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Chapter 5 

Control of glucose transport on growth and glucose repression of 
Saccharomyces cerevisiae cells containing Hxt7 as the only active 
glucose transporter1 

SUMMARY 

On the basis of a set of constructed Saccharomyces cerevisiae strains with variable expression 

of only one glucose transporter, i.e., the high-affinity Hxt7 protein, the effect of the glucose 

transport capacity on various physiological properties was determined. It was found that 

glucose transport by Hxt7 was the major controlling factor on glycolysis under the defined 

conditions. The control coefficients of glucose transport with respect to glucose flux and 

growth rate were 0.90 and 0.54, respectively. At high extracellular glucose concentrations 

both invertase activity and the relative rate of oxidative glucose metabolism increased 

considerably with decreasing glucose transport capacities, indicative of partial release from 

glucose repression. It is concluded that a factor determined by the rate of glucose uptake or 

metabolism produced the signal for glucose repression. In addition to the extracellular glucose 

concentration, this may have been the intracellular glucose concentration. HXT7 expression 

was itself repressed by glucose in the wildtype strain and significantly derepressed in strains 

with reduced transport capacity and no other active transporter genes. 

'Parts of this chapter and of chapter 4 are published (in modified form) in collaboration 

with Arthur L. Kruckeberg, Jan A. Berden and Karel van Dam, in J. Bacteriol. 181: 4673-

4675 (1999). 
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Control of glucose transport on growth and metabolism 

INTRODUCTION 

Saccharomyces cerevisiae can utilize several carbon compounds as nutrients for its growth. 

Sugars provide the carbon skeletons needed to synthesize cellular constituents and the free 

energy necessary for biosynthetic reactions. In the presence of glucose, the primary metabolic 

route is the glycolytic pathway, producing ethanol and ATP. Glucose induces the expression 

of some of the genes required for glucose utilization. These genes encode the glycolytic 

enzymes and glucose transporters (10, 28). The expression of many genes that are not 

required during fermentation is repressed when glucose is abundant (24, 56, 71, 110). This 

glucose repression phenomenon has attracted many biochemists, molecular biologists, and 

biotechnologists into researching its regulatory mechanisms. 

In glucose utilization, glucose transport across the plasma membrane is the essential first step 

of glycolysis. In the yeast S. cerevisiae, a large proportion of the control of the glycolytic 

pathway is thought to reside in this step under most growth conditions (10, 34, 69). 

Furthermore, hexose transport and hexose transporters have been speculated to play a central 

role in signaling the availability of glucose (the preferred growth substrate of yeast) in the 

medium (24, 110). Despite its potential importance, the transport step is the most poorly 

understood step in the pathway. This is due in part to the intractability by biochemical 

analysis of the highly hydrophobic transport proteins, and in part to the genetic complexity of 

the glucose transport system in wildtype yeast cells (123). The research performed here 

intended to investigate the relationship between the rate of hexose transport in the yeast S. 

cerevisiae and various physiological properties, as well as the effects of glucose repression on 

glucose transport and hexose transporter expression. It has two interlinked goals: first, to 

define the contribution of individual glucose transporter proteins to the net glucose transport 

carried out by the yeast cell; and second, to assess the role of glucose transport in the control 

of yeast glucose metabolism and glucose repression. 

Metabolic Control Analysis (MCA) has proven that control of metabolic pathways need not 

reside in a single step, but may be distributed amongst all steps of the pathway. Some steps 

can have high proportions of the total pathway control. The control of the flux through a 

metabolic pathway is described by MCA in terms of the control coefficient of each step. In 

principle, every step in a pathway shares the control of that pathway; the sum of the control 

coefficients in a pathway is one (57, 114). 

The control coefficient of the glucose transport, i.e., the extent to which the glucose transport 

(the parameter) controls the steady-state flux J (the variable) through the glycolytic pathway, 
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Chapter 5  

can be described as the fractional change in that flux upon an infinitely-small fractional 

change in the activity v of glucose transport: 

j _ dJ/J d Influx 
Cy ^M/[V] d In transport 

Plotting the logarithm of the flux against the logarithm of the activity of glucose transport, the 

slope of the curve equals the control coefficient (58). The activity is defined as the rate at 

constant concentration of substances that affect that rate. Flux is defined at steady state of the 

system. The flux J can be any of the processes in the yeast cell; here, the glycolytic pathway 

and the growth rate (flux to biomass) are considered. 

