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Chapterr 4 

4.11 Summar y 

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

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

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

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

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

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

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

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

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

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

4.33 Mater ial s an d Method s 

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

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

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

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

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

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

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

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

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

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

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

11 (s-p) 
KKm2 m2 vv = V — + V 

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

22 V V v 2 

(4.3) ) mlml ml ml m*  ml m2 

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

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

4.44 Result s and Discussio n 

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

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

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

800 0 

'SS 600 

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

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

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

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

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

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

SaccharomycesSaccharomyces bayanus 

SaccharomycesSaccharomyces bayanus 

SaccharomycesSaccharomyces bayanus 

SaccharomycesSaccharomyces cerevisiae 

SaccharomycesSaccharomyces cerevisiae 

IGCC 4565 

IGCC 4565 

IGCC 4565 

CEN.PK113-7D D 

IGCC 5297 

exponential l 

diauxicc shift (1) 

(2) ) 

stationary y 

earlyy stat. 

earlyy stat. 

277  2.9 

1.55 1 

344 0 

2.99 2 

1.88 + 0.2 

1.11 3 

307 7 

(50) ) 

(300) ) 

26 6 

23 3 

23 3 

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

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

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

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

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

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

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

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

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

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

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

Thee response coefficient can be determined by measuring the glycolytic flux (the 
glucosee consumption rate) as a function of the parameter modulated i.e. the concentration of 

44 5 6 
Inn Vzero-trans 
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extracellularr glucose. The flux vs extracellular glucose was smoothed by fitting a cubic spline 
inn linear space. The slope (dJ/ds) thus determined was scaled in each point by multiplying 
withh the respective extracellular glucose concentration and dividing by the flux [R = (dJ/ds)-
(s/J)],, to yield the flux response coefficient (Fig. 4.3). 

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

Figuree 4.3 The flux response coefficient 

(RGG ) of glucose consumption (J) towards 

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

00 50 100 150 200 250 
ss  (mM) 

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

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

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

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

Figuree 4.4 The flux control coefficient 

(( Cv ) of glucose transport activity on the 

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

00 50 100 150 200 250 
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Inn this study we show how the control of the glucose transport step on the glycolytic 
fluxflux can be derived on a quantitative basis. From our results we conclude that a high 
proportionn of the control of the glycolytic flux resides in the glucose transport step. The fact 
thatt the glucose transport capacity is always in excess over the glucose consumption rate and 
thee presence of intracellular glucose (204) does not prove that the control of glucose transport 
onn glycolysis is low, yet is an effect of the metabolic steps following the glucose transport 
step.step. The Km for glucose of the hexokinases (0.1-0.2 mM) and glucokinase (0.03 mM) in S. 
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cerevisiaecerevisiae is far below the measured and calculated concentration of intracellular glucose 
(204).. This might suggest that glucose should be phosphorylated at the maximal velocity; 
however,, the apparent Km of hexokinase may be increased by the competitive inhibition by 
trehalose-6PP (17) or by a direct interaction with the trehalose-6-phosphate synthase (212). 
Thee interaction of the Tps-system with hexokinase has been suggested to regulate the influx 
intoo glycolysis (207, 212), in the absence of the Tps-system glycolysis overflows. 
Differencess between the glucose consumption rate and the zero fr<ms-influx of glucose, as 
welll  as the presence of intracellular glucose, may thus arise as effects of the metabolic steps 
followingg the glucose transport step. 
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