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During the Initiation of Fermentation Overexpression of
Hexokinase PII in Yeast Transiently Causes a Similar
Deregulation of Glycolysis as Deletion of Tps1
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In the yeast Saccharomyces cerevisiae a novel control exerted by TPS1 (=GGS1=FDP1=BYP1=CIF1
=GLC6=TSS1)-encoded trehalose-6-phosphate synthase, is essential for restriction of glucose influx into glycolysis
apparently by inhibiting hexokinase activity in vivo. We show that up to 50-fold overexpression of hexokinase does
not noticeably affect growth on glucose or fructose in wild-type cells. However, it causes higher levels of
glucose-6-phosphate, fructose-6-phosphate and also faster accumulation of fructose-1,6-bisphosphate during the
initiation of fermentation. The levels of ATP and Pi correlated inversely with the higher sugar phosphate levels. In
the first minutes after glucose addition, the metabolite pattern observed was intermediate between those of the tps1Ä
mutant and the wild-type strain. Apparently, during the start-up of fermentation hexokinase is more rate-limiting
in the first section of glycolysis than phosphofructokinase. We have developed a method to measure the free
intracellular glucose level which is based on the simultaneous addition of -glucose and an equal concentration of
radiolabelled -glucose. Since the latter is not transported, the free intracellular glucose level can be calculated as the
difference between the total -glucose measured (intracellular+periplasmic/extracellular) and the total -glucose
measured (periplasmic/extracellular). The intracellular glucose level rose in 5 min after addition of 100 m-glucose
to 0·5–2 m in the wild-type strain, &10 m in a hxk1Ä hxk2Ä glk1Ä and 2–3 m in a tps1Ä strain. In the strains
overexpressing hexokinase PII the level of free intracellular glucose was not reduced. Overexpression of hexokinase
PII never produced a strong effect on the rate of ethanol production and glucose consumption. Our results show that
overexpression of hexokinase does not cause the same phenotype as deletion of Tps1. However, it mimics it
transiently during the initiation of fermentation. Afterwards, the Tps1-dependent control system is apparently able
to restrict properly up to 50-fold higher hexokinase activity. ? 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

In the yeast Saccharomyces cerevisiae glucose is
phosphorylated by hexokinase PI (encoded by
HXK1), hexokinase PII (encoded by HXK2) and
glucokinase (encoded by GLK1) (Entian, 1997).
Recently a novel control apparently restricting
hexokinase activity in vivo has been discovered.
Yeast mutants which are deficient in the TPS1
(=GGS1=FDP1=BYP1=CIF1=GLC6=TSS1)
gene display a phenotype which is consistent with
overactive hexokinase activity in vivo. The TPS1
gene encodes trehalose-6-phosphate synthase,
which catalyses the first reaction of trehalose
biosynthesis (Bell et al., 1992; Vuorio et al., 1993).
Tps1 mutants hyperaccumulate sugar phosphates
and concomitantly deplete their ATP and free
phosphate level, and in the long term also other
phosphate-containing compounds, including the
whole stock of polyphosphate (van de Poll et al.,
1974; Van Aelst et al., 1991, 1993; Gonzalez et al.,
1992). This metabolic deregulation has always
been considered to be the cause of the inability of
such strains to grow on rapidly-fermented sugars,
like glucose and fructose. Recent work, however,
has shown that other mechanisms appear to be
involved in the specific growth defect on rapidly-
fermented sugars in addition to the metabolic
deregulation (Hohmann et al., 1996). Both the
growth defect and the metabolic deregulation with
glucose as carbon source are suppressed by a
deletion of the HXK2 gene, which encodes the
most active sugar kinase isoenzyme, hexokinase
PII (Hohmann et al., 1993). This result is consist-
ent with unbridled hexokinase activity being the
(main) cause of the metabolic deregulation
and resulting growth defect of tps1 mutants. It
supports the conclusion that in wild-type strains
hexokinase activity is lower in vivo than would be
anticipated from the activity measured in vitro and
that this restricted activity is essential for the
proper functioning of glycolysis.
Three different models have been proposed for