Based on the Michaelis-Menten equation, which is the basic equation of enzyme kinetics: 

S + K„ 

the zero-trans influx kinetics of glucose transport can be described as (12, 210): 

v = -Km (v/S) + Fmax (one component model) 

or 

v = -Kml • (v/S)+f^, + C ^ • ""* (two components model) 

where v (nmoles min"1 mg protein"1) is the measured rate of glucose transport, S is the 

substrate concentration (external glucose concentration, mM), Kmax is the maximum rate of 

glucose transport (nmoles min"1 mg protein"1). The concentration of substrate at which for 

each transport system individually, v = - Kmax, is termed Km, the apparent affinity constant (in 

mM). 

To transform the Michaelis-Menten equation into a linear form for analyzing data graphically 

and detecting deviation from the ideal behavior, a common plot is that of Eadie-Hofstee (61). 

Plotting v against v/[S] gives an intercept of PW on the j-axis as v/[S] tends to zero. For a 

single component system, the slope of the line is equal to - Km. The intercept on the x-axis is 

at v/\S] = Vm/Km. 

However, one can not measure a control coefficient directly because of the strict definition of 

the control coefficient by MCA (215). The problem is that control coefficients are defined as 

the response to an infinitesimally small perturbation, whereas the finite precision of any 

experiment requires that the response is determined from changes large enough to produce a 

measurable effect. One possible solution is to make a series of graded changes of a given step, 

determine the consequences of the changes on the pathway flux, and interpolate the results to 
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Control of glucose transport on growth and metabolism 

an infinitely small change; both increases and decreases of the activity of that step should 

ideally be used to avoid bias (58). That is, we can only vary the transport activity by finite 

amounts and measure the magnitude of the effect of these variations on the flux. The 

development of genetic engineering techniques in modern molecular biology has led to new 

opportunities for the MCA. The expressed transport activity can be altered by genetic means. 

In order to assess quantitatively the role of glucose transport in the control of glycolysis, we 

have chosen Hxt7, the most abundantly expressed high-affinity transporter (34, 47). The 

promoter-deletion mutants of HXT7 produced as described in chapter 4 were integrated into 

the yeast strain KY73 that bears null mutations in the genes GAL2 and HXT1 through HXT7 

(as well as a URA3 mutation, which serves as a selectable marker). This strain is devoid of 

endogenous hexose transport activity under normal growth conditions, and is a suitable host 

to assess transport and metabolism of glucose mediated by genes that have been modified in 

vitro. We have analyzed the relationship between transport capacity and growth rate, and 

conclude that transport exerts significant control on the growth rate, up to a capacity that is 

close to the wildtype capacity. We also found that at high extracellular glucose concentrations 

(1%), glucose repression (measured as diminished invertase activity and oxygen 

consumption) decreased at low levels of glucose transport capacity. 

MATERIALS AND METHODS 

Strains and growth conditions. The S. cerevisiae strains used in this study are the same as 

those used in chapter 4. 

Yeast cells were precultured in a water bath with shaking at 30°C in YPM medium (2% 

peptone (Difco), 1% yeast extract (Difco) and 2% maltose (Sigma) ) overnight, then grown 

after inoculation in a rotary shaker at 30°C in YPD medium (2% peptone, 1% yeast extract 

and 1% glucose (Merck) ). 

Assays for glucose uptake. Transport of glucose was measured on the basis of the zero-trans 

[14C]-glucose uptake assay (see chapter 2). For strains containing only HXT7, the glucose 

concentrations in the assay were 1 and 10 mM. For the wildtype strain MC996A, transport 

was assayed at 10 glucose concentrations ranging from 0.25 to 250 mM (1480 MBq mol"1 to 6 

MBqmof1). 

Assay of invertase activity. Invertase activity was measured according to (234) with some 

modification. A 1% (w/v, wet weight) cell suspension was permeabilized by treatment with 

2.5% (v/v) isoamylalcohol followed by one freeze-thaw cycle in liquid N2, or the cell 

suspension was disrupted using glass beads at 4°C by vigorous vortexing for 3 min. The assay 

mixture consisted of 400 pi of permeabilized cells or cell lysate and 100 p.1 of 0.2 M sodium 
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acetate (pH 4.7) containing 0.5 M D(+)-sucrose (>99.5% pure, Fluka). The mixtures were 

incubated for 30 min at 30 °C, and the reaction was terminated by adding 500 |il of 0.5 M 

potassium phosphate (pH 7.0) and immediately immersing the tubes (with a screw cap) into 

boiling water for 3 min. Each sample was measured in duplicate. Blank measurements were 

included in which 400 ul of cell suspension was mixed with 100 \x\ of 0.2 M sodium acetate 

