sip4 [28, 190, 191]. The Snf1 protein kinase is activated by phosphorylation, 

accompaniedd by a conformational change, under derepressing conditions and inactivated by 

dephosphorylationn under repressing conditions [99, 121,186, 204, 205], 

Thee Snf1 protein kinase is widely conserved in eukaryotes [88]. The Snf1 kinase homologue of 

K.K. lactis, Fog2p, was identified by the inability to grow on a number of both fermentable and 

non-fermentablee carbon sources [76]. In the same screen, a gene homologous to GAL83, from 

thee Sip1, Sip2, Gal83 family, was isolated, FOG1. Foglp and Fog2p pleiotropically regulate the 

expressionn of glucose-repressed genes (like maltase, invertase and B-galactosidase) in 

responsee to glucose limitation. In contrast to S. cerevisiae, fogl and fog2 mutants can grow on 

sucrosee or lactose, indicating that the derepression of invertase and B-galactosidase is not 

solelyy dependent on the products of FOG1 and FOG2. Besides derepression of genes involved 

inn the metabolism of alternative carbon sources, Foglp and Fog2p seem to be involved in the 

transcriptionall regulation of respiration. The induction by lactate of D-lactate ferricytochrome c 

oxidoreductase,, encoded by KIDLD, is dependent on FOG1 and FOG2 expression [116]. 

Furthermore,, induction of KIQCR8 on non-fermentable carbon sources is affected in fogl and 

fog2fog2 mutants (chapter 2 of this thesis). This demonstrates that the function of Snflp and 

Gal83p,, exerted far upstream in the glucose repression pathway, can be extended to K. lactis, 

beingg involved in derepression of glucose-repressed genes and induction of genes involved in 

respiration. . 
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Figur ee 4: Component s of glucos e repressio n pathwa y in S. cerevisiae.  Functional homologues in K. 
lactislactis are shown in grey. 

6.1.33 The Mig 1 represso r 

Inn S. cerevisiae, the zinc-finger containing Mig1 repressor [141], along with its relative Mig2p 

[123],, binds to the promoters of many glucose-repressed genes [106] and represses their 

transcription,, probably by recruiting the general repressors Ssn6p and Tup lp [183]. The nuclear 

localizationn of Mig1 is regulated by glucose. When glucose is added, Mig1 rapidly moves into 

thee nucleus and moves back to the cytoplasm when glucose is removed [56]. This regulated 

localizationn of Mig1 appears to be due to phosphorylation, with Snf1 being a likely candidate for 

catalysingg this phosphorylation [56, 148, 184]. 

Thee Mig1 repressor of S. cerevisiae has a functional homologue in K. lactis, KIMiglp [29]. 

However,, the similarity between the two proteins is restricted to the highly conserved zinc-
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fingerss and some short stretches containing potential sites for phosphorylation and domains 

withh possible significance in glucose repression, like the Msn5 interacting domain required for 

thee export of Mig1 from the nucleus [29, 55,147]. 

Twoo well-studied genes that are repressed by glucose in both S. cerevisiae and K. lactis are the 

geness encoding invertase, SUC2 respectively KIINV1 [73, 150], and the GAL/LAC genes, 

involvedd in the metabolism of galactose and, in K. lactis, lactose [23, 200, 206]. Some of the 

underlyingg mechanisms of glucose repression in K. lactis are similar to those operating in S. 

cerevisiae.cerevisiae. KIMigl acts, like in S. cerevisiae, downstream of KISnfl (KIFog2) to cause glucose 

repressionn of the KIGall gene [58]. However, a KISnfl- and KIMigl independent repression 

pathwayy is involved in the repression of KIGALI, KIGAL4 and KIINV1 [58, 73]. Whereas their S. 

cerevisiaecerevisiae homologues are subject to glucose repression via Miglp [92, 102, 123, 141], deletion 

off KIMIG1 does not or only marginally affects the repression of those genes in K. lactis. The 

absencee of any obvious influence on transcription correlates with the absence of a potential 

Mig11 binding site in the corresponding promoters. Furthermore, the KIMigl-independent 

regulatoryy mechanism is also independent of KISnfl p, since deletion of KISNF1 in K. lactis does 

nott completely block the induction of the GAL/LAC and invertase genes, contrasting with S. 

cerevisiaecerevisiae in which relief of Mig1 p-mediated repression requires the function of Snf1 p. 

Whereass S. cerevisiae contains the related Mig2 repressor, and a putative third homologue 

[123],, there is, as yet, no evidence for a KIMigl-related protein in K. lactis. It can be concluded 

that,, although the regulators of the glucose-repression pathways in S. cerevisiae and K. lactis, 

Snflpp and Miglp, are functional homologues and seem to have some similar functions, the 

molecularr mechanism of repression in K. lactis involves an additional, Mig1- and Snf1 

independentt pathway. 

6.1.44 Transcriptiona l activator s of glucos e represse d genes 

Besidess inhibiting repressors of transcription, the Snf1 kinase exerts a dual control on 

transcriptionn of some glucose-repressed genes by upregulating the transcriptional activators of 

thesee genes. Two such activator proteins are Cat8p and Sip4p. 

Inn S. cerevisiae, Cat8p is required for the activation of gluconeogenic and glyoxylate cycle 

geness through the carbon-source response elements (CSRE) in their promoters [13, 14, 90, 92, 

110].. Expression of CAT8 is repressed by Mig1, and the activator function of Cat8p is inhibited 

byy glucose and dependent on Snflp. Under glucose-limiting conditions, Cat8p is 

phosphorylatedd and Snflp is partly responsible for this phosphorylation [165, 166, 168]. Cat8p 

bindss directly to the CSRE itself [165], as well as activates the expression of CSRE-binding 
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factors,, like Sip4p [190]. Sip4p, originally identified by a two-hybrid interaction with Snf1 [115] 

bindss directly to the CSRE and contributes to the activation of gluconeogenic genes. The 

activatorr function of Sip4p is inhibited by glucose, and depends on Snflp. Upon glucose 

limitation,, Sip4p becomes phosphorylated and thus activated in a Snf1-dependent manner. The 

functionall interaction of Snflp with Sip4p is mediated by Gal83p of the Snf1 kinase complex 

[191]. . 

Byy screening for multicopy suppressors of a KISNF1 deletion in K. lactis, a functional 

homologuee of Cat8p in K. lactis [74] was isolated. In contrast to S. cerevisiae, disruption of 

KICAT8KICAT8 has only a slight influence on growth on ethanol, not on glycerol, indicating that KICat8p 

doess not play a major role in derepression of gluconeogenic genes in K. lactis. In fact, no effect 

onn the expression of KIFBP1 and KIPCK1 could be observed in the Klcat8 deletion mutant [74]. 

However,, the enzyme activities of isocitrate lyase and malate synthase involved in the 

glyoxylatee pathway are affected in the Klcat8 deletion mutant. No potential Mig1 binding site has 

beenn found in the 5' promoter region of KICAT8 [73] indicating that the transcriptional regulation 

off KICAT8 might be different from ScCAT8. A screen for multicopy suppressors of a Klcat8 

deletionn led to the identification of a gene with homology to SIP4 [111]. In contrast to S. 

cerevisiae,cerevisiae, in which deletion of SIP4 does not affect growth, deletion of KISIP4 abolishes growth 

onn ethanol and acetate, but not on glycerol, similar to the growth defects of a Klcat8 strain. 

Interestingly,, both KICat8p and KISip4p are involved of binding to a CSRE consensus involved 

inn derepression of KILAC4, suggesting a role for KICat8p in sugar metabolism rather than 

gluconeogenesiss [111]. 

6.22 The Hap2/3/4/5 comple x and contro l on respiration . 

Inn S. cerevisiae, the Hap2/3/4/5 transcriptional activator complex plays an important role in the 

reprogrammedd gene transcription that accompanies the diauxic shift from fermentative to 

respiratoryy growth [53]. The Hap complex consists of three constitutively expressed DNA-

bindingg subunits 2, 3 and 5 [86, 129, 145, 146] and the activator subunit Hap4p [69]. This latter 

subunitt is regulated by carbon source at the transcriptional level, being repressed on glucose 

andd induced in the diauxic shift and on non-fermentable carbon sources [53, 69], suggesting 

thatt Hap4p is the key component of the complex in terms of the exerted carbon source 

dependentt transcriptional regulation. In other words, the activity of the complex can be 

modulatedd via the expression of HAP4, Indeed, overexpression of HAP4 partly relieves glucose 

repressionn of respiration, and results in a more oxidative metabolism [12], indicating the pivotal 

rolee of Hap4p in the balance between fermentation and respiration in S. cerevisiae. 
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Whereass all subunits of the Hap complex are indispensable for growth of S. cerevisiae on non-

fermentablee carbon source, the role played by the K. lactis counterparts is much less stringent. 

Althoughh all components of the S. cerevisiae Hap2/3/4/5 complex have functional homologues 

inn K. lactis, disruption of any of the corresponding genes does not lead to a respiratory deficient 

phenotypee on complete media [20, 21, 133, 142]. The only condition in which a weak phenotype 

waswas observed for Klhap mutants was on a synthetic, minimal medium containing 0.2% lactate 

[20,, 116]. This suggests a functional role for the K. lactis Hap complex in carbon and nitrogen 

assimilation,, in analogy to S. cerevisiae, in which the Hap complex is involved in the cross-

pathwayy regulation between carbon and nitrogen metabolisms [45]. 

Despitee the relatively high expression of respiratory genes as KIQCR8, KIQCR8 and KICYC1 on 

glucose,, significant induction is observed when cells are grown on non-fermentable carbon 

sourcess [136, 137, 142]. Disruption of the Hap complex lowers the overall transcription of the 

respiratoryy genes on both glucose and non-fermentable carbon sources, but, in general, does 

nott abolish the specific induction on non-fermentable carbon source. This suggests that the 

functionn of the Hap complex in transcriptional regulation of respiration in K. lactis might be a 

generall one, involved in maintaining high transcription of respiratory genes, and that another, 

yett unknown, factor is responsible for the induction on other carbon sources than glucose. 

Thee overall picture arising is that the different transcriptional regulation in response to glucose in 

K.K. lactis is not due the absence of a glucose signalling pathway similar to that in S. cerevisiae. 

Inn fact, the key components of the S. cerevisiae pathway have functional counterparts in K. 

lactis.lactis. Instead, the differences should be sought in the interaction of the transcriptional 

activatorss with other proteins, especially in those where sequence homology is restricted to just 

somee short stretches with functional domains, like Hap4p. Moreover, a clue to the 

understandingg of the differences might lie in specific transcriptional regulation of the 

transcriptionall activators Hap4p and Cat8p. It should be noted, however, that differences in 

transcriptionall regulation cannot solely account for all differences, since disruption strains of 

HAPP subunits or CAT8 behave differently in both yeasts. 

7.. Concludin g remark s 

Thee balance between respiration and fermentation requires an intricate team-work of individual 

factorss that together determine whether respiratory or fermentative metabolism dominates. 

Competitionn between respiration and fermentation may be regarded in terms of carbon flow, in 

whichh glycolytic flux and the activities of enzymes at the pyruvate branchpoint are involved. The 
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competitionn might as well be interpreted in terms of redox metabolism. Many of the differences 

listedd above could in one way or the other be related to the regulation of mitochondrial and 

cytosolicc redox balance as expressed in terms of the NAD(P)/NAD(P)H redox couples, and 

thereforee this redox balance may be regarded as an important determinant of the balance 

betweenn respiration and fermentation. 

Duringg fermentation, NADH generated in the glycolytic pathway is normally re-converted to NAD 

byy reduction of pyruvate to ethanol. However, a lower glycolytic activity leads to reduced 

productionn of substrates of fermentation, and consequently, the production of ATP and the 

reoxidationn of NADH via fermentation may not be sufficient for cell maintenance and cellular 

growthh and therefore demands a functional respiratory chain. This could well reflect the situation 

inn K. lactis: since the glucose uptake system is less developed than in S. cerevisiae, the 

glycolyticc flux is lower, and consequently K. lactis is more dependent on respiration to meet 

energeticc requirements and to reoxidize cytosolic NADP. This is accomplished by the absence 

off glucose repression of respiratory function, which allows sufficient oxidative capacity. A simple 

theoryy would be that the more glucose transporters are present (as in K. lactis strain JA6, and 

certainlyy in S. cerevisiae), the higher the glucose uptake and thus the higher the glycolytic flux. 

Thee higher the glycolytic flux, the more NADH can be reoxidized through fermentation and the 

lesss the cell is dependent on respiratory function, which therefore allows to be repressed by 

glucose. . 

Fromm the perspective of a differential maintainance of redox balance, the major role played by 

thee pentose phosphate pathway in glucose metabolism, coupled to a functional respiratory 

chain,, in K. lactis, but not in S. cerevisiae, in the reoxidation of cytosolic NADPH, is a strong 

allocation.. The particular transcription pattern of the KIPDA1 gene contrasting with the 

constitutiveconstitutive expression of its S. cerevisiae homologue might be regulated by the NAD7NADH 

ratioo inside the mitochondria. Moreover, the presence of four alcohol dehydrogenase in K. lactis, 

andd in particular the specific biochemical requirements of the mitochondrial isozymes for 

NADPHH support the idea that the balance between respiration and fermentation in K. lactis is 

relatedd to a delicate balance of the flow of NAD(P)H. 

Furthermore,, there seems to be a correlation between the presence of the Crabtree effect and 

thee ability to survive petite formation, but the molecular basis for this correlation is not clear. A 

positivee correlation also seems to exist between the ability to grow anaerobically and the 

tolerancee for petite formation. These features could possibly originate from differences in 

maintenancee of the inner mitochondrial membrane potential, involving the F^-ATPase and the 

ADP/ATPP translocator. 
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Whatt is noteworthy in the survey of K. lactis homologues of various genes involved in glucose 

metabolism,, is the low-redundancy of those genes, including the before-mentioned gene 

encodingg the ADP/ATP translocator, which may account for the physiological differences. In 

otherr words, the difference in complexity of glucose transport systems, PDC systems and 

hexokinasee activities between S. cerevisiae and K. lactis might be related to the metabolic 

responsess to glucose. 

Besidess the conservation of functional homologues of crucial components in the glucose 

signallingg pathway, the putative binding sites for all of these transcription factors (Miglp, Cat8p, 

HAP2/3/4/5)) isolated from K. lactis so far are also well conserved. This is the more remarkable 

sincee these factors, that ensure the different regulation of channelling of metabolites through 

eitherr the fermentative or the respiratory pathway, most likely rely on the diversity of species-

specificc regulatory agents. Illustrative in this respect is the fact that some of the target genes of 

ScCat8pp and ScMiglp are not regulated by these factors in K. lactis, and this might be 

explainedd by the absence of target sites for the respective regulators in their promoters. 

Additionally,, the HAP2/3/4/5 complex, playing a crucial role in the onset of respiratory 

metabolismm and being strictly regulated in response to carbon source in S. cerevisiae, only 

playss a minor role in maintaining relatively high levels of expression in K. lactis, leaving a role 

for,, other, possibly species-specific, factors in the induction of the expression of respiratory 

geness on non-fermentable carbon sources. 

Finally,, it can be concluded that, despite the fact that S. cerevisiae and K. lactis are closely 

relatedd from an evolutionary point of view, the two yeasts diverge at the most crucial steps in the 

balancee between fermentative and respiratory glucose metabolism. It is not possible to pinpoint 

onee specific step or factor as being the cause for either oxidative or fermentative metabolism or 

itt must be the natural environment of the two yeasts, having allowed the yeasts to evolve 

towardss their optimal metabolism to survive. From this point of view, K. lactis and S. cerevisiae 

couldd be regarded as brother and sister, with a high degree of homology within structural genes, 

butt with species-specific expression patterns, which, together with influences from the 

environment,, determine the final look and behaviour. 
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Dissectio nn of the promote r of the HAP4 gene in S. cerevisiae  reveal s a 

mosai cc of c/s-actin g element s and sensitivit y to the glucos e 

derepressio nn facto r Cat8p 

Inn S. cerevisiae, the heteromeric Hap2/3/4/5 complex is necessary for induced transcription of a 

largee number of genes involved in oxidative metabolism on non-fermentable carbon sources. 

Thee Hap4p subunit is the activator subunit and at the same time also the regulatory part of the 

complex,, since it is the only one whose level is regulated by carbon source itself. Promoter 

deletionn analysis shows an activating region at position -1006/-741 bp downstream of the ATG 

startt codon. Gel mobility shift experiments combined with reporter gene activity studies reveal a 

mosaicc of c/s-acting elements within this region, that may constitute binding sites for a 

multimericc protein. Carbon-source dependent activation mediated by the 260 bp region, and a 

300 bp element located within this, is dependent on the presence of functional CAT8 gene, 

unveilingg a complex framework by which the expression of the HAP4 gene is coordinated. 

Inn collaboration with Marian de Jong, Michèle Valens, Les Grivell, Monique Bolotin-Fukuhara 

andd Jolanda Blom. 

Submittedd for publication 
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Introductio n n 

Whenn growing on glucose, Saccharomyces cerevisiae undergoes glucose or catabolite 

repression,, a state in which mitochondrial respiratory chain function is repressed and the steady 

statee mRNA levels of hundreds of genes are lowered. Previous analysis of a number of nuclear 

geness encoding mitochondrial proteins showed that carbon source dependent regulation of 

respirationn is achieved mainly at the transcriptional level [83]. In S. cerevisiae, this 

transcriptionall control is mediated by the Hap2/3/4/5p complex, which also regulates a large 

numberr of nuclear genes whose products are involved in energy conservation and oxidative 

carbohydratee metabolism. Whereas the genes encoding the DNA binding subunits HAP2, HAP3 

andd HAP5 are constitutively transcribed, transcription of HAP4, coding for the activator subunit, 

iss strongly regulated by carbon source [69]. It is repressed by glucose (Lascaris, manuscript in 

prep.)) and induced during the diauxic shift [53]. Transcriptional activation by the HAP complex 

duringg growth on non-fermentable carbon sources is hence dependent on the availability of 

Hap4p.. A yeast strain overexpressing HAP4 showed partial alleviated repression of respiratory 

functionn and altered the fermentative metabolism on glucose towards a more oxidative 

metabolismm [12]. This confirms the view that during growth on glucose the level of Hap4p 

becomess limiting, leading to down-regulation of the target genes, and shows the pivotal role 

Hap4pp plays in the balance between oxidative and fermentative metabolism. 

Forr a full understanding how this delicate balance between respiration and fermentation can be 

affectedd by Hap4p, it is important to know how transcription of HAP4 responds to changes in 

environmentall conditions and, moreover, which signalling pathways are involved in regulating 

thiss response. What is known thusfar is the presence of a Miglp binding site located around 350 

bpp upstream of the translation initiation codon. In vitro studies have shown that Miglp is able to 

bindd this sequence [122], but in vivo evidence for a functional Miglp binding site is lacking. In a 

mig1mig1 disruption strain, the expression of HAP4 is not derepressed on glucose, but this could be 

duee to the absence of specific activators [107] and does not rule out the possibility that glucose 

repressionn of the HAP4 gene is, at least partially, mediated by Miglp. In order to get more 

insightt in elements involved in the transcriptional regulation of HAP4, we carried out a detailed 

analysiss of the HAP4 promoter. Parts of the promoter were fused to an E. coli lacZ reporter 

gene,, and assayed for the ability to induce the reporter gene on different carbon sources. The 

bindingg of S. cerevisiae proteins to regions identified to be significant in the promoter analysis 

wass also studied. This led to the conclusion that the HAP4 gene possesses a complex promoter 

whosee mosaic structure may harbour binding sites for one or more synergistically acting 
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transcriptionn factors that link the expression of the gene into other regulatory circuits controlling 

C-sourcee responses in yeast. 

Material ss  and Method s 

Strain ss and media . The yeast strains used in this work are listed in Table 1. Rich medium was 1% (w/v) 

yeastt extract and 2% bacto-peptone (YP), selective medium contained 0.67% yeast nitrogen base without 

aminoo acids (Difco) supplemented with the appropriate amino acids and bases. Carbon sources were 

addedd at 2% (w/v) glucose (D), 2% (v/v) ethanol plus 2% (v/v) glycerol (EG), 2% galactose or 2% lactate. 

Mediaa were solidified with 2% (w/v) agar. 

Tablee 1: Yeast strain s used in thi s stud y 

strai n n 

MC999-1A A 

WAY.5-4A A 

DG2 2 

genotyp e e 

Matt a; ura3-52; his3M; leu2-3; 112trp1 

Matt a; ura3-52; his3-A1 

Matt a; ura3-52; cat8::HIS3 

sourc e e 

[160] ] 

[92] ] 

[92] ] 

Recombinan tt  DNA procedures . All DNA manipulations (restriction enzyme digestions, ligations), E. coli 

transformationss were performed according to standard procedures and recommended by the 

manufacturer.. Sequencing was performed using the dideoxy method [175] with M13 reverse primer 

(Promega)) and PC1 (5' GTGTGTGTATTTGTG-3') within the cyd minimal promoter in pCZ. 

Plasmid ss and plasmi d construction . For the cloning of subfragments of the HAP4 promoter in front of a 

minimall CYC1 promoter fused to LacZ, restriction endonucleases were employed as indicated in figure 1. 

AA Smal-Smal fragment from -1006 bp to -741 bp was isolated from the HAP4 promoter and cloned into 

thee dephosphorylated Smal site of pUC18. Digestion of the Ssp\-Ssp\ HAP4 promoter fragment (-1224 to 

+79)) by Sau3>AI yielded many fragments, and, amongst them, one from -560 bp to -420 bp and one from -

4200 bp to -160 bp were cloned into the BarnH] site of pUCl8. After sequence verification, an EcoR\/Sal\ 

fragmentt from pUCl8/Smal fragment was inserted into an EcoR\/Xho\ digested pCZ plasmid (kindly 

providedd by E. Boy-Marcotte). The Sau3A\ fragments in pUC18 were cloned as EcoR\/Sph\ fragments in 

pCZZ digested with EcoRUSpM. For cloning of the 30 nt region containing a possible UAS, two 

complementaryy oligonucleotides (MWG186+MWG187, see table 2) containing the sequence were 

hybridizedd by heating for 2 minutes and subsequently slowly cooled down to room temperature. After 

digestionn with EcoR\, the double stranded oligonucleotide was cloned into the EcoRI site of pCZ and 

sequenced,, yielding pCZ/UAS. Subfragments of the Sma\tSma\ region (figure 7A) were obtained as PCR 
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productss using different combinations of primers (table 2), and after digestion inserted in the EcoR\/Sph\ 

sitee of pCZ/UAS. All constructs were verified by sequence analysis. 

Enzym ee assay s and crud e protei n preparation . For assay of LacZ activity, yeast cells transformed with 

pCZ-derivedd plasmids were pre-grown overnight at C in 5 ml of selective media containing 2% 

glucose.. Overnight cultures were diluted into 20 ml of fresh media, and grown overnight to an OD600nm 

off 1.5. Cells were centrifuged for 5 minutes at 5000g at , and resuspended in 1 ml of sterile water. 

250/vll and 500>l aliquots were transferred to 40 ml media containing 5% glucose and 2% EG 

respectively.. Cultures were grown for an additional five hours, after which cells were harvested by 

centrifugationn for 5 min. at 5000g, . Cells were washed with ice-cold sterile water, resuspended in 

500/vll of extraction buffer (160 mM Tris pH8.0; 400 mM (NH4)2S04; 10 mM MgCI2; 1 mM EDTA; 10% 

glycerol;; 1 mM PMSF; 7 mM 6-mercaptoethanol) and stored at C until protein lysate isolation. For the 

isolationn of crude lysates, cells were thawed, pelleted and suspended in 160 /;l ice-cold extraction buffer 

withh 1 mM PMSF and 7 mM f3-mercaptoethanol. An equal volume of 0.5 mm diameter sterile glass beads 

wass added and the cells were disrupted by vortexing at C for 15-20 min. Samples were centrifuged at 

CC for 30 min, and the supernatant was used for enzyme assay. The protein concentation was 

determinedd according to the method of Lowry [120]. For measurement of LacZ activity, protein lysate (10-

200 pg) was diluted in a final volume of 750 y\ extraction buffer, 250 y\ of substrate (ortho nitro phenyl B-D 

galactopyranoside,, Sigma, 4 mg/ml in extraction buffer) was added and incubated at . Absorption at 

415nmm was measured. 