the mechanism by which the TPS1 gene product
might restrict glucose influx into glycolysis by
inhibiting hexokinase activity (for a recent discus-
sion, see Thevelein and Hohmann, 1995). The first
model proposes that the Tps1 protein has an
additional function to its trehalose-6-phosphate
synthase activity and that this function is respon-
sible for triggering interaction between glucose
transporters and hexokinase resulting in inhibition
of hexokinase activity (Thevelein, 1992). The
? 1998 John Wiley & Sons, Ltd.
second model is based on the observation
that stimulation of glycerol production also
suppresses the growth defect on glucose of tps1
mutants, albeit only after a long lag phase. It
proposes that hexokinase activity itself is not
restricted in vivo and that the excess of sugar
phosphate formed is channelled into trehalose
synthesis in order to recover the free phosphate,
which in turn is required in glycolysis at the level
of glyceraldehyde-3-phosphate dehydrogenase
(Hohmann et al., 1993). The third model is based
on the finding that trehalose-6-phosphate acts
in vitro as a competitive inhibitor (with respect to
glucose) of both hexokinase isoenzymes and could
therefore directly inhibit hexokinase activity in vivo
(Blazquez et al., 1993). Recent work using a strain
with both a reduced level of Tps1 protein and an
enhanced level of trehalose-6-phosphate compared
to the wild-type strain has made the second model
unlikely, at least as the main cause of the growth
defect (Hohmann et al., 1996). Although part of
the results obtained with this strain are consistent
with a role of trehalose-6-phosphate in restricting
hexokinase activity in vivo, other results indicate
involvement of additional mechanisms, such as
those proposed in the first model (Hohmann et al.,
1996).
In the present work, we have investigated

whether strong overexpression of hexokinase
activity would cause the same growth defect on
glucose and fructose, as observed in the tps1Ä
strain. In addition, we have tried to obtain
evidence that hexokinase activity itself is truly
inhibited in vivo by measuring glucose-induced
accumulation of sugar phosphates in strains over-
expressing hexokinase PII, the most active iso-
enzyme. The results indicate that in such strains
the pattern of glycolytic metabolites observed in
the first minutes after addition of glucose indeed
approaches the pattern of tps1 mutants. This is
consistent with the presence of highly elevated
hexokinase activity in vivo in the latter strains.
Unexpectedly, in the strains overexpressing
hexokinase, the accumulation of fructose-1,6-
biphosphate, the product of the subsequent
phosphofructokinase reaction, was also clearly
stimulated.
The rate by which yeast cells ferment glucose

to ethanol is generally thought to be controlled
mainly by the activity of glucose transport, phos-
phofructokinase, pyruvate kinase and the rate of
ATP consumption. Although there is no agree-
ment in the literature on the extent by which these
 . 14: 255–269 (1998)
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steps each contribute to flux control in glycolysis,
there appears to be a general agreement that the
contribution of the other glycolytic enzymes is
negligible (Gancedo and Serrano, 1989; Galazzo
and Bailey, 1990). In previous work no effect of
overexpression of glycolytic enzymes, including
hexokinase, on the total glycolytic flux under
steady-state conditions could be detected
(Heinisch, 1986; Schaaff et al., 1989). Davies and
Brindle (1992) showed that overexpression of
phosphofructokinase increased glycolytic flux but
only under aerobic conditions and apparently due
to a compensatory decrease in the flux in oxidative
phosphorylation. No significant changes in glyco-
lytic intermediate levels were detected. As opposed
to these previous studies in which only steady-state
conditions were used, we have measured in yeast
strains with strong overexpression of hexokinase
the accumulation of intracellular sugar phosphates
and of ethanol in the medium as a function of time
during the initiation of fermentation with glucose.
Our results indicate that hexokinase is a rate-
limiting factor for the glycolytic flux during the
initiation of fermentation.
EXPERIMENTAL PROCEDURES

Yeast strains and overexpression constructs
The following isogenic strains have been used:

W303-1A (wild type; MATa leu2-3/112 ura3-1
trp1-1 his3-11/15 ade2-1 can1-100 GAL SUC2;
Thomas and Rothstein, 1989), YSH290 (MATa
leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1 can1-100
GAL SUC2 tps1::TRP1) and YSH7.4-3C (MATa
leu2-3/112 ura3-1 trp1-1 his3-11/15 ade2-1
can1-100 GAL SUC2 hxk1::HIS3 hxk2::LEU2
glk1::LEU2). For overexpression of hexokinase
PII, the wild-type strain was transformed with a
multi-copy vector (YEplac195+URA3) carrying
either the HXK2 gene behind its own promoter
(YEp-HXK2) or behind the strong constitutive
PGK promoter (YEp-PGK/HXK2). For the latter,
the coding region of HXK2 was amplified by PCR
using primers that introduced a unique restriction
site upstream of the start codon and downstream
of the stop codon. The amplification product was
cloned into a vector (YEplac-PGK) containing the
PGK promoter and the PGK transcription termin-
ation sequences. The construct was completely
checked by dideoxysequencing to confirm that the
PCR amplification did not introduce sequencing
errors in the coding region of HXK2. The cells
? 1998 John Wiley & Sons, Ltd.
were transformed using the lithium acetate proto-
col (Ito et al., 1983) as modified by Eberhardt and
Hohmann (1995).

Growth and incubation conditions
The strains overexpressing hexokinase were pre-

grown overnight in synthetic medium with 4%
galactose and lacking uracil. For the other
strains the medium was supplemented with uracil
(30 mg/ml). The cultures were grown in an
orbital shaker (200 rpm) at 30)C and harvested by
centrifugation at the early stationary phase. They
were resuspended in complete YP medium (2%
peptone, 1% yeast extract) supplemented with
2% ethanol and allowed to grow for a further 3 h.
The cells were then harvested by centrifugation,
cooled in ice and washed twice with cold YP
medium.