(pH 4.7). 500 JJ.1 of 0.5 M potassium phosphate (pH 7.0) containing 0.1 M sucrose was then 

added after boiling. Glucose was assayed with hexokinase and glucose-6-phosphate 

dehydrogenase, using the COB AS auto-analyzer (Roche). The total protein was measured 

after hydrolysis of 100 (il of cell suspension with 500 ul IN NaOH. The invertase activity was 

presented as 1 unit = 1 nmole (glucose formed) min"1 mg protein" . 

Assay of oxygen consumption. Oxygen uptake was determined at 30°C with a Clark oxygen 

electrode (Gilson) in a thermostatically controlled chamber. 1 ml cell suspensions, taken 

directly from the growing culture at various time points, were assayed. The rate of oxygen 

consumption was determined from the slope of oxygen concentration versus time. 

Quantitative immunoblot analysis of Hxt7 protein levels. Western blots were done similar 

to the procedure described in chapter 3. Lysates containing 10 (j.g protein and a two-fold 

dilution series of protein from each strain at mid-exponential growth phase in 1% glucose YP 

medium were loaded so as to give five lanes. Hxt7 was detected with anti-Hxt7 antibody 

(obtained from Eckhard Boles, Institut für Mikrobiologie, Heinrich-Heine-Universität, 

Düsseldorf, Germany) and horseradish peroxidase-conjugated goat anti-rabbit antibody 

(BioRad). The protein levels were measured with a Bio-Rad 1650 Scanning Densitometer by 

comparing the relative intensity, after staining. 

RESULTS 

Growth rate is controlled by glucose transport 

In order to assess quantitatively the control of glucose transport on glucose metabolism and 

the rate of growth on glucose, the glucose uptake kinetics of the wildtype and HXT7 promoter 

deletant strains growing exponentially on glucose were determined by zero-trans glucose 

influx measurements. Since only one transporter was present in RE607B and in LYY 

promoter deletant strains, the data were analyzed assuming a single Km value. The mean Km 

value of all experiments was 2.2 inM. In Figure 5.1 A the growth rate of the strains is plotted 

as a function of their glucose transport capacity (V^) as derived from two representative 

experiments. The growth rate clearly correlated with the transport capacity. At higher 

transport capacity, the growth rate was higher. When the logarithm of the growth rate was 

84 



Control of glucose transport on growth and metabolism 
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Figure 5.1 (A) Control of glucose transport on growth rate. The rate of growth of the 

wildtype MC996A strain and strains expressing only HXT7 to various levels is shown as 

a function of the maximal velocity of glucose transport. (B) Determination of the 
control coefficient of glucose transport on growth. The natural logarithm of the growth 

rate is plotted against the natural logarithm of the glucose transport capacity (data are 

pooled from 2 separate experiments and each experiment was performed in triplicate). 

(C) Control of glucose transport on glucose flux. The glucose flux (nmoles mm ' mg 

protein') is calculated from the glucose consumption rate (the time course of actual 

glucose consumption vs OD60o) and the growth rate, divided by protein concentration. 

plotted against the logarithm of the transport capacity for glucose transport (Figure 5. IB), the 

data fall on a straight line with a slope of 0.54±0.04 (R2 = 0.96). The slope of the line 

produced by plotting the growth rate (i.e. flux to biomass) versus transport capacity in double-

logarithmic space is equal to the control coefficient of glucose transport on growth (58). 

Evidently, glucose transport is a major controlling factor on growth rate under these 

conditions. 

Moreover, of all cell cultures not only the growth rate was determined, but also the actual 

glucose consumption, by measuring the residual glucose concentration in the medium at 

various time points during growth. It is expected that the transport step should exert higher 
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control on glycolytic flux than on growth rate. Figure 5.1C shows that this is indeed the case. 

The control coefficient of glucose transport with respect to glucose flux is 0.90, up to the 

wildtype level of transport (Fmax is about 400 nmoles min"1 mg protein"1). This result implies 

that the flux of glucose through its metabolic pathway is nearly fully determined by the 

transport capacity and very little by the further steps of the glucose metabolism. 