Tablee 2: Syntheti c oligonucleotide s used in thi s study . Lower case are nucleotides which were 
addedd for convenient subcloning. Underlined sequence corresponds to the CSRE-like region. 
prime rr  sequenc e (5'-3') 

MWG1911 ccgc gcatgc CCG AGC TAC AAA TC 

MWG1922 ccgc gcatgc TTG ATT CGG TCG TGC 

MWG1944 ccgc gcatgc GAG GAA CAC GCG TTT 

MV55 ggaattcc GGG TTT CTC TGA AGC 

MV22 ggaattcc CCT CTC AGC GGC A 

MWG1866 gaattc GGGAA CAACG GAGGA ATAGA GCG AC AAG gaattc 

MWGG 187 gaattc CTT GTCGC TCTAT TCCTC CGTTG TTCCC gaattc 

Gell  mobilit y shif t assay . Electrophoretic mobility shift assays were performed using 4-8% 

polyacrylamidee (29:1) gels with 0.5xTBE buffer. Binding reactions were set up with 10-30 jvg of crude 

extractt in gel shift binding buffer (4 mM Tris-HCI (pH8.0), 40 mM NaCI, 4 mM MgCI2, 4% glycerol and 20 

ngg BFB) containing 500 ng poly(dl-dC). Reactions were incubated for 5 min at RT. Approximately 50 fmol 

(1000 cps) of probe was added to the mixture and incubated in a total volume of 20 fj\ at RT for an 

additionall 20 min. Samples were loaded on acrylamide gel and run at C at 15 mA constant current. For 
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competitionn studies, cold competitor DNA was added and incubated for 5 min prior to addition of labelled 

DNA.. PCR products were digested with EcoR\ and endlabeled using y32P-dATP and Klenow enzyme. The 

double-strandedd oligonucleotides used as probe in the gel shift analysis were prepared by annealing the 

single-strandedd complementary oligonucleotides MWG186 and MWG187 (table 2), subsequent labelling 

withh T4 polynucleotide kinase and y32P-dATP. Probes were isolated from 8% polyacrylamide gel. 

s s 

Figuree 7A 

smm sm 
300 nt 

II m I 
-10066 ™ -741 

saa sa sa ATG 

Mig11 I ss HAP4 

-5600 -420 -160 +1 +79 

- **  -*  -«

Figur ee 1. Schemati c overvie w of par t of the HAP4 promoter . The restriction endonucleases used for 
subcloningg are indicated. Sm=Smal, sa=Sau3A\, ss=Sspl. Numbering is relative to the ATG. 

Partia ll  protei n purification . Total cell lysate was prepared from 3 I of strain MC999, exponentially 

growingg in YP medium containing 2% ethanol/glycerol. Cells were washed once with 100 ml H20, 

resuspendedd in 2 ml/gram wet weight DTT buffer (100 mM Tris.S04, pH 9.4; 10 mM DTT) and incubated 

att C for 20 min. After washing in 1.2 M sorbitol, cells were resuspended in 7 ml of spheroplasting 

bufferr (1.2 M sorbitol; 20 mM potassium phosphate, pH7.0) per gram of cells (wet weight). Zymolyase (2 

mgg per gram wet weight) was added and the preparation was incubated at C until spheroplasts 

formedd (about 2 hr). Spheroplasts were washed with 1.2 M sorbitol, resuspended in 7 ml/gram wet weight 

breakingg buffer (0.6 M sorbitol; 10 mM Tris, pH 7.4; 1 mM EDTA; 1 mM PMSF) and lysed with 10 strokes 

off a Dounce homogenizer. After centrifugation at 10.000g for 15 min, supernatant was collected and 

dialysedd overnight at C against buffer A (50 mM KCI; 20 mM Tris-HCI, pH 7.5; 0.1 mM EDTA; 10% 

glycerol;; 1mM PMSF; 1 mM (3-mercapto-ethanol). The dialysed supernatant was applied to a DEAE 

sepharosee CL-6B column (Pharmacia Biotech), which had been equilibrated with buffer A and proteins 

weree eluted using a step gradient of 100-200-300-400 and 500 mM KCI in buffer A. Fractions were 

dialysedd overnight at C against buffer A with 20 mM KCI, concentrated and stored at -70"C. Protein 

concentrationss were determined by the method of Lowry [120]. 

DNA-protei nn crosslinkin g by UV light . DNA probe (50 fmol) was incubated with 5 /jg of the 100 and 

3000 mM protein fractions eluted from DEAE-sepharose under the optimal conditions for binding as 

describedd for gel mobility shift experiments. After 25 minutes at room temperature, the reaction mixtures 

weree irradiated 30 cm below a UV light (256 nm) (UV dose=180 erg/mm2.sec, or 1.8 J) for 40 minutes at 

CC in open Petri-dishes. The cross-linked protein-DNA complexes were analyzed by electrophoresis on 

6%% SDS-polyacrylamide gels. Gels were stained, dried and exposed to a Phosphor Imager screen. 
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Result s s 

Ann activatin g regio n is locate d betwee n -741 bp and -1006 bp 

Thee HAP4 gene is preceded by an unusually long intergenic region of around 2400 bp, with 

threee transcription start sites, two mapped around -280 bp and one at -330 bp [69]. In order to 

mapp regions involved in the carbon source dependent transcriptional regulation, subfragments 

off the promoter (see figure 1) were cloned in front of a minimal CYC1-LacZ fusion gene and the 

activityy of the reporter gene was monitored in 3-galactosidase assays. The level of TATA-

mediatedd gene expression of the CYC1-LacZ reporter was not detectable on either glucose and 

lactatee after insertion of two Sau3A\ fragments ranging from -420 bp to -570 bp and from -160 

bpp to -420 bp, the region containing the Miglp consensus site. In more sensitive LacZ 

measurementss reading bioluminescence using galactone as a substrate, very low, though not 

significantlyy induced, levels of 6-galactosidase activity could be measured in these constructs 

onn both glucose and lactate (data not shown). In contrast, the Smal fragment from -741 bp to 

-10066 bp showed a low level of reporter gene expression on glucose, and this expression was 

moree than ten-fold induced on lactate (figure 2). Interestingly, the activating capacity of the Smal 

fragmentt was lost in cat8, affected in the derepression of gluconeogenesis (figure 2). The 

absencee of reporter gene expression in the mutant grown on lactate cannot be ascribed to the 

poorr growth of the cells under these conditions, since expression of the reporter gene driven by 

twoo control promoter genes (ADE1 and ASN2) is not affected (data not shown). The results 

suggestsuggest that Cat8p is involved in the signalling pathway that controls HAP4 transcriptional 

regulationn and, furthermore, indicate that major activating capacity resides within the 265 bp 

fragment. . 

CAT88 wt cat8 

Figur ee 2. Activatin g capacit y of the 265 bp Smal  regio n is dependen t on CAT8. 6-galactosidase 
activityy in wild-type (WAY.5-4A) and isogenic caf8 (DG2) strains were transformed with pCZ containing 
thee Smal HAP4 promoter fragment (-745/-1006). Data are obtained from at least two independent car8 
andd wt transformants. Dark bars, glucose-grown cells; light bars, lactate-grown cells. 
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Carbon-dependen tt  activatio n by a 30 nt regio n 

Closerr analysis of the 265 bp Smal fragment revealed a 30 nt region containing the sequence 

CGGN6AGAA closely resembling the CSRE consensus, involved in derepression of 

gluconeogenicc genes (CGGN6GGA/C; [13]. In order to determine the functional relevance of this 

element,, an oligonucleotide corresponding to the 30 bp sequence was cloned in front of the 

CYC1-LacZCYC1-LacZ fusion and assayed for the ability to confer carbon source regulation. As shown in 

figuree 3A, the difference between repressed levels on glucose, derepressed levels on galactose 

andd induced levels on lactate is quite distinctive, implying that a specific activating element is 

locatedd in this region. Our interest in this region increased further when activation by the 30 nt 

regionn was studied in a Acat8 background (figure 3B). In the disruption mutant induction of the 

CYC1-LacZCYC1-LacZ fusion on lactate was lost, suggesting that Cat8p might exert a regulatory function 

viaa the 30 nt region. It should be noted that different wild-type strains are used in figure 3A and 

3B,, and that strain differences may account for the difference in absolute lacZ activities. 

glucosee galactose lactate CAT8 AcatS 

Figur ee 3. activating capacity of the 30 nt region. A) Effect of different carbon sources (glucose, 
galactosee and lactose) on B-galactosidase activity in 3 independent transformants of wt strain MC999 
transformedd with pCZ harbouring the 30 nt activating region of the HAP promoter in front of the cyd-LacZ 
fusion.. B) (3-galactosidase activity under control of the 30 nt region in 2-4 transformants of wt strain 
WAY.5-4AA and isogenic cafS mutant strains. Dark bars, glucose-grown cells, light bars, lactate-grown 
cells. . 

Carbon-specifi cc  protei n factor s interactin g wit h the 30 nt activatin g regio n 

Too determine whether proteins bind to the 30 nt activating region, a synthetic oligonucleotide 

(MWG186/187)) corresponding to the 30 nt sequence was used in gel mobility shift assays. 

Withh protein extracts prepared from ethanol/glycerol-grown wild-type cells, three specific 

protein-DNAA complexes could be observed, two major complexes CI and CM and one low-

abundantt complex Clll (figure 4, lane 3). Addition of more protein to the incubation mixture did 

nott result in a different binding pattern (not shown), illustrating that binding conditions are 

saturatingg and that formation of the complexes observed is not mutually exclusive. Specificity of 
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thee complexes was demonstrated by competition with a 50 molar excess of unlabelled 

MWG186/1877 (lane 4), whereas addition of a 50 molar excess of unrelated oligonucleotide 

couldd not compete for binding (lane 5). Interestingly, CM was less abundant when protein 

extractss from glucose-grown cells were used (lane 2), pointing towards a specific function of the 

proteinn factor responsible for CM formation in gene activation mediated by the 30 nt region under 

non-fermentativee conditions. Since reporter gene induction by this region did not occur in the 

Acat88 strain, protein extracts prepared from repressed as well as induced Acat8 cells were used 

inn gel shift mobility experiments. As shown in figure 4, deletion of CAT8 did not affect protein 

bindingg in glucose grown cells (lane 6). However, under inducing conditions, lysates from Acat8 

cellss form another complex with intermediate mobility (CIV, lane 7). Binding to the 30 nt region 

couldd not be competed by excess of an oligonucleotide containing the CSRE of the ACS1 

promoterr [110], implying that the protein binding to the 30 nt region is not the same as the one 

bindingg to CSRE(/4CS7). 

cm m 
CIV V 
CM M 

CI I 

Figur ee 4. Gel mobility shif t experimen t usin g the 30 nt region . Crude lysates were prepared and 
bindingg conditions set up as described in the materials and methods section. Lane 1, no protein extract 
added;; lane 2, protein extract from glucose-grown wild-type cells (WAY5-4A); lane 3, 4, 5 protein extract 
fromm EG-grown cells; lane 4, competition with 50-fold molar excess unlabelled 30 nt oligo; lane 5, 
competitionn with 50 molar excess unrelated oligo; lane 6; protein extract from Acaf8 cells grown on 
glucose;; lane 7, EG-grown Acaf8 cells 

Characterizatio nn of the protei n bindin g the 30 nt regio n 

Inn order to characterize the protein(s) binding to the 30 nt region, crude protein lysate was 

fractionatedd using a DEAE-sepharose column. Binding activity was localized in a fraction eluted 

att 100 mM KCI (CIM in figure 5A, lane 3) and in a fraction eluted at 300 mM KCI (CI, CM and CIV 

inn figure 5A, lane 5). In comparison to the low abundance of CI, CM and CIM observed with the 

samee amount (1/vg) of total yeast lysate (lane 2), considerable enrichment of the binding 

protein(s)) has been obtained. No other fractions were able to bind the 30 nt region. The 

specificityy of the complexes formed was demonstrated by competitive displacement with excess 

1 22 3 4 5 6 7 
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off unlabelled 30 nt oligonucleotide and unrelated oligonucleotide. As shown in figure 5B, 

complexx Clll was formed specifically in the 100 mM fraction. Likewise, the formation of CI and 

CMM in the 300 mM fraction was specific, whereas complex CIV turned out to be aspecific. 

3000 mM 
11 6 7~l 

„„ CI 
 CM 

Figuree 5. Purification of the 30 nt-binding protein from crude yeast lysate from EG-grown wild-
typee cells MC999. A) gel mobility shift assay with no lysate (lanel), 1 JJQ of total yeast lysate (lane 2) and 
1/;gg of the different fractions eluted from the DEAE column: lane 3, 100 mM; lane 4, 200 mM; lane 5, 300 
mM;; lane 6, 400 mM and lane 7, 500 mM KCI. B) Gel mobility competition experiment with fractions 100 
mMM (lanes 2 to 4) and 300 mM (lanes 5 to 6) with 100 molar excess of unlabelled oligonucleotide (lanes 
3,, 6) or unrelated oligonucleotide (lanes 4, 7). 

Too establish the identity of the factor(s) binding to the 30 nt region, a UV-crosslinking 

experimentt was conducted. Parallel irradiated and non-irradiated samples were analyzed by 

nativee gel electrophoresis and SDS-PAGE (figure 6A and B). Under denaturing conditions 

complexess that are not cross-linked dissociate. Use of the fraction eluted at 100 mM KCI from 

thee DEAE-sepharose column did not result in the cross-linking of any detectable protein binding 

too the 30 nt region on the SDS-PAGE gel, while under native conditions binding was established 

(6AA and B, lanes 5 and 6). With the 300 mM fraction, no radioactive signal on SDS-PAGE was 

detectedd without irradiation (6B, lane 2), while under native conditions the complexes CI and CM 

ass described above were clearly formed, migrating as large molecular weight complexes above 

2500 kDa (6A, lane 2). Incubation with 300 mM fraction followed by UV irradiation showed two 

majorr labelled complexes at around 190 and 230 kDa under denaturing conditions (6B, lane 3), 

whilee irradiation did not affect the formation of the complexes under native conditions. (6A, lane 

3).. The two complexes were competitively displaced upon addition of 100 molar excess of 

unlabelledd oligonucleotide followed by UV irradiation (6A and B, lanes 4), showing the specificity 

off the detected complexes. 

1000 mM 
11 l~2 3 4~ 
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Figur ee 6. DNA-protei n cross-linkin g by UV light . Upon incubation with radiolabelled 30 nt 
oligonucleotidee and 300 mM or 100 mM eluted fraction, samples were irradiated, and half of the mixture 
wass loaded on a 6% native polyacrylamide gel (A) or on a 6% denaturing SDS polyacrylamide gel (B). 
Laness 1, radiolabelled 30 nt without protein; 30 nt with 5 pg of 300 mM fraction without (lanes 2) or with 
irradiationn (lanes 3) and excess of unlabelled 30 nt oligonucleotide (lanes 4); lanes 5 and 6, 30 nt 
oligonucleotidee with 5 fjg 100 mM fraction without (lanes 5) and with irradiation (lanes 6). To estimate the 
sizess of the complexes, the rainbow molecular weight marker (kDa) (Amersham Biotech) was used. 

Subclonin gg of th e 265 bp Smal  regio n 

Inn  order to determine the functional relevance of the 30 nt region in a broader context, 

subfragmentss within the 265 bp activating HAP4 promoter fragment were obtained by PCR and 

clonedd in front of the CYCf-LacZ fusion (figure 7A). Interestingly, absence of the 30 nt region 

(PCR33 and PCR4) caused a decrease in both glucose and ethanol/glycerol values, but did not 

affectt the induction ratio (figure 7B). In fact, all subfragments gave significant levels of gene 

expressionn from the CYC1-LacZ fusion in a carbon-dependent way, above the basal, non-

inducedd level of the minimal CYC1-LacZ fusion. The induction ratio between ethanol/glycerol 

andd glucose was about two- to three-fold in each fragment, although the absolute values of 

activationn differed, implying that single binding sites in the different sub-fragments might act in a 

synergisticc way when simultaneously present within one fragment. Deletion of the fragment 

representedd by PCR5 seems to increase transcriptional activition on both C-sources (compare 

PCR22 vs PCR1 and PCR4 vs PCR5). This could be indicative of a repressing function in this 

PCR55 fragment, besides an activating function, but might also be due to the presence of 

additionall cis-acting factors contributing to the expression levels in the other fragments. 
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Smal l 
-1006--

300 nt 
8000 r 

Smal l 
1 1 

comp.. oligo o 4QQ 

PCR11 2 

PCR2 2 

PCR3 3 

PCR4 4 

PCR5 5 

Sma11 PCR1 PCR2 PCR3 PCR4 PCR5 

PCR11 PCR2 
1 22 3 4 5 6 

PCR33 PCR4 
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Figuree 7. subfragments of the Smal HAP4 promoter region. A) schematic overview of the location of 
thee subfragments. B) lacZ activity in transformants of strain MC999 transformed with the indicated 
subfragmentt in front of cyc-LacZ. Data are shown as percentages relative to the lacZ activity of the Smal 
fragmentt on glucose. Dark bars, glucose-grown transformants, light bars, ethanol/glycerol-grown 
transformants.. Three to four independent transformants were assayed, and the standard deviation is less 
thann 25%. C) gel mobility shift assay with the subfragments. Lanes 1, 4, 7, 10 and 13: no protein added. 
Laness 2, 5, 8 and 11: protein lysates from glucose-grown wt MC999 cells. Lanes 3, 6, 9, 12, 14, 15 and 
16,, protein lysates from EG-grown wt MC999 cells. Lane 15, competition with 100 molar excess 
unlabelledd oligonucleotide; lane 16, competition with 100 molar excess unrelated oligonucleotide. 

Thee ability of the subfragments to independently induce transcription in a carbon-specific 

mannerr is mirrored by their behaviour in mobility-shift experiments (figure 7C). All fragments 

showedd a complex pattern of protein binding in glucose-grown cells (lanes 2, 5, 8 and 11), with 

subtlee changes in complex formation when cells were grown on ethanol/glycerol (lanes 3, 6, 9 

andd 12). The major complex indicated as band II is most prominent in PCR1 and PCR3 on 

glucose,, and is formed to a lesser extent on ethanol/glycerol and in PCR2 and 4. The various 

complexess arise either from the binding of individual polypeptides to their recognition sites or 
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fromm the association of polypeptides subunits to generate different multimeric forms of a protein. 

Thee slight changes when lysates were used from cells grown on non-fermentable carbon 

sourcess (figure 7C, CI vs CM and 01II vs CIV) might be explained by differences in the relative 

amountss of carbon-specific subunits, contributing to carbon-source dependent activation of the 

HAP4HAP4 promoter. Three complexes formed by lysates from ethanol/glycerol grown cells 

interactingg with PCR5 are competitively displaced by an excess of an oligonucleotide spanning 

thee 5' part of PCR5 (figure 7C), but not with an excess of unrelated oligonucleotide (figure 7C, 

laness 15 and 16). Regarding the possibility of multiple binding sites within the 265 bp fragment, 

wee checked whether the same oligonucleotide can compete for binding in other parts of the 265 

bpp fragment. Thus, a gel mobility shift experiment was performed with fragment I and II (figure 

8A).8A). As shown in figure 8B, two of the complexes formed with fragment II, of which the 3' half 

overlapss with the competitor oligonucleotide, are displaced upon incubation with the competitor 

(figuree 8B, lane 7), but not with unrelated oligonucleotide (lane 8). Interestingly, the formation of 

twoo of the complexes formed with fragment I is specifically competed by addition of the 

competitorr oligonucleotide (lane 3), indicating that at least one binding site for a frans-acting 

factorr is repeatly present in the 265 bp Smal HAP4 promoter fragment. 

300 nt 

-1006-- -7411 Sma1 CHI . 

CIV--

||| j — competitor oligo 

ci i 

CM M 

Figur ee 8. cros s competitio n withi n the Smal fragment . A) schematic overview of the location of 
fragmentt I and II used in gel mobility shift as probe and competitor oligonucleotide. B) gel mobility 
experimentt using fragment I and II. Lanes 1 and 5, no protein added; lanes 2 to 4 and 6 to 8, lysates from 
EG-grownn MC999 cells. Competition with 100 molar excess of competitor oligonucleotide (lanes 3 and 7) 
orr unrelated oligonucleotide (lanes 4 and 8). 

Repeatedd sequence s are locate d withi n the 265 bp regio n 

Thee reporter gene studies as well as the gel mobility shift experiments suggest the presence of 

multiplee protein binding sites within the 265 bp region of the HAP4 promoter and possibly 

synergisticc interaction among those sites. Therefore, we looked for the presence of repeated 
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sequencess using the dyad detector program [189], designed for the detection of sites bound by 

Zn-clusterr containing factors. Direct and inverted repeats as well as dyad motifs (spaced pairs), 

turnedd out to be repeatedly present within the 265 bp region (figure 9). Although the 

physiologicall relevance of the motifs is yet unknown, the mosaic of the patterns is consistent 

withh the results from the reporter gene assays and gel shift experiments. Furthermore, a 

databasee search for known vertebrate consensus sites within the Smal region revealed the 

presencee of repeated sequences (GGAA) matching consensus sites for the vertebrate, 

multisubunit,, nuclear respiratory factor 2 (NRF2/GABP), involved in the activation of nuclear 

geness specifying mitochondrial respiratory function [194]. Interestingly, this heteromeric 

complexx binds in a concerted manner to repeated recognition sites, with the relative amounts of 

variouss subunits contributing to tissue-specific modulation. This could be illustrative of a similar 

wayy of action in the case of the repeated sequences in the HAP4 promoter, leading to carbon 

source-specificc modulation. 

! ! 

II I Nrf2 consensus ^ ^ ^ 

competitor r 

sma-sma a 
perl l 
pcr2 2 
pcr3 3 
pcr4 4 
pcr5 5 

Directt repeat 

11 dyad I [ 

CC / inverted repeat I 

]] dyad II «dyad III 

învertedd repeat II 

Figur ee 9. schemati c overvie w of the positio n of direct , inverte d and dyad repeats , GGAA 
consensu ss sequence s in the 265 bp Smal HAP4 promote r fragment . Direct repeat: gccn{16}gcc; 
invertedd repeat I: ccgn{19}cgg; inverted repeat II: agcn{13}agc; dyad I: ccgn{16}caa: dyad II: gagn{5}ccc; 
dyadd III: ggcn{3}gga. All fragments used for subcloning and gel mobility shift experiments are shown. 
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Discussio n n 

Thee transcriptional activator complex Hap2/3/4/5 plays a key role in the upshift of genes 

involvedd in oxidative metabolism in S. cerevisiae. The gene encoding the Hap4p activator 

subunitt is the only one of which the transcription is regulated in response to available carbon 

source,, and this regulation is the main determinant for the activity of the complex. The present 

studyy describes the characterization of the unusually long promoter region of the HAP4 gene as 

aa first step in the unravelling of the mechanisms of transcriptional regulation of HAP4 gene 

expression. . 

Cloningg of subfragments of the HAP4 promoter in front of a minimal CYC1-LacZ reporter 

showedd a carbon source dependent activation by a 265 bp fragment positioned from -741 bp to 

-10066 bp. This apparently long distance is not unlikely taking into account that the transcription 

startt site is located more than 250 bp upstream of the ATG [69]. Two other fragments 

downstreamm of the 265 bp activating region did not lead to a carbon source dependent 

activationn of the reporter gene. 

Basedd on the presence of a sequence closely resembling a CSRE consensus, a 30 nt region 

withinn the 265 bp sequence was selected to test its activating capacity. Indeed, this 30 nt region 

wass able to confer carbon source dependent regulation in a Cat8p dependent manner. 

However,, although absolute values were decreased, deletion of the 30 nt sequence from the 

2655 bp activating fragment did not affect the induction ratio, indicating that other sequences in 

thee 265 bp also contribute to carbon dependent regulation. Further exploration of the 265 bp 

activatingg fragment revealed that several subfragments of the 265 bp fragment were also able to 

inducee transcription in a carbon dependent manner. The difference in absolute values of 

reporterr gene activity between the tested subfragment suggest that multiple activation/binding 

sitess are present within the 265 bp region and that cooperative binding, and subsequent 

synergisticc interactions, might occur. Indeed, a search for repeated sequences within the 265 bp 

regionn using the dyad detector program revealed a number of repeated sequences, consistent 

withh the cross-competition in gel shift experiments. The functional relevance of these sequences 

hass yet to be established, but the results are concordant with a model involving cooperative 

bindingg of a multimeric protein to individual recognition sites. Concerning the GGAA repeats, 

twoo of which are located within the 30 nt region (figure 9), closely matching the vertebrate 

NRF2/GABPP consensus binding site involved in the activation of nuclear genes specifying 

mitochondriall respiratory function, no close homologues of any of the subunits of the 

heteromericc complex have been identified in S. cerevisiae. Identification of the proteins binding 

too the 30 nt region has become nearer at hand with the partial purification of protein complexes 
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migratingg as high molecular weight structures at 190 and 230 kDa when cross-linked with the 30 

ntt region. 

Intriguingly,, the carbon source dependent activation by both the 265 bp region and the 30 nt 

regionn within this region, was dependent on the presence of a functional Cat8p as demonstrated 

bothh by lack of reporter gene induction and altered DNA/protein binding in the absence of 

Cat8p.. Cat8p has been reported not only to control expression of genes encoding enzymes of 

gluconeogenesiss [14, 92, 110, 165, 168], but also of IDP2, encoding NADP-dependent cytosolic 

isocitratee dehydrogenase [13] that has no direct role in gluconeogenesis. The role of Cat8p may 

bee a more general one, involving activation of other genes that are strongly derepressed under 

non-fermentativee growth conditions. In this light, it is interesting that HAP4 is also strongly 

inducedd when glucose becomes limiting during the diauxic shift [53], thereby inducing 

transcriptionn of genes involved in respiration. Idp2p has been suggested to play a defence role 

inn the increase in respiration and concomitant formation of reactive oxygen species [13], in 

additionn to its role in providing reducing equivalents [132]. In this prospect, transcriptional 

regulationn by Cat8p may thus be an efficient way coordinating the increase in glyoxylate and 

gluconeogenicc gene transcription with increase in respiratory function and defence mechanisms 

againstt reactive oxygen species. 

Proftt er al. suggest that Cat8p activation might globally affect respiratory metabolism based on 

thee observation that some cat8 mutant alleles showed a loss of cytochrome c oxidase and 02 

uptakeuptake activity [160]. This is consistent with our findings that activation of HAP4 expression is 

dependentt on Cat8p and recent experiments showing that Hap4p affects mitochondrial 

biogenesiss as a whole (Lascaris, manuscript in prep.). 

