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CHAPTER 1 

General introduction 

THE PHYSIOLOGICAL RESPONSE OF SACCHAROMYCES CEREVISIAE TO TEMPERATURE STRESS 
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ABSTRACT 

Unicellular organisms are subject to constantly changing environmental conditions to 

which they have to adapt in order to survive and thrive. A combination of general and 

stress specific responses function to achieve these adaptations. One of the most-studied 

environmental parameters is temperature, which directly affects many aspects of cellular 

functioning. In the several decades that the effect of temperature has been studied in the 

yeast Saccharomyces cerevisiae, molecular mechanisms that govern adaptation have 

been uncovered. Individual components and processes have been studied for their 

function and large datasets are available for changes at transcriptome and proteome 

level. However, these approaches have yielded only limited insight in cellular behaviour. A 

partial explanation for this is that functional behaviour is not defined on the level of 

individual proteins, transcripts, or metabolites. Rather, it emerges at the levels of 

functional interactions, structure, and metabolism. Metabolism is determined by the 

complex interactions of gene expression, protein synthesis and degradation, post-

translational modifications, protein localization and interaction, allosteric factors, and 

metabolite concentrations themselves. In order to understand how these combined 

mechanisms result in in vivo phenotypic adaptation to environmental change, quantitative 

descriptions are required that allow us to understand the interactions between the various 

regulatory mechanisms.  

In this introduction I will outline the current knowledge of the molecular mechanisms 

underlying the adaptive responses to environmental change in general, and changes in 

temperature specifically. I will describe how these mechanisms affect cellular functioning, 

as well as physiology and aim to clarify how yeasts' adaptation to changes in temperature 

benefit the organisms' fitness in a changing environment. I emphasize the need for a 

multilevel analysis approach to see the bigger picture, necessary for understanding the 

physiological response of yeast to changed conditions. 

 



General introduction 

10 
 

Yeasts in a dynamic changing environment 

Microorganisms have a specific and balanced internal milieu for optimal growth and 

function. Fluctuations in the external environment perturb the internal milieu, which can 

lead to destabilization of cellular structures, affect protein motility, or local conditions 

around enzymes. Thus enzyme activity may be affected which in turn leads to altered 

metabolic fluxes that in turn affect the internal milieu. To maintain functionality in a wide 

spectrum of conditions, yeasts needs to alter its cellular composition and internal milieu in 

response to environmental changes, repair stress-induced damage and protect 

themselves against further exposure. In their natural habitat, many species encounter 

fluctuations in ambient temperature, osmolarity, acidity, radiation, presence of toxic 

compounds and long periods of nutrient depletion. When the environmental conditions 

vary, the internal milieu must be rapidly altered to one suitable for growth under the new 

condition. In this section we will discuss the nature of these adaptations, and discuss the 

respective contributions of stress specific and general responses. 

The efficiency of the adaptive response becomes apparent in an altered resistance 

phenotype: Yeast cells gain protection against various stresses, or resistance to lethal 

doses of stress, when they are exposed to a mild dose of either the same or even a 

different stress (see for example [1-4]). This acquired stress resistance is well 

documented in Saccharomyces cerevisiae [5-10], but the phenomenon is also found in 

other organisms, including bacteria, other fungi and man [11-19]. These observations 

suggest that there is a general aspect to the response to environmental changes in yeast. 

Whole genome expression studies in yeast after exposure to a variety of stressful 

environmental changes revealed that the expression of approximately 900 genes was 

stereotypically altered [20, 21]. Based on their expression patterns, these genes can be 

divided in two groups, one for which expression was induced, and another for which 

transcript levels are decreased [20, 21]. The groups display virtually identical patterns in 

time, but in opposite direction. The response is usually transient; immediately after the 

environmental change cells respond with large changes in gene expression, but over time 

the expression returns to pre-stress levels [20, 21]. The induction of these environmental 

stress responsive (ESR) genes is controlled by a common element in the promoters of the 

genes, the stress response element (STRE) [22, 23]. The main STRE binding factors 

were shown to be transcription factors Msn2p and Msn4p [24-27]. The repressed genes 

are under control of other transcription factors, amongst which the transcription factor 

Rap1p [28]. Many of the repressed genes are directly related to ribosome biogenesis [20, 

21]. The known functions of the characterized genes are related to carbon metabolism, 

metabolite transport, DNA-damage repair, cell wall modification, vacuolar and 

mitochondrial function, and others [21]. The function of the repressed genes suggests that 
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the cell reduces growth under stress conditions, while the induced genes are related to 

stress damage repair processes.  