Sampling conditions and determination of
metabolites
For measurement of glycolytic intermediates,

the cells were resuspended in YP medium or 2-(N-
morpholino)ethanesulphonic acid (Mes) buffer
and incubated in a reciprocating water bath shaker
at 30)C. After 15 min of shaking, glucose was
added to obtain a specific final concentration (20,
50, 100 or 250 m). Samples of 3 ml containing
approximately 150 mg of cells (wet weight) were
withdrawn at the indicated times and immediately
sprayed in methanol medium at "40)C as
described by de Koning and van Dam (1992). The
cells were washed with the same methanol medium
at "40)C. Each time great care was taken to
remove the supernatant completely by aspiration
after any remaining liquid had been allowed to
drain from the sides of the tubes by standing in the
bath at "40)C. This reduced as much as possible
carry over of glucose from the medium. Intra-
cellular metabolites were subsequently extracted
according to the protocol of de Koning and
van Dam (1992). Their levels were determined
essentially as described by Bergmeyer (1974). The
protein concentration was quantified according to
Lowry et al. (1951).

Determination of free intracellular glucose
For determination of free intracellular glucose

an equal amount of 100 m--glucose and
100 m-14C-radiolabelled -glucose was added
to the cells (total radioactivity of 10#106 cpm
in a volume of 33·75 ml) and the cells were
 . 14: 255–269 (1998)
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incubated and extracted as described for glycolytic
metabolites. The total amount of -glucose
associated with the cells (intracellular+
periplasmic/extracellular) was measured with the
classical hexokinase-based method. The total
amount of -glucose associated with the cells
(periplasmic/extracellular) was determined by
counting the radioactivity present in the extract.
The free intracellular -glucose level was deter-
mined by subtracting the level of -glucose from
the total level of -glucose.

Preparation of crude enzyme extracts and
determination of enzyme activities
Samples containing approximately 50 mg cells

(wet weight) were withdrawn and collected by
centrifugation for 3 min at 4)C. The pellet was
washed twice with 5 ml imidazole buffer pH 7·0.
The cells were broken by vigorous mixing for
2 min in a small precooled test tube containing 1 g
of glass beads (0·5 mm diameter) and resuspended
in 2 ml of the imidazole buffer containing 1 m-
PMSF. The crude enzyme extract was centrifuged
for 5 min at 13 000 rpm and 4)C. Hexokinase
activity was measured according to Maitra and
Lobo (1971). For the enzyme assays protein
was determined using the microbiuret method
(Zamenhoff, 1957).

Determination of glucose consumption and ethanol
production
For determination of ethanol production, the

cells were harvested and washed twice with Mes
buffer (25 m, pH 5·5–6·0). Cells (1 g wet weight)
were suspended in either 44 ml YP medium or Mes
buffer and incubated at 30)C with shaking.
After 30 min pre-incubation, glucose was added in
the desired concentration (5 , 10, 20, 50, 100 and
250 m). Samples were withdrawn by filtration at
different times and the glucose consumed and
ethanol produced determined in the filtrate.
Ethanol was determined enzymatically with a com-
mercial kit (Boehringer Mannheim). Glucose was
determined with the glucose oxidase-peroxidase
method.

Reproducibility of the results
The experiments were repeated at least three

times with consistent results. Representative
results are shown.
? 1998 John Wiley & Sons, Ltd.
RESULTS

Growth on glucose and accumulation of glycolytic
metabolites in hexokinase-overexpressing strains
We have compared in this work the capacity to

grow on glucose and the effect of glucose addition
on the accumulation of glycolytic metabolites in
four strains: the wild-type strain, the tps1Ä strain
and two strains overexpressing hexokinase. One of
the latter was a wild-type strain transformed with
a multi-copy plasmid carrying the HXK2 gene
behind its own promoter, while the other strain
contained the same plasmid but with the HXK2
gene behind the strong, constitutive PGK
promoter (for details on these constructs, see
Materials and Methods). Hexokinase activity as
measured in cell extracts was respectively about
20-fold (YEp-HXK2) and about 50-fold (YEp-
PGK/HXK2) elevated compared to the wild-type
strain (Table 1). None of the two strains with
overexpression of hexokinase showed a detectable
growth problem, neither on glucose- nor on
fructose-containing medium (results not shown).
In the first set of experiments 20 m-glucose was

added to cells growing in rich ethanol medium and
the accumulation of sugar phosphates (glucose-
6-P, fructose-6-P and fructose-1,6-bisP) in the cells
was determined together with the level of ATP and
phosphate for the next 3 min. Figure 1 shows that
the glucose-6-P and fructose-6-P levels are consist-
ently higher in the hexokinase overexpression
strains compared to the wild-type strain but not as
high as in the tps1Ä strain. The glucose-6-P and
fructose-6-P levels in the hexokinase overexpres-
sion strains still show the typical ‘overshoot’
observed in the wild-type strain. In the tps1Ä strain
the levels of the two sugar phosphates remain high,
consistent with the idea that it lacks a control that
Table 1. Hexokinase activity as measured in cell
extracts with either glucose or fructose as substrate
(mU/mg protein).