However,, Cat8p is not the sole determinant of carbon source dependent transcriptional 

inductionn of HAP4, as deletion of CAT8 has no effect on the regulated transcription of HAP4 

underr control of its full-length 5' promoter region. This has been demonstrated by Northern 

analysiss (data not shown), as well as in a genome-wide expression study for targets of Cat8p 

[90].. A possible explanation might be that the effect of Cat8p is indirect, and that the activation 

byy the protein(s) binding to the 30 nt region and the larger 265 bp fragment is mediated via an 

yett unknown signalling pathway. The fact that protein binding to the 30 nt region could not be 

competedd by the CSRE of ACS1, a target of CatBp, is an additional indication that the influence 

off Cat8p is indirect. 

Interestingly,, promoter analysis using the TRANSFAC database [163] revealed a sequence 

stronglyy matching for the consensus binding site for Hap2/3/4/5p (NYCNNCCAATNA) is located 

withinn the non-translated leader sequence around -92 bp. Although evidence for the 
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functionalityy of this sequence is lacking yet, it is tempting to postulate an autoregulatory 

mechanism. . 

Basedd on the results described in this study, it can be concluded that we have just started to lift 

aa corner of the veil that covers an extremely complex regulation of HAP4 gene expression in S. 

cerevisiae.cerevisiae. The relatively small part of the promoter that we have thoroughly examined thusfar, 

harbourss multiple repeats of sequence motifs that may constitute recognition sites for probably 

multimericc subunits, some with carbon-source specificity. We consider it likely that multiple 

trans-actingg factors are involved and a link to derepression of gluconeogenesis has been found 

viaa the activator Cat8p, functioning in the transcriptional cascade of HAP4 regulation. Given the 

importancee of balancing fermentative and oxidative metabolism, it is very likely that the actions 

off several different proteins converge at the HAP4 promoter and determine the final state of 

activationn of HAP4 gene expression. 
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Transcriptiona ll  regulatio n of KIHAP4  point s toward s a role of the HAP 

comple xx of K. lactis  durin g carbo n limitatio n 

Inn K. lactis the HAP2/3/4/5 transcriptional activator complex plays only a minor role in induction 

off nuclear genes involved in mitochondrial respiration and is dispensable for growth on non-

fermentablee carbon sources. This contrasts sharply with S. cerevisiae, which requires the HAP 

complexx for induction of mitochondrial respiration and for non-fermentative growth. The 

ScHAP4ScHAP4 gene encoding the activator subunit is the only one of the complex to be strongly 

regulatedd by carbon source at the transcriptional level in S. cerevisiae. In this study, we 

examinee the transcriptional regulation of the HAP4 gene in K. lactis in order to get clues towards 

thee function of the Hap2/3/4/5 complex in this yeast. We show that KIHAP4 is constitutively 

expressedd upon a shift from glucose to non-fermentable carbon source in batch cultures of K. 

lactislactis CBS2359 as well as in different carbon-limited steady-state chemostat cultures. However, 

afterr the addition of a glucose pulse to glucose-limited chemostat cultures, KIHAP4 behaves 

similarlyy to ScHAP4 in being repressed within minutes after the pulse and strongly induced once 

carbonn depletion is near. We hypothesize that K. lactis and S. cerevisiae share a conserved 

functionn for the HAP complex in signalling nutrient limitation, and that in S. cerevisiae, the HAP 

complexx has attained a dual function in being essential for non-fermentative growth. 

Inn collaboration with Andre Boorsma, Anne-Marie Zeeman, Yde Steensma, Jolanda Blom and 

Less Grivell 
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Introductio n n 

Thee yeasts Saccharomyces cerevisiae and Kluyveromyces lactis exhibit clear physiological 

differencess in their response to the presence of glucose. Whereas S. cerevisiae predominantly 

fermentss glucose to ethanol, K. lactis metabolizes glucose oxidatively, provided that conditions 

aree fully aerobic. Only when pulsed with glucose, glucose-limited steady state cultures of K. 

lactislactis produce some ethanol starting one hour after the pulse, contrasting with the immediate 

onsett of ethanol production in S. cerevisiae under the same conditions [104]. Moreover, the final 

concentrationn of ethanol is much lower than in S. cerevisiae (15 mM versus 50 mM; [48, 104]. 

Thee reason for this difference in the start of ethanol production is unclear. It is not due to an 

absencee of key enzymes of alcoholic fermentation in K. lactis immediately after the glucose 

pulsee [104]. Furthermore, Zeeman et al. have demonstrated that the transcriptional regulation of 

structurall genes encoding key enzymes of glucose metabolism (KIPDC1, RAG1, KIADH1, 

KIACS1,KIACS1, KIADH2, KIADH3) is very similar in the two yeasts [210]. Only transcription of the 

KIPDA1KIPDA1 gene, encoding a subunit of pyruvate dehydrogenase, differs in the two organisms, 

beingg regulated by available carbon source in K. lactis while its S. cerevisiae counterpart is 

constitutivelyy expressed. Although post-transcriptional and post-translational regulatory 

mechanismss cannot be ruled out, a discrepancy between the physological differences and 

similarr transcriptional regulation of genes involved in glucose metabolism seems to exist. An 

explanationn might be sought in a different capacity of respiratory pyruvate metabolism in K. 

lactislactis and S. cerevisiae. Alternatively, the difference in onset of ethanol production between the 

twoo yeasts might reside in the regulation of mitochondrial respiration rather than in the 

regulationn of the carbon flux at the level of the pyruvate branchpoint. Indeed, at the level of 

mitochondriall respiration, major differences between K. lactis and S. cerevisiae exist. First, it 

shouldd be noted that respiratory capacity is limiting in S. cerevisiae [2], but not in K. lactis [81]. 

Second,, glucose repression of genes encoding respiratory chain subunits is not as pronounced 

inn K. lactis as it is in S. cerevisiae [134]. This results in a generally high level of transcription of 

thesee genes on glucose, contributing to the more respiratory glucose metabolism exhibited by 

K.K. lactis. Third, in S. cerevisiae, the transcriptional control on mitochondrial respiration is highly 

dependentt on the heteromeric HAP2/3/4/5 activator complex, which is required for release of 

glucosee repression of genes involved the respiratory pathway and for induction of mitochondrial 

function.. Whereas the genes encoding the DNA binding subunits Hap2p, Hap3p and Hap5p are 

constitutivelyy transcribed, transcription of HAP4, coding for the activator subunit, is regulated by 

carbonn source [69] and induced during the diauxic shift [53]. Transcriptional activation by the 
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HAPP complex during growth on non-fermentable carbon sources is thus dependent on the 

availabilityy of Hap4p. In fact, it plays a key role in the balance between fermentative and 

oxidativee glucose metabolism, as overexpression of HAP4 partially alleviates repression of 

respiratoryy function and alters the fermentative metabolism on glucose towards a more 

oxidativee metabolism [12]. In K. lactis, the HAP complex does not seem to play a crucial role in 

thee balance between oxidative and fermentative glucose metabolism. It is not necessary for 

eitherr fermentative or non-fermentative growth in K. lactis on rich media, although Ahap2 and 

Ahap44 mutants grow slower on minimal media containing non-fermentable carbon sources [20, 

133,, 142]. Moreover, although the Hap2/3/4/5 complex does contribute to generally high level 

transcriptionn of genes involved in respiration, irrespective of the carbon source, it is not involved 

inn induction of transcription on non-fermentable carbon sources [135]. This raises the questions 

whyy the impact of the Hap2/3/4/5 complex on oxidative and fermentative glucose metabolism 

differss between the two yeasts and what the precise function of the Hap2/3/4/5 complex is in K. 

lactis.lactis. Answers to these questions might be found by studying transcriptional regulation of the 

geness encoding subunits of the HAP complex. The fact that, in S. cerevisiae, the Hap4 activator 

subunit,, playing such a pivotal role in the activity of the complex, is strictly regulated in response 

too carbon source, prompted us to focus on the correponding HAP4 gene in K. lactis. The 

KIHAP4KIHAP4 gene was isolated by functional complementation of the Schap4 null mutant [20]. 

Althoughh the overall similarity between KIHap4p and ScHap4p is rather low, except for two 

highlyy conserved short domains, KIHap4p interacts with ScHap2 and ScHap5 and activates the 

transcriptionn of a target gene, ScCYCI in S. cerevisiae, demonstrating that the functionality of 

KIHap4pp is similar to ScHap4p [20], However, the growth-deficiency of the Schap4 null mutant 

couldd only be restored when the KIHAP4 under control of its own promoter was present on a 

multicopyy plasmid or when the KIHAP4 gene placed under control of the S. cerevisiae HAP4 

promoterr was integrated into the chromosome [20]. This could suggest that transcription of 

KIHAP4KIHAP4 under control of its own promoter is either not properly regulated in S. cerevisiae, or 

thatt the KIHAP4 promoter does not contain a high intrinsic activation. Therefore, we decided to 

havee a closer look at the transcriptional regulation of the KIHAP4 gene. Furthermore, we studied 

thee expression patterns of two nuclear genes (KIQCR8 and KICYC1), encoding subunits of the 

mitochondriall respiratory chain and which are regulated by the HAP complex in S. cerevisiae, 

sincee not only transcription patterns of the KIHAP4 gene, but also similarities and differences in 

co-regulationn with other genes could provide insight in the role of the Hap2/3/4/5 complex in K. 

lactis. lactis. 
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Materia ll  and Method s 

Strain ss and media . K. lactis strain CBS2359 (=NRRL Y-1140, ATCC 8585; [200]) was used in this study. 

Forr the glucose-pulse experiment in a chemostat, CBS2359 was cultured in mineral medium 

supplementedd with a filter-sterilized vitamin solution as described by [104]. For batch cultivation in 

Erlenmeyers,, the strain was grown in rich medium containing 1% (w/v) yeast extract (Difco) and 2% (w/v) 

peptone.. Carbon sources were added at 2% or 5% (w/v) glucose, and 2% (v/v) ethanol plus 2% (v/v) 

glycerol. . 

Batc hh and chemosta t cultivations . For medium shift experiments in batch cultivations performed in 500 

mll erlenmeyers, CBS2359 was pre-cultured at C under vigorous shaking in 20 ml rich medium 

containingg 2% glucose to an OD600 of 1. Cells were collected and resuspended in 1 ml H20. 250 y\ was 

inoculatedd into 50 ml rich medium containing either 5% glucose or 2% of ethanol/glycerol. Cells were 

grownn until an optical density at 600 nm of 0.6-0.8 was reached. Carbon-limited steady-state cultivations 

weree performed in 2-litre Applikon fermentors (Applikon, Schiedam, the Netherlands) with a working 

volumee of 1.0 I. Dilution rate was set at 0.1 hr \ the cultivation temperature was . The pH was kept at 

5.00 by automatic addition of 2.0 M KOH via an Applikon ADI-1030 controller. The oxygen concentration 

insidee the vessel was monitored by an Ingold polarographic oxygen electrode and remained above 20% 

off air saturation. The air flow was set at 500 ml air.min"1. Glucose-pulse experiments were performed in 

aerobic,, glucose-limited cultures. Immediately before the pulse, the medium and effluent pumps were 

stopped,, after which a concentrated, sterile glucose solution was added, resulting in an initial glucose 

concentrationn in the culture of 50 mM. 

RNAA isolatio n and Norther n blot . RNA was isolated from K. lactis cultures as described by Schmitt 

[176].. For Northern blot analysis, 10 pg of RNA was mixed with 2fj\ 10xNBC (0.5 M Boric Acid, 10 mM 

sodiumm citrate and 50 mM NaOH), 3 /vl formaldehyde and 10 y\ formamide in a total volume of 20 fj\. 

Eachh sample was mixed with 2 pi of 10xloading buffer (15% Ficoll, 0.1 M Na2EDTA pH8.0, 0.25% 

Bromophenoll Blue) and 0.05 pg//vl ethidium bromide before being loaded on a 1% agarose gel containing 

0.925%% formaldehyde and run in 1xNBC. After 2 hrs at 100V, the RNA was transferred to Nylon 

membranee by blotting in 20xSSC (3.0 M NaCI, 0.3 M sodium citrate pH7.0). Hybridization was carried out 

overnightt at C in 0.5M Na2HP04 pH7.2, 7% SDS, 1 mM EDTA. Probes were labeled radioactively 

usingg an hexanucleotide labeling kit (Boehringer). After hybridization, blots were washed at C with 

2xSSC,, 0.1% SDS for 15 minutes, followed by two washes with 1xSSC, 0.1% SDS and 0.5xSSC, 0.1% 

SDSS at . Blots were exposed to a phosphor imager screen and analysed using the Phosphor Imager 

Systemm (Molecular Dynamics, B&L Systems, Maarssen, NL) and ImageQuant software. 
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Result s s 

Constitutiv ee expressio n of HAP4 in steady-stat e culture s 

Too study whether the KIHAP4 gene is constitutively expressed or, like ScHAP4, repressed by 

glucose,, we analysed transcript levels in a medium shift experiment performed in batch 

cultures.. Cells were pregrown on 2% glucose, transferred to medium containing either 5% 

glucosee or 2% ethanol/glycerol and grown for an additional 3 to 5 hours when cells were 

growingg exponentially. As shown in figure 1, transcript levels of KIHAP4 gene do not change 

significantlyy 3 hours after the shift from fermentative carbon source to non-fermentable carbon 

sourcee or to higher glucose concentrations. In contrast, KICYC1 and KIQCR8, encoding 

respiratoryy chain components, are induced on ethanol/glycerol. These results are in line with 

previouss observations that in K.lactis the HAP complex is not involved in the induction of 

respiratoryy genes. The same results were obtained 5 hours after the shift (data not shown), 

whenn cells were still growing logarithmically. Therefore, we assumed that transcript levels were 

adjustedd to the altered carbon source 3 hours after the shift and in that respect, the cultures 

weree regarded as quasi steady-state cultures. 

2DD 5D EG 

KIHAP4 KIHAP4 

KICYC1 KICYC1 

KIQCR8 KIQCR8 

KIACT1 KIACT1 

Figur ee 1: KIHAP4  is constitutivel y expresse d in quas i steady-stat e batch cultures . Northern blot 
analysiss of strain CBS2359 grown in batch cultures containing 2% glucose (2D) and grown for 3 hours 
afterr transfer to 5% glucose (5D) or 2% ethanol/glycerol (EG). 

Furthermore,, we analysed KIHAP4 transcript levels in well-defined carbon-limited steady-state 

chemostatt cultures with glucose, ethanol or acetate as carbon source. This clearly 

demonstratedd that the expression of KIHAP4 was constitutive (figure 2). When medium shift 

experimentss in batch cultures were performed with the glucose-sensitive JA6 strain or with a 

JA66 derived strain lacking the glucose transporters KHT1 and KHT2, the same results were 

obtainedd (data not shown). This demonstrates that KIHAP4 transcription is not sensitive either 
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too altered internal glucose concentrations (JA6), or to altered external glucose concentrations 

(doublee mutant) and strongly indicates that transcription of KIHAP4 is not regulated by carbon 

sourcess in steady-state cultures. 

GG G E E A A 
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Figur ee 2: Constitutiv e expressio n of KIHAP4  in carbon-limite d steady state chemosta t cultures . 
Northernn blot analysis of CBS2359 grown in carbon-limited steady-state chemostat cultures with glucose 
(G),, ethanol (E) or acetate (A) as a carbon source. All chemostat experiments were performed in duplo. 

Carbo nn dependen t expressio n of KIHAP4  in glucose-limite d chemosta t culture s pulse d 

wit hh glucos e 

Althoughh analysis of steady state transcript levels in batch cultures suggests that KIHAP4 

transcriptionn is not sensitive to alterations in carbon sources or glucose concentrations, one 

cannott rule out the possibility of transient responses to changing carbon sources or 

concentrations.. Detailed transcript analysis studies as performed for example by DeRisi [53] 

clearlyclearly show the dynamics in response of many transcripts during transition of growth from 

glucosee to ethanol utilization and finally carbon source exhaustion and stationary phase. In 

orderr to follow KIHAP4 transcript patterns during these different phases, but under well-defined 

andd completely aerobic conditions, we grew strain CBS2359 in a glucose-limited chemostat and 

subjectedd the fully respiratory growing cells to an excess of glucose. As shown in figure 3, the 

transcriptt level of KIHAP4 decreases immediately after addition of 50 mM glucose, resembling 

ScHAP4ScHAP4 in comparable experiments (Lascaris, manuscript in prep.). KIHAP4 transcription 

remainss rather constant as glucose is being consumed (5 to 180 min), and is induced when 

glucosee is depleted and cells start consuming the ethanol produced during the first phase of 

growthh (180-270 min). Maximal levels of expression are reached when carbon depletion sets in 

(3300 min). The clear carbon-dependent regulation of KIHAP4 directed us to analyze the 

transcriptt levels of KIQCR8 and KICYC1, not only to see whether those genes are co-regulated 

byy the HAP complex under these defined conditions, but also with the unexplained observation 

off the delayed onset of ethanol formation in mind. Transcript levels of KICYC1 and KIQCR8 do 

nott follow the kinetics of the KIHAP4 transcript levels. KIQCR8 is highly expressed when cells 

aree growing fully respiratory at the start of the experiment, and is not repressed when an excess 

off glucose is added to the culture, in contrast to ScQCR8, which is repressed within 10 minutes 

afterr the addition of excess glucose in similar experiments (Lascaris, manuscript in prep.). 

KIHAP4 KIHAP4 
KIACT1 KIACT1 

69 9 



Chapterr 3 

KIQCR8KIQCR8 transcription remains present rather constantly during glucose consumption, but, 

interestingly,, KIQCR8 transcripts are strongly induced when cells consume ethanol and are 

maximallyy induced when carbon starvation is near, similar to KIHAP4. In contrast, KICYC1 

transcriptt levels are undetectable in glucose-limited chemostat cultures, before addition of the 

glucose,, but gradually increase as the added pulse of glucose is being consumed and ethanol 

produced.. Transcription of KICYC1 drops abruptly when glucose has been consumed and cells 

startt metabolizing ethanol (t=210 min), with transcripts being undetectable when also ethanol 

hass been consumed. This suggests that under our experimental conditions, transcriptional 

activationn of KICYC1 is strongly dependent on the ethanol concentration, whereas KIQCR8 is 

partlyy dependent on ethanol and strongly upregulated when carbon sources are limiting. 

B B 
00 5 10 15 20 30 45 60 75 90 105 120 150 180 210 240 270 300 330 t ime (min) 

Figur ee 3: Effec t of glucose-puls e on KIHAP4  expression . A 50 mM pulse of glucose was added to a 
glucose-limitedd steady state culture of CBS2359. Glucose and ethanol concentrations as well as OD660 
weree measured throughout the experiment (A) and samples were taken at indicated time points for 
Northernn analysis (B). mRNA transcripts for KIHAP4 (black squares), KIQCR8 (grey circles) and KICYC1 
(lightt squares) were quantified relative to the actin signal and relative to the transcript level at t=0. (C). 

Discussio n n 

Sincee the function of the Hap2/3/4/5 complex in K. lactis is still unknown, we wondered whether 

thee regulation of transcription of the genes encoding the different subunits could provide a clue 

towardss its role in K. lactis. Regarding the strict regulation of the ScHAP4 gene and its 
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importancee in the balance between respiration and fermentation, we started with the 

transcriptionall regulation of its counterpart in K. lactis, KIHAP4. In both quasi steady-state batch 

culturess and carbon-limited steady state chemostat cultures, KIHAP4 expression was 

constitutive,, irrespective of the carbon source. This is in agreement with previous reports that 

KIHAP4KIHAP4 transcript levels were similar on either glucose, lactate, glycerol or ethanol [20]. In 

contrast,, transcript levels of KICYC1 and KIQCR8 were induced upon a shift from glucose to a 

non-fermentablee carbon source. Our results with the steady-state cultures led us to hypothesize 

thatt a constitutive, relatively high, expression of KIHAP4 on glucose could contribute to the 

differencee in physiology between K. lactis and S. cerevisiae on glucose. Although the 

Hap2/3/4/55 complex in K. lactis is not required for growth on fermentable or non-fermentable 

carbonn sources [20, 133, 142], the role of this complex in respiratory glucose metabolism has 

neverr been studied. If the Hap2/3/4/5 complex contributes to the respiratory activity during 

growthh on glucose, growth of a K. lactis hap null mutant could be expected to be more 

fermentative.. At this moment no data are yet available to support this hypothesis. 

Followingg the kinetics of KIHAP4 transcript levels in glucose-limited chemostat cultures pulsed 

withh 50 mM glucose, new insights in the regulation of KIHAP4 expression arose. Strikingly, 

transcriptionn of KIHAP4 decreased immediately after addition of the glucose pulse, resembling 

ScHAP4ScHAP4 in comparable experiments {Lascaris, manuscript in prep.). Furthermore, the 

transcriptionn of KIHAP4 was induced when glucose was finished and cells started consuming 

thee ethanol produced during the first phase. In fact, the induction was maximal at the end of the 

experiment,, when carbon depletion had set in and cells entered the stationary phase. The clear 

regulationn of KIHAP4 suggests a role of the Hap2/3/4/5 complex in a dynamic regulation of 

adaptationn to carbon-limitation. In this respect, one can also explain the difference in KIHAP4 

transcriptionn between steady-state conditions and glucose-pulsed cultures. First, in the glucose-

pulsee experiment, KIHAP4 expression is relatively high during glucose-limited steady state 

chemostatt conditions (just before addition of the pulse), which is similar to the carbon-limited 

steadyy state cultures in figure 2. At the end of the experiment when glucose is finished, ethanol 

iss limiting and cells enter stationary growth, expression of KIHAP4 is maximal, suggesting that 

KIHAP4KIHAP4 is upregulated under conditions of carbon-limitation and stationary phase. In that 

respect,, the decrease of KIHAP4 transcripts after the glucose pulse could be explained by the 

absencee of a signal sensing carbon limitation rather than a glucose repression signal. This 

explanationn might be examined by addition of a pulse with another carbon source than glucose 

too a glucose-limited chemostat culture. This would also lead to a decrease in KIHAP4 

transcripts,, if KIHAP4 is regulated by carbon limitation. 
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Inn the medium shift experiment, cells are shifted from 2% glucose to 5% glucose or 2% 

ethanol/glycerol.. In none of the cultures, carbon-limitation does occur, and, in the perspective of 

carbon-limitationn being a trigger for KIHAP4 regulation, KIHAP4 transcript levels remain at a 

constitutivee level. The fact that no repression of KIHAP4 is observed when cells are shifted to 

5%% glucose would be consistent with carbon-limitation rather than glucose repression being 

responsiblee for KIHAP4 regulation, assuming that a glucose concentration of 2% is not a 

repressingg condition for KIHAP4 transcription. It should be noted that, from this point of view, 

thee absolute expression levels of KIHAP4 in the batch cultures should be lower than in the 

carbon-limitedd steady-state cultures, but this is difficult to conclude from the experiments 

describedd here. However, an alternative explanation might be that KIHAP4 transcription is 

transientlyy regulated by a dynamic reponse to changing carbon source conditions, as occurs in 

thee glucose-pulse experiment. In the medium shift experiment, cultures have already adapted to 

thee change in carbon source at the time points studied and have reached quasi steady-state 

constitutivee expression levels of KIHAP4 in these cultures. In this perspective, it cannot be 

excludedd by now that KIHAP4 transcription is transiently repressed by glucose as no data on 

KIHAP4KIHAP4 expression within shorter time intervals after the medium shift are available. 

Insightt in the role of the Hap2/3/4/5 complex in K. lactis might be obtained by identifying which 

geness are transcriptionally co-regulated with the KIHAP4 gene. In this respect, transcript levels 

off the KIQCR8 gene were studied, since the 5' promoter region of KIQCR8 contains a functional 

bindingg site for the HAP2/3/4/5 complex, as has been demonstrated by point mutation of the 

consensuss site and heterologous expression studies of KIQCR8 expression in S. cerevisiae 

[135].. However, it was shown that the Hap2/3/4/5 complex plays a minor role in maintaining 

generallyy high levels of transcription of KIQCR8 expression on both fermentable and non-

fermentablee carbon sources [135]. Furthermore, other, yet unknown, factors are involved in the 

inductionn of KIQCR8 transcription on non-fermentable carbon sources (see chapter 4 of this 

thesis).. Consistent with this, we observed a two-fold induction of KIQCR8 in our medium shift 

experimentt while KIHAP4 transcription was constitutive. Furthermore, KIQCR8 did not show a 

similarr response as KIHAP4 after the addition of an excess of glucose in the glucose-pulse 

experiment.. Whereas KIHAP4 was clearly down-regulated, transcript levels of KIQCR8 remain 

ratherr constant after the pulse during glucose consumption and increase when the majority of 

thee produced ethanol is consumed. Interestingly, KIQCR8 and KIHAP4 are co-regulated at the 

endd of the glucose-pulse experiment when cells enter stationary growth. Whether the induction 

off KIQCR8 in this phase is dependent on the Hap2/3/4/5 complex or whether the two genes are 

co-regulatedd by a common factor remains to be resolved. 
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Thee strong induction of KIHAP4 in the last phase of the glucose-pulse experiment very much 

resembless that of KIACS1, KIACS2, KIADH3 and KIADH4 [210], encoding acetyl-CoA 

synthetasee and mitochondrial alcohol dehydrogenase isozymes, which all become strongly 

increasedd at the end of the glucose pulse experiment, when carbon starvation is near. 

