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Chapterr 9 

9.11 Summary 

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

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

Somee pieces of the puzzle were answered, yet new questions emerged. In this section, I wil l 
evaluatee to what extent the questions have been answered, and which new questions have 
arisen.. Ideas will be discussed that have emerged during the last four years and may direct to 
futuree investigations. 
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9.22 Role and function of the hexose transporters In metabolism 

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

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

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

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

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

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

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

timee (min) time (min) 

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

Controll of glucose transport - In Chapter 4 it was found that a high proportion of the 
controll  of the glycolytic flux resides in the transport of glucose across the plasma membrane. 
Thiss was determined in cells at one particular condition: the moment of glucose depletion 
duringg aerobic batch growth on glucose. It is a small piece of a much more complex problem: 
thee distribution of control during growth under any condition. The condition that was 
monitoredd in Chapter 3 resembles the situation of bakers' yeast before the addition to dough. 
Thus,, causally we might conclude that overexpression of hexose transporters in bakers' yeast 
mightt result in an increased fermentative capacity. However, different problems emerge: 
1)) What is the control of the separate hexose transporters on the glycolytic flux, and what is 
thee result of their overexpression? 
2)) What is the result of the overexpression of hexose transport during the production of 
bakers'' yeast? 
3)) To what extent does a commercial bakers' yeast differ from an S. bayanus lab strain? 
4)4) What happens to the control distribution when hexose transport is overexpressed? 
Intimatee knowledge of metabolism by means of in silico and in vivo experiments will result 
inn an 'improved' yeast strain and ultimately in a predictive model of the yeast cell. 
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