Here the plotted curves were extended to the data points for wildtype strain MC996A. In fact, 

under the present growth conditions (cells grown on 1% YPD medium and harvested at mid-

exponential phase, the residual glucose was about 40 mM) the maximal transport velocity in 

the wildtype was not equal to the real Fmax, since we found that 91% of the transport capacity 

in the wildtype strain was due to low-affinity transport (Km = 14 mM), and only 9% was due 

to high-affinity transport (Km= 1.2 mM) (Figure 5.2). This implies that the external glucose 

concentration is between 2 and 3-fold the measured Km value, and the in situ transport 

capacity in the wildtype is about 74% of the Fmax. If we introduce the in situ transport 

capacity at the prevailing glucose concentration of wildtype MC996A into the plot, it is not 

difficult to imagine that the transport capacity of MC996A in Figure 5.1 should shift to the 

left. Therefore, there is no indication that the values of the control coefficient decrease at the 

level of growth and transport of the wildtype strain. In the mutant strains, one single 

transporter with low Km contributes to the transport activity, so at 40 mM glucose the 

transport capacity equals V^*. 

E 
c 

• /<„,, = 1.2 mM Vmax1= 35 

Km2 = 14 mM Vmax2 = 355 

•-,— 
N<* 

v/S [(nmol/min/mg protein)/mM] 

Figure 5.2 Eadie-Hofstee plot of the zero-trans influx kinetics of glucose uptake by the 
wildtype MC996A Cells were incubated in YP medium containing l%glucose and harvested at 
mid-exponential phase (OD60o ~1). Uptake was measured at 10 glucose concentrations from 
0.25 mM to 250 mM (specific radioactivity, 1480 MBq mol"1 to 6 MBq mol') at 30°C. 
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Control ofelucose transport on growth and metabolism 

Glucose repression is diminished at low glucose transport capacities 

Invertase catalyses the hydrolysis of sucrose to fructose and glucose and is subject to glucose 

repression (50). It has frequently been used as an indicator of the repression status of yeast 

cells. Also mitochondrial activity is repressed by glucose (71, 197). The status of glucose 

repression in all mutant strains was determined by measuring the invertase activity and 

oxygen consumption rate in the cultures. Cells were harvested simultaneously for 

measurement of glucose transport, invertase activity, and oxygen consumption. The residual 

glucose concentration at the time of harvest varied from 32 mM to 48 mM (Figure 5.3). 

Despite the relative constancy of the extracellular glucose concentration, the strains with 

reduced glucose transport capacity expressed higher levels of invertase activity (Figure 5.3). 

The specific oxygen consumption was also inversely correlated with transport capacity 

(Figure 5.3). 

a 
m 
<a 
M 
a > 
c 

0 50 100 150 200 250 300 350 400 

Glucose transport capacity 

Figure 5.3 Glucose repression is alleviated at lower rates of glucose transport. The 

residual glucose concentration (A; mM), invertase activity ( • ; nmoles min"' mg 

protein"1), and oxygen consumption rate ( • ; nmoles min"' mg protein"1) of the wildtype 

MC996A strain and strains expressing only HXT7 to various levels are shown as a 

function of the maximal velocity of glucose transport (nmoles min"' mg protein"'). 

Culture samples were taken simultaneously for assay of glucose transport, invertase, and 

oxygen consumption as described in Materials and Methods. 
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Control of glucose transport on srowth and metabolism 

The invertase assay used here measures the total cellular activity of this enzyme. Using 

standard culture conditions for repression and derepression of secreted invertase (171), in a 

separate experiment, we found that the repressed level of total invertase in the wildtype 

MC996A strain was 361 nmoles min"1 mg protein', and the derepressed level was 3897 

nmoles min"1 mg protein"1. By comparison with Figure 5.3, these values demonstrate that 

invertase was fully repressed at the highest glucose uptake capacities, and was significantly 

derepressed at the lowest uptake capacity. 