Especially,, the transcript pattern of KIADH3 exactly follows transcript levels of KIHAP4, being 

repressedd immediately after the addition of the glucose-pulse, and being induced upon glucose 

depletion.. Interestingly, three putative binding sites for the HAP complex have been identified in 

thee upstream region of KIADH3, at -950 bp, -750 bp and -730 bp from the ATG, and have been 

shownn to be important for full induction of KIADH3 (Saliola, M.; manuscript in preparation). 

Analysiss of the upstream promoter regions of KIACS1, KIACS2 and KIADH4 reveals that both 

KIACS1KIACS1 and KIADH4 promoter regions contain DNA motifs that show homology to the 

consensuss core (CCAAT) of the Hap2/3/4/5p binding site. Furthermore, this homology extends 

severall bases beyond this core and largely corresponds to the consensus sequence 

(YCNNCCAATNA)) in the Matlnspector database [163]. Although the functional relevance of 

thesee sites in the respective promoter regions is unclear, one might envisage that induction of 

thesee genes is necessary to redirect carbon fluxes and redox metabolism in the cell under these 

harshh conditions. Similar to what is observed in our glucose-pulse experiment is ACS1 strongly 

inducedd in stationary phase in S. cerevisiae [72]. 

Inn S. cerevisiae, the expression of the CYC1 gene is repressed by glucose and induction of 

ScCYCIScCYCI is mediated by the Hap2/3/4/5 complex. However, in K. lactis, KICYC1 is not 

repressedd by glucose as has been clearly shown by Mulder et a/[134]. Furthermore, our results 

showw that the transcript pattern of KICYC1 does not respond in the same way as KIHAP4 to 

changess in carbon source, although the 5' promoter region of KICYC1 contains consensus 

bindingg sites for the HAP complex [135, 167]. This suggests that KICYC1 is not a target for the 

Hap2/3/4/55 complex under any condition tested so far and this is in accordance with the fact 

thatt no functional relevance could be assigned to the Hap2/3/4/5p consensus site in the 

KICYC1KICYC1 promoter, since mutation of this site did not affect expression levels on either glucose 

andd glycerol [167]. Unexpectedly, our Northern blot analysis raised a question concerning the 

transcriptionall regulation of KICYC1. Although KIQCR8 and KICYC1 are functionally related 

genes,, a different transcriptional regulation of the two genes has previously been reported with 

regardd to the involvement of KICpflp [135, 167] and regulation of KICYC1 by oxygen [70]. 

Likewise,, our results also reveal that the transcription of KIQCR8 and KICYC1 is differently 

regulated.. KIQCR8 shows a more or less constitutive expression after addition of the glucose 

pulsee during the consumption of this excess of glucose, whereas KICYC1 transcript levels, 
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hardlyy detectable in the glucose-limited chemostat culture before the pulse, increase gradually 

whilee glucose is being consumed with a concomitant production of ethanol. Interestingly, while 

thee transcription of KIQCR8 is strongly induced during the consumption of ethanol following 

glucosee depletion, simultaneously with the increase in KIHAP4 expression, KICYC1 transcript 

levelss drop rapidly. In first instance, this seems contradictory to the respiratory metabolism that 

accompaniess ethanol consumption. Taking into account the fact that the growth rate goes down 

duringg the phase of ethanol utilization, respiratory activity could be reduced to such an extent 

thatt low expression of KICYC1 is sufficient to sustain oxidative ethanol metabolism. 

Interestingly,, a correlation could exist between the transcript levels of KICYC1 and specific 

growthh rate (data not shown). Possibly, KICYC1 transcription is even directly controlled by 

specificc growth rate, which is maximal (0.16 hr1) just before glucose is finished, and this would 

explainn the sudden drop in KICYC1 expression parallel to the decrease in growth rate 

accompaniedd by ethanol consumption. 

Ourr analysis of transcripts of respiratory genes also sheds some lights on the difference 

betweenn the two yeasts in onset of ethanol production after addition of a glucose pulse. The 

excesss of glucose does not repress the expression of KIQCR8 and KICYC1. This might 

contributee to a respiratory function in K. lactis that remains sufficient to fully respire the excess 

off glucose much longer than in S. cerevisiae, where an excess of glucose immediately causes 

thee production of ethanol and repression of respiratory function. It is noteworthy that a higher 

pyruvatee dehydrogenase and lower pyruvate decarboxylase activity on glucose in K. lactis in 

comparisonn to S. cerevisiae has been reported in glucose-grown steady-state batch cultures 

[210],, directing pyruvate to a respiratory dissimilation and possibly contributing as well to the 

delayedd onset of ethanol production in K. lactis. 

Ann issue closely related to this and that still remains unsolved is the cause of the production of 

ethanoll approximately one hour after the pulse. Since transcript levels of both KIQCR8 and 

KICYC1KICYC1 around the onset of ethanol production are not changed, and perhaps are even slightly 

increased,, it is not likely that a limiting respiratory function provokes the production of ethanol. 

Assumingg that transcripts of other respiratory components show the same pattern, one might 

speculatee that another cellular component gets limiting to sustain fully respiratory metabolism. 

Interestingg in this respect is the decrease in KIPDA1 transcript levels that precedes the onset of 

ethanoll formation (see [210]), implying a limiting capacity of pyruvate dehydrogenase. Whether 

thee decrease in KIPDA1 transcription leads to decreased activity of pyruvate dehydrogenase 

shouldd be investigated by studying the kinetics of the pyruvate dehydrogenase complex. 
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Furthermore,, post-translational regulation of the complex, as described in higher eukaryotes, 

cann not be excluded. 

Thee fact that the KIHAP4 gene is fully induced under conditions of carbon depletion and 

stationaryy growth points towards a possible role of the HAP complex when environmental 

conditionss become adverse, involving a transition from active growth to growth arrest, and 

ultimatelyy sporulation. The transcript pattern of KIHAP4 during the pulse experiment is very 

similarr to ScHAP4 transcript levels during and after the diauxic [53], being fully induced when 

cellss enter stationary phase. In recent years, a tight link between metabolism, nutrient starvation 

andd sporulation has been reported (for review see [43]). For example, the expression of IME1, 

att the integration point between metabolic and genetic control circuits during sporulation, is 

subjectt to catabolite repression via Snflp kinase and is dependent on respiratory activity. 

Furthermore,, the synthesis of mitochondrial DNA and proteins is required for yeast to sporulate, 

andd in this regard it is noteworthy that, at least in S. cerevisiae, the HAP complex has been 

shownn to play a important role in global mitochondrial biogenesis ([52]; Lascaris, manuscript in 

prep.).prep.). Our hypothesis that the HAP complex fulfils a function in stationary phase in both S. 

cerevisiaecerevisiae and K. lactis is supported by microarray experiments recently performed by Gasch et 

at.,at., exploring genomic expression patterns in S. cerevisiae responding to diverse environmental 

transitions,, among which the transition to stationary phase [72]. Induction of HAP4 at the 

progressionn to stationary phase exceeded the induction observed during the diauxic shift [53], 

suggestingg that ScHAP4 transcription responds even more strongly to stationary growth 

conditionss than changes in carbon sources. Cluster analysis (available at http://genome-

www.stanford.edu/yeast_stress)) shows that the induction of HAP4 in stationary phase is 

accompaniedd by an induction in expression of genes encoding respiratory and TCA cycle 

proteins,, genes that are also upregulated in strains overexpressing ScHAP4 (Lascaris, 

manuscriptt in prep.) and are required for cells to sporulate [43]. The observation in our Northern 

analysiss that KIQCR8 is simultaneously induced with KIHAP4 when cell are near carbon 

depletionn and stationary growth would be consistent with this. 

Basedd on our findings descibed here, a conserved function of the respective Hap2/3/4/5 

complexess of S. cerevisiae and K. lactis in stationary growth and nutrient deprivation is 

proposed.. Furthermore, taking into account that the HAP complex is required for non-

fermentativee growth in S. cerevisiae but not in K. lactis, we hypothesize that the HAP complex in 

S.. cerevisiae serves a dual function of which the non-fermentative one is either attained in this 

yeastt or lost in K. lactis during evolution. 
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Carbon-sourc ee dependen t transcriptiona l regulatio n of the QCR8 

genee in Kluyveromyces  lactis 

Identificationn of c/s-acting regions and frans-acting factors in the KIQCR8 upstream 

region n 

Thee QCR8 gene of the yeast Kluyveromyces lactis is transcriptionally regulated by the carbon 

sourcee in the growth medium. Deletion analysis of the KIQCR8 promoter shows that an element 

locatedd between -144 bp and -113 bp specifically controls induction of QCR8 gene expression 

onn non-fermentable carbon sources. Specific and differential protein binding to the activating 

sequencee was observed with extracts from glucose and ethanol/glycerol grown cells. Induction 

off the reporter gene and protein binding was dependent on the presence of a functional KICAT8 

gene,, suggesting that, in K. lactis, KICat8p acts in the transcriptional regulation of respiratory 

function.. The activating element contains no other known regulatory sites but two elements 

requiredd for RNA holoenzyme functioning, raising the intriguing possibility of carbon source 

dependentt regulation by a subunit of the RNA polymerase holoenzyme in K. lactis. 

Inn collaboration with Agnieszka Dryla, Esther Plüger, Thessa Vinkenvleugel, Nadine Homig, Les 

Grivelll and Jolanda Blom 

Currentt Genetics, in press 
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Identificationn of cis-elements in the KIQCR8 promoter 

Introductio n n 

Inn terms of protein sequence similarity, Kluyveromyces lactis is closely related to baker's yeast 

SaccharomycesSaccharomyces cerevisiae. However, the two yeasts differ significantly in the way they respond 

too the presence of glucose in the environment. Under aerobic conditions, S. cerevisiae grows 

fermentativelyy on media containing glucose, whereas K. lactis exhibits a predominantly 

respiratoryy metabolism. In S. cerevisiae, mitochondrial function is repressed by glucose. This 

occurss mainly at the level of transcription of genes encoding respiratory proteins [52]. In K. 

lactis,lactis, glucose repression, although still present, is far less pronounced [134] and is strain 

dependentt [24]. 

Inn S. cerevisiae, the Hap2/3/4/5p transcriptional complex is required for the transition from 

fermentativee to respiratory metabolism. The HAP complex consists of three constitutively 

expressedd subunits (Hap2, 3 and 5p), involved in DNA binding, and one activator subunit, 

Hap4p.. The transcription of the latter subunit is upregulated during the diauxic shift from glucose 

too ethanol [53]. The limiting availability of the Hap4p activator subunit on glucose leads to a low 

levell of transcription of target genes involved in respiration and a large number of nuclear genes 

encodingg proteins involved in energy and carbohydrate metabolism. Overexpression of Hap4 

resultss in a more oxidative growth on glucose [12]. The importance of a functional HAP complex 

iss demonstrated in S. cerevisiae strains carrying hap mutants, which are defective in growth on 

alll non-fermentable carbon sources [86,154]. 

Althoughh all components of the Hap complex have been identified in K. lactis [20, 21, 133, 142], 

disruptionn of the corresponding genes does not result in a growth deficiency on complete media 

containingg non-fermentable carbon sources. In fact, genes encoding respiratory chain proteins, 

likee KICYC1 and KIQCR8, are still induced in the absence of a functional HAP complex [133, 

135].. This is in sharp contrast to S. cerevisiae, in which this induction is absolutely Hap2/3/4/5p 

dependentt [51] and essential for respiratory growth, suggesting differences in transcriptional 

controll mechanisms between respiratory and fermentative yeasts. Moreover, this leaves a role 

forr additional, yet unknown, factors in the non-fermentative induction of gene expression in K. 

lactis. lactis. 

Inn order to identify these factors, we used the QCR8 gene, encoding subunit VIM of the ubiquinol 

cytochromee c oxidoreductase or bc^ complex, as a model. In K. lactis, the transcription of the 

KIQCR8KIQCR8 gene is not subject to glucose repression, and therefore relatively high levels of 

KIQCR8KIQCR8 mRNA are present in cells grown on glucose. In contrast, the ScQCR8 gene from S. 

cerevisiaecerevisiae is repressed by glucose, leading to low levels of ScQCR8 transcripts. However, when 
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thee yeasts are grown on non-fermentable carbon sources, the respective QCR8 genes are 

induced.. The 5' region of the KIQCR8 gene reveals several homologies to regulatory sites in the 

upstreamm region of the ScQCR8 gene. Both promoter regions contain binding sites for the 

transcriptionn factors Abflp, Cpflp and Hap2/3/4/5p, and these three sites have been shown to 

bee involved in the transcriptional regulation of the QCR8 gene [51, 135, 136J. The function of 

Abflpp and Cpflp seems to be similar in the two yeasts, playing a more general role in the 

transcriptionn regulation, but the transcriptional control exerted by Hap2/3/4/5p complex differs 

significantly.. In S. cerevisiae, the HAP complex is required for derepression and induction of 

ScQCR8,ScQCR8, In K. lactis, point mutations in either the Abflp, Cpflp and Hap2/3/4/5p binding sites 

inn the KIQCR8 promoter decreased overall KIQCR8 transcript levels. However, an induced level 

off KIQCR8 mRNA on ethanol/glycerol medium could still be observed, even when a 93 bp 

regionn from the KIQCR8 promoter containing these sites was deleted [135]. This suggests the 

existencee of an additional c/s-acting element in the KIQCR8 promoter and frans-acting factor or 

factors,, responsible for induction of KIQCR8 transcription in K. lactis when growing on non-

fermentablee carbon sources. Interestingly, this induced level of KIQCR8 under control of the A93 

bpp promoter was not observed when present in S. cerevisiae [135], suggesting that either the 

c/s-actingg elements are not functional in S. cerevisiae or that species-specific factors are 

involvedd in the induction in K. lactis. 

Inn this study, the carbon source dependent transcriptional regulation of the KIQCR8 promoter is 

characterizedd in more detail aiming at the identification of additional c/s-acting elements. 

Furthermore,, the influence of frans-acting proteins, involved in the glucose signalling pathway, 

onn the induction of KIQCR8 was studied in order to get more insight in the transcriptional 

regulationn of respiratory function in K. lactis. 

Materia ll  and Method s 

Strain ss and media. The yeast strains used in this work are listed in table 1. Rich medium was 1% (w/v) 

yeastt extract and 2% bacto-peptone (YP), selective medium (WO) contained 0.67% yeast nitrogen base 

withoutt amino acids (Difco) supplemented with the appropriate amino acids and bases. Carbon sources 

weree added at 2% (w/v) glucose (D), or 2% (v/v) ethanol plus 2% (v/v) glycerol (EG). Media were 

solidifiedd with 2% (w/v) agar. Yeast cells were transformed by means of electroporation [170]. 

Recombinan tt  DNA procedures . All DNA manipulations (restriction enzyme digestions, ligations), E. coli 

transformationss were performed according to standard procedures and recommended by the 
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manufacturer.. Sequencing was performed using the dideoxy method [175] with M13 reverse primer 

(Promega). . 

Tablee 1: Kluyveromyces  lactis  strain s used in thi s stud y 

Name e Genotyp e e Sourc e e 

JA6 6 

Yig8Acat8 8 

JA6Afog1 1 

JSDlAsnfl l 

MATa,, ade, trpl, ura3 

MATa,, ade, trpl, ura3, AcatS 

MATa,, ade, trpl, ura3, fog1::URA3 

MATa,, acte, trpl, ura3, snf1-A1::URA3 

K.D.. Breunig 

[74] ] 

[76] ] 

[58] ] 

Plasmid ss and plasmi d construction . E. coli vector pBluescript was used for subcloning and generating 

promoterr deletions, the K. lactis/E. coli shuttle vector pCXJ18 [33] was used to transform K. lactis cells. 

Usingg primers PH660 and PH661, a 290 bp KIQCR8 promoter fragment containing point mutations in the 

bindingg sites for Abflp, CpMp and Hap2/3/4/5p (further referred to AHAC) was obtained by PCR 

amplificationn with pRSK8.7AHAC [135] as template. After verifying the sequence of the PCR product, the 

Psfl-BamHII fragment was cloned into pBluescript (pBS). Directly behind the AHAC promoter, a 2 kb 

BamH\-Xho\BamH\-Xho\ GusA fragment from pGUS2 [125] was cloned into a BamHI-Xóal linearized pBS. The Xbal 

andd Xho\ ends were made compatible by fill-in reactions. A 2.3 kb Kpnl-Sacl fragment containing the 

290bpp AHAC promoter plus GusA gene was cloned into the Kpn\-Sac\ sites of pCXJ18 and pCXJ19. 

Promoterr deletions were made at the 5' end by linearizing with Xho\ and treatment with Bal-31 

exonuclease.. After digestion with Sacl, fragments containing shortened promoters and the GusA gene 

weree isolated from agarose gel, and cloned into Smal-Sacl linearized pCXJ18. The sizes of the promoter 

deletionss were determined by sequencing. 

Tablee 2: Syntheti c oligonucleotide s used in thi s study . Lower case are nucleotides that were 
addedd to facilitate subcloning. Underlined sequence correponds to activating region between -144 bp 
andd -113 bp of the KIQCR8 promoter. 
Name e Sequenc ee (5'-3' ) 

PH6600 ccctgcagGTAAAGCATATATTATCTAACC 

PH6611 ccggatccTTCGTCTTAATATTTTAATTCTTG 

MM WG159 ccccggatccGTATGCGC ACTATG 

MM WG160 ccccatcgatTATG ACTTTATATTAG 

MWG1611 cccctctagaGGGAAAAAGCTTTATATATAAGAAATAAGCTggatcccccc 

MWGG 162 ggggggatccAGCTTATTTCTTATATATAAAGC I I I I I CCCtctagagggg 

Constructio nn of a minima l KICYC1 promote r in fron t of the GusA  gene. Using primers MWG 159 and 

MWG160,, and chromosomal DNA of a wild-type K. lactis strain as a template, a 211 bp fragment was 

obtainedd by PCR amplification. This fragment corresponds to the region extending from -1 to -211 bp of 
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thee KICYC1 gene, and based on results as described by Ramil et al. [167], we took this as a minimal 

promoterr containing all elements necessary for basal transcription. The PCR fragment was digested with 

SamHII and C/al and subsequently ligated in front of GusA in pCXJ18GUS to yield pJB2. 

Enzym ee assays . For assaying GUS activity, transformed yeast cells were pre-grown overnight at C in 

55 ml of selective media containing 2% glucose. These overnight cultures were diluted into 20 ml of fresh 

selectivee media, and further grown overnight to an OD600nm of 1.5. Cells were centrifuged for 4 minutes at 

4000gg at , and resuspended in 1 ml of sterile water. 250 pi and 500 pi aliquots were transferred to 40 

mll WO-media with 5% glucose and 40 ml WO-media with 2% EG respectively. Cultures were grown for 

ann additional five hours, after which cells were pelleted at 4000g, . Cells were washed with ice-cold 

sterilee water, resuspended in 500pl of GUS extraction buffer (GEB: 50 mM NaP04, pH7.0; 10 mM (3-

mercaptoethanol;; 10 mM Na2EDTA; 0.1% Sodium Lauryl Sarcosine; 0.1% Triton X-100) and stored at -

CC till protein lysate isolation. For the isolation of crude lysates, cells were thawed, pelleted and 

suspendedd in 200 pi ice-cold GUS extraction buffer with 1 mM PMSF and 7 mM B-mercapto ethanol. An 

equall volume of 0.5mm diameter sterile glass beads were added and the cells were disrupted by 

vortexingg at C for 15-20 min. Samples were centrifuged at C for 30 min, and the supernatant was 

usedd for enzyme assays. The protein concentration was determined according to the method of Lowry 

[120].. GUS activity was measured in 10-20 pi of protein lysates in a final volume of 750 pi GEB. 250 pi of 

substratee (fi-nitrophenyl B-D-glucuronide, Sigma, 4 mg/ml GEB) was added and incubated at . After 

terminationn of the reaction with 1 ml of 1M Na2C03, absorbance at 415nm was measured. 

Preparatio nn of protei n extract s and gel mobilit y shif t assay . Yeast cells were pre-grown overnight at 

CC in 5 ml of rich media containing 2% glucose. These overnight cultures were diluted into 20 ml of 

freshh complete media, and further grown overnight to an OD600nm of 1.5. Cells were centrifuged for 4 

minutess at 4000g at , and resuspended in 1 ml of sterile water, 250 pi and 500 pi aliquots were 

transferredd to 40 ml complete media with 5% glucose and 2% EG respectively. Cultures were grown for 

ann additional five hours, after which cells were collected, washed and resuspended in extraction buffer 

(2000 mM Tris pH8.0; 400 mM (NH4)2S02; 10 mM MgCI2; 10% glycerol, 1 mM EDTA, 1 mM PMSF; 7 mM 

3-mercapto-ethanol).. The cells were broken by vortexing in the presence of 0.5 mm glass beads for 20 

minn at . After centrifugation, the supernatant was centrifuged for another 45 min at . This 

supernatantt was divided into aliquots and frozen immediately in liquid N2 and stored at C for later use 

inn the binding experiments. 

Electrophoreticc mobility shift assays were performed using 4-8% polyacrylamide (acryl:bisacryl 29:1) gels 

withh 0.5x TBE buffer. Binding reactions were set up with 10-30 pg of crude extract in gel shift binding 

bufferr (4 mM Tris-HCI (pH8.0), 40 mM NaCI, 4 mM MgCI2, 4% glycerol and 20 ng bromophenol blue) 

containingg 500 ng poly(dl-dC). Reactions were incubated for 5 min at RT. Approximately 50 fmol (100 

cps)) of probe was added to the mixture and incubated in a total volume of 20 pi at RT for an additional 20 
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min.. Samples were loaded on acrylamide gel and run at C at 15 mA constant current. For competition 

studies,, cold competitor DNA was added and incubated for 5 min prior to addition of labelled DNA. The 

double-strandedd oligonucleotide used as probe in the gel shift analysis was prepared by labelling the 

single-strandedd complementary oligonucleotides MWG161 and MWG162 (table 2) with T4 polynucleotide 

kinasee and v-32PdATP and subsequent annealing. The double-stranded oligonucleotide was isolated from 

8%% polyacrylamide gel. 

Result s s 

Promote rr  deletio n analysi s reveal s the presenc e of an activatin g regio n betwee n -144 bp 

and-11 33 bp 

Previouss studies on the KIQCR8 promoter have shown that Abflp, Cpflp and Hap2/3/4/5p 

contributee to the level of transcription of the KIQCR8 gene [135], but are not responsible for the 

two-foldd induction of this gene when grown on non-fermentable carbon sources. In order to 

locatee sequence elements responsible for KIQCR8 induction on non-fermentable carbon source, 

wee performed a promoter deletion analysis of the upstream region of a plasmid encoded QCR8-

GusAGusA fusion gene. For the generation of the 5'-promoter deletions we started from the KIQCR8 

promoterr containing point mutations in the binding sites for Abflp, Cpflp and Hap2/3/4/5p 

(AHAC;; [135]), so that all possible effects could directly be attributed to other repression or 

activationn sites. The different constructs were introduced in wild-type strain JA6 and the effect of 

thee deletions on the expression was measured by assaying the levels of ^-glucuronidase 

activity.. Although the overall activity on both glucose and ethanol/glyceroi was about a factor 10 

lowerr when the reporter gene was driven by the AHAC promoter compared to the wild-type 

promoterr (data not shown), the induction ratio between glucose-grown cells and ethanol/glyceroi 

wass two- to threefold in both cases, in concordance with previous observations [135]. 

Uponn deletion of sequences up to -144 bp, the specific activity of B-glucuronidase on glucose 

graduallyy decreased, whereas those on ethanol/glyceroi increased (figure 1). Regarding the 

variationn of the data, it is not yet clear whether these trends are significant. A dramatic drop in 

reporterr gene expression and loss of induction was observed after removing the 30 bp between 

-1444 bp and -113 bp, arguing for the presence of a positively acting c/s-element in this region. 

Deletionn up to -75 bp did not significantly alter the low levels of activity and further removal of 15 

bp,, containing a TA-rich sequence at -65 bp, abolished detectable R-glucuronidase expression 

abovee the background of a promoter-less construct (not shown). 
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Thee region between -144 and -113 bp contains a TA rich sequence, which might constitute the 

TATAA box involved in binding of RNA polymerase. Since another TA-rich region is located 

aroundd position -65 bp, the transcription start site was identified by primer extension analysis. 

Thiss showed the transcription start site to be located at position -25 bp (data not shown). 

However,, this does not exclude either of the TA-rich regions as a putative TATA box, since in 

yeast,, the TATA box may be located anywhere between 40 and 120 bp upstream of the 

transcriptionn start site. 

AHAC C 
(-294) ) 

Abf1 1 
rn f ii TA-rich nn Hap2/3/4/5 ^ N ^ 

-2111 X 

-171 1 

100 15 20 

GUSS activity (U/mg) 

Figur ee 1 : Deletio n analysi s of the AHAC KIQCR8 promoter . Four independent transformants of each 
constructt were pre-grown in selective medium containing 2% glucose, transferred to selective medium 
containingg either 5% glucose or 2% ethanol/glycerol, and subsequently grown for additional five hours. 
Proteinn lysates were prepared, and 3-glucuronidase activity was measured duplicate. The positions of the 
Hap2/3/4/5,, Cpf1 p and Abf1 p binding sites are indicated as well as TA-rich elements. 