Surprisingly, only few of the ESR genes that are induced in a specific condition are 

required for stress survival of only that specific condition [29], indicating that the primary 

function of the ESR induced genes is to provide protection against possible other 

stresses. In addition, cells lacking Msn2p and/or Msn4p have a normal stress tolerance, 

but the acquired stress resistance to most stresses is diminished [30]. These results also 

suggest that the changes in gene expression in the environmental stress response are 

important in making the cell more robust towards impending, predictable stress, rather 

than assist survival of the original stress. 

During evolution, many organisms have ‘learned’ to predict changes; in many if not 

most cases, the fluctuations in a microbe's environment are not random, but to a certain 

extent repeated in time. Microorganisms evolved in such environments will ‘anticipate’ the 

next challenge. This was elegantly shown in conditions emulating the wine production 

conditions, in which stresses are encountered in a repeating sequence: initially grape 

must has low pH, high osmolarity and high sugar content. Due to vigorous fermentation 

the environmental temperature increases and ethanol accumulates. When all sugars are 

exhausted, the cells shift to oxidative respiration, which may result in production of oxygen 

radicals. Indeed, it has been shown that the stress protection is stronger in the direction 

that fits the natural temporal order, for instance osmolarity increased ethanol tolerance 

much more than vice versa [31]. Additionally, in prokaryotes after repeated exposure to 

only one initial stress, the loss of a conditioned response was observed [31]. This 

suggests that environmental anticipation has evolved in response to a specific order of 

conditions that the microbe is presented with in its specific ecological niche. 

 

Response of yeast to changes in temperature 

A change of temperature leads to several physiochemical changes in the cell. 

Temperature affects the fluidity of biological membranes [32, 33] and as a result the 

permeability of the membrane will change. Indirectly, this may lead to leakage of ions and 

a drop of pH [34, 35]. To convert substrate into product, substrate and enzymes have to 

collide and bind to the active site. Within limits, temperature increase results in an 

increased motility of both substrate and enzyme. If the temperature increase is great 

enough, weak bonds may be broken and structure of enzymes may be changed. Since 

the structure is crucial to the function, this could lead to inactivation of the enzyme. 

Misfolded proteins can form aggregates. Indeed, the accumulation of denatured proteins 

and aggregates is one potential cause of cell death during severe heat stress [36].  
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Temperature itself has an effect on biochemical reactions in the cell, since it not 

only affects the motility of molecules, but also the activation energy of the catalytic 

reaction and thermal stability of the substrates. The temperature dependence of catalytic 

rates is partially described by the Arrhenius equation [37]:  

 

in which k is the rate constant of the reaction, A is the frequency factor, Ea is the activation 

energy, R is the gas constant and T is the temperature. According to this equation, an 

increase in temperature or decrease in activation energy will result in an increase in 

activity. In biological systems however, this relationship is an oversimplification, because it 

does not take into account the temperature-dependent effects of allosteric factors, nor 

does it include temperature-dependent structural changes to the enzyme. In this thesis I 

show that in the physiological temperature range the activity of glycolytic enzymes 

increased only slightly with an increased temperature, which suggest a buffering of 

temperature changes by the structure of the glycolytic enzymes (Chapter 2 and 3). 

In order to survive and adapt to increased temperatures, the internal milieu of the 

cell has to be altered to cope with the physicochemical effects described above. Cells 

respond, besides the general stress response, by inducing a set of genes regulated by the 

heat shock transcription factor (Hsf1) [38]. Hsf1 binds to heat shock elements (HSE) of 

target genes, amongst which are the heat shock protein (HSP) genes. These proteins 

function as molecular chaperones and thus play a critical role in protein (un)folding [39, 

40] or degradation of damaged proteins [41]. Additionally, HSPs play a role in the 

(dis)assembly of proteins in oligomeric structures, degrading misfolded, misassembled 

proteins and many regulatory functions (i.e. Hsp30p) [42-44]. Other target genes encode 

proteins involved in detoxification, protein degradation, energy generation, carbohydrate 

metabolism, maintenance of cell integrity and cell wall remodelling [45-48]. Together, 

these gene products repair the damage caused by the increased temperature and 

increase tolerance to temperature. It has been suggested that the level of HSPs is the 

major determinant of the tolerance to increased temperature. However, no correlation was 

found between the level of thermal tolerance and the level of HSPs [43, 49]. Additionally, 

expression of heat shock proteins occurs not only in response to an increased 

environmental temperature, they are also expressed after various environmental changes, 

and several are essential under normal growth conditions [43, 50].  