The results of all the analyses described above are summarized in Table 5.1. Looking into the 

relationship among these data, at mid-exponential phase HXT7 expression was still repressed 

in the wildtype strain (undetectable Hxt7, the lowest invertase activity and oxygen 

consumption rate compared with all the mutant strains) and less repressed in HXT7-only 

strains. For the HXT7-on\y strains, the expression levels of the HXT7 gene were related with 

the truncated-promoter length and the integrated gene copy number. The growth rate 

correlated well with the level of Hxt7 protein expressed and was apparently controlled by the 

glucose transport capacity. Remarkably, the calculated rates of the glucose flux during growth 

are higher than the measured glucose transport capacities. Similar observations have been 

reported by other investigators (47, 152, 216). The ratio between glucose flux rate and glucose 

transport capacity varied between 1.2 and 1.7. That is, the measured glucose transport 

capacities were about 17-43% lower than the calculated glucose flux rates. Percentages in 

brackets indicate that the invertase activities and oxygen consumption rates are subjected to 

control by glucose transport and are partially released from glucose repression at high glucose 

conditions. 

Hxt7 protein level compared to glucose transport capacity 

In order to investigate the relationship between glucose transport capacity and Hxt7 protein 

levels, cells were taken from a representative zero-trans glucose uptake experiment for 

measuring the Hxt7 protein level by quantitative immunoblotting (Figure 5.4). For the 

wildtype strain MC996A, the Hxt7 protein was undetectable when cells were harvested at 

mid-exponential phase, because HXT7 expression was repressed at the high glucose 

concentration present. For RE607B and the mutant strains, we have already seen that HXT7 

expression in HXT7-on\y strains was not completely repressed at high glucose concentrations 

when cells were harvested at mid-exponential phase. The mutant strain LYY4 contained the 

highest concentration of the Hxt7 protein presumably because of its high gene copy number. 

In LYYO, the copy number of the gene was low, but the gene has an intact promoter. The 

lower level of Hxt7 in LYY8 may have been due to the combined effects of a single copy 
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number of the gene and a shortened promoter. In the mutant strain LYY16 the Hxt7 protein 

was undetectable. These results are in agreement with Figure 4.7C in chapter 4. 

MC996A RE607B LYYO 

LYY4 LYY8 LYY 16 

Dilution fold 1 1/2 1/4 1/8 1/16 1 1/2 1/4 1/8 1/16 1 1/2 1/4 1/8 1/16 

Figure 5.4 Quantitative Western blot analysis Cells were taken simultaneously for 

assay of glucose transport and immunoblotting. Samples of 10 ug protein and a two-fold 

dilution series of protein from each strain were loaded in five subsequent lanes. The blots 

were incubated with anti-Hxt7 antibody and horseradish peroxidase-conjugated goat anti-

rabbit secondary antibody. 

The Hxt7 protein level and the glucose transport velocity (Kmax) from the same representative 

experiment are plotted in Figure 5.5. The lack of full proportionality may be due to the lack of 

proportionality between staining and protein. The Hxt7 protein levels were related with both 

the HXT7 promoter length and the gene copy number, but this relationship can not be exactly 

quantified. Glucose transport capacity was also not proportional to the level of mRNA (not 

shown. See also chapter 4). From the investigation of the correlation between protein and 

mRNA abundance in yeast, Gygi et al concluded that transcript levels provide little predictive 

value with respect to the extent of protein expression (82). Also in an HXT1'-only strain with 

1, 2 or 3 HXT1 copies, the glucose consumption rates assumed to be a measure for the amount 

of Hxtl protein, were not proportional to the gene copy number. (185). 
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Figure 5.5 Relationship of glucose 

transport with Hxt7 protein level 

The data were taken from a 

representative experiment with cells 

grown in 1% glucose YP medium to 

mid-exponential phase. The protein 

levels were measured by comparing the 

signals of lanes at the same fold-

dilution series with a scanning 

densitometer (Bio-Rad). 
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Estimation of the yield of the Hxt7 cells 

For the six representative strains, MC996A, LYY4, LYYO, RE607B, LYY8, and LYY16, the 

biomass yield was investigated by measuring both ODôOO and the residual glucose 

concentrations in the medium simultaneously. In Figure 5.6, the OD60o of the strains was 

plotted as a function of glucose consumed at various time points. ODôOO was clearly correlated 

with the glucose consumed. The slope of the regression line represents the glucose 

consumption in millimoles glucose per OD6oo- It was found, excluding LYY16, that all the 

strains with relatively high glucose transport capacities had a similar glucose consumption per 

ODöOO, although it varied slightly with the growth rate. The average glucose consumption for 

the five strains was 18.25+1.1 mM OD"1 (R2 = 0.99). According to the mean protein 

concentration 0.3 mg ml"1 OD60o ' (Table 5.1) of the mid-exponential cells (the dry weight to 

protein ratio is 2.5 or 2, refs. 36, 204), the mean biomass yield of the five strains with 

relatively high glucose transport capacities was about 0.2 g dry weight • (g of glucose)"1. 

