
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Balancing between respiration and fermentation: Transcriptional regulation of
respiratory glucose metabolism in yeast

Brons, J.F.

Publication date
2001

Link to publication

Citation for published version (APA):
Brons, J. F. (2001). Balancing between respiration and fermentation: Transcriptional
regulation of respiratory glucose metabolism in yeast. [Thesis, fully internal, Universiteit van
Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/balancing-between-respiration-and-fermentation-transcriptional-regulation-of-respiratory-glucose-metabolism-in-yeast(62c8af6a-c09f-4f4d-963a-8bad53b27bce).html


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 
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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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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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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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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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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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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 
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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 

29 9 



Chapterr 1 

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. 

33 3 



Chapterr 1 

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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