Next to HSP other factors are known to be important for thermotolerance. Studies 

in Saccharomyces cerevisiae have shown that the genes coding for both trehalose 

synthesis (trehalose 6-phosphate synthase and -phosphatase) as well as degradation 

(trehalases) are strongly up-regulated in response to changes in temperature [51]. 

k = A⋅ e

−Ea

R ⋅T
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Historically, trehalose was believed to be important as a storage carbohydrate [52]. 

However, it appears to be more important in protection of the cell against heat and other 

stresses [53, 54]. Trehalose suppresses the aggregation of denatured proteins and 

facilitates refolding of denatured proteins [55, 56]. In addition, trehalose stabilizes native 

proteins and membranes [56-59]. Strikingly, the accumulation of trehalose is observed as 

an initial response only [51, 53, 60]. High levels of trehalose over a long period of time 

during heat stress results in cellular damage [56].  

In the previous section we described the physiochemical effects of increased 

temperatures and the response of yeast to counteract these effects. In ecological niches a 

decrease of temperature is as common as temperature increases, and may take place 

daily, seasonally or at unpredictable moments. Like heat, cold influences the structural 

and functional properties of cellular components. As a consequence of low temperatures, 

a decrease in membrane fluidity occurs, diffusion rates are slowed down and enzyme 

kinetics are affected [61-63]. Furthermore, cold stress induces cluster formation of integral 

membrane proteins and reduces lateral movement of membrane associated enzymes 

[64]. Yeast cells initiate a different response when the temperature drops to a temperature 

in the range of 10ºC-18ºC compared to drops to near-freezing temperatures (below 10ºC) 

[65]. Underlying this difference might be growth arrest at extremely low temperatures, 

whereas at 10ºC to 18ºC yeast can actively grow, albeit at a low growth rate. In the near-

freezing response genes encoding trehalose synthesizing enzymes are directly induced 

and produce large amounts of the thermo-protective disaccharide [65-67]. Besides the 

induction of trehalose synthesizing genes, a selective number of heat shock genes are 

induced [65, 67]. In addition, genes that are involved in glycogen biosynthesis are induced 

and the levels of phospholipids and mannoproteins are increased [67], probably to 

maintain membrane fluidity and permeability of the cell wall.  

In contrast to the near-freezing response, trehalose biosynthesis is not directly 

increased after the cold shock (10ºC-18ºC) [68]. The direct response is marked by the 

induction of genes involved in pre-rRNA processing, ribosome biogenesis and 

maintenance of the cell wall [69, 70]. In a later stage of the response genes are expressed 

which show great overlap with ESR genes, indicating that the environmental stress 

response is activated in the late response [70].  

Concluding, the response to perturbations in temperature results both in increased 

synthesis of chaperones and repair proteins and at the level of trehalose synthesis. 

 

Carbon metabolism in yeast 

Saccharomyces cerevisiae preferentially ferments monosaccharides such as glucose and 

fructose. The first step of glucose metabolism is transport over the plasma membrane. 
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Figure 1.1. Overview of the fermentative pathway. 1: hexose transporter, 2: hexokinase, 3: 

phosphoglucose isomerase, 4: phosphofructokinase, 5: fructose biphosphate aldolase, 6: 

triosephosphate isomerase, 7: glyceraldehyde 3-phosphate dehydrogenase, 8: phosphoglycerate 

kinase, 9: phosphoglycerate mutase, 10: enolase, 11: pyruvate kinase, 12: pyruvate 

decarboxylase, 13: alcohol dehydrogenase, 14: glycerol3-phosphate dehydrogenase, 15: glycerol 

3-phosphatase, 16: trehalose 6-phosphate synthase 

 

Once inside, glucose is oxidized via a set of enzymes to two pyruvate molecules, which 

results in the net formation of 2 ATP molecules per molecule of glucose (Figure 1.1). 

Oxidation of glucose into pyruvate not only yields ATP, but also leads to the reduction of 
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NAD+ in the glyceraldehyde 3-P dehydrogenase reaction. To maintain the redox balance, 

NADH has to be reoxidized to NAD+. In the absence of oxygen, pyruvate is converted to 

ethanol via two enzymes: pyruvate decarboxylase and alcohol dehydrogenase. In the 

latter reaction NADH is oxidized into NAD+. Thus, conversion of glucose into ethanol is 

redox neutral. Small amounts of NADH formed in reactions involved in biomass 

production can not be oxidized via the redox neutral fermentation pathway. The oxidation 

of this NADH yields glycerol. Therefore, glycerol production during fermentation can be 

seen as an electron sink [71].  