LYY16 fell outside this range. The glucose consumption of LYY16 was 8 mM OD"1, which 

was a consequence of the high relative rate of glucose oxidation. The high oxygen 

consumption rate of LYY16 (Figure 5.3) suggested that in LYY16, growing at a very low 

growth rate and having a low glucose transport capacity, glucose was mainly metabolized by 

respiration and that LYY16 gained extra energy from oxidation relative to glucose 

fermentation. 

Figure 5.6 The relationship between OD600 and glucose consumption Cells were 

grown in a rotary incubator at 30°C in 1% glucose YP medium. The optical density 

(OD6oo) and residual glucose concentration were determined simultaneously during the 

time course. The consumed glucose concentrations were derived from the difference 

between the initial and the residual glucose concentrations at various time points. • , 

MC996A; • , LYY4; O, LYYO; • , RE607B; A, LYY8; O, LYY16. 
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DISCUSSION 

The differences in HXT7 expression resulted in reproducible differences in the glucose 

transport activity of the strains. The growth rate of these strains on glucose was correlated 

with their transport activity. Using MCA we calculated the control coefficients of glucose 

transport on glucose flux and growth rate, being 0.90 and 0.54, respectively. This finally 

provides some basis for what has been speculated on before, that in S. cerevisiae glucose 

transport exerts a high control on growth and glycolytic flux. The control coefficient of 

glucose transport on the glycolytic flux in wildtype S. bayanus was measured by modulating 

the transport rate with maltose (48). Maltose is a gratuitous inhibitor of glucose transport in 

cells that are not induced for growth on maltose. It was found that the control coefficient 

ranged from 0.5 to 1, depending on the extracellular glucose concentration. In another study, 

the control coefficient for glucose transport on glycolytic flux in non-growing cell 

suspensions was 0.64 at pH 5.5 and 0.83 at pH 4.5; under the same conditions, the control 

coefficient for phosphofructokinase was 0.10 and 0.12, respectively (67). The control 

coefficient for phosphofructokinase (often considered to be "the rate-limiting step of 

glycolysis;" ref. 69) has been calculated by other investigators to be 0.3 (41, 58). 

The high control coefficient of glucose transport on the glucose flux through its metabolic 

pathway implies that upon increasing transport capacity the residual part of the metabolism 

remains relatively fast, so that the transport is not significantly inhibited by accumulation of 

internal glucose. The high control coefficient also appears to hold for the wildtype strain, at 

least if we may assume that the elasticity of Hxt7 equals that of the transporters produced in 

the wildtype strain. This would imply that even at wildtype level the flux of glucose is largely 

determined by the transport capacity present in the plasma membrane and that this flux may 

increase significantly when the transport capacity is artificially increased. This result fits very 

well with our finding that also the growth rate of the wildtype strains is highly controlled by 

the glucose transport capacity, but it contradicts the general idea that the maximal growth rate 

of yeast, both in batch and in chemostat cultures, is largely determined by other processes 

than the import of glucose, such as DNA and protein synthesis. Artificially increased 

expression of glucose transporter proteins should result in an increased glucose flux and an 

increase in growth rate. It should be noted, however, that our experiments were performed 

with 1% glucose in the culture medium. 

In the strains with reduced levels of HXT7 expression, diminished transport capacity was 

correlated with diminished glucose repression. This was observed for two repressible 

activities, invertase and mitochondrial respiration, that are subject to distinct modes of 

glucose repression (71). Lower levels of glucose transport activity in yeast have previously 
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been found to diminish glucose repression: in Kluyveromyces lactis strains containing two 

low-affinity glucose transporter genes, endogenous ß-galactosidase activity was fully 

repressed during growth on glucose. Null mutations of either glucose transporter gene resulted 

in partial derepression of ß-galactosidase, and in a double null mutant strain the activity was 

completely derepressed (238). In S. cerevisiae the dominant mutations HTR1-23 and DGT1-1 

resulted in decreased levels of HXT gene expression and glucose transport activity. Both 

mutations alleviated glucose repression of enzymes such as invertase, maltase, malate 

dehydrogenase, glutamate dehydrogenase and cytochrome c oxidase (68, 167). However, it 

was not resolved whether the reduced repression levels were consequences of the mutations or 

of the reduced glucose transport activities. In a & cerevisiae strain with null mutations in 

HXT1 - HXT7, glucose repression of maltase was completely relieved. In related strains with 

single HXT genes, the extent of glucose repression was strongly correlated with the glucose 

consumption rate of the strain. In particular, increasing the copy number of HXT] stepwise 

from 1 to 3 in this hxt null strain increased the glucose consumption rate and decreased the 

maltase activity (185). 