Glucose Fructose

Wild type 201 282
Wild type+YEp-HXK2 4250 4040
Wild type+YEp-PGK/HXK2 13 230 10 850
tps1Ä 213 268

Values are means of three independent experiments. The cells
were grown in the same way as for the metabolite measure-
ments (see Materials and Methods).
 . 14: 255–269 (1998)



259   
becomes operative shortly after the initiation of
glucose metabolism, as opposed to the three other
strains. These results show that the novel system
restricting glucose influx into glycolysis, which is
deficient in the tps1Ä strain, has the capacity to
properly downregulate an excess of at least 50
times the normal hexokinase activity in a wild-type
strain. The level of fructose-1,6-bisP in the hexo-
kinase overexpression strains was also clearly
elevated compared to the level in the wild-type
strain apparently indicating that in the first min-
utes after addition of glucose the activity of
6-phosphofructo-1-kinase is limited by the avail-
ability of its substrate fructose-6-P. In the tps1Ä
strain, fructose-1,6-bisP accumulation was still
? 1998 John Wiley & Sons, Ltd.
much higher, which is consistent with this conclu-
sion. In all cases the effect with the strain over-
expressing theHXK2 gene from the PGK promoter
was more pronounced than with HXK2 behind its
own promoter, which fits with the enzymatic
activity as determined in vitro (Table 1). This
further confirms that the changes observed in the
metabolite levels in vivo are truly due to the
enhanced activity of hexokinase.
The changes in the accumulation pattern of the

sugar phosphates compared to the pattern in
the wild-type strain were inversely correlated with
the course of the ATP level and, somewhat less
pronounced, the level of free phosphate (Figure 1).
This excludes that changes in the protein cell
Figure 1. Levels of intracellular metabolites after addition of 20 m-glucose
to YPethanol-growing cells of the wild-type strain (-), the tps1Ä strain (,),
the YEp-HXK2 overexpression strain (4) and the YEp-PGK/HXK2 over-
expression strain (0).
 . 14: 255–269 (1998)
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volume ratio are responsible for the elevated levels
of the sugar phosphates. In the wild-type strain,
the level of ATP transiently dropped just after
addition of glucose. The initial drop in the ATP
level correlated with the initial sharp increase in
the glucose-6-P and fructose-6-P level, and is con-
sistent with very high (unrestricted) hexokinase
activity in the first 30 s after addition of glucose.
After this time, the Tps1-dependent control appar-
ently starts to inhibit hexokinase activity, reducing
the rate of glucose phosphorylation and therefore,
following this interpretation, allowing the ATP
level to recover due to ATP synthesis in the
lower part of glycolysis. In the hexokinase over-
expression strains, the Tps1-dependent inhibition
system needs more time to restrict glucose
influx, as shown by the slower return of the
sugar-6-P levels after the initial increase. As a
result, the ATP level also needs more time for
recovery. On the other hand, in the tps1Ä strain,
no restriction on glucose influx is imposed and
the ATP level is unable to recover at all. The
phosphate level in a wild-type strain typically
drops with about 50% in the first minutes after
addition of glucose. In the strains overexpressing
hexokinase the drop is slightly more pronounced
while in the tps1Ä strain it is clearly more pro-
nounced (Figure 1).
The results obtained with an extracellular glu-

cose concentration of 20 m were confirmed in
experiments in which concentrations of 50 m
and 100 m glucose were used and in which the
metabolites were measured also over a longer
time period (30 min). In this respect it is important
to realize that several glucose carriers with differ-
ent Km values are responsible for glucose trans-
port in yeast cells. This is also true for derepressed
cells which display a major high-affinity compo-
nent in glucose transport. Some of the glucose
carriers have Km values as high as 50–100 m
(Reifenberger et al., 1997). In the experiment
where 50 m-glucose was added, the effect of
hexokinase overexpression on the glycolytic
metabolites was more pronounced. The progres-
sive drop in the free phosphate level with increas-
ing hexokinase activity was now also very clear
(Figure 2). This confirms that glucose transport
was not yet saturated. In the experiments with
100 m extracellular glucose the metabolite pat-
tern during the first 3 min in the strains over-
expressing hexokinase now resembled even more
the pattern in the tps1Ä strain (Figure 3). Appar-
ently, they experience a similar but transient
? 1998 John Wiley & Sons, Ltd.
metabolic deregulation. This was clearly mani-
fested in the ATP level which dropped initially as
in the tps1Ä strain and recovered only slowly
afterwards. Subsequently, the strains overexpress-
ing hexokinase recovered from the transient de-
regulation of glycolysis, as opposed to the tps1Ä
strain. Their metabolite profile started to deviate
from that of the tps1Ä strain after about 1–2 min
depending on the metabolite and started to resem-
ble more the pattern in the wild-type strain. After
30 min, however, in both strains overexpressing
hexokinase, the profile of some metabolites
(fructose-1,6-bisP and ATP) was still clearly differ-
ent from the wild-type profile. Other metabolites
(glucose-6-P, fructose-6-P and Pi) had nearly re-
covered to the wild-type level. Also the pyruvate
level in the strains overexpressing hexo-kinase was
intermediate between the level in the tps1Ä strain
and the wild-type strain (results not shown).
The same experiments were also performed