 

 
 Figure 1.2. Schematic overview of the electron transport chain in the mitochondria. OM: outer 

membrane, IM: inner membrane, UQ: ubiquinone, CytC: cytochrome C. 

 

During aerobic growth, NADH formed in glycolysis can be reoxidized via 

mitochondrial respiration (Figure 1.2). Pyruvate does not have to be converted to 

acetaldehyde to maintain redox balance. Instead, pyruvate can be oxidized further to 

acetyl coenzyme A and enter the tricarboxylic acid cycle in the mitochondria. Next, acetyl 

CoA is oxidized to water and carbon dioxide by the enzymes of the TCA cycle, which 

yields NADH and FADH2. Subsequently, these can be reoxidized by the mitochondrial 

respiratory chain, yielding ATP via the electron transport chain. The respiratory chain 

consists of multiple enzyme complexes, between which electrons are transferred to 

oxygen. The free energy of oxygen reduction to water is converted into a proton gradient. 

Saccharomyces cerevisiae is different from many other eukaryotes, including mammals, 

in that it lacks a proton translocating complex I [72]. Instead, it contains an 

NADH:ubiquinone oxidoreductase (NdiIp) which is located in the inner mitochondrial 

membrane with the active site facing the mitochondrial matrix to oxidize the NADH 

generated in the tricarboxylic acid cycle [73]. To oxidize cytosolic NADH (from glycolysis 

or anabolic reactions), two systems are important. First, two external NADH 

dehydrogenases in the inter membrane space (IMS) function similar to the Ndip 
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(Nde1p/Nde2p) [74, 75]. Second, similar to the anaerobic situation, DHAP can be 

converted to glycerol 3-phosphate, oxidizing NADH. However, in contrast to the anaerobic 

situation, no glycerol needs to be formed, because glycerol 3-phosphate can be 

reconverted into DHAP by Gut2p, an FADH2 dependent oxidase in the mitochondrial 

membrane [76]. At the NADH dehydrogenases or at Gut2p, electrons originating from 

NADH are transferred to ubiquinone molecules, which relay the electrons to the 

cytochrome bc complex (complex III). Here, the electrons are accepted from ubiquinone 

molecules and passed on to cytochrome C (cytC), which carries the electrons to the 

cytochrome oxidase complex (complex IV). In this step four protons are actively 

translocated from the matrix to the IMS. In complex IV the electrons are accepted from 

cytC and passed on to oxygen to produce water, and two protons are translocated to 

contribute to the proton motive force. The proton motive force is next used to synthesize 

ATP by the F0F1-ATPase. This complex produces 3 ATP molecules at the cost of 10 

protons transported back to the mitochondrial matrix.  

Overall, respiration of glucose into carbon dioxide and water yields approximately 

8-fold more ATP than fermentation of glucose into ethanol. However, depending on the 

environmental conditions yeast has a fermentative, respiro-fermentative or fully respiratory 

metabolism. The environmental availability of nutrients, oxygen and stresses determine 

the mode of metabolism: fully respiratory growth occurs at low sugar concentrations in the 

presence of sufficient oxygen and when the dilution rate is below the critical growth rate in 

carbon limited chemostat cultivations [77]. The critical growth rate is defined as the 

maximal growth rate at which the cell can grow fully respiratory. Above this critical growth 

rate, the culture will start to produce ethanol, and grow with a combined respiro-

fermentative metabolism. The production of ethanol under aerobic conditions is known as 

the Crabtree effect [77]. Despite many years of detailed studies on this subject, it is still 

not known whether the onset of the Crabtree effect is due to limited respiratory capacity or 

is caused by glucose-mediated repression of respiration.  

Oxygen availability and the concentration of available sugars in the environment 

determine the mode of yeasts’ metabolism. As described above, the stress response 

affects metabolic fluxes as well. It is tempting to assume that under harsh conditions the 

mode of metabolism yielding the most energy favoured. However, the metabolic strategy 

that yields the most energy is not always the preferred strategy for growth under stressful 

conditions [78]. One often ignored aspect of the choice of metabolic strategy is the cost of 

synthesizing enzymes, compared to the benefits of the enzyme’s activity. These costs 

introduce additional trade-offs between metabolic pathways. For yeast, ethanol formation 

is a good example. Although respiration generates more energy, respiration of glucose via 

the citric acid cycle and electron transfer chain requires a whole dedicated organelle with 
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enzymes, membranes, DNA, etc., whereas the production of ethanol requires the 

synthesis of only two enzymes in the cytosol. In conditions where costs of the generation 

of the respiratory pathway become higher than the energy that it produces, it might be 

beneficial to shift to the cheap fermentative pathway. The cost of biomass is increased 

with the increase in temperature and therefore shifts in metabolism can be expected [79]. 