Another means of manipulating glucose transport activity is by titration of the transport step 

with non-metabolizable inhibitors such as D-glucosamine. This compound inhibits zero-trans 

glucose influx and growth on glucose. When wildtype S. cerevisiae was grown on glucose in 

the presence of D-glucosamine, invertase activity was released from glucose repression (148). 

Mutations of HXK2, encoding hexokinase II, also lead to relief of glucose repression (53, 

140). It has been pointed out that intracellular glucose is the metabolite that links glucose 

transport and hexokinase, and that the intracellular glucose concentration is a likely signal for 

the glucose repression pathway (216). Our own data suggest that influx or, more likely, 

internal glucose concentration may be responsible for the level of repression/derepression. 

This does not exclude the possible involvement of hexokinase phosphorylation. 

In contrast to these results that suggest that the availability of glucose in the cell (intracellular 

glucose concentration) or the flux of glucose into the cell are involved in determining the 

degree of glucose repression, Meijer et al. (151) have presented results that reach the opposite 

conclusion. In their study the authors varied the external glucose concentration and the rate of 

glucose consumption independently of one another by means of nitrogen-limited chemostat 

cultivation of yeast cells with various glucose feed concentrations and dilution rates. They 

found that expression of the SUC2 gene was dependent on the external glucose concentration, 

and was fully derepressed at glucose concentrations < 14 mM. The level of SUC2 expression 

was independent of the glucose flux. Meijer et al. showed that expression of SUC2, an 

indicator of derepression, can be different at the same rate of glucose flux and concluded that 
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repression is due to external glucose and not to flux or internal glucose. However, identical 

rates of glucose flux at different external glucose concentrations were obtained at different 

dilution rates and the concentrations of the glycolytic enzymes, and internal glucose might be 

different at each condition. The data of Meijer, therefore, do not exclude internal glucose as 

the primary signal for repression/ derepression. Our data, however, show that at decreasing 

external glucose concentrations, expression of HXT7 increases without a detectable change in 

flux, indicating that external glucose influences at least the expression of HXT genes, possibly 

via SnG as sensor (133, 165, 171). 

We observed that HXT7 expression itself was repressed by glucose, and that this repression 

was diminished in the strains with reduced transport capacity. It has previously been observed 

that high-affinity glucose transport is subject to glucose repression, and that regulatory genes 

such as SNF1, GLK7, and HXK2 are involved in this control (9, 11, 147). Our results suggest 

that HXT7 is one of the transporter genes that are subject to this type of regulation. Of course, 

HXT7 expression has different effects on glucose transport and glucose signaling in wildtype 

and single transporter mutants. Meijer et al. (150) think that the glucose repressible hexose 

transporters (HXT2, HXT6/7) are unlikely to play a role as sensors for glucose repression. 

Using /«/-disruption mutants to study the glucose sensing function for hexose transporters, 

they found that the wildtype glucose-dependent regulation of other Hxt proteins was disturbed 

by the disruption of a single /ÖTgene {HXT1 or HXT6/7). In wildtype cells the Hxt proteins 

that are present influence the expression of other Hxt proteins. In HXT7-on\y cells it is 

possible that some additional effects were caused by other gene deletions. Maybe the main 

reason for the different expression of Hxt7 in wildtype and HXT7-only strains is the low value 

of the internal glucose in the latter. 

Glucose is required at low concentrations for a stable level of HXT7 mRNA (see Figure 4.7A, 

B). Under high-, low- and non-glucose conditions, the HXT7 mRNA level changed from low 

to high and nil, respectively, both in wildtype and the HXT7 promoter deletion mutants. HXT7 

expression was induced by low-glucose concentrations in all strains, despite the large 

difference in repression at high glucose. Glucose uptake in LYY16 was investigated when 

cells were grown on 0.2% YPD medium (data not shown) and the glucose transport capacity 

appeared to be 2.5-fold higher than that of cells growing on 1% YPD medium. It implies that, 

also in LYY16, glucose transport capacity is correlated with the glucose induction condition. 