with cells suspended in Mes (pH 6) buffer to
which 50 m- and 250 m-glucose (for 60 min)
were added (results not shown). Similar results
were obtained as in rich medium except that the
differences between the wild-type strain and
the strains overexpressing hexokinase were
smaller at the later time points. The initial
deregulation of metabolism, however, was very
similar to the one observed in rich medium, and
as a result the ATP level dropped in the two
strains overexpressing hexokinase nearly as
much as in the tps1Ä strain. In the latter strain
the ATP level did not recover, whereas in the
other strains it recovered with a rate again
inversely correlated with the degree of hexokinase
overexpression.

Determination of the free intracellular glucose
level
We have developed a method to measure pre-

cisely the free intracellular glucose level. It is based
on the absence of significant transport of -glucose
by the yeast glucose carriers (Heredia et al., 1968;
Gamo et al., 1995). Control experiments confirmed
that addition of 500 m--glucose together with
100 m--glucose had no significant effect on the
accumulation of intracellular glucose metabolites
(results not shown). The total glucose level associ-
ated with the cells after harvesting, washing
and extraction with the cold methanol ("40)C)
quenching method (de Koning and van Dam,
1992) is apparently composed of several fractions:
 . 14: 255–269 (1998)
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glucose located truly intracellularly (cytosolic
glucose), glucose located in the periplasm/cell wall
and possibly glucose that freezes to the exterior of
the cells and cannot be washed away with cold
methanol ("40)C). To correct for the latter two
fractions we have added an equal amount of
14C-radioactively labelled -glucose to the cells
together with the -glucose. Since -glucose is not
taken up to a significant extent by the glucose
transport system, it can only be located in the
periplasm/cell wall and extracellular fractions. The
amount of -glucose present can be determined
easily from the radioactivity measured. Because
equal amounts of - and -glucose were added, the
? 1998 John Wiley & Sons, Ltd.
periplasm/cell wall and extracellular fractions
should contain the same level of both. The total
amount of -glucose is determined with the stan-
dard glucose-oxidase peroxidase method. The level
of free intracellular -glucose can then be deter-
mined by subtracting the level of -glucose from
the total level of -glucose measured. The free
intracellular -glucose level determined in this way
should still be considered approximate because it is
determined by subtraction of two values which
are both relatively large compared to the free
-glucose level.
For wild-type cells this method indicated values

of 0·5–2 m for the free intracellular -glucose
Figure 2. Levels of intracellular metabolites after addition of 50 m-glucose
to YPethanol-growing cells of the wild-type strain (-), the tps1Ä strain (,),
the YEp-HXK2 overexpression strain (4) and the YEp-PGK/HXK2 over-
expression strain (0).
 . 14: 255–269 (1998)
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level (Figure 4). A control experiment with a triple
kinase mutant (hxk1Ä hxk2Ä glk1Ä) showed a
rapid biphasic increase in the free glucose
level up to about 10 m in 5 min. The biphasic
increase probably reflects the contribution from
different glucose carriers: after the rapid initial
increase to a few m the high-affinity glucose
carriers cease to mediate netto-transport because
of their Km of 1–2 m (Walsh et al., 1994). Other
carriers with a higher Km (Reifenberger et al.,
1997) then mediate the continued but slower
increase in the free glucose level. In the tps1Ä
strain the free glucose level was somewhat elevated
? 1998 John Wiley & Sons, Ltd.
(2–3 m) compared to the wild-type strain
(Figure 4), in spite of its phenotype apparently
indicating higher hexokinase activity in vivo. In
the strains with overexpression of hexokinase,
the intracellular free glucose level was certainly
not reduced compared to the wild-type strain
(Figure 4).