Indeed, yeast cells shift from fully respiratory metabolism to a respiro-fermentative 

metabolism when stressed with an increased temperature (Chapter 2). We observed 

respiratory metabolism in chemostat cultures in the range of 30ºC-37ºC, while increasing 

the temperature one degree resulted in a shift to an alternative pathway. Probably, 

temperature increases above 37ºC disrupted the balance between costs and benefits, 

resulting in a shift to the cheaper alternative fermentative pathway.  

In conclusion, growth is a complex process in which availability of nutrients and 

stress response(s) plays an important role. Complex interaction and trade-offs determine 

the growth result, and therefore shifts in metabolism can occur that may appear 

counterintuitive, because we do not yet fully understand costs and benefits of cellular 

components. 

 

Integration of nutrient and stress signals 

The previous paragraphs show that growth is the outcome of a delicate balance between 

nutrient availability and stress response. However, growth is not just passively controlled 

by the availability of nutrients, but is orchestrated by signalling pathways. The next 

paragraph will shortly summarize how nutrients and stress signals are integrated to 

generate the proper response to external conditions (see Figure 1.3 for schematic 

overview). 

 

 
Figure 1.3. Simplified representation of the interaction of stress and nutrient signaling pathways. 

TOR: target of rapamycin, PKA: cAMP-dependent protein kinase, PKC: cell integrity pathway, 

HOG: high osmolarity glycerol pathway 
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Nutrient sensing 

In S. cerevisiae, the target of rapamycin (TOR) signalling pathway is a key player in the 

response to nutrient availability such as carbon and nitrogen [80]. Central in this pathway 

are two protein kinase complexes, TORC1 and TORC2, both with distinct roles in cellular 

growth [81]. The rapamycin sensitive TORC1, which is localized to the membrane, 

becomes active in nutrient rich conditions. Subsequently, downstream components Sch9 

and Tap42 are phosphorylated. Sch9 promotes expression of genes required for 

ribosomal biogenesis. Activated Tap42 inhibits PP2A from dephosphorylation of Maf1p, 

which is negative regulator of RNA polymerase III [82]. Maf1p is phosphorylated in a 

cAMP-dependent protein kinase (PKA) pathway dependent manner and when 

phosphorylated Maf1p translocation to the nucleus is inhibited. Rapamycin treatment 

(mimics nutrient depletion) represses Tap42 inhibition of PP2A and subsequent 

dephospholylation causes translocation of Maf1p to the nucleus and represses the 

transcription of Pol-III [83]. This implies that in nutrient rich conditions genes involved in 

ribosome biosythesis are induced, while under poor nutrient conditions ribosome 

biogenesis is inhibited. 

A role for the TOR pathway in stress response was is also apparent [84]. 

Santhanam et al. reported that Tap42 inactivation and PP2A activity (like rapamycin 

treatment) caused Msn2p accumulation in the nucleus [85]. The rapamycin insensitive 

TORC2, also activated by nutrients, is known to control spatial dynamics of yeast growth 

by regulating the actin cytoskeleton via Ypk2p [86, 87]. While the downstream 

components are coming into focus, the upstream components still remain elusive. Besides 

regulating the actin polarization, TORC2 also activates Rom2p, which is a component of 

the cell integrity (PKC) pathway [88]. 

Like the TOR pathway, the PKA pathway is an important nutrient sensing role (for 

reviews see [89, 90]). Via various nutrient transporters/receptors the PKA pathway can be 

activated by various nutrients, among which are glucose, amino acids and ammonium 

[91]. In this pathway, Tpk1-3p are the active signaling kinases. The regulatory subunit is 

Bcy1p. Activation of the kinases by increased cAMP concentrations result in inhibition of 

stress resistance related genes, as well as genes related to trehalose and glycogen 

accumulation. Besides, expression of genes related to growth is induced. Mutants with an 

increased activity of the pathway showed decreased stress resistance, while reduced 

activity mutants displayed enhanced stress resistance [92].  

 

Stress sensing 

Important stress-sensing pathways are the high osmolarity glycerol (HOG) pathway and 

the cell integrity pathway (PKC pathway). The HOG pathway coordinates the adaptation 
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to an increased osmolarity (for review see [93]) as well as recently discovered heat stress 

[94]. Yeast has two osmosensors in the membrane. Signals originating from these 

sensors activate Hog1p via the MAPK cascade and Hog1p translocates to the nucleus. 