However, glucose repression was strongly diminished in LYY16 under high glucose 

concentrations as described above. Thus, under these conditions, the regulation of HXT7 by 

glucose repression and glucose induction has been effectively uncoupled. 
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We observed that at higher rates of transport a lower fraction of glucose was oxidized via the 

respiratory pathway (Figure 5.3 and Table 5.1). Since the rate of glucose oxidation increased 

at decreasing rates of glucose uptake, one can calculate that the proportion of glucose that was 

fully oxidized to carbon dioxide and water increased very strongly at decreasing rates of 

glucose uptake. This means that the effect of the decrease in glucose uptake on the growth 

rate was partly compensated for by a difference in glucose metabolism, with relatively more 

glucose being metabolized by oxidative phosphorylation (which generates much more ATP 

per mole of glucose) at low rates of glucose uptake. For the strain LYY16, which showed a 

very low rate of glucose uptake, the biomass yield (per mole of glucose consumed) was more 

than double compared to the wildtype strain MC996A (Figure 4.7A). It is clear, then, that the 

rate of glucose transport plays an important role in determining the relative activities of the 

fermentative and respiratory pathways of glucose metabolism, both by delivering glucose 

across the plasma membrane to the glycolytic pathway, and by influencing the glucose 

repression status of various metabolic activities. This explains why at very low levels of 

transport, where one might expect a control of 1, the control coefficient of transport is still not 

higher than 0.54, since at decreased glucose influx relatively more glucose is oxidized and the 

growth rate decreases less than the glucose influx. 

In principle, the in vivo level of the transport activity equals the glucose consumption rate. 

Based on the measured overall glucose consumption rate during growth, however, we found 

that the rate of glucose flux was higher than the glucose transport capacity measured in vitro. 

A similar result was obtained by Meijer et al. (152). These authors measured the glucose, 

fructose, and galactose consumption rate in nitrogen-limited continuous cultures in vivo and in 

vitro, and found that the hexose consumption rates in vivo were higher than the in vitro uptake 

rates. The authors hypothesized that the differences in kinetic parameters for hexose fluxes 

between the in vivo and in vitro conditions might be explained by the assumption that one 

component was missing during in vitro determination. It is possible that the inactivation of a 

general component or a regulator of the uptake system by fast (de)phosphorylation in yeast 

may contribute to the observed difference between measured glucose transport capacity and 

the in vivo glucose consumption rate. Diderich et al. (47) reported that at higher dilution rates 

in aerobic glucose-limited chemostats, the calculated transport rates were lower than the in 

situ glucose consumption rates. They suggested that positive effectors influenced the glucose 

transport step in the chemostat cultures, or that the zero-trans influx assays systematically 

underestimated the in situ transport capacity. In the anaerobic glucose-limited cultures, this 

behavior was also found and might reflect an accumulation of intracellular glucose. Teusink 

et al. (216) found that in repressed cells, expressing mainly low-affinity transporters, the 
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glucose influx, calculated on the basis of the measured glucose transport kinetics, was 

significantly lower than the measured glucose consumption rate. In derepressed cells, 

however, expressing only high-affinity transporters (Km= 1.7 mM), the predicted activity of 

the transporter based on zero-trans influx kinetics was equal to the actual glucose 

consumption rate when the transport rate was corrected for the effect of internal glucose (1.5 

mM) on the transport. The authors, however, measured the glucose consumption rate under 

the same conditions (0.1 M Phosphate buffer, pH 6.5) as the transport and not in vivo. The 

difference between the in vivo flux and the measured in vitro transport activity, therefore, may 

be a significant phenomenon. 

In summary, the expression level of hexose transporter HXT7 has been modulated by HXT7 

promoter deletion. By this genetic means, the experimental approach in MCA has led to the 

further understanding of the role of glucose transport by Hxt7, the most abundantly expressed 

high-affinity transporter, in the glycolytic pathway. The calculated control coefficient implies 

that glucose transport is the major controlling factor on glucose flux and growth under the 

defined conditions. The results of invertase activity and the rate of oxidative glucose 

metabolism at high extracellular glucose concentrations indicate that the intracellular glucose 

concentration may be the primary signal for glucose repression. 

ACKNOWLEDGEMENTS 

We are grateful to Eckhard Boles for kind provision of anti-Hxt7 antibody. 

96 