Inn S. cerevisiae, constructs of minimal promoter sequences fused to a reporter gene have been 

usefull for the identification of activation sequences [84]. However, similar constructs are not 

availablee for K. lactis, and taking into account the possibility that species-specific factors are 

involved,, we were hesitant to test the influence of the -144/-113 promoter region in the minimal 

ScCYCIScCYCI promoter system. In order to construct a minimal promoter system for K. lactis, we 

thereforee first cloned a 211 bp part of KICYC1 promoter, containing the region from -211 to +1 

bp,, in front of the GusA gene. This region was reported to contain only the pyrimidine-rich 

elementt and TATA boxes [167]. A wild-type K. lactis strain was transformed with the construct 

andd 13-glucuronidase activity was assayed in four independent transformants. Unfortunately, the 

KICYC1KICYC1 promoter displayed a strong induction on ethanol/glycerol, indicating that the 211 bp 

regionn of the KICYC1 promoter still contains activating sequences. 
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Carbo nn sourc e dependen t activatio n is affecte d in glucos e signa l transductio n mutant s 

Inn order to get more insight in the nature of the activating process by the AHAC and -144 bp 

promoter,, carbon-source dependent activation was tested in several glucose signal transduction 

mutants.. Disruption of KIFOG1 [76], homologous to the S. cerevisiae Gal83p/Sip2p/Sip3p 

proteinn family interacting with the Snf 1 p kinase, slightly lowered the activity of R-glucuronidase 

onn glucose compared to wild-type (figure 2). A disrupted KISNF1 [58, 76], homologous to the S. 

cerevisiaecerevisiae SNF1 gene, resulted in a reduction of the B-glucuronidase activity on glucose to less 

thann 50% of the wild-type. Both the Asnfl and Afogl mutants, growing poorly on non-

fermentablee carbon sources like ethanol and glycerol, were completely unable to induce the 

reporterr gene under control of the AHAC promoter when grown on ethanol/glycerol. This 

indicatess that Snflp and Foglp, acting early in the glucose signalling pathway, are likely to be 

playerss in the signal transduction pathway leading to the induction of KIQCR8 on non-

fermentablee carbon sources. 

~\~\ glucose | | ethanol/glycerol 
12 2 

33 10 
E E 
aa s 
è--
>> 6 
"5 5 

0 0 
JA66 Afogl Asnfl 

Figur ee 2: Effect of disruptio n of KISNF1 and KIFOG1 on the expressio n of GusA under contro l of 
thee AHAC promoter . Wild-type strain JA6, Asnfl and Afogl disruptant strains were transformed with 
pCXJ19AHAC-GUS.. Two to three independent transformants were pre-grown on 2% glucose, shifted to 
eitherr 5% glucose or 2% ethanol/glycerol for 3 hours after which B-glucuronidase activity was assayed. 

Thee results obtained with a disruptant in KICAT8, a functional homologue of the ScCAT8, an 

activatorr of genes that are strongly derepressed under non-fermentative growth conditions [13], 

aree more complicated. Since Klcat8 mutants only show a growth deficiency on ethanol, and 

groww normally on either glycerol or a mixture of ethanol and glycerol [74], we checked the 

carbon-sourcee dependent activation of the AHAC KIQCR8 promoter on ethanol and a mixture of 

ethanoll and glycerol. Surprisingly, induction of GusA was lost in the Klcat8 mutant when 

transformantss were shifted to ethanol/glycerol, but induction was comparable to wild-type when 

ethanoll alone was used as non-fermentable carbon source (figure 3). Likewise, when the 

reporterr gene was placed under control of the -144 bp KIQCR8 promoter a similar picture was 
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obtainedd (data not shown). Furthermore, a similar induction of GusA as in wild-type was 

observedd when transformants were shifted to medium containing 2% glycerol (data not shown), 

raisingg the question why deletion in the KICAT8 gene affects induction by the AHAC and -144 

bpp KIQCR8 promoter on ethanol/glycerol but not on the single carbon sources. 

 glucose  ethanol  ethanol/glycerol 

15 5 

II 12 

È11 9 
_> > 
"o o 
™™ 6 
w w 

JA66 A c a t 8 

Figuree 3: Effect of disruption of KICAT8 on reporter gene activity driven by the AHAC promoter on 
differentt carbon sources. Wild-type strain JA6 and the isogenic Yig8 (AcatS) strain were transformed 
withh pCXJ18AHAC-GUS. At least three independent transformants were pre-grown on 2% glucose, 
shiftedd to either 5% glucose, 2% ethanol or 2% ethanol/glycerol for 3 hours. 

Protei nn factor s interactin g wit h the activatin g regio n 

Too determine whether proteins bind to the activating region, a synthetic oligonucleotide 

(MWG161/162)) corresponding to the -144/-113 interval was used in gel mobility shift assays. 

Withh protein extracts prepared from ethanol/glycerol grown wild-type cells, four specific protein-

DNAA complexes could be observed (figure 4). Addition of more protein to the incubation mixture 

didd not result in a different binding pattern (not shown), illustrating that binding conditions are 

saturating.. Specificity of the complexes was demonstrated by competition with a 50 molar 

excesss of unlabelled MWG161/162 (lane 4), whereas addition of a 50-fold molar excess of 

unrelatedd oligonucleotide could not compete for binding (lane 5). Interestingly, complex II, and, 

lesss clearly, also complex IV, were absent when protein extracts from glucose grown wild-type 

cellss were used (lane 2). This strongly suggests that the protein factor responsible for CM and 

CIVV formation has a specific function in UASqcr8 mediated gene activation under non-

fermentativee conditions. 

Sincee the induction of GusA driven by the AHAC promoter as well as in the -144 bp promoter 

deletionn construct was abolished in the Klcat8 mutant grown on ethanol/glycerol, we tested 

whetherr protein binding was also affected. No difference in protein binding was observed with 

proteinn lysates from Klcat8 cells grown on glucose (lane 6), whereas protein lysates from non-

fermentablee grown Klcat8 cells, grown on ethanol (lanes 7) and ethanol/glycerol (lane 8), 

r * * 
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showedd a different pattern of binding than wt cells under these conditions. In the Klcat8 mutant 

relativelyy more complex II was present than complex I, in contrast to wt, in which complex I 

dominatedd (lanes 7, 8 versus lane 3). The increase in CM formation in the AKIcat8 mutant was 

accompaniedd by an increase in the abundance of CIV, suggesting that the formation of complex 

III and IV is coupled. The co-existence of complex II and IV was strengthened by the binding 

patternss of wild-type cells grown on EG (lane 3) compared to glucose (lane 2). Additionally, 

subtlee differences in binding patterns between the two non-fermentable carbon sources were 

observed.. CIII was more abundantly present in the Acat8 mutant grown on EG (lane 8) than on 

ethanoll (lane 7). 

Protein-UASqcr88 binding was also affected by deletion of KISNF1 as shown in lanes 9 and 10. 

Interestingly,, in lysates from both glucose and ethanol/glycerol grown cells, no complex I and III 

weree observed, but instead a lower mobility complex (V) was formed. It is not known yet 

whetherr this lower mobility is due to a defect in phosphorylation of CI otherwise performed by 

thee Snflp kinase. Alternatively, a different protein would have obtained access to the UAS 

regionn upon deletion KISNF1. 

JA66 Yig8 (Acat8) Asnfl 

Figur ee 4: Gel mobilit y shif t assay with UASqcr 8 (-144/-113). Crude lysates were prepared and binding 
conditionss set up as described in the materials and methods section. Lane 1, no protein extract added; 
lanee 2, protein extract from glucose-grown JA6 cells; lanes 3, 4, 5, protein extract from ethanol/glycerol-
grownn JA6 cells; lane 4, competition with unlabelled UASqcr8; lane 5, competition with unrelated 
oligonucleotide;; lane 6, protein extract from glucose-grown Yig8 (AK/cafS); lane 7, ethanol-grown Yig8; 
lanee 8, ethanol/glycerol-grown Yig8; lane 9, glucose-grown &Klsnf1; lane 10, ethanol/glycerol-grown 
AKIsnfl. AKIsnfl. 
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Discussio n n 

Inn  S. cerevisiae, transcriptional regulation of genes encoding subunits of the mitochondrial 

respiratoryy chain is controlled mainly by the HAP complex. In contrast, the HAP complex in K. 

lactislactis plays only a marginal role in this regulation. Deletion of subunits of the HAP complex in K. 

lactislactis does not impede inducible transcription of respiratory genes when grown on non-

fermentablee carbon source. In this study, we looked for cis- and rrans-acting elements that are 

involvedd in the induction pathway of respiratory function in K. lactis. 

Promoterr deletion analysis of the KIQCR8 promoter identified a 30 nt region from -144 bp to -

1133 bp that is involved in induced expression levels on ethanol/glycerol media. Deletion of the 

sequencee results in low levels of reporter gene expression on both glucose and ethanol/glycerol 

medium.. Furthermore, specific carbon-source dependent protein binding to this region is 

observedd and this binding is dependent on KICat8p, illustrating our interest in this region as 

beingg a potential answer to our question which carbon-source dependent factors are involved in 

thee induction of respiration in K. lactis. 

Sequencee analysis of the -144/-113 region did not reveal similarity to any known consensus 

sequencess for transcription factors recorded in Matinspector [163]. However, the -144/-113 bp 

regionn is TA-rich, and opens the possibility that this region constitutes a docking site for RNA 

polymerase.. An alternative TATA-like sequence is located around position -65 bp. Primer 

extensionn analysis, mapping the position of the transcription start site to a cytosine residue 25 

bpp upstream of the initiating ATG codon, did not allow a more accurate identification of which 

TA-richh sequence harbours the cognate TATA box, since, in yeast, the TATA box can be 

locatedd anywhere between 40 and 120 bp upstream of the transcription start site. In the 

constructt with deletion up to -60 bp, no (3-glucuronidase activity could be detected above the 

backgroundd of a promoter-less construct. This could argue for the location of the cognate TATA 

boxx at position -65 bp. Alternatively, the cognate TATA box might be located within the -144/-

1133 bp region and deletion of this TATA box in the -113 bp promoter might enable the use of 

thee cryptic TATA box at -65 bp. 

Inn the context of binding of RNA polymerase holoenzyme, it is interesting that the activating 

regionn from -144 bp to -113 bp contains the motif AAGAAAT. This motif corresponds to the 

consensuss (A/C)(A/G)GAAAT identified in the SUC2 and HXK2 promoters in S. cerevisiae and 

iss required for derepression of these two genes [26]. Recently, it has been shown that Med8p, a 

subunitt of the mediator RNA polymerase II carboxy-terminal domain (CTD) complex, binds to 

thiss sequence [31]. Med8p has been suggested to act as a coupling factor by linking activating 
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andd repressing transcription complexes to the RNA polymerase II holoenzyme transcriptional 

machinery.. Other mediator proteins associated with the CTD have been found to exert 

regulatoryy roles in glucose repression [5, 6]. In recent years, genetic analysis of transcriptional 

regulationn in yeast has come to focus increasingly on the function of the CTD {for review see 

[27]).. In this study, we could not identify other important activating regions in the KIQCR8 

promoterr except for a region that may contain elements involved in RNA polymerase 

functioning.. This could imply that for K. lactis carbon dependent transcriptional activation 

capacityy is a function of one of the subunits of the RNA polymerase II holoenzyme in K. lactis, 

effectingg an immediate and perhaps transient transcriptional response to a need for increased 

respiratoryy function. Mutation of the putative TATA boxes and the consensus sequence for 

Med8pp in the KIQCR8 promoter should provide more insight. Otherwise, systematic scanning of 

thee UASpcrfj region by mutating base pairs one by one, might characterize alternative regulatory 

motifss involved in the carbon-source dependent induction. 

AA similar regulation might apply for KICYC1 considering the clear induction on ethanol/glycerol 

inn the "minimal" KICYC1-GusA construct. In this light it is noteworthy that sequences with 

homologyy to the Med8p consensus binding site are located at position -192/-184 bp, within the 

2111 bp of the KICYC1 promoter and, moreover, in the 5' promoter region of the KIQCR7 gene, 

encodingg subunit VII of the be, complex. Furthermore, in the study on the regulation of the 

KIPDC1KIPDC1 gene [54], a promoter construct bearing only the active TATA box still led to carbon-

sourcee dependent B-galactosidase activity, favouring the hypothesis that carbon-source specific 

regulatoryy factors are present within the RNA polymerase holoenzyme in K. lactis. 

Thee ability of the UASqcr8 region to induce transcription under non-fermentable growth conditions 

iss dependent on the presence of a functional glucose signalling pathway, as demonstrated by 

thee lack of induction in the pleiotropic derepression mutants in KISNF1 and KIFOG1. 

Furthermore,, a reduction of reporter gene activity on glucose is observed in both mutants, which 

couldd be related to the more oxidative status of glucose metabolism in K. lactis, in which 

respiratoryy genes are highly expressed on glucose. Hence, this study shows that, besides 

derepressionn of genes involved in the metabolism of alternative carbon sources [76], KISnflp 

andd KIFoglp are involved in the transcriptional regulation of respiration on both non-fermentable 

carbonn sources and on glucose. Our results are in line with the observation that the induction by 

lactatee of D-lactate ferricytochrome c oxidoreductase has also been shown to be dependent on 

KISNF1KISNF1 and KIFOG1 expression [116]. 

Althoughh KICAT8 fully complements the growth deficiency of a ScCAT8 mutant on non-

fermentablee carbon sources [74], the function of KICat8p differs in some important aspects from 
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itss S. cerevisiae counterpart. Deletion of KICAT8 results in a growth defect on C2-carbon 

sourcess like ethanol, acetate and lactate, but not on glycerol or a combination of ethanol and 

glyceroll [74]. Additionally, whereas ScCat8p is involved in derepression of gluconeogenic genes 

includingg FBP1 and PCK1 [168], gluconeogenesis in K. lactis is not controlled by KICat8p, but, 

inn analogy to the role of ScCat8p in the derepression of the glyoxylate cycle genes, the enzyme 

activitiess of two glyoxylate cycle proteins are reduced in a Klcat8 deletion strain [74]. Based on 

thee results presented in this paper, we propose a role of KICat8p in the signalling pathway 

leadingg to induction of at least one of the respiratory genes and note that this role is strictly 

dependentt on the type of non-fermentable carbon source. Interestingly, we observe an effect of 

KICat8pp in the induction of the QCR8-GusA fusion on ethanol/glycerol, a growth condition on 

whichh the AKIcat8 strain is not impaired in growth. On ethanol, on which the AKIcat8 strain 

growss poorly, the induction of the QCR8-GusA fusion was, like the wild-type strain, two-fold 

comparedd to glucose conditions, a response that might be attributable to stress induced by poor 

growthh conditions. Obviously, the growth defect in the AKIcat8 strain is not directly linked to a 

failuree in KIQCR8 induction, nor is a lack of induction of KIQCR8 in the AKIcat8 strain limiting for 

respiratoryy growth. Instead, one could speculate that, on ethanol/glycerol, AKIcat8 mutants are 

nott able to provide a metabolic signal that is possibly needed for the induction of KIQCR8, 

whereass this metabolic signal might be provided upon growth on the single carbon sources. 

Thee effect of a Klcat8 deletion on KIQCR8 transcriptional activation, as observed in our reporter 

genee studies, is confirmed by results obtained by in vitro binding experiments. However, 

althoughh the AKIcat8 mutant grown on ethanol shows slight changes in in vitro binding to the 

UAS,, this does not result in in vivo differences in the reporter gene assays. This contrasts with 

thee even more subtle difference in binding pattern between AKIcat8 mutants grown on ethanol 

andd ethanol/glycerol, and the explicit difference (induction versus no induction) observed in the 

inin vivo studies. Apparently, different combinations of proteins are being explored in order to fine 

tunee the expression of KIQCR8 to thee demands of the environment. 

AA complex picture arises when regulatory elements and their roles in the KIQCR8 promoter are 

comparedd with regulatory elements in the ScQCR8 promoter (figure 5). As mentioned before, in 

K.K. lactis, Cpflp, Abflp and the Hap2/3/4/5p complex are involved in the maintenance of a 

generallyy high expression of KIQCR8 under both glucose and non-fermentative growth 

conditions.. In contrast, in S. cerevisiae, the Hap2/3/4/5p complex specifically provides the non-

fermentativee signal for ScQCR8 induction, whereas the results presented in this study points 

towardss a specific role of KICatBp in the non-fermentative induction pathway of the KIQCR8 

genee via the identified UAS region. Recently, it has been shown that the KISnftp kinase and 
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KICat8pp physically interact [30], suggesting that the function of KICat8p is regulated post-

transcriptionallyy by phosphorylation. 

glucosee non-fermentable carbon source 

#Cpf1pp #Abf1p GHaP 2 / 3 / 5 H H a p4 /\ -X" 

Figuree 5: Schematic overview of the upstream regions of the QCR8 promoter in K. lactis and S. 
cerevisiae,cerevisiae, and interacting frans-acting factors under glucose conditions and under non-fermentative 
growthh conditions. 

Sincee no consensus binding site for Cat8p (CSRE) is present within the -144/-113 bp sequence, 

thee effect of KICat8p on the transcription of KIQCR8 is likely to be indirect, perhaps in 

establishingg an intricate way of combinatorial protein binding to the UAS. It is interesting to note 

thatt Kuchin ef al. have recently demonstrated that a regulatory shortcut exists between the 

Snflpp kinase and RNA polymerase II holoenzyme in S. cerevisiae [112]. This would justify the 

directt connection between KISnflp and factor X drawn in our model, if the protein binding to the 

activatingg region (factor X in figure 5) indeed turns out to be a component of the RNA 

polymerasee II holoenzyme that confers carbon source dependent transcriptional regulation of 

KIQCR8KIQCR8 and possibly other respiratory genes in K. lactis. 
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monitorin gg  K. lactis  genome-wid e expressio n pattern s usin g 

S.. cerevisiae  gene filters : a pilo t stud y 

Wee have explored genomic expression patterns in K. lactis using GeneFilters™ containing the 

protein-codingg sequences of the S. cerevisiae genome. Using stringent hybridization conditions, 

wee could detect 228 novel and 252 known K. lactis genes hybridizing to S. cerevisiae ORFs 

withh generally high levels of DNA sequence-identity. Comparison between transcript patterns of 

CBS23599 grown on glucose and ethanol/glycerol showed that heterologous hybridization could 

bee used to detect global differences in metabolism in K. lactis, since glycolytic genes were 

higherr expressed on the filter using cDNA from glucose grown cultures and changes in genes 

involvedd in protein synthesis were also oberved. Moreover, comparative analysis of two K. lactis 

strainss with different physiologies on glucose revealed that genes involved in respiration are 

moree highly expressed in the CBS2359 strain on glucose than in the glucose-sensitive JA6 

strain.. Furthermore, in the latter strain, genes involved in glycolysis were more highly expressed 

thann in the CBS2359 strain. Results with the GeneFilters were confirmed on Northern blots, 

showingg that heterologous hybridization of S. cerevisiae gene filters not only is a powerful tool 

too identify highly-conserved homologues, but also offers a good alternative for monitoring global 

transcriptt levels in K. lactis and possibly other yeast species whose genomic sequences are not 

yett available. 

Inn collaboration with Andre Boorsma, Jolanda Blom and Les Grivell 

Submittedd for publication 
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Introductio n n 

Thee regulation of aerobic glucose metabolism in K. lactis differs markedly from S. cerevisiae, 

apparentlyy reflecting evolution of different regulatory strategies for utilizing glucose via either the 

fermentativee or respiratory pathway. S. cerevisiae metabolizes glucose predominantly via the 

fermentativee pathway, and in this yeast glucose represses the utilization of alternative 

fermentablee carbon souces. In contrast, K. lactis shows a primarily respiratory growth on 

glucose.. Only when oxygen concentration is limiting, or after addition of a glucose pulse to 

glucose-limitedd chemostat cultures, is formation of ethanol observed, albeit that the onset of 

ethanoll production in the latter case is significantly delayed in comparison to S. cerevisiae [104]. 

Keyy aspects that contribute to the balance between respiration and fermentation involve 

glucosee uptake, glycolytic flux, glucose repression of respiration, pyruvate metabolism and 

redoxx balancing (chapter 1 of this thesis and [24]). 

Thee preferred utilisation of glucose over other carbon sources is also less pronounced in K. 

lactislactis than in S. cerevisiae and this is due to absence or reduced glucose repression of genes 

involvedd in alternative sugar metabolism [209, 213]. However, it should be noted that different 

K.K. lactis strains vary considerably with respect to glucose repression. The most widely used 

strainn CBS2359, proposed as the reference strain of the K. lactis research community, shows 

moderatee glucose repression of genes involved in lactose and galactose metabolism. In 

contrast,, another commonly used laboratory strain JA6, most likely derived from CBS1118 [197, 

200],, exhibits strong glucose repression of alternative sugar metabolism. One parameter 

responsiblee for the differences between the strains is glucose uptake, as the sensitivity of the 

strainss to glucose has been shown to be correlated with genetic differences in hexose 

transporterr genes. CBS2359 contains one low-affinity (RAG1) and one high-affinity (HGT1) 

glucosee transporter. Deletion of RAG1 results in a respiration-dependent growth on glucose 

(rag"" phenotype [75]). The RAG1 gene is located on a polymorphic allele, and has been shown 

too be a chimeric gene, arisen from a recombination event between two tandemly arranged 

glucosee transporter genes KHT1 and KHT2, which are present in JA6 [197]. In contrast to a 

raglragl mutant, single mutants of khtl and kht2 can grow on glucose in the presence of antimycin, 

ann inhibitor of respiration (Rag+ phenotype), indicating that each of the two genes are able to 

supportt fermentative metabolism [197]. Besides the genetic polymorphism at the RAG1/KHT1-

KHT2KHT2 locus, other genetic differences are involved in the difference in glucose repression, since 

replacementt of KHT1-KHT2 by RAG1 in a JA6 genetic background has only a weak influence 
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onn glucose repression, and this repression is stronger than in the CBS2359 strain containing 

RAG1RAG1 [24]. 

AA complete elucidation of additional parameters contributing to the difference in physiology by 

studyingg regulatory strategies of the two K. lactis strains at genome-wide transcript levels is 

hamperedd by the absence of a complete genomic sequence of K. lactis until now. In sharp 

contrastt to this stands the enormous progress that is being made in S. cerevisiae to monitor 

transcriptionall changes correlated with physiological alterations. Since the availability of the 

completee genome of S. cerevisiae, technologies to analyse genome-wide transcript patterns are 

rapidlyy developing and are being applied [25, 53, 61, 72, 91, 179]. Given the fact that K. lactis 

geness identified so far are functionally and structurally closely related to S. cerevisiae 

counterparts,, we questioned whether the technologies developed for S. cerevisiae could be 

usedd to reveal different transcript patterns correlating to the difference in physiology between 

thee moderately glucose-sensitive strain CBS2359 and the strong glucose-sensitive JA6 strain. 

Therefore,, we carried out a pilot study and hybridized cDNA from K. lactis strains with 

GeneFilterss membranes containing the protein coding sequence of the S. cerevisiae genome. 

Nott only has this led to the identification of new K. lactis genes with relatively high DNA-identity 

too S. cerevisiae, but it has also revealed global changes in transcript profiles between and within 

K.K. lactis strains grown on different carbon sources. 

Materia ll  and method s 

Strain ss and cultur e conditions . K. lactis yeast strains CBS2359 (Mat a) and JA6 (Mat a ade, trpl, ura3) 

weree grown in 20 ml rich medium containing 2% glucose to an OD600nm of 1. Cells were collected and 

resuspendedd in 1 ml H20. 250 pi was inoculated in a 500 ml erlenmeyer with 50 ml rich medium 

containingg either 5% glucose or 2% of ethanol/glycerol. Cells were grown until an optical density at 600 

nmm of 0.8-1 was reached. 

RNAA isolatio n and preparatio n of cDNA. RNA was isolated basically as described by [176]. The 

preparationn of labelled cDNA was performed basically as the protocol supplied with the Research 

Geneticss GeneFilters. 5 pg RNA was mixed with 2 pg Oligo dT (Research Genetics) in a total volume of 

100 pi. The mixture was incubated at C for 10 minutes and chilled on ice. To elongate the primed oligo 

dT,, 6 pi 5xFirst Strand Buffer (Life Technologies), 1 pi 0.1 M DTT (Life Technologies), 1.5 pi dNTP mixture 

(200 mM dGTP, dTTP and dATP; Pharmacia), 1.5 pi Superscript (Reverse transcriptase 200U/pl; Life 

Technologies)) and 10pl a33P-dCTP (10mCi/ml, specific activity 3000 Ci/mmol; ICN Radiochemicals) were 
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addedd and incubated for 90 minutes at . The cDNA probe was purified by passage through a 

Sephadexx G50 column. 

GeneFilter ss membran e hybridizatio n and analysis . GeneFilters membranes (Research Genetics) 

weree washed for 5 minutes in boiling 0.5% SDS. The membranes were prehybridised in 5 ml MicroHyb 

hybridizationn solution (Research Genetics) containing 5 /jg poly dA for 3 hrs at . The cDNA probe 

wass denatured for 3 minutes at C and added to the prehybridization solution. Hybridization was 

carriedd out in a hybridization roller oven for 16 hrs at . 