Here, it activates transcription factors Hot1p, Sko1p, Smp1p and Msn2/4p [95]. The 

possible function of activating the HOG pathway during heat stress might be fast recovery, 

since a HOG1 deletion strain showed slower recovery after heat stress compared to wild 

type cells [94].  

The PKC pathway is triggered by conditions that affect the cell-wall stability (for 

review see [96]). Kamada et al. showed that the PKC route is also activated in response 

to membrane stretch, via a mechanosensor in the membrane [97]. Mensonides et al. 

showed that in cells challenged with heat intracellular osmolarity is increased because of 

high intracellular levels of trehalose, and that this heat-induced osmotic shock is in fact the 

reason of PKC activation [60]. The increased intracellular osmolarity might stretch the cell 

membrane and subsequently activate the PKC pathway. Via the phosphorylation cascade 

transcription factors Rlm1p and SBF are activated. The products of these genes have 

been implicated in cell wall biogenesis and involved in regulating cell cycle [98, 99]. The 

PKC pathway not only controls its own transcription factors, but also plays a role in the 

cell growth signalling pathways PKA and the target of rapamycin pathway (TOR) [100]. 

Rom2p, a component of the PKC pathway, can regulate the PKA pathway by controlling 

the cAMP levels via the Ras-cAMP [100]. Besides, as described above, Rom2p can be 

actiated by TORC2.  

In conclusion, this shows that the nutrient signalling pathways (PKA and TOR) 

interact closely with the stress signalling pathways (PKC and HOG). These complicated 

signal transduction systems, which are in close interaction with each other, provide 

several advantages to the cell in response to changed environmental conditions. By 

controlling gene expression with many different factors the system allows for a precise 

and specific response to each new condition. Besides, it can control the distribution of 

resources over growth and stress tolerance related processed in a coordinated fashion. 

Msn2/4p and the STRE-regulated genes might represent an integration point of multiple 

signalling pathways that not only respond to diverse stresses but also to nutrient 

availability.  

 

The cost of stress and stress response 

In the previous paragraph we described the signal transduction pathways and their 

outputs. Apparently, the integrated response to nutrients and stress ensures that under 

favourable conditions the cell triggers a response for growth, while under stress conditions 

the cell invests in repair and protection mechanisms. The latter mechanisms affect the 
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distribution of energy between the requirements for adaptive response to and survival of 

stress, and those for processes required to make a new cell. 

In stressful conditions, the net costs of creating a new cell, or biomass, is 

increased because of repair and adaptation processes, or suboptimal functioning of 

cellular processes. The energy used for processes not contributing to increased biomass 

in physiology is called maintenance energy. In chemostat cultures, this maintenance 

energy can be quantified [101]. Indeed, with increasing temperature the amount of ATP 

required for maintenance is increased, and in fact doubles with increase from 28ºC to 

39ºC [102]. Several hypotheses for this increased maintenance have been formulated, 

including the need for energy to counteract proton leakage of the membrane and to 

establish the proton motive force [103, 104]. An alternative hypothesis is that at high 

temperatures proteins denature and aggregate and therefore the protein turnover is 

higher. Since ribosome formation and thus translation is one of the most expensive 

processes in the cell [105, 106], increased protein turnover results in an increased 

maintenance energy requirement. In agreement, using a kinetic model for growth, 

increased maintenance energy could be explained by an alternate protein make up [102, 

107]. The larger the difference in protein composition in presence or absence of the 

stress, the larger the maintenance energy. If the change in protein composition is too 

large, the translational costs to replace these proteins will exceed the total energy 

production. As consequence, cells will stop growing [102, 108]. 

 

Understanding integrated responses requires multi-level analyses 

A complex process such as growth involves a complex and coordinated interaction of all 

the molecular processes involved. Molecular responses at the level of gene expression 

and protein expression have been studied abundantly [109-114]. However, cellular control 

of ATP-generating metabolism upon environmental stress is still poorly understood, as is 

the integrated response of genetic make-up, transcription, translation, protein interactions, 

cellular structure, and metabolism.  