Ethanol production and glucose consumption in
hexokinase-overexpressing strains
We also measured in the four strains the accu-

mulation of ethanol from glucose with a range of
Figure 3. Levels of intracellular metabolites after addition of 100 m-
glucose to YPethanol-growing cells of the wild-type strain (-), the tps1Ä
strain (,), the YEp-HXK2 overexpression strain (4) and the YEp-PGK/
HXK2 overexpression strain (0).
 . 14: 255–269 (1998)
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glucose concentrations (5, 10, 20, 50, 100 and
250 m) and both in rich medium and in Mes
buffer. In the same cultures glucose consumption
was also measured. The higher the external glucose
concentration, the lower the relative amount of
ethanol produced and the amount of glucose con-
sumed by the tps1Ä strain compared to the other
strains. This fits with previous results showing that
tps1 mutants are more sensitive to high glucose
concentrations than to low glucose concentrations
(Neves et al., 1995). In rich medium the tps1Ä
strain started to deviate from the other strains
already at the lowest external glucose concen-
trations (5–10 m) whereas in Mes buffer this
occurred at higher concentrations (20–50 m)
? 1998 John Wiley & Sons, Ltd.
(results not shown). In general the strains over-
expressing hexokinase did not show a higher rate
of ethanol production and glucose consumption
than the wild-type strain. Only in Mes buffer at the
lowest external glucose concentrations a slight
increase was observed (Figure 5). At higher glu-
cose concentrations (>50 m) in Mes buffer the
difference became insignificant (not shown). In rich
medium there was only a slight difference at the
lowest glucose concentrations (5–10 m) (Figure
5). In Mes buffer and in the presence of a glucose
concentration of 10 m the tps1Ä strain also
showed somewhat faster ethanol production and
glucose consumption than the wild-type strain
(Figure 5).
Figure 4. Levels of free intracellular -glucose, as determined from the total level of -glucose
(intracellular+periplasmic/extracellular) minus the level of -glucose (periplasmic/extracellular).
(A) Wild-type strain (-), hxk1Ä hxk2Ä glk1Ä strain (,). (B) Wild-type strain (-), tps1Ä strain
(,), YEp-HXK2 overexpression strain (4) and the YEp-PGK/HXK2 overexpression strain (0).
 . 14: 255–269 (1998)
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? 1998 John Wiley & Sons
Figure 5. Ethanol production and glucose consumption in Mes buffer
and YP medium with 5 m- and 10 m-glucose. Wild-type strain (-),
tps1Ä strain (,), YEp-HXK2 overexpression strain (4) and YEp-
PGK/HXK2 overexpression strain (0).
, Ltd.  . 14: 255–269 (1998)
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DISCUSSION

The recent discovery of the Tps1-dependent con-
trol on glucose influx into glycolysis, apparently by
inhibition of hexokinase activity, has raised the
question as to the effect of hexokinase overexpres-
sion on the capacity to grow on glucose, the
pattern of glycolytic metabolites and the flux
through glycolysis. In previous work with a strain
containing a multi-copy plasmid with the HXK2
gene, no adverse effects on the capacity to grow on
glucose were reported and no effect on the rate of
ethanol formation under steady-state conditions
was observed (Schaaff et al., 1989). In addition to
a similar strain with a multi-copy plasmid contain-
ing theHXK2 gene, we have also used a strain with
the HXK2 gene behind the PGK promoter that
showed about 50-fold higher hexokinase activity as
measured in vitro. Since none of the two strains
showed a growth problem neither with glucose
nor with fructose as carbon source, the Tps1-
dependent control is apparently able to cope with a
very large excess of hexokinase activity. This has
important consequences for any model trying to
explain how the trehalose-6-phosphate synthase
curtails hexokinase activity. The absence of a
negative effect of overexpression of hexokinase in
wild-type cells is not due to glucose transport being
or becoming rate-limiting, since deletion of the
TPS1 gene results in excessive accumulation of
sugar phosphates and a growth problem on glu-
cose. When glucose carrier genes are deleted, a
tps1Ä mutant becomes less sensitive to glucose,
confirming that reduction of glucose supply can
limit hexokinase activity in vivo to such an extent
that the Tps1 control becomes less important
(Neves et al., 1995). Overexpression of hexokinase
in a tps1Ä strain further aggravates the growth
problem (as shown by the near absence in such
strains of spontaneous suppressor mutants that
grow again on glucose; unpublished results). This
indicates that even in a tps1Ä mutant, glucose
transport has not become limiting for hexokinase
activity in vivo.
On the other hand, precise determination of the

glycolytic metabolites just after addition of glucose
shows that hexokinase overexpression does have a
clear effect on the glycolytic metabolite pattern
during the initiation of fermentation. It mimics to
some extent the effect of deletion of TPS1. The
overshoot in the levels of glucose-6-P and fructose-
6-P are accentuated by hexokinase overexpression
and the same is true for the transient drop in the
? 1998 John Wiley & Sons, Ltd.
ATP level and the drop in free phosphate. How-
ever, the effects of hexokinase overexpression are
only transient. After a few minutes already the
Tps1-dependent control system is able to master
the influx of glucose into glycolysis in these strains.
Interestingly, the accentuation in the hexokinase