Membraness were washed twice with 30 ml 2xSSC, 1% SDS for 20 minutes at , and finally washed 

withh 100 ml O.SxSSC, 1% SDS for 15 minutes at room temperature. The membranes were placed on a 

moistenedd piece of paper, wrapped in plastic wrap and exposed to a phosphor imaging screen. For a 

subsequentt hybridization, GeneFilters membranes were stripped in 500 ml of boiling 0.5% SDS cooling 

downn to room temperature while agitating. Images were scanned at 50 micron resolution and analysed 

usingg the Pathways™ software. All experiments were performed with a single set of membranes. To allow 

comparisonn between separate filter hybridizations, the intensity of each spot was normalized to the total 

hybridizationn signal. When the intensity of the spot was at least 1.5 times above the background, a gene 

wass considered as K. lactis homologue. 

Norther nn blot . For Northern blot analysts, 10 ^g of RNA was mixed with 2/vl 10xNBC (0.5 M Boric Acid, 

100 mM sodium citrate and 50 mM NaOH), 3 fj\ formaldehyde and 10 y\ formamide in a total volume of 20 

y\.y\. Each sample was mixed with 2/vl of 10xloading buffer (15% ficoll, 0.1 M Na2EDTA pH8.0, 0.25% 

Bromophenoll Blue) and 0.05 //g/j/l ethidium bromide before being loaded on a 1% agarose gel containing 

0.925%% formaldehyde and run in 1xNBC. After 2 hrs at 100V, the RNA was transferred to nylon 

membranee by blotting in 20xSSC (3.0 M NaCI, 0.3 M sodium citrate pH7.0). Hybridization was carried out 

overnightt at C in 0.5M Na2HP04 pH7.2, 7% SDS, 1 mM EDTA. Probes were labeled radioactively 

usingg an hexanucleotide labeling kit (Boehringer). After hybridization, blots were washed at C with 

2xSSC,, 0.1% SDS for 15 minutes, followed by two washes with 1xSSC, 0.1% SDS and O.SxSSC, 0 .1% 

SDSS at . For verification of the gene filters results with cross-hybridizations on Northerns, 

hybridizationn and washing steps were performed as described for GeneFilters membrane hybridization. 

Blotss were exposed to a phosphor imager screen and analysed using the Phosphor Imager System 

(Molecularr Dynamics, B&L Systems, Maarssen, NL) and ImageQuant software. 
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Result s s 

Cann  K. lactis  transcript s be detecte d usin g S. cerevisiae  gene filters ? 

Thee first issue to address was to determine whether K. lactis gene transcripts can be detected 

byy hybridization to gene filters containing 6057 ORFs of the S. cerevisiae genome. Therefore, 

thesee GeneFilters were successively hybridized three times with 33P-labeled cDNA probes 

synthesizedd from mRNA of CBS2359 grown on 5% glucose (figure 1). A total of 415 ORFs of 

thee K. lactis genome were expressed at a sufficient level to have the transcripts detected by this 

approachh and were considered as K. lactis homologues. The extent of DNA-sequence identity 

betweenn K. lactis and S. cerevisiae homologues was analysed for those genes that were 

detectedd under our stringent hybridization conditions and for which the complete coding 

sequencee was known. This revealed that the sequence-identity in general was very high, 

extendingg over the whole gene and ranging between 81 and 94%. In contrast, the DNA-identity 

off K. lactis genes that did not hybridize was generally lower and was usually restricted to 

smallerr parts of the genes. 
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Figur ee 1. Section of a S. cerevisiae GeneFilter hybridized with cDNA from K. lactis strain CBS2359 
grownn on glucose. 

AA major limitation in the use of the GeneFilters was the relatively high background after each 

hybridization,, and deterioration of the filters after each round of stripping, which hampered 

quantitationn of the reproducibility of the hybridizations. For this reason, we could perform only 

limitedd statistical analysis on the three successive hybridizations with cDNA from CBS2359 

grownn on glucose. Hybridization results were quantitated by measurements of spot-intensity 

abovee background. The intensities measured in the three hybridizations for each spot were 

averaged,, and plotted against the two expression ratios (hybridization 2 over hybridization 1 and 

33 over 1), thereby indicating the variance between experiments. As shown in figure 2, the error 

distributionn widens with decreasing intensity (lower transcript abundance). At low hybridization 

intensities,, the variance between the three hybridizations was proportionally larger. These low-
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intensityy spots are relatively more sensitive to errors due to background subtraction 

uncertaintiess and the non-uniformity of labeling and hybridization efficiency, implicating that the 

higherr the transcript abundance the higher the reproducibility is. 
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Figur ee 2. Error distribution between three independent hybridizations of cDNA from CBS2359 grown on 
glucose.. The log ratios of the intensities between the three independent hybridizations (intensity 2 over 1 
andd 3 over 1) were plotted against the mean log intensity. 

Validatio nn of cross-hybridizatio n 

Inn order to further validate results obtained with the GeneFilters, we performed Northern 

analysiss under the same hybridization conditions as used for the filters and hybridized K. lactis 

andd S. cerevisiae RNA with homologous and heterologous probes for PDC1, TDH3 (KIGAP1), 

ACT1ACT1 and QCR8. PDC1 and TDH3 (KIGAP1) were selected because both genes were detected 

onn the filters and the DNA-sequence identity was high, 85% for PDC1 and 81% for TDH3. Two 

glyceraldehyde-3-phosphatee dehydrogenase genes have been described in K. lactis [130, 177], 

ass well as short sequence tags with homology to TDH1, TDH2 and TDH3, the three 

glyceraldehyde-3-phosphatee dehydrogenase genes in S. cerevisiae [19]. However, the DNA-

identityy between KIGAP1, of which the complete coding sequence is known, and both TDH2 

andd TDH3 is very high over the whole gene, and this makes it difficult to distinguish between 

themm on the GeneFilters. The DNA-sequence identity between KIGAP1 and TDH1 is restricted 

too only part of the gene. Whether this contributes to the lower expression signal of TDH1 

comparedd to TDH2 and TDH3 or that another K. lactis glyceraldehyde-3-phosphate 

dehydrogenasee gene with lower abundance is hybridizing to TDH1 is not clear. 

ACT1ACT1 was chosen because of the low intensity of hybridization on filters which was unexpected 

inn the light of the high degree of DNA-sequence identity (90%) between the two homologues. 

Finally,, QCR8 cross-hybridization was studied more closely because the gene was not detected 

onn the filters even though the KIQCR8 gene was isolated by functional complementation of a S. 

0.5 5 1.5 5 
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cerevisiaecerevisiae null-mutant and had 69% DNA identity with ScQCR8 [136]. Results of the cross-

hybridizationn experiment are consistent with the results obtained with the filters (figure 3). Both 

PDC1PDC1 and TDH3/KIGAP1 hybridized with both K. lactis and S. cerevisiae RNA, whereas the 

hybridizationn with ACT1 was less efficient in a heterologous than homologous context In 

contrast,, no signal was detected with the QCR8 probe in cross-hybridizations with RNA from the 

otherr species. 

K.. lactis S. cerevisiae K- lact is S. cerevisiae 

DD EG D EG D EG D EG 

Figuree 3. Northern analysis of cross-hybridization between S. cerevisiae and K. lactis. mRNA from 
bothh K. lactis and S. cerevisiae grown on 5% glucose (D) and 2% ethanol/glycerol (EG) was hybridized 
withh radiolabelled probes containing the coding sequence of PDC1, QCR8, ACT1 and TDH3/GAP1 of 
bothh yeasts. 

2011 nove l K. lacti s genes identifie d under glucose-grow n condition s 

Amongg the 415 K. lactis genes analyzed under glucose grown conditions, 63% of these (262) 

correspondd to functionally known genes of S. cerevisiae, whereas 37% (153) of the spots 

correspondd to genes of S. cerevisiae to which no function has yet been assigned. Furthermore, 

2144 were identified previously, either by functional complementation of S. cerevisiae mutants 

[201]] or by random sequencing [19, 151], leaving 201 newly identified K. lactis homologues. 

Thesee novel K. lactis genes differ significantly in the level of expression. Interestingly, most of 

thee novel genes that are highly expressed (more than 20 times above the background) are 

geness that have an unknown function in S. cerevisiae. 

Sincee the collection of the K. lactis genes detectable on the filter represents a sample of the 

totall K. lactis genome that is likely to be highly homologous to S. cerevisiae, we compared the 

distributionn of the homologues in the two organisms relative to previously defined functional 

categoriess [131]. As shown in figure 4, slight differences between both distributions are 

observed.. For example, the percentage of genes on the filter involved in metabolism is lower 

thann in the total S. cerevisiae genome, whereas transcripts of genes involved in protein 
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synthesiss are more abundant. However, it should be noted that the distribution of K. lactis 

homologuess in this study is biased both by genes that are relatively highly expressed and genes 

thatt are highly conserved. 
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Figur ee 4. Classificatio n of spot s int o functiona l categorie s as define d in the MIPS database . A 
singlee gene product can be assigned to more than one category: protein synthesis (PS), transcription 
(TR),, cell growth, cell division and DNA synthesis (CG), protein destination (PD), metabolism (M), cellular 
organizationn and biogenesis (COB), energy (E), cell rescue, defence, cell death and ageing (CR), cellular 
transport,, transport mechamism (CT), transport facilitators (TF), cellular communication and signal 
transductionn (ST), transposable elements (TP) and unknown function and hypothetical ORFs (UK). Bars 
representt the relative proportion of each category when the complete list of functionally characterized 
proteinss of S. cerevisiae is considered and when the subset of K. lactis homologues identified on the filter 
iss considered. 

Transcrip tt  pattern s are affecte d by carbo n source . 

AA substantial number of K. lactis genes could be detected by hybridization of K. lactis cDNA 

preparedd from glucose-grown cultures. Subsequently, we questioned whether global differences 

inn transcript patterns could be monitored when cDNA was prepared from non-fermentatively-

grownn cultures (table 1). A subset of 80 genes was uniquely present upon hybridization with 

cDNAA from glucose-grown cultures. In this category, a large group represents genes involved in 

proteinn synthesis. Furthermore, 319 genes were found to be present in both conditions, 

althoughh differences in intensities were observed. Whereas higher abundance transcripts in 

ethanol/glyceroll conditions mostly correlated to genes with unknown function, more abundant 

transcriptss under glucose-grown conditions represented the glycolytic genes TDH1, TDH2, 

TDH3,TDH3, PGI1, FBA1 and PDC1. These results were confirmed with cross-hybridization on 

Northernn blot (figure 3). A subset of 60 genes was only present upon hybridization with cDNA 

fromm ethanol/glycerol grown cultures. Most of these genes are genes with unknown function. 
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Tablee 1. List of genes that are more highly abundant (>1.5 times) on the filters when hybridized with 
cDNAA from CBS2359 on glucose or ethanol/glycerol. Genes with unknown function and hypothetical 
ORFss are omitted in this table. 

Ratioo FBA1 POP2 RPL16A RPL47A YST1 RPS24EB CRY1 CPH1 RPS27B RPS7A 

CBS23599 RPL41A ORC6 CLG1 RPS7B RPS18B PRB1 SWI5 MAK5 EFT2 ACT1 RPL6A PGI1 

D/EG>1.55 HAP2 MOT1 RNA15 SIK1 MRF1 SAM1 RPLA2 RPL6B TUP1 SIS2 SPT4 KCS1 

IPP11 SCH9 RPL15B SCM4 RPS28A PDC1 RPL27B RPL27 TDH2 SEC16 

Ratioo RPS31APUB1 EFB1 GNP1 POL2CBF5 0RC1 TCM1 HKR1 SIN4 MFT1 PRY3 

CBS23599 COQ2 YR02 RIC1 NAP1 RIM101 APM2 TOM71 TIP1 RPL16B RPS26A SWE1 

EG/D>1.55 CWH36 HGH1 ZU01 TSM1 FUN12 NPI46 DPB3 SNF7 

Transcrip tt  pattern s on glucos e are strain-dependen t 

Sincee a difference in global transcript patterns could be monitored upon a shift from glucose to 

ethanol/glyceroll with strain CBS2359, the next goal was to differentiate between CBS2359 and 

thee more glucose-sensitive strain JA6, both grown on glucose. Of the 327 genes that are 

detectedd upon hybridization with cDNA from JA6, 321 are overlapping with CBS2359, leaving 6 

neww homologues that are expressed in JA6 on glucose, but not in the CBS2359 strain. 

Interestingly,, one of the newly identified homologues is CDC19, encoding pyruvate kinase and 

involvedd in glycolysis. In fact, all genes detected on the filter that have a function in glycolysis 

weree more highly expressed in JA6, with PDC1, TDH2 and TDH3 being among the four genes 

withh the largest difference in intensity when compared to CBS2359 (table 2). The transcripts of 

TDH1TDH1 and PGI1 were only slightly more abundant in JA6 than in CBS2359. To verify the results, 

homologouss hybridization was studied by Northern analysis with CBS2359 and JA6 mRNA. As 

shownn in figure 5, KIPDC1 is about two times more highly expressed on glucose in JA6 than in 

CBS2359,, in agreement with the results from the gene-filters. Likewise, KIPGK1, encoding 

phosphoglyceratee kinase and being involved in glycolysis and gluconeogenesis, is more highly 

expressedd in JA6 than in CBS2359. PGK1 is not detected using the GeneFilters, but this may 

bee attributable to the fact that high DNA-sequence identity with its S. cerevisiae homologue is 

onlyy restricted to a part of the gene. 

Tabl ee 2. List of genes that are more highly abundant (>1.5 times) on the filters when hybridized with 
cDNAA from CBS2359 on glucose or from JA6 on glucose. Genes with unknown function and hypothetical 
ORFss are omitted. 

Ratioo CBS2359/JA6>1.5 

Ratioo JA6/CBS2359>1.5 

PRB11 SWI5 MAK5 HAP2 MOT1 SAM1 RPLA2 RPL6B SIS2 SPT4 KCS1 

IPP11 SCH9 RPL15B SCM4 HTA2 FIG2 RPL47A ARG82 SNF1 WSC4 

RPL133 UBI3 PDC1 CDC3 NUF1 TDH2 TDH3 CDC19 SRP72 RPS33B 

PPT1 1 
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Besidess a difference in expression of glycolytic genes between the two K. lactis strains, a slight 

differencee in the expression of respiratory genes was observed. The transcript abundance of 

geness involved in respiration and TCA cycle that were detected on the filters (QCR6, QCR7, 

QCR9,QCR9, COX18, AAC3, CIT1) were all higher abundant (1.2-1.4 times) in the CBS2359 strain, 

reflectingg a more oxidative glucose metabolism. 
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Figur ee 5. Glycolyti c genes are highe r expresse d in JA6. Northern blot analysis of K. lactis strains 
CBS23599 and JA6 grown on 5% glucose (D) and 2% ethanol/glycerol (EG). 

Discussio n n 

Inn this study, GeneFilters containing the protein coding sequences of the S. cerevisiae genome 

weree used to detect transcript patterns in K. lactis. Besides the discovery and identification of 

novelnovel K. lactis genes, this work was also aimed at discovering transcriptional changes 

correlatedd with differences in physiological behaviour between the glucose-insensitive CBS2359 

andd glucose-sensitive JA6 strain. In 5 successive hybridizations with cDNA from the two strains 

grownn on different carbon sources, a total of 480 K. lactis genes hybridized to the S. cerevisiae 

ORFs,, and revealed 228 novel K. lactis genes (table 3) that have not previously been identified 

byy either functional complementation or random sequencing [19, 151, 200]. Analysis of the 

DNA-sequencee identity between known K. lactis genes present on the filter and their S. 

cerevisiaecerevisiae homologues showed that the DNA-identity was generally high (81% to 94%) and we 

thereforee consider the newly identified genes as true homologues of S. cerevisiae. 

Off the novel K. lactis genes, 47% are homologues of S. cerevisiae genes that have been 

classifiedd as hypothetical ORFs or questionable ORFs, implicating that these ORFs are very 

conservedd between the two yeasts. This raises questions about the function of these genes, 

sincee the high conservation in genes of unknown function may indicate a high functional 

constraintt on them and a low flexibility of primary sequence in order to maintain function. 
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Tablee 3. List of S. cerevisiae gene names and ORFs with newly identified K. lactis homologues, based on 
heterologouss hybridization of S. cerevisiae GeneFilters with K. lactis cDNA. 

Functiona ll  categor y Gene name or ORF name 

Cellularr growth, cell HSL7 SCM4CKS1 DPB3 MFA2 RHC21 NDD1 SWE1 SAP4 SAP185 BDF1 
divisionn and DNA 
synthesiss _____ _ _ _ 
Cellularr organization CWH36 HKR1 HTB1 HTB2 HHF1 LAS1 HM01 KCS1 PEX8 FIG2 RPS27B 
andd biogenesis NUF1 SPT8 
Celll rescue, defence, 
celll death and ageing 
Cellularr transport and 
transportt mechanism 
Cellularr communication 
andd signal transduction 
Energy y 
Metabolism m 
Proteinn destination 
Proteinn synthesis 

Transcription n 

Transposablee elements 

CCZ11 ESR1 TIP1 YGP1 

PXA22 ENT1 ENT2SEC16BPH1 GYP7 

BMH11 CRZ1 ROM2 ROM1 MDG1 BAG7 

SNF77 PIG2 GRR1 QCR9 QCR6 COQ2 
BNA11 ARG82GRF10MSS11 GPI10 FAT1 
ALG11 UBC4 GSP1 NSR1 PRB1 ANP1 VPS41 TOM71 TIM22 
RPS25BB RPS26B RPS26A GRC5 RPL13 RPL26B RPL6B SOS1 SOS2 
RPL43AA RPL46 RPL6A RPLA2 PET112 RPL16A RPL22A RPL47A URP2 
RPL21BB URP1 RPL5B RPS24A RPS18A RPS18B RPS25 YS29B RPS7B 
RPS7AA RPS5 YLR009W EFB1 UBI2 
MAK55 RNA15 CYC8 IXR1 HIR3 RRP1 SAS10 RIC1 PUB1 RPA34 NMD2 
NAB33 SRP40 TAF61 FUN81 TFA1 TFC4 SPT4 MCM1 MSN4 MED2 
RTT102RTT103 3 

Unknownn function, DON1 DOP1 FYV9 HOS1 PPT1 RTT106 SED1 SRC1 TCI1 YRF1-1 YR02 
hypotheticall ORFs YBL081W YDL189W YDR186C YEL023C YEL059W YGL066W YGL081W 

YGR046WW YGR053C YHR095W YIR010W YJR023C YKR022C YLR255C 
YLR437CC YML053C YNL143C YNL179C YPL080C YPR096CYNL034W 
YGL128CC YBR113W YDL026W YDL172C YDR133C YDR154C YDR442W 
YDR526CC YGL102C YGR064W YGR069W YGR073C YGR114C 
YGR115CC YGR160W YJL188C YJR114W YKL030W YKL036C YKL202W 
YKR040CC YKR047W YLR041W YLR062C YLR076C YMR290W-A 
YOR309CC YGR054W YLR114C YMR285C YJR115W YGR066C YFR039C 
YDR348CC YDR458C YMR002W YER130C YOR053W YOL164W 
YGL164CC YDR466W YOL045W YBL109W YEL074W YKL105C YDR134C 
YGL139WW YLR231C YNL338W YBR302C YDR544C YEL077C YNL337W 
YNL339CC YAL069W YCL049C YCRX05W YCRX06W YCRX16C 
YCRX19WW YER138C YFL015C YJR027W YLR391W YMR045C YMR050C 
YNR042WW YPL146C YHR143W YBR066C YBL089W YDR152W 
YER002WW YJL123C YPR022C YPL158C YBL046W YLR311C YEL033W 
YMR124WYFL024C C 

Nott all K. lactis genes that are highly conserved at the DNA level are found on the filters, since 

bothh the sequence identity and transcript copy-number contribute to the intensity of the signal. 

Low-abundancee transcripts might fall beyond the detection limit, and therefore we assume that 

thee novel genes identified here are highly conserved and their transcripts abundant. 

Interestingly,, most of the high-intensity spots on the filters corresponded to novel K. lactis genes 

withh unknown functions, increasing the interest in identification of their function. Furthermore, it 
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shouldd be noted that we used the same stringent hybridization conditions as described for 

homologouss hybridization of S. cerevisiae cDNA. Therefore, it is not surprising that the genes 

detectedd in this study in general show a high level of DNA sequence-identity with S. cerevisiae. 

Wee can expect that less stringent hybridization conditions will lead to detection of a larger 

numberr of known and unknown K. lactis genes detected in this way. 

Becausee of the decline in hybridization efficiency and increase in background signals during 

succesivee hybridizations, we could only perform one hybridization with cDNA from CBS2359 

grownn on ethanol/glycerol and one from JA6 grown on glucose. Although this does not allow 

extensivee statistical analysis, some interesting global transcriptional changes were observed. As 

expected,, transcripts of genes involved in glycolysis are more abundant in CBS2359 on glucose 

thann on the non-fermentable carbon source ethanol/glycerol and this nicely illustrates that 

heterologouss hybridization of S. cerevisiae GeneFilters is a reliable tool to study transcript levels 

inn K. lactis. This is further confirmed by a higher transcript abundance of genes involved in 

proteinn synthesis under glucose-grown conditions, a feature that is correlated with increased 

growthh rate on glucose and has also been observed in S. cerevisiae [53]. Validation of the 

Genefilterr results by cross-hybridization under the same stringent hybridization conditions 

strengthenss the powerful possibilities of heterologous hybridization for yeast species of which 

noo complete genomic sequence is yet available. 

Inn this study, application of heterologous GeneFilter hybridization also turned out to be 

successfull in the monitoring of transcriptional differences between the two K. lactis strains 

CBS23599 and JA6. Although JA6 has been referred in the literature as a fermentative strain 

withh high glucose and ethanol production rates [200], no clear physiological data to support this 

havee yet been reported. Ethanol production in JA6 has been only demonstrated in shake flask 

culturess [197], but under these conditions oxygen limitation might also contribute to ethanol 

productionn [104]. Furthermore, direct comparison between ethanol production in CBS2359 and 

JA66 has never been performed under defined conditions in aerobic chemostat cultures. 

Nevertheless,, the genetic difference in glucose transporters between JA6 and CBS2359 does 

implyy that JA6 has adapted to a more fermentative metabolism, since single mutants in khtl 

andd kht2 (JA6 background) sustain growth on glucose in the presence of antimycin [197], in 

contrastt to ragl mutants (CBS2359 background), and illustrate that these single mutants still 

maintainn sufficient fermentative capacity. One parameter linking glucose uptake and 

fermentationn is glycolytic flux, and it has been hypothesized that an increased rate of glucose 

uptakee in JA6 causes a higher glycolytic flux. Our comparative analysis between JA6 and 

CBS23599 is strongly in favour of this hypothesis. All genes involved in glycolysis that could be 
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detectedd on the filter were, without exception, more highly expressed in JA6 than in CBS2359. 

Moreover,Moreover, the transcript level of PDC1, encoding a protein acting at the pyruvate branchpoint 

betweenn fermentative and oxidative glucose metabolism, was more abundant in JA6, directing 

glucosee metabolism towards fermentation (figure 5) and suggesting that JA6 has indeed 

adaptedd to a more fermentative glucose metabolism. Interestingly, the high expression of PDC1 

iss lost in a JA6 derivative lacking the two low-affinity glucose transporters [24], indicating that 

thee high expression requires an elevated rate of glucose uptake and a higher glycolytic flux. 

Figur ee 5. Scheme of metaboli c pathway s for glucos e utilization . Based on our results we propose 
thatt glucose metabolism is directed towards fermentation in strain JA6 (light shadow) and directed 
towardss respiration in strain CBS2359 (dark shadow). 

Besidess the higher expression of glycolytic genes in JA6, our results show that genes involved 

inn respiration were all more highly expressed in CBS2359, implying that CBS2359 is directed to 

metabolizee glucose via the respiratory pathway (figure 5). Although comparison of physiological 

parameterss concerning glucose uptake rate, glucose consumption rate, ethanol production rate 

andd respiratory activity in both strains needs to be performed under clearly defined growth 

conditionss in chemostat cultures in order to substantiate statements on fermentative or 

respiratoryy K. lactis strains, the global differences in transcript patterns of glycolytic and 

respiratoryy genes as observed in this study contribute to a better understanding of the different 

physiologiess of the two strains. 
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Chapte rr  6 

Generall  discussio n 

Thee different topics described in this thesis are positioned around the comparative analysis of 

carbonn source dependent transcriptional regulation of respiratory function in S. cerevisiae and 

K.. lactis, and aim at obtaining more insight in the molecular regulation of fermentative or 

oxidativee glucose metabolism. Three central questions have been addressed: 

i)) How is transcription of the gene encoding the transcriptional activator subunit Hap4p 

regulatedd in the two yeasts and does a differential regulation bely the difference in function of 

thee HAP complex in the two yeasts? 

ii)) If the HAP complex is not required for induction of respiratory genes in K. lactis, how is this 

inductionn then established? 

iii)) Do two K. lactis strains, genetically differing in glucose transport mechanisms, exhibit 

differencess in transcriptional regulation of respiration? 

Answerss to these questions provided by work described in this thesis invoked new questions. 