Metabolic engineering studies attempting to enhance glycolytic flux by 

overexpression of single or multiple glycolytic enzymes have been disappointingly 

unsuccessful [115-117]. Clearly, overexpression of a proposed rate-limiting enzyme or a 

complete part of glycolysis seldom leads to an increased flux, which emphasizes the need 

to understand the full complexity of the regulation of the pathway. Also, there is an 

apparent lack of correlation between mRNA and in vivo fluxes, between mRNA and 

protein levels, and even between enzyme activity and fluxes [118-123]. This indicates that 

the metabolic flux is regulated at multiple levels; a combination of the contribution of 

transcription, translation, post-translational modification and the metabolic environment of 
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the enzymes (Figure 1.4). To understand how the cell regulates its energy-generating 

metabolism in response to changes of environmental conditions, one needs to understand 

not only the changes that occur, but rather which of these changes contributes to the 

actual adaptation. A first full quantitative study into the control of growth rate by Castrillo et 

al. [123] revealed information about cellular strategies to direct metabolic fluxes towards 

the supply of intermediates required to sustain cell growth, but did not yet analyse how 

these changes were regulated. Until recently, few studies used such quantitative multi-

level analysis to reveal how fluxes are regulated in response to perturbed growth 

conditions. Comparison of metabolic fluxes through the glycolytic enzymes with the 

corresponding transcripts obtained by microarray analysis in chemostat cultivations with 

various carbon sources revealed that transcriptional regulation and the in vivo flux 

corresponded qualitatively only for maltose metabolism [118]. Similarly, the switch from 

respiro-fermentative to respiratory growth and accumulation of acetate, glycerol, and 

glycogen in response to lithium could not be predicted from the expression analyses at the 

level of either transcript or proteome [124]. Exposure to low temperature did not affect the 

in vivo flux through the glycolytic enzymes. Minor changes in transcript levels were 

observed, but enzyme activity and metabolite concentrations were changed [125]. 

Therefore, maintaining a high flux at low temperatures through enzymes with reduced 

capacity is regulated at the metabolic level.  

 

 Figure 1.4. The dissection of hierarchical and metabolic regulation of Regulation Analysis. Flux 

changes caused by hierarchical processes are referred to changes in the transcription cascade and 

metabolic regulation by changes in the environment of the enzymes. 
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All these studies increased the insight in how fluxes are regulated. However, they 

do not uncover to what extent specific cellular processes contribute to the flux change 

(quantitative dissection). Besides the regulation of glycolysis at low temperature, hardly 

any work has been done on the temperature regulation of glycolysis. 

 

To quantitatively dissect the relative contributions of the regulation at various 

levels to phenotype, and in this case to metabolic flux, Regulation Analysis can be used 

[126]. It is a mathematical tool that dissects to what extent the flux through a reaction 

correlates with the capacity of the enzyme catalyzing that reaction (hierarchical regulation) 

or by changes in the metabolic environment of the enzyme under study (metabolic 

regulation). This method was used in previous studies to study the regulation of the influx 

of glucose, and glycolysis itself, in response to carbon and nitrogen starvation [121, 127]. 

It was shown that in nitrogen-starved cells, the flux is mainly regulated hierarchically (by 

the gene expression cascade), while in carbon-starved conditions metabolic regulation 

was dominant. 

 The 10-fold change in flux through the glycolytic enzymes in response to benzoic 

acid in anaerobic conditions was shown to be largely metabolic [119]. Expanding the 

analysis to dissect the hierarchical component into contributions of transcription, 

translation, posttranslational modification and stability of protein and mRNA, the 50–20% 

hierarchical regulation of fluxes, was mostly regulated by protein synthesis or degradation, 

whereas transcription played a minor role. 

 

Scope of this thesis 

The approach in this thesis is part of a larger Vertical Genomics project, which is a 

collaboration of six laboratories at three Dutch universities. The aim of the project was to 

quantitatively dissect the regulatory mechanisms underlying changes in glycolytic rate. 

Additionally, the project was a test case for standardization of experimental conditions. All 

laboratories used the same strain and the same defined control conditions. From these 

defined conditions, different perturbations were made to study what the effect on 

glycolysis was and how these effects were regulated. Two dedicated projects focused on 

the improvement of the methodology, i.e. quantification of the glycolytic enzymes and 

quantitative measurements of the transcriptome, while five environmental perturbations 

were tested in the project: elevated growth temperature, oxygen limitation, starvation for 

nitrogen and carbon, fully fermentative conditions and short-term effects of carbon source 

perturbation (Figure 1.5). Regulation analysis was used, also its time-dependent 

extension [128], to study the effects of these perturbations and how these were regulated. 