overexpression strains of the transient increase in
sugar phosphate and transient drop in ATP gives
the impression that also in wild-type cells glycoly-
sis starts with uncontrolled hexokinase activity. If
this is true it has the important consequence that
the Tps1-dependent control system is not yet
operative at the moment glucose is added. Initia-
tion of glucose metabolism would trigger its for-
mation and/or activation. Depending on the model
that has been proposed for the mechanism of the
Tps1-dependent control, this has the following
consequences. In the model where an interaction is
proposed between Tps1, hexokinase and sugar
transport, it would mean that the interaction does
not exist before glucose addition and that it is
initiated only when for instance Tps1 and/or hexo-
kinase become catalytically active. As a result of
this, a possible interaction of these proteins would
never be revealed in experiments measuring initial
glucose transport (which is classically measured
over a period of at most a few seconds). The
mechanism of the second model carries an inherent
delay for the action of the Tps1-dependent control
since it is based on deviation of the surplus of
glucose-6-P formed into trehalose synthesis. Since
trehalose-6-P synthase is activated by fructose-6-P
and inhibited by free phosphate (Vandercammen
et al., 1989; Londesborough and Vuorio, 1991),
the enzyme might become only fully active in vivo
after the fructose-6-P level has increased and
the phosphate level has dropped. Absence of the
Tps1-dependent control at the moment of glucose
addition has important consequences for the third
model since in this model hexokinase activity is
inhibited in vivo by trehalose-6-P and the
trehalose-6-P concentration is the same before
glucose addition and during exponential growth
on glucose (Blazquez et al., 1993; Hohmann et al.,
1996). Hence, if the Tps1-dependent control has to
be installed during initial glucose metabolism, the
control proposed by the third model would not
only be absent before glucose addition but also
during exponential growth on glucose. Interest-
ingly, we have recently found that the trehalose-6-
phosphate concentration shows a dramatic, but
transient increase just after addition of glucose
(Hohmann et al., 1996). This seems to support that
 . 14: 255–269 (1998)
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trehalose-6-phosphate inhibition of hexokinase, at
least if it is relevant in vivo, is only installed during
the initiation of glucose metabolism. However, at
the same time it implies that trehalose-6-phosphate
inhibition of hexokinase cannot be relevant during
exponential growth on glucose since its level then
is the same as before addition of glucose. During
exponential growth on glucose other mechanisms
would have to be involved in the inhibition of
hexokinase. Hence, if the Tps1-dependent control
were absent before glucose metabolism had been
initiated this would have important consequences
for the possible mechanism involved.
The recent discovery of the novel Tps1-

dependent control restricting glucose influx into
glycolysis has raised new questions concerning the
control of glycolytic flux. Previously, hexokinase
has always been considered to have an insignificant
contribution to the control of glycolytic flux
(Gancedo and Serrano, 1989; Galazzo and Bailey,
1990). The activity of hexokinase in vivo was
thought to be limited by substrate availability and
hence by the previous glucose transport step. Our
data show that overexpression of hexokinase in a
wild-type strain clearly stimulates the accumula-
tion of sugar phosphates after addition of glucose
and therefore apparently also the flux in the first
part of glycolysis (up to fructose-1,6-bisphosphate),
at least during an initial time period after the
addition of glucose. The changes in the level of the
other relevant metabolites, such as ATP and phos-
phate, are in agreement with this conclusion,
Hence, our results show that during the initiation
of fermentation hexokinase activity is not simply
limited by the glucose transport step and that it
has an important contribution to the control of
glycolytic flux during its initiation. On the other
hand, under all conditions and at all time points
the concentrations of glucose-6-P and fructose-6-P
showed the same ratio. This seems to indicate that
phosphoglucoisomerase has very little control over
the flux during the start-up of glycolysis.
The level of fructose-1,6-bisP increased faster in

the hexokinase overexpression strain compared to
the wild-type strain. This could be due to higher
phosphofructokinase activity or to lower activity
of aldolase (or downstream enzymes). The second
possibility might be caused by protein burden
effects (Snoep et al., 1995) on the lower part of
glycolysis. However, this seems less likely because
the differences are already visible after 15 s and
because there is no deleterious effect of hexokinase
overexpression on ethanol production and glucose
? 1998 John Wiley & Sons, Ltd.
consumption. The rate of phosphofructokinase
in vivo, as is true for any enzyme, can be limited in
three ways: (1) its inherent maximal activity, (2)
any control reducing its inherent maximal activity,
and (3) its substrate supply. Since there is no
evidence that overexpression of hexokinase would
affect transcription/translation of phosphofructo-
kinase so as to enhance its inherent activity or that
it would affect a control limiting phosphofructo-
kinase activity in vivo, we feel that our results
indicate that during the initiation of glycolysis
phosphofructokinase activity is most likely
restricted by its substrate supply.
Apparently, the contribution of other glycolytic