Questionss which not only demonstrate a need to increase our understanding of transcriptional 

regulationn and carbon source signalling, but also raise issues that extend to others areas 

involvingg translational control, chromatin structure, nitrogen signalling, stationary growth, 

nutrientt limitation. It is clear that the simplicity of yeast as an experimental organism belies the 

complexityy of its regulatory network that has been honed by evolutionary pressures in order to 

alloww it to adapt adequately and efficiently to environmental changes. 
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Transcriptiona ll  regulatio n of HAP4 expressio n in S. cerevisiae 

Transcriptionn of nuclear genes encoding mitochondrial proteins involved in the respiratory chain 

iss repressed by glucose in S. cerevisiae. In this yeast, glucose repression is relieved and 

transcriptionn is induced when glucose is limiting or when other, non-fermentable, carbon 

sourcess are present. The induction of transcription, and thus growth on non-fermentable carbon 

sources,, is dependent on a functional activator complex, consisting of the proteins Hap2p, 

Hap3p,, Hap4p and Hap5p. The actual activator subunit, Hap4p, is encoded by the HAP4 gene, 

andd this gene is sensitive to glucose repression itself, whereas the genes encoding the other, 

DNA-binding,, subunits are constitutively transcribed. Hap4p plays a pivotal role in the balance 

betweenn fermentation and respiration, since overexpression of the HAP4 gene leads to a more 

respiratoryy glucose metabolism in S. cerevisiae. How transcription of HAP4 is regulated in 

responsee to changes in environmental conditions and, moreover, which signalling pathways are 

involvedd is the central issue addressed in chapter 2. What is evident from our results is that the 

regulationn of HAP4 expression is extremely complex and cannot simply be described in a 

black-and-whitee manner. We have thoroughly studied a part of the promoter region, consisting 

off 265 bp ranging from -1006 bp to -745 bp upstream of the ATG start codon. This region is 

involvedd in the induction of the HAP4 gene when cells are grown on non-repressing sugars like 

galactosee or non-fermentable carbon sources like lactate and ethanol/glycerol. Closer analysis 

revealedd that the same extent of induction can be exerted by several sub-fragments of this 

regionn and suggested that a mosaic of c/'s-acting elements exists within this region, possibly 

constitutingg binding sites for a multimeric protein. The carbon-source dependent activation 

mediatedd by the 265 bp region, and, moreover, by a 30 bp element closely resembling a CSRE 

consensuss binding site located within the 265 bp fragment, is dependent on the presence of a 

functionall CAT8 gene. This involvement of Cat8p unveils a complex framework by which the 

expressionn of the HAP4 gene is coordinated. However, neither deletion of the 265 bp region 

fromm -1006 bp to -742 bp within the full-length promoter region nor 5'-HAP4 promoter deletions 

havee any significant effect on activity of the reporter gene when placed in a chromosomal 

context,, i.e. when integrated in the URA3 site of the genome. This probably reflects the fact that 

chromatinn structure plays an important role in a higher level of HAP4 transcriptional regulation, 

forr example in maintaining a specific nucleosomal context. Likewise, deletion of Cat8p might 

indeedd not affect the transcriptional regulation in an in vivo context, but will affect specific 

Cat8p-dependentt activation by subfragments when placed outside the chromosomal or full-

lengthh promoter context. Interestingly, whole-genome expression analysis of mutants affected 

inn the Snf/Swi complex, controlling transcription and chromatin structure and involved in 
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remodelingg nucleosomes, revealed that HAP4 transcription is reduced in these mutants [179]. 

AA detailed study of the nucleosomal state at the HAP4 promoter under different conditions will 

possiblyy shed more light on a complete understanding of the carbon source dependent 

transcriptionall regulation of the key component of the HAP2/3/4/5 complex in S. cerevisiae. 

Besidess Cat8p, we have also found that Cat5p is involved in the specific activation by the 265 

bpp subfragment of the HAP4 5' non-coding region, as well as the 30 nt region within this 

fragmentt (figure 1). The CAT5 gene was identified as being required for the release of glucose 

repressionn of genes encoding enzymes of the gluconeogenic pathway [160]. In addition to this, 

thee CAT5 gene was independently isolated as COQ7, a mitochondrial inner membrane protein 

requiredd for the synthesis of ubiquinone [187]. Cat5p was proposed as a candidate connecting 

glucosee derepression of gluconeogenesis and the respiratory state of the cell, since CAT5 

expressionn strongly depends on SNF1, CAT8 and CAT5 itself, while CAT8 expression is 

decreasedd in caf5 mutants [160]. However, the inability of caf5 mutants to derepress 

gluconeogenesiss upon glucose exhaustion appears to be a general consequence of a defect in 

respiration,, since derepression of gluconeogenic promoters is also absent in other respiration 

deficientt strains [103]. Although this makes Cat5p a less likely candidate for directly linking 

glucosee derepression and respiration, it still seems conceivable that it is part of a check 

mechanismm that allows glucose derepression only if respiration is also possible. 
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Figur ee 1: Involvemen t of Cat5p in transcriptiona l regulatio n of the ScHAP4  promoter . Wild-type 
strainn MC999 (Mat a; ura3-52; his3M; leu2-3; 112trp1) and isogenic caf5 disruption strain CEN-MP3-1A 
{Mat{Mat a; ura3-52; his3M; leu2-3; 112trp1; cat5::HIS3, [160], were transformed with pCZ containing either 
thee 265 bpSmal HAP4 promoter fragment (-745/-1006) or the 28 nt region (-896 bp to -869 bp; see 
chapterr 2). Data are obtained from two independent transformants of each construct. Dark bars, glucose-
grownn cells; light bars, lactate-grown cells. 
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AA database search (Matlnspector [163]) for other known consensus binding sequences against 

aa matrix of fungal consensus sites revealed the presence of consensus sites for the stress 

responsivee proteins Msn2p/Msn4p and the pH responsive regulator Rim101p, as well as of four 

Dal80pp and Gatlp consensus binding sites, in the HAP4 promoter. The latter two could 

possiblyy indicate a feed-back regulation with nitrogen regulatory pathways. This would be 

conceivablee considering the cross-pathway regulation between nitrogen and carbon 

metabolismss connected by the HAP complex [44, 45]. Although a functional relevance of these 

sitess is unknown yet, it does not alter the conclusion that the HAP4 gene possesses a complex 

promoterr harbouring binding sites for independent and synergistically acting transcription 

factorss that link the expression of the gene into other regulatory circuits controlling C-source 

responses,, and possibly N-sources in S. cerevisiae. 

Transcriptiona ll  regulatio n of HAP4 expressio n in K. lactis 

Whereass the Hap2/3/4/5 complex is required for induction of respiratory function and growth of 

S.. cerevisiae on non-fermentable carbon sources, the complex plays only a minor role in non-

fermentativee growth in K. lactis. Disruption of HAP2, HAP3 or HAP4 in K. lactis does not abolish 

growthh on complete media containing non-fermentable carbon sources. Furthermore, 

transcriptionn of KIQCR8, encoding a subunit of the mitochondrial respiratory chain, is not 

repressedd by glucose. Although the KIQCR8 promoter region contains a functional binding site 

forr the Hap2/3/4/5 complex and transcription of KIQCR8 genes is induced on non-fermentable 

carbonn sources, the Hap2/3/4/5 complex is not required for the induction. It is, however, 

involvedd in maintaining a generally high basal level of expression on both fermentable and non-

fermentablee carbon sources. This led us to hypothesize a constitutive, not glucose repressed 

expressionn of the HAP4 gene in K. lactis, taking into account the strong carbon source 

dependentt regulation of its homologue in S. cerevisiae and its role in balancing fermentative 

andd oxidative glucose metabolism. Although the expression of HAP4 is indeed constitutive in 

exponentiallyy growing steady-state batch cultures as shown in chapter 3, monitoring HAP4 

transcriptt levels following the addition of a glucose pulse to glucose-limited steady state 

chemostatt cultures led to new insights. This clearly demonstrated that HAP4 transcription 

immediatelyy decreased after glucose has been added, and was strongly induced when glucose 

wass finished and ethanol was nearly consumed. The carbon-source dependent transcriptional 

activationn of KIHAP4 under these defined conditions suggest that KIHAP target genes respond 

too carbon limitation via the Hap2/3/4/5 complex. Interestingly, although the transcription of 

KIQCR8KIQCR8 remains rather constant during the first 240 minutes after the glucose pulse, not 
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resemblingg KIHAP4 transcript patterns, it becomes strongly induced at the end of the 

experiment,, similarly to KIHAP4. The results are indicative of a model in which KIHAP4 does not 

affectt transcription of KIQCR8 under conditions of non-fermentative growth, but in which the 

HAPP complex plays an important role when carbon sources are limiting. 

Thee role s of the HAP complex : conserve d and divergen t 

Iss there a common, conserved role for the Hap2/3/4/5 complex of which the identified 

componentss are functional homologues in the two yeasts? Regarding the strong resemblance in 

carbonn source regulation of HAP4 in response to the addition of excess glucose to glucose-

limitedd steady-state chemostat cultures, this question can presumably be answered positively. It 

cann be envisaged that yeast cells encountering conditions in which carbon sources are limiting, 

shiftt from active growth to growth arrest (stationary growth phase) and ultimately sporulate. This 

involvess an extensive reprogramming of cellular metabolism, including increased mitochondrial 

function,, and our results suggests that in K. lactis the HAP2/3/4/5 complex might be involved in 

thee regulation of this reprogramming via transcriptional regulation of KIHAP4. This is in line with 

thee high HAP4 expression in S. cerevisiae upon transition to stationary growth [72]. Besides a 

possiblyy common role in the stationary growth phase, the Hap2/3/4/5 complex in S. cerevisiae 

hass a function distinctive from its K. lactis counterpart in non-fermentative growth. It is currently 

unknownn how this function has diverged, whether the HAP complex contributes to respiratory 

glucosee metabolism in K. lactis and why the non-fermentative function is obviously dispensable 

inn K. lactis. An explanation might be sought in the importance of the HAP complex to increase 

mitochonchondriall function on non-fermentable carbon sources in S. cerevisiae. Since 

respiratoryy function is already relatively high on glucose in K. lactis, a change towards non-

fermentablee carbon sources might involve less drastic reprogramming to increase mitochondrial 

function.. Moreover, we have shown that another factor is involved in the induction of respiratory 

geness on ethanol/glycerol (see chapter 4 of this thesis), and this may have taken over the non-

fermentativee function of the HAP complex in K. lactis. 

Besidess differences in transcriptional regulation of the HAP4 gene in the two yeasts, post-

transcriptionall differences could also be involved. Whereas nothing is known yet of the 5' region 

off the KIHAP4 gene, the HAP4 gene in S. cerevisiae contains a long leader of 280 bp. This long 

leaderr includes two upstream ATGs, initiating ORFs of nine and three residues, and these 

ORFss could be involved in translational regulation of HAP4 gene expression, as has been 

reportedd for other genes with upstream ATGs [1, 155, 199]. Furthermore, it was suggested that 

thee cellular redox environment might be involved in regulation of HAP2/3/4/5 activity via 
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stabilizationn of Hap3p by glutoredoxin [207]. This would be similar to the mammalian 

heteromericc CCAAT binding complex, NF-Y, for which the cellular redox environment has also 

beenn reported to be an important post-transcriptional regulator of NF-Y subunit association and 

DNAA binding activities [140]. Since K. lactis and S. cerevisiae display several differences 

regardingg the maintainance of a redox balance (see chapter 1 of this thesis), it might be 

speculatedd that redox adjustment systems underlie the function of the HAP complex in non-

fermentativee growth of S. cerevisiae. 

Identificatio nn of an additiona l comple x that bind s to the KIQCR8 promote r 

Ourr first steps in the identification of additional elements involved in the induction of respiratory 

geness in K. lactis concerned protein binding to the KIQCR8 promoter in the presence and 

absencee of binding sites for Abflp, Cpflp and Hap2/3/4/5p. We observed that Cpflp-

dependent,, additional complexes were formed in gel shift assays using the region in the 

KIQCR8KIQCR8 promoter from -294 to -171 bp with a mutation in the Abflp binding site (figure 2). The 

occurrencee of various forms of Cpf1p-K/QCR8 protein-DNA complexes in the absence of a 

functionall Abflp binding site may be attributable to different versions of Cpflp. In S. cerevisiae, 

Cpf11 proteins have been described which differ in their molecular masses [144]. Depending on 

nutritionall and oxygen conditions during growth of the cells, specific processing and/or 

modificationn of the Cpf1 protein might occur, leading to different forms of Cpf1 within the 

nucleus.. However, protein extracts from wild-type K. lactis cells grown under different culture 

conditionss (glucose or glycerol as carbon source, aerobic and hypoxic cultures) show only a 

singlee KICpf1p-CYC1 protein-DNA complex in gel mobility shift assays [167]. The presence of 

differentt complexes is therefore unlikely to be attributable to modification of Cpflp. Instead, this 

andd the fact that the additional Cpf1p-K/QCR8 protein-DNA complexes are only observed in the 

absencee of binding of Abflp to its consensus binding site, might indicate that another factor is 

competingg with Abf 1 p for binding to the KIQCR8 promoter. Like ScCpf 1 p, KICpfl p contains, C-

terminall of the basic helix-loop-helix, a leucine-zipper which might be involved in dimerization of 

thee protein. In S. cerevisiae, Cpf 1 p is involved in the formation of heteromeric complexes on the 

promoterr region of the structural MET genes [10]. It is tempting to postulate that in K. lactis the 

bindingg of Cpflp to the KIQCR8 promoter enhances the DNA-binding affinity of another factor, 

inn the absence of Abflp binding. This could be exerted via a direct interaction between Cpflp 

andd the unknown factor, the latter being tethered to the DNA through Cpflp. Alternatively, the 

increasee in DNA affinity might be the result of a modification of the DNA structure induced by 

thee binding of Cpflp to its site, a feature that also can be attributed to Cpflp function. The fact 
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thatt no complexes were observed in gel mobility shift assays in the absence of Cp f lp binding, 

mightt be indicative of a dependence on Cpf lp for the DNA-binding of the unknown factor. 

Alternatively,, it might bind in a low-affinity manner or involve a low-abundant protein. Closer 

analysiss of the nature of the unknown binding factor was hampered by the lethal phenotype that 

cpflcpfl null mutants display in K. lactis [138], and therefore, we decided to continue our search for 

additionall c/s-acting elements in the KIQCR8 promoter by promoter deletion analysis as 

describedd in chapter 4. 
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Figur ee 2: An additiona l comple x bind s to th e KIQCR8 promoter . A) schematic overview of the 
KIQCR8KIQCR8 promoter. B) gel shift experiment. Lane 1 to 3, wt 221 bp fragment; lane 4 to 6 221 bp fragment 
containingg mutation in Abflp binding site; lane 7 and 8 221 bp fragment containing mutations in Abflp 
andd Cpflp site. Lane 1, 4 and 7 no protein extract added; lane 2, 3, 5, 6 and 8 5/jg of total cell lysate from 
glucose-grownn CBS2359 cells. Lane 3 competition with 200 ng of oligo containing Abflp binding site; 
lanee 6 competition with 200 ng of oligo containing Cpflp binding site. When using a 124 bp fragment 
(probee A, figure 2A) containing the binding sites for Abflp, Cpflp and Hap2/3/4/5 in gel retardation 
assays,, three complexes consisting of Abflp and Abf1p/Cpf1p heterodimers can be observed as 
describedd previously [135]. Competition with an oligonucleotide containing the Abflp binding site leads to 
thee formation of three different complexes, two of which display a higher mobility than the Cpf1p/Abf1p 
heterodimer.. The third has a lower mobility than the Abflp monomer (figure 2, lane 3). The same pattern 
iss observed upon mutation of the KIAbflp binding site (AA, lane 5). The formation of the complexes is 
competedd by an oligonucleotide harbouring the Cpflp consensus site (lane 6). Furthermore, the 
formationn of all three complexes is dependent on the presence of a functional KICpflp binding site, as 
mutationn of the Cpflp site causes them to disappear (AAC, lane 8). The three complexes are supershifted 
withh an antibody against Cpflp, whereas a control antibody did not (data not shown). This indicates that 
Cpflpp is present in each complex, but it is unclear whether the three complexes consist of homodimers of 
KICpflpp or that heterodimers are formed between KICpflp and another protein. 

Presen tt  or lost ? 

Ass mentioned before, KIQCR8 is two- to three-fold induced when cells are shifted from glucose 

too media containing ethanol/glycerol. In sharp contrast to S. cerevisiae, the Hap2/3/4/5 complex 

iss not required for this induction. This raises the question how this induction is accomplished. If 

nott by the action of the Hap2/3/4/5 complex, are additional factors involved in carbon source 

dependentt regulation of the QCR8 gene in K. lactis? This dilemma is addressed in chapter 4. 
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Promoterr deletion analysis of the KIQCR8 promoter reveals a 30 bp region, ranging from -144 

bpp and -113 bp from the ATG start codon, that is involved in carbon source dependent 

activation.. Activation, as well as specific protein binding to this region, is furthermore dependent 

onn a functional KICAT8 gene. Although KICat8p is a functional homologue of Cat8p in S. 

cerevisiae,cerevisiae, their functions, like the respective Hap2/3/4/5 complexes, diverge between the two 

yeasts.. Whereas ScCat8p is involved in activation of genes that are strongly derepressed under 

non-fermentativee growth conditions, in particular gluconeogenic genes, the function of KICat8p 

iss restricted to the derepression of genes involved in the glyoxylate pathway, for growth on C2-

sources.. Our results now imply that, in K. lactis, KICat8p is involved in transcriptional regulation 

off respiratory function. However, although the consensus binding site (CSRE) for Cat8p is well 

conservedd in both yeasts, no consensus sequence is present within the 30 nt region of the 

KIQCR8KIQCR8 promoter that is involved in induction. In fact, no other known consensus sites are 

presentt except for a TA-rich element, which may harbour the TATA box docking site for RNA 

polymerasee holoenzyme, and an AAGAAAT motif corresponding to the consensus sequence for 

Med8p,, a subunit of the mediator RNA polymerase II carboxy-terminal domain (CTD) complex 

inn S. cerevisiae [31]. This raises the possibility of carbon source dependent regulation of 

respirationn by a subunit of the RNA polymerase holoenzyme in K. lactis. Besides promoter 

deletionn analysis as a tool to identify c/s-acting elements in the KIQCR8 promoter, one could 

alsoo apply genetic screens to find fra/is-acting factors required for the induction of respiration in 

K.K. lactis. Despite numerous attempts involving a double selection of dimished growth and 

dimishedd reporter activity, we were not successful in identifying which gene product plays a role 

inn the mechanism of HAP-independent induction of respiration in K. lactis. 

Irrespectivee of the identity of the factor(s) responsible for induction of the KIQCR8 gene, an 

intriguingg question remains whether the factor(s) is also present and functional in S. cerevisiae, 

orr whether it is lost during the evolution of this yeast from an ancestral oxidative metabolism still 

exhibitedd by the present-day K. lactis, towards a specialized type of anaerobic metabolism. The 

observationn that the additional c/s-acting elements, able to activate transcription of the KIQCR8 

genee in a carbon dependent manner, are not functional in S. cerevisiae, as shown by reciprocal 

exchangee of the KIQCR8 gene to S. cerevisiae [135] would be in favour of the latter hypothesis. 

Thee power of genome-wid e heterologou s hybridizatio n 

Sincee the complete sequence of the S. cerevisiae genome has become available, rapidly 

developingg functional-genomic technologies are being applied to understand the behaviour of S. 

cerevisiaecerevisiae in response to physiological changes, to reveal new gene functions and interacting 
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pathwayss within the cell. The K. lactis genome has not been completely sequenced yet, 

hamperingg genome-wide studies to reveal molecular divergences underlying physiological 

differencess within this species. However, studies of this kind would ultimately contribute to our 

understandingg how yeast cells outbalance their metabolism, fermentative or oxidative. 

Therefore,, we performed a pilot study on the use of gene filters containing the protein-coding 

sequencess of the S. cerevisiae genome as a means of monitoring transcript levels in K. lactis. 

Unfortunately,, deterioration of the gene filters used limited the number of hybridizations 

necessaryy to perform a full statistical analysis. Furthermore, high background levels 

complicatedd the analysis as well. Nevertheless, results described in chapter 5 demonstrated 

thatt it is feasible to use cross-hybridization with S. cerevisiae to analyse transcript levels in 

another,, closely related, yeast. Not only were new homologues of S. cerevisiae genes identified 

inn K. lactis, but also differences in transcript patterns between different carbon sources could be 

monitoredd and were in agreement to what was expected. Genes involved in glycolysis were 

moree abundantly present on the filter when cDNA from glucose-grown cultures was hybridized 

comparedd to ethanol/glycerol-grown cultures. Furthermore, comparison of transcript patterns of 

K.K. lactis strains CBS2359 and JA6, exhibiting different sensitivities to glucose, provides support 

forr previous statements that JA6 is a fermentative strain. Glycolytic transcripts were more 

abundantt in the latter strain than in the less glucose-sensitive CBS2359, which, in turn, showed 

higherr abundance of respiratory transcripts. Our results provide an encouraging basis for the 

optimizationn of heterologous hybridization conditions for other yeast species. The continuous 

refinementt of techniques for genome-wide analysis in S. cerevisiae will without doubt be 

substantiallyy useful to this. It should however be noted that homologous hybridization is 

preferredd when comparisons are to be made between different yeast species. In those cases, 

sincee hybridization is dependent on DNA sequence-identity, results will be biased in favour of 

thee most conserved genes. Furthermore, and obviously, genes that are unique within one 

particularr yeast species will not be revealed by heterologous hybridization. For example, 

randomm sequencing of the K. lactis genome revealed 25 potentially new genes with no known 

homologuess in S. cerevisiae [19]. Nonetheless, the results obtained in our pilot study underline 

thee potential power residing in heterologous hybridization of S. cerevisiae ORFs as a tool for the 

identificationn of highly conserved homologues and for monitoring global transcript patterns in 

otherr yeast species that have not yet been completely sequenced. 
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Summar y y 

Alll living organisms, whether they are unicellular, like yeast, or complex multicellular, like 

humans,, have to deal with continuous changes in the environment. Changes in availability of 

nutrients,, changes in temperature, all should be met with adequate reponses in order to survive. 

Forr studying fundamental principles in the functioning of eukaryotic cells, yeast offers an 

attractivee model system. Yeast cells are relatively simple to work with due to the ease of 

culturingg in simple growth media, have a broad metabolic versatility and are readily accessible 

too genetic manipulations. Not only from a fundamental point of view has yeast attracted the 

attentionn of researchers. Biotechnologists are also interested in the functioning of yeast cells, for 

yeastt is used for rising of dough, production of alcoholic beverages and heterologous protein 

production.. Fundamental knowledge in the cell's functioning might be helpful to direct 

optimizationn of these industrial processes. However, the simplicity of yeast as an experimental 

organismm belies the complexity that is revealed by studies of adaptation to environmental 

changes.. Within the species "yeast", major differences exist in the way yeast cells respond to 

thee presence of glucose and other nutrients. Baker's yeast Saccharomyces cerevisiae 

preferentiallyy ferments glucose to ethanol, which is energetically unfavourable compared the 

alternativee route of respiratory glucose metabolism, and therefore undesired by those aiming at 

highh biomass yields with maximal growth rate. An alternative, respiratory type of glucose 

metabolismm is predominantly used by the 'milk yeast' Kluyveromyces lactis. Aspects that are 

relevantt for a broader understanding of the regulatory mechanisms contributing to the 

physiologicall differences between the two yeasts are extensively discussed in chapter 1. At all 

points,, from glucose uptake to pyruvate metabolism at the branchpoint between fermentation 

andd respiration, from glucose signalling proteins to redox mechanisms, K. lactis and S . 

cerevisiaecerevisiae show significant differences. One of the aspects underlying the difference in glucose 

metabolismm is the repression of respiratory function by glucose, which is observed in S. 

cerevisiae,cerevisiae, but not or hardly in K. lactis. It is the difference in regulation of transcription of genes 

involvedd in respiratory function that forms the common theme in this thesis, emphasizing factors 

thatt contribute to this difference at the molecular level. A key role in this transcriptional 

regulationn in S. cerevisiae is played by the heteromeric transcription activator complex 

HAP2/3/4/5.. In particular, tight regulation of transcription of the gene encoding the activator 

subunit,, ScHAP4, by available carbon source controls the activity of the complex and thus 
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whetherr target genes of the HAP complex, among which respiratory genes, are transcribed. 

Howw this carbon source dependent transcription of ScHAP4 is regulated is addressed in chapter 

2.. That this is not a simple regulation, is apparent from the mosaic of cis-acting elements in the 

ScHAP4ScHAP4 promoter. Besides, the link to gluconeogenesis via the transcription factor Cat8p 

suggestss that the expression of SctiAP4 is coordinated by an intricate network of regulatory 

circuitss controlling C-source responses in S. cerevisiae. 

Inn contrast to S. cerevisiae, transcription of genes involved in respiratory function is hardly 

repressedd by glucose in K. lactis. This leads to a generally high level of transcription on glucose, 

contributingg to the oxidative glucose metabolism of K. lactis. In chapter 3, we asked whether the 

absencee of glucose repression of respiratory genes was correlated to a high constitutive 

expressionn level of the KIHAP4 gene in K. lactis. Although KIHAP4 was indeed constitutively 

transcribedd in (quasi) steady-state cultures, its transcription immediately decreased when a 

glucosee pulse was added to glucose-limited chemostat cultures. This decrease was not 

accompaniedd by a decrease of transcription of respiratory genes, illustrating the minor role the 

Hap2/3/4/55 plays in transcriptional regulation of those genes in response to carbon sources in 

K.K. lactis. However, the induction of KIHAP4 during carbon limitation suggests a role for the 

KIHAPP complex in dynamic regulation of adaptation when environmental conditions become 

adverse. . 