Next, I shortly summarize how flux changes were regulated in the different projects. 
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Regulation of short-term dynamics was studied upon a single pulse of glucose. However, 

changes in transcript levels were observed already 2 minutes after a glucose pulse [129], 

the effect of these changes in transcript levels on the flux is still obscure. Studying the 

switch from glucose-limited aerobic conditions to glucose-excess anaerobic conditions the 

flux increase was regulated in two distinct phases [130]. The initial phase was regulated 

mainly metabolically and a second phase in which hierarchical and metabolic regulation 

was observed. Nitrogen-starved cells grown under respiratory conditions (low dilution 

rate), regulation analysis revealed dominant metabolic regulation [131], while nitrogen-

starved cells grown under respirofermentative conditions (high dilution rate), regulation by 

gene-expression was more important [132]. 

 As side project, the adaptation of the yeast glycerol pathway to hyperosmotic 

stress was studied [133]. It was shown that gene-expression is not essential for osmotic 

shock survival and that pure metabolic regulation dominates the response. 

  

 
 
Figure 1.5. Overview of the Vertical Genomics subprojects. Five subprojects studied the regulation 

of glycolysis for different parameter/perturbations. High temperature is the primary focus of this 

thesis. 

 

By using regulation analysis [126], we were able to evaluate to what extent the 

temperature induced flux increase through the glycolytic enzymes was regulated by 

metabolic processes (metabolic regulation) and processes affecting the capacity of active 

enzyme Vmax (hierarchical regulation). In Chapter 2 the adaptation of carbon-limited grown 

cells to increased temperatures was studied. Carbon-limited chemostats were grown to 

steady state, using a dilution rate of 0.1 h-1, pH controlled at 5.0 and at a temperature of 

30ºC. These standard conditions were perturbed with increased temperatures and 
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cultivated to a new steady state situation. A glycolytic flux increase was observed at high 

temperatures (> 37ºC) and a shift from respiratory to respire-fermentative metabolism was 

observed. Regulation analysis was used to evaluate to what extent the hierarchical, 

metabolic and temperature component contributed to the flux increase. Since temperature 

has a profound effect on cellular processes, we adapted regulation analysis to isolate the 

temperature effect as a separate term in regulation analysis. Surprisingly, the effect of 

temperature on the glycolytic enzymes was negligible. Besides, the contribution of 

hierarchical processes was mild. Therefore, metabolic processes mainly regulated the 

temperature-induced increased fluxes through the glycolytic enzymes, a hypothesis that 

was corroborated by measuring intracellular metabolite levels, which revealed large 

changes between steady state cultivations at 30ºC and 38ºC. 

In Chapter 3 we studied the mode of regulation in cells that are grown in high 

sugar nitrogen-limited chemostats at various temperatures. Using the same approach as 

in chapter 2, we studied how the temperature induced flux increase is regulated in a non-

energy limited condition. In contrast to the previous study, these cultivations have a 

respiro-fermentative metabolism over the total temperature range. Regulation analysis 

revealed various modes of flux regulation under these conditions, while in chapter 2 the 

change in flux was mainly brought by metabolic changes. Quantitative proteome analysis 

of glycolytic enzymes revealed that changes in isoenzym expression might underlie the 

differences in the response. 

In chapter 2 we observed a switch from respiratory growth at 30ºC to a respiro-

fermentative metabolism at 38ºC, indicating that respiration is temperature sensitive. In 

chapter 4 we studied the effect of cultivation temperature on the functioning of the 

respiratory chain in Saccharomyces cerevisiae in glucose-limited chemostats. Although 

the specific oxygen consumption rate did not change, we determined that above 37ºC 

oxygen consumption no longer contributed to ATP generation in the mitochondria. To be 

able to generate ATP, the cells shifted to ethanol production. Interestingly, we observed a 

linear increase in respiratory efficiency if the growth temperature was raised from 30ºC to 

37ºC, reaching a maximal P/O of 1.4. Increasing the temperature even further resulted in 

a collapse of the efficiency reflected by a P/O of zero. Deletion of the mitochondrial 

glycerol-3-phosphate dehydrogenase GUT2 abolished this temperature dependent 

increase, suggesting that NADH oxidation by this mechanism contributes significantly to a 

highly efficient mode of respiration. In addition, the same method was used to study the 

effect of oxygen availability on the mitochondrial efficiency. Rather than the expected 

increase in efficiency, we found a strong decrease of the P/O value with decreasing 

oxygen availability, down to almost zero. Despite the absence of alternative oxidases 
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and/or uncoupling proteins, yeast has the ability to regulate the coupling of oxygen 

consumption to energy production in response to environmental changes. 

In conclusion, this work provides an extensive analysis how energy generating 

metabolism in yeast adapts to temperature affects and to what extend cellular processes 

are involved. We reveal multiple interacting modes of adaptation and regulation, which 

depend on a complex combination of the level of stress and nutritional environment of the 

cells. 
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