enzymes in the second part of glycolysis to the
control of the overall glycolytic rate is large since
under most conditions we could not observe an
effect of hexokinase overexpression on the rate of
ethanol production. Under some conditions, i.e. at
low glucose concentrations and in Mes buffer,
there was a slight stimulation of ethanol produc-
tion in the strains overexpressing hexokinase.
Possibly, such an effect might also be observed if
glucose repression were installed faster in the
strains overexpressing hexokinase. Hexokinase PII
is known to be essential for glucose repression, but
the exact role of the enzyme in this respect is
unclear (Rose et al., 1991). On the other hand, the
small stimulation of ethanol production was
accompanied by a small increase in the glucose
consumption rate, suggesting a true, albeit limited,
increase in the overall glycolytic flux.
Determination of the free intracellular glucose

level in yeast cells fermenting glucose has always
been difficult with classical harvesting and extrac-
tion methods. There is possible carry over of
glucose from the medium and washing of the
cells, on the other hand, can easily reduce the
intracellular glucose level. This cold-methanol-
quenching method developed by de Koning and
van Dam (1992) should in principle allow us to
circumvent this problem because it allows us to
wash any extracellular glucose away at a tempera-
ture of "40)C where metabolism of the intra-
cellular glucose should be completely absent.
However, it appears that a significant amount of
glucose gets frozen in the periplasmic space and/or
the cell wall and/or to the exterior of the cells. Even
with repeated washings it is not possible to remove
this glucose. To measure precisely the intracellular
glucose level, we have taken advantage of the
well-known observation that -glucose is not
transported to a significant extent by the yeast
 . 14: 255–269 (1998)
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glucose transporters (Heredia et al., 1968; Gamo
et al., 1995). Addition of a five-fold higher level of
-glucose together with -glucose had no signifi-
cant effect on the appearance of intracellular
glucose metabolites, confirming that -glucose
does not inhibit the uptake of -glucose.
Simultaneous addition of 100 m--glucose and
100 m-radioactively labelled -glucose allowed
an estimation of the intracellular level of -glucose
from the difference between the total amount of
-glucose, measured enzymatically, and the level
of -glucose, located extracytoplasmatically and
determined on the basis of its specific radioactivity.
In the wild-type strains the free intracellular

glucose level appears to be about 0·5–2 m, which
is higher than the Km of the hexokinases (0·1–
0·2 m) and of glucokinase (0·03 m) (Entian,
1997). Hence, this result fits with the conclusion in
this paper that hexokinase activity, at least during
the initiation of yeast fermentation, is not limited
by substrate availability. The absence of a decrease
in the free intracellular glucose level in the strains
overexpressing hexokinase does not fit with the
changes in the other metabolites. If hexokinase
activity in vivo is enhanced, one would expect the
free intracellular glucose level to rise more slowly
during the start-up of glycolysis. We had already
observed previously that the free glucose level in
tps1 mutants rose higher than in the wild-type
strains (Hohmann et al., 1993; Van Aelst et al.,
1993) and this is now confirmed with the new
method (Figure 4). In principle this is also incon-
sistent with the higher hexokinase activity appar-
ently present in vivo in such strains. In the tps1Ä
mutant the -glucose level seemed to increase
somewhat with time, which might be due to a
permeability problem caused by the pleiotropic
tps1Ä mutation. If -glucose had somehow leaked
into the tps1Ä cells, the calculated free intracellular
-glucose level should have been even higher than
the level reported. The unexpected behaviour of
the free intracellular glucose level might indicate
the existence of novel, unknown controls operating
between glycolysis and glucose transport. Alter-
natively overexpression of hexokinase PII might in
some way alter the expression pattern of the
glucose carriers with a different free intracellular
glucose level as a result.
In conclusion, our results are consistent with the

idea that in wild-type yeast cells incoming glucose
is initially phosphorylated in an unrestricted way
and that this causes a transient metabolic deregu-
lation until the Tps1-dependent control sets in and
? 1998 John Wiley & Sons, Ltd.
limits in some way glucose phosphorylation. Over-
expression of hexokinase clearly accentuates the
temporary metabolic problem occurring immedi-
ately after addition of glucose. However, the Tps1-
dependent control is able to overcome rapidly even
a 50-fold excess of hexokinase activity, allowing
normal growth on glucose and fructose. The clear
stimulating effect of hexokinase overexpression on
the accumulation of fructose-1,6-bisP indicates
that hexokinase has an important control on the
flux in the first part of glycolysis during the start-up
of fermentation. Finally, the unexpected behaviour
of the intracellular free glucose level might indicate
the existence of novel unknown interactions
between glycolysis and glucose transport.
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