Evenn though respiratory genes are relatively highly expressed on glucose in K. lactis, a two-fold 

inductionn is observed upon when cells are shifted from glucose to non-fermentable carbon 

sources.. In sharp contrast to S. cerevisiae, the Hap2/3/4/5 complex is not required for this 

inductionn in K. lactis, but how the induction is established is unknown. Chapter 4 describes our 

effortss to tackle this problem by unraveling the structure of the promoter region of the KIQCR8 

gene,, encoding a subunit of the respiratory chain. Identification of a 30 bp region mediating 

carbonn source dependent transcription raised speculations about a possible involvement of a 

RNA-polymerasee holoenzyme subunit in transcriptional regulation. Furthermore, the carbon 

sourcee dependent transcription was dependent on the presence of a functional KICAT8 gene, 

postulatingg a role of KICat8p in controlling respiratory function. 

Insteadd of studying transcription of a single gene, an excursion towards genome-wide 

expressionn is made in chapter 5. Heterologous hybridization of filters containing the protein 

codingg sequences of the S. cerevisiae genome was used to monitor transcripts levels in K. 

lactis.lactis. Not only did this reveal novel genes in K. lactis, but also revealed differences in transcript 

patternss between two K. lactis strains displaying differences in the glucose transport system. In 

thee JA6 strain, gene expression is programmed towards fermentative glucose metabolism, 
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whereass in the CBS2359 strain, glucose metabolism is directed towards the oxidative pathway. 

Thee results provide more insight in the different physiologies of the two strains and ultimately 

willl lead to a better understanding how different yeasts respond to environmental change. 
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Off ze nu eencellig zijn, zoals gist, of complexe meercelligen, zoals mensen, alle levende 

organismess hebben te maken met voortdurende veranderingen in de omgeving. Veranderingen 

inn het aanbod en hoeveelheid van voedsel, veranderingen in temperatuur, allemaal moeten ze 

adequaatt worden worden opgevangen om te kunnen overleven. Gist is een aantrekkelijk model 

systeemm om fundamentele principes in het functioneren van eukaryote cellen te bestuderen. 

Gistt cellen zijn relatief gezien makkelijk om mee te werken vanwege het gemak waarmee ze in 

eenvoudigee groeimedia gegroeid kunnen worden, ze kunnen op een veelzijdigheid van 

voedingsbronnenn groeien en zijn makkelijk toegankelijk voor genetische manipulaties. Gist heeft 

niett alleen vanuit een fundamenteel gezichtspunt de interesse van onderzoekers. Ook 

biotechnologenn zijn geïnteresseerd in het functioneren van gist. Gist wordt immers o.a. gebruikt 

voorr het laten rijzen van brood, produktie van alcoholische drankjes (bier en wijn), en 

heterologee eiwit productie (oa insuline). Fundamentele kennis hoe de cel functioneert kan 

gebruiktt worden om deze industriële processen te optimaliseren. Echter, achter de eenvoud van 

gistt als experimenteel organisme, schuilt een ingewikkeldheid die stukje bij beetje aan het licht 

wordtt gebracht door studies naar de aanpassing aan veranderingen in de omgeving. Binnen de 

soortt "gist" bestaan grote verschillen in de manier waarop gistcellen reageren op de 

aanwezigheidd van glucose en andere voedingsstoffen. Bakkersgist Saccharomyces cerevisiae 

fermenteertt glucose naar ethanol, een proces dat energetisch ongunstig is vergeleken met de 

anderee manier om glucose te verbruiken, nl. via verademing, en daarom heeft deze 

fermentatievee route niet de voorkeur voor diegenen die een zo hoog mogelijk biomassa 

opbrengstt met maximale groeisnelheid nastreven. Daarentegen gebruikt de "melkgist" 

KluyveromycesKluyveromyces lactis voornamelijk een alternatieve manier van glucose metabolisme, nl. 

verademingg van glucose. 

Aspectenn die relevant zijn voor een beter begrip van de regulatoire mechanismen die bijdragen 

aann de fysiologische verschillen tussen de twee gisten worden uitgebreid behandeld in 

hoofdstukk 1. Op alle fronten, van glucose opname tot pyruvaat metabolism op het kruispunt 

tussenn fermentatie en ademhaling, van glucose signaleringseiwitten tot redox mechanismen, 

vertonenn K. lactis en S. cerevisiae aanzienlijke verschillen. 

Eenn van de aspecten die ten grondslag ligt aan de verschillen in glucose metabolism is de 

repressiee van ademhalingsfunctie door glucose, die plaatsvindt in S. cerevisiae maar niet in K. 
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lactis.lactis. Het is dit verschil in regulatie van transcriptie van genen die betrokken zijn bij 

ademhalingsfunctiee dat het thema is van dit proefschrift, met de nadruk op factoren die 

bijdragenn aan dit verschil op een moleculair niveau. Een sleutelrol in the transcriptieregulatie 

wordtt gespeeld door het heteromere transcriptie activator complex HAP2/3/4/5. De nauwe 

regulatiee van de transcriptie van het gen dat codeert voor de activatie subunit, ScHAP4, door de 

aanwezigee koolstofbron bepaalt de activiteit van het complex en daarmee of target genen van 

hett Hap2/3/4/5 complex, waaronder ademhalingsgenen, worden afgelezen. Hoe de 

koolstofbron-afhankelijkee transcriptie van het ScHAP4 gen wordt gereguleerd wordt besproken 

inn hoofdstuk 2. Dat dit geen eenvoudige regulatie is wordt duidelijk naar aanleiding van het 

mozaïekk van regelelementen in de ScHAP4 promoter. Bovendien suggereert de link naar 

gluconeogenesee via de transcriptie factor Cat8p dat de expressie van het ScHAP4 gen 

gecoördineerdd wordt in een ingewikkeld netwerk van regulatoire systemen die de reactie van S. 

cerevisiaecerevisiae op veranderingen in aanbod van koolstofbronnen controleren. 

Inn tegenstelling tot S. cerevisiae wordt de transcriptie van genen die betrokken zijn bij 

ademhalingsfunctiee nauwelijks gereprimeerd door glucose in K. iactis. Dit zorgt in het algemeen 

voorr een hoog niveau van transcriptie op glucose en draagt bij aan het oxidatieve karakter van 

glucosee metabolisme in K. lactis. In hoofdstuk 3 vragen we ons af of deze afwezigheid van 

glucosee repressie van ademhalingsgenen gecorreleerd kan worden aan een continue expressie 

vann het KIHAP4 gen. Hoewel KIHAP4 expressie inderdaad constant is in (quasi) steady-state 

cultures,, wordt de expressie onmiddellijk gereprimeerd wanneer een glucose puls toegevoegd 

wordtt aan glucose-gelimiteerde chemostat cultures. Deze repressie wordt niet gevolgd door 

repressiee van de transcriptie van ademhalingsgenen, en illustreert de kleine roi die het 

Hap2/3/4/55 complex speelt in transcriptie regulatie van deze genen in de koolstof respons in K. 

lactis.lactis. Echter, de inductie van KIHAP4 tijdens koolstof-limitatie suggereert een rol voor het 

Hap2/3/4/55 complex in K. lactis in adaptatie wanneer condities in de omgeving ongunstig 

worden. . 

Hoewell in K. lactis ademhalingsgenen relatief hoog tot expressie komen op glucose, vindt een 

tweevoudigee inductie plaats wanneer cellen van glucose naar niet-fermenteerbare 

koolstofbronnenn overgebracht worden. In sterke tegenstelling tot S. cerevisiae, is het 

Hap2/3/4/55 complex niet nodig voor deze inductie in K. lactis, maar hoe de inductie dan wel 

wordtt bewerkstelligd is onbekend. Hoofdstuk 4 beschrijft hoe dit probleem wordt aangepakt 

doorr het ontrafelen van het promoter gebied van het KIQCR8 gen, dat codeert voor een 

onderdeell van de ademhalingsketen. De identificatie van een gebied van 30 bp dat 

koolstofbron-afhankelijkee transcriptie bleek te mediëren, riep speculaties op over een mogelijke 
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betrokkenheidd van een RNA polymerase subunit. Bovendien was de koolstofbron-afhankelijke 

transcriptiee afhankelijk van de aanwezigheid van een functioneel KICAT8 gen, wat een rol van 

KICat8pp in de regulatie van ademhalingsfunctie suggereert. 

Inn plaats van het bestuderen van de transcriptie van een afzondelijk gen, wordt er in hoofdstuk 

55 een uitstapje gemaakt naar expressie op een grotere schaal, nl die van het genoom. 

Heterologee hybridisatie van filters die de eiwitcoderende sequenties van het S. cerevisiae 

genoomm bevatten werd gebruikt om transcript niveaus in K. lactis te volgen. Dit leverde niet 

alleenn de identificatie van nieuwe genen in K. lactis op, maar bracht ook verschillen aan het licht 

inn transcript patronen tussen twee K. lactis stammen die onderling verschillen vertonen in 

glucosee transport. In de JA6 stam wordt genexpressie zodanig geprogrammeerd ten gunste van 

fermentatieff glucose metabolism, terwijl in de CBS2359 stam glucose metabolisme gedirigeerd 

wordtt naar de oxidatieve route. Deze resultaten dragen bij aan een groter inzicht in de 

fysiologischee verschillen tussen de twee K. lactis stammen, en zullen uiteindelijk leiden tot een 

beterr begrip hoe verschillende giststammen reageren op veranderingen in de omgeving. 
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Watt heb ik de afgelopen jaren eigenlijk gedaan? Iets met gisten en DNA? Juist. Maar wat? De 

meestenn zullen zelfs na het lezen van mijn proefschrift nog geen duidelijk antwoord op die 

vraagg kunnen geven. Daarom nu in gewoon nederlands een korte samenvatting waarin ik 

probeerr de inhoud van dit boekje op heldere wijze uit te leggen. 

Watt  is gist 1 en waaro m gistonderzoek ? Gisten zijn eencellige micro-organismen. Ondanks 

hett feit dat een gistcel heel klein is (0.0005 tot 0.02 millimeter) speelt de gistcel al duizenden 

jarenn een belangrijke rol in ons leven: bij het maken van bier en wijn en het laten rijzen van 

brood.. Er wordt veel (toegepast) onderzoek gedaan naar gist omdat er vanuit de industrie 

(gistproducenten,, bakkers, bierbrouwers etc.) behoefte is om het gebruik van gist voor hun 

speciekee doeleinden te optimaliseren. 

Voorr fundamentele onderzoekers is de gistcel een goed model om te bestuderen hoe een cel 

functioneert.. Een voordeel hierbij is dat gistcellen makkelijk en snel te kweken zijn. Net als bij 

menselijkee cellen bevindt het erfelijk materiaal (DNA2) van een gistcel zich in de celkern en 

wordenn bepaalde biologische processen uitgevoerd in speciale compartimenten (organellen). 

Bovendienn komen veel genen3 van gist overeen met genen van de mens. Technieken om gisten 

genetischh te manipuleren zijn erg goed ontwikkeld, zodat het mogelijk is om de functie van één 

genn te bestuderen door te bekijken wat het effect is van het weghalen of veranderen van dit 

gen.. Kennis over de functie van een gen in gist kan daarom eenvoudig worden vertaald naar de 

menss en dit kan nuttig zijn bij het ophelderen van hun rol bij ziekteprocessen. 

Suikerverbrui kk  in gist . Net als mensen hebben gistcellen voedingstoffen nodig om te kunnen 

groeienn en die kunnen ze uit de directe omgeving halen. De omzetting van die voedingstoffen 

levertt energie en bouwstoffen die nodig zijn voor celgroei en celverdubbeling. Gist kan veel 

verschillendee voedingstoffen gebruiken, maar in mijn proefschrift ligt de nadruk op het verbruik 

vann suikers, en met name de suiker glucose (=druivensuiker). Er zijn twee belangrijke manieren 

11 Gist (de ~ (m.)) 1. De massa organismen die een gisting teweegbrengen; 
22 DNA (het ~):1. desoxyribo nucleic acid [hoogmoleculaire verbinding als basis van de genen en 
chromosomen].. DNA-molecule (het, de ~): 1. Reuzenmolecule, opgebouwd uit lange ketens van zich in 
bepaaldee volgorde herhalende onderdelen, die uitsluitend in levende wezens voorkomt en drager is van 
dee genen) 
33 Gen (het ~) [biol.]:1. drager van de erfelijke eigenschappen in de celkern. 
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waaropp de gistcel suiker kan omzetten. Ten eerste kan suiker worden omgezet naar kooldioxide 

enn ethanol (een alcohol). Dit proces heet gisting4 of alcoholische fermentatie. De gevormde 

kooldioxidee zorgt voor luchtbelletjes die het rijzen van brood veroorzaken. 

Voorr het tweede proces is zuurstof nodig. Met behulp van zuurstof kan suiker worden omgezet 

inn kooldioxide en water. Dit proces heet ademhaling of respiratie5. Eenzelfde soort processen 

alss ademhaling en gisting vindt ook plaats in onze spiercellen. Wanneer ademhaling 

ontoereikendd is om aan de energiebehoefte in spiercellen tijdens hevige inspanning te voldoen, 

wordtt melkzuur gemaakt. Dit leidt tot verzuring van de spieren. 

Verschillend ee belange n in industrie . Bij de volledige omzetting van suikers tot kooldioxide en 

waterr tijdens het 'verademen' van de suiker komt veel energie vrij, veel meer dan tijdens de 

alcoholischee gisting. Meer energie betekent efficiëntere groei en meer gistcellen. Voor 

industriëlee toepassingen van gist maakt het dus erg veel uit of alcoholische gisting of 

verademingg optreedt. Een gistproducent, die zoveel mogelijk gistcellen wil hebben, wil het liefst 

datt de gistcellen suiker verademen. Zijn afnemer, de bakker, ziet het gist natuurlijk liever 

"gisten".. De luchtbelletjes die de gist daarbij produceert, maken het brooddeeg immers luchtig. 

Enn wanneer het gaat om de productie van alcohol, bv. bij het brouwen van bier, moeten suikers, 

uiteraard,, ook zoveel mogelijk omgezet worden via alcoholische gisting. 

Wanneerr  verademin g en wannee r vergisting ? Invloeden van de omgeving, zoals de 

beschikbaarheidd van zuurstof, spelen hierbij een rol. Geen zuurstof betekent geen verademing, 

enn dus kan de suiker alleen worden omgezet via de alcoholische gisting. Of een gistcel suiker 

verademtt of vergist, hangt ook af van de soort gist. Er zijn namelijk verschillende soorten gist 

(giststammen),, die allemaal een iets andere manier van suikerstofwisseling kunnen hebben. Dit 

heeftt te maken met de genetische eigenschappen van een gistsoort. De genetische 

eigenschappenn bepalen hoe de verdeling van suiker over alcoholische gisting en ademhaling is, 

enn daarbij komen we weer een stapje dichter bij mijn onderzoek. 

Bakkersgis tt  en melkgist . In mijn onderzoek heb ik twee verschillende giststammen gebruikt, 

dee bakkersgist Saccharomyces cerevisiae (S. cerevisiae) en de melkgist Kluyveromyces lactis 

(K.(K. lactis). Deze gisten verschillen in de manier hoe glucose verbruikt wordt onder zuurstofrijke 

44 Gisting (de ~(v1) . Het gisten, de door micro-organismen bewerkte verandering of ontleding van stoffen, 
mett name die waarbij omzetting van suikerdelen in alcohol plaatsvindt (= fermentatie) 
55 Respiratie (de ~ (v.) 1. Ademhaling. 2. [btol.] het opnemen van zuurstof en afgeven van koolzuur. 
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omstandigheden.. Terwijl K. lactis de voorkeur geeft aan verademing van glucose, wordt in S. 

cerevisiaecerevisiae glucose voornamelijk omgezet via alcoholische gisting, dus óók als er voldoende 

zuurstoff is. Voor de productie van bakkersgist is dat nadelig vanwege de eerdergenoemde 

verminderdee opbrengst. Daarom zouden gistproducenten graag willen dat ze de verdeling van 

suikerr over de twee routes zelf kunnen sturen: via ademhaling als een grote celopbrengst moet 

wordenn verkregen, en via gisting als alcohol en kooldioxide gewenst zijn. Door meer te weten 

hoee die verdeling bepaald wordt, zou je kunnen ingrijpen in de stofwisseling van de gist om zo 

hett gewenste resultaat te verkrijgen. Vergelijking van de twee gisten kan hierbij dus belangrijke 

informatiee geven. 

Transcriptie .. Voor ik meer ga vertellen over één van de verschillen tussen de twee gisten die 

bijdraagtt aan de verdeling van suikers, is het nodig om eerst een nieuwe term uit te leggen: 

transcriptie6. . 

Inn de kern van een cel is de genetische informatie van die cel opgeslagen in de vorm van DNA. 

Hett begrip DNA klinkt waarschijnlijk bekend in de oren. Een soort streepjescode met erfelijke 

informatie.. Inderdaad, DNA bestaat uit genen en elk gen bevat de informatie om een enkel eiwit 

tee maken. Om een eiwit te maken wordt eerst het gen in een andere code weergegeven, het 

zogenaamdee boodschapper RNA. Het proces waarbij het boodschapper RNA wordt gemaakt 

heett transcriptie. Het DNA wordt als het ware overgeschreven (gekopieerd) naar het 

boodschapperr RNA. Vervolgens wordt het RNA vertaald naar een eiwit (translatie). De 

bouwstenenn van een eiwit zijn aminozuren, en de informatie die in het gen en boodschapper 

RNAA ligt opgeslagen vertelt welke aminozuren moeten worden ingebouwd om het juiste eiwit te 

krijgen. . 

Repressie .. Behalve genen bevat DNA ook informatie in welke mate en onder welke 

omstandighedenn een gen moet worden overgeschreven, de regel-elementen. Deze regel-

elementenn bepalen in welke mate een gen wordt overgeschreven (het gen staat 'aan'), of zelfs 

helemaall niet (het gen staat 'uit'). Als de omstandigheden zodanig zijn dat bepaalde genen 

(bijna)) 'uit' staan, spreken we van repressie. Transcriptie en repressie moeten nauwkeurig 

wordenn geregeld om het maken van onnodige eiwitten te voorkomen. Als er iets mis gaat met 

dezee regulatie kan een cel ontsporen, en kan bijvoorbeeld bij mensen een kankercel worden 

waarinn ongecontroleerde celgroei plaatsvindt. 

Transcriptiee (de - (v)):1: Weergave van informatie in een andere vorm of code 
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Mijnn onderzoek . Wat hebben transcriptie en repressie te maken met de manier waarop 

glucosee worden omgezet? Als de gist S. cerevisiae merkt dat er glucose is, gaat er een signaal 

naarr de kern waar de genen zich bevinden om te zorgen dat de ademhalingsgenen niet worden 

afgelezenn en er dus geen eiwitten worden gemaakt die nodig zijn bij verademing van glucose. 

Mett andere woorden, de ademhalingsfunctie wordt gereprimeerd (onderdrukt), en glucose 

wordtt via alcoholische gisting verbruikt. 

Inn tegenstelling hiermee komt deze repressie van ademhalingsfunctie niet of nauwelijksvoor in 

K.K. lactis. In deze gist worden de genen, onafhankelijk of suiker aanwezig is, voortdurend 

overgeschreven.. K. lactis kan dus beter glucose omzetten via verademing dan S. cerevisiae. Dit 

iss niet het enige verschil dat het verschil tussen de manieren van glucoseverbruik in de twee 

gistenn veroorzaakt, want er komen nog veel meer aspecten op de hoek kijken. Maar het is wel 

eenn zodanig belangrijk verschil dat mijn proefschift eraan gewijd is om meer inzicht te verkrijgen 

hoee die regulatie van de transcriptie van ademhalingsgenen in de cel tot stand komt, en welke 

factorenn daar een rol bij spelen. Die kennis zouden we niet alleen kunnen gebruiken om 

gerichterr te werk te gaan bij het ingrijpen in de manier waarop glucose wordt verbruikt in 

bakkersgist,, maar vertelt ons ook hoe verschillende gisten omgaan met beschikbare 

voedingstoffenn op de voor hun meest optimale manier om te (over)leven. 

"Gelukt? ""  Blijft tenslotte nog een brandende vraag over, die me de afgelopen jaren vaak is 

gesteld:: "is het gelukt??" Gezien het feit dat er een heel boekje over volgeschreven is, mag je 

concluderenn dat het gelukt is om meer inzicht te verkrijgen in de 'transcriptie-regulatie van 

ademhaling'' in gist. Stapje voor stapje komen we dichter bij het ontrafelen van mechanismen 

diee een gistcel hanteert om te reageren op bepaalde factoren in de omgeving, en hoewel er bij 

onderzoekk voor elke beantwoorde vraag veel nieuwe vragen worden opgeroepen, hoop ik met 

ditt proefschrift een bijdrage te hebben geleverd aan de fundamentele kennis over het 

functionerenn van een (gist-)cel. 
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"Bijj het verschijnen van dit proefschrift is het mij eene behoefte uiting te geven aan mijne 

gevoelenss van dankbaarheid". Zo begint het voorwoord van mijn opa Brons als hij op 4 

novemberr 1940 de graad van doctor in de geneeskunde haalt met het proefschrift "De 

beteekeniss van het hypophyse-achterkwab-extract voor een spontaan baringsverloop". Ruim 

zestigg jaar later ben ik op het punt aangekomen om een aantal mensen te bedanken die op een 

off andere manier aan het tot stand komen van mijn proefschrift hebben bijgedragen. De basis 

voorr mijn gistwerk is misschien terug te voeren tot een ander extract, dat mij door mijn ouders 

werdd toegediend: Marmite, niets anders dan een heus gist-extract. Lieve pappa en mamma, 

bedanktt voor de Marmite, voor de krantenknipsels, voor alle bijtankweekendjes. Fijn dat jullie 

mijnn ouders zijn! Heleen en Harro, ondanks dat jullie ook marmite hebben binnengekregen, zijn 

julliee niet in de gistwereld terechtgekomen. Ik ben blij dat ik jullie als broer(tje) en zus heb. Jan 

Mark,, mijn persoonlijke grafisch ontwerper, ondanks dat jij (nog) geen marmite-liefhebber bent, 

hebb je verschrikkelijk geholpen om een duidelijk stukje in écht gewoon Nederlands te schrijven. 

Dann de mensen achter de schermen van MolBiol: Allereerst mijn promotor, beste Les, de bocht 

bijj Keulen bemoeilijkte soms het lezen van de treincorrecties, maar bedankt! En dan mijn co-

promotorr Jolanda. Ik ben begonnen met mijn ABON-matching project bij jouw ABON project, en 

gelukkigg matchten we samen ook nog. Wat hebben we toch veel verschrikkelijke congressen op 

evenzoo vervelende locaties bezocht, Aquafredda di Maratea (I), Granada (E), Rimini (I), 

Albufeiraa (P)...Knuffel voor Tommie, en voorspoedige tijden gewenst. De transcriptiegroep is in 

dee loop van de jaren uitgebreid met André, Romeo en Betsie. Bedankt voor technische hulp en 
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voorr lbookjes (é s), bedankt. Nadine, Thessa, Agnieszka, en de van Jolanda "geleende" 

studentenn Esther en Ed, jullie hebben elk een steentje aan mijn onderzoek bijgedragen. Hans, 

inn de relatieve rust van onze labtop-kamer was het prima schrijven. Liesbeth, ik ben benieuwd 
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tegenkwam:: bedankt voor hulp, tips, labuitjes, etentjes en gezelligheid. Merci beaucoup, 
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Curriculu mm vitae 

Dee schrijfster van dit proefschrift werd geboren op 14 september 1971 in Beetsterzwaag. Van 

19833 tot 1989 volgde ze het Voorbereidend Wetenschappelijk Onderwijs aan het Drachtster 

Lyceumm te Drachten. Na het behalen van het diploma begon ze haar studie Medische Biologie 

aann de Rijksuniversiteit van Utrecht. Tijdens deze studie deed ze immunologisch onderzoek op 

dee afdeling Immunohematologie van het Academische Ziekenhuis Utrecht. Vervolgens deed ze 

eenn stage bij de afdeling Moleculaire Genetica en Gentechnologie van TNO te Rijswijk. Hierna 

werdd een extra moleculair biologische stage gevolgd bij de vakgroep Genetics van de University 

off Melbourne, Australië. Na het behalen van het doctoraal examen Medische Biologie in 

augustuss 1995 begon ze in oktober 1995 als assistent in opleiding met een onderzoek naar de 

koolstofbron-afhankelijkee transcriptie regulatie van nucleaire genen die coderen voor 

ademhalingseiwittenn in de gisten Saccharomyces cerevisiae en Kluyveromyces lactis. Dit 

promotie-onderzoekk werd uitgevoerd op de afdeling Moleculaire Biologie van het Swammerdam 

InstituteInstitute for Life Sciences van de Universiteit van Amsterdam. Nadat de aanstelling was 

beëindigdd heeft ze via UvA Jobservice nog 9 maanden op het onderwerp van haar promotie 

doorgewerkt.. De resultaten van dit onderzoek zijn weergegeven in dit proefschrift. Sinds 1 mei 

20011 is ze werkzaam bij ChromaGenics B.V. te Amsterdam. 
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