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Chapterr 6

6.11 Summary

Hexokinasee II is an enzyme central to glucose metabolism and glucose repression in the yeast
SaccharomycesSaccharomyces cerevisiae. Deletion of HXK2, the gene which encodes hexok
dramaticallyy changed the physiology of 5. cerevisiae. The hxkl null mutant strain displayed
fullyy oxidative growth at high glucose concentrations in early exponential batch cultures,
resultingg in an initial absence of fermentative products such as ethanol, a postponed and
shortenedd diauxic shift, and higher biomass yields.
Severall intracellular changes were associated with the deletion of hexokinase II. The
hxk2hxk2 deletion strain had a higher mitochondrial HT-ATPase activity and a lower pyruvate
decarboxylasee activity, which coincided with an intracellular accumulation of pyruvate in the
hxk2hxk2 mutant. The concentrations of adenine nucleotides, glucose-6-phosphate, and fructose6-phosphatee were comparable in the wild-type and the hxk2 mutant. In contrast, the
concentrationn of fructose-1,6-bisphosphate, an allosteric activator of pyruvate kinase, was
clearlyy lower in the hxk2 mutant than in the wild-type.
Thee results suggest a redirection of carbon flux in the hxk2 mutant to the production
off biomass, as a consequence of reduced glucose repression.
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6.22 Introduction

Glycolysiss plays a central role in glucose metabolism in the yeast Saccharomyces cerevisiae.
Itt is the root for many different pathway branches which lead primarily to the production of
biomass,, ethanol, and C0 2 . The first step in glycolysis is the transport of glucose across the
celll membrane by members of the hexose transporter family (19, 100, 173). Subsequently,
intracellularr glucose is phosphorylated to glucose-6-phosphate. In the yeast S. cerevisiae,
theree are three isozymes that phosphorylate glucose: glucokinase (encoded by GLK1),
hexokinasee I (encoded by HXK1), and hexokinase II (encoded by HXK2). These isozymes
havee different affinities for glucose and ATP, and different specificities towards other sugars
suchh as fructose and mannose (59, 113). Furthermore there are differences in the
transcriptionall regulation of the genes that encode these hexose-phosphorylating enzymes,
dependingg on the source and the amount of carbon (72). In contrast to hexokinases from other
organisms,, S. cerevisiae hexose kinases are not inhibited by their product glucose-6phosphatee (for review see: (21)). Instead, the inhibition of hexokinase II activity by trehalose6-phosphatee (17) may be involved in the regulation of the sugar influx into glycolysis by
trehalose-6-phosphatetrehalose-6-phosphate synthase (207, 212) and thereby in the regulation of intra
metabolitee pools. Furthermore, from previous studies it is known that hexokinase II is
involvedd in glucose repression (for reviews see: (22, 58)).
Glucosee repression is a mechanism that adapts yeast cells for the fermentation of
glucose,, the preferred carbon source (for recent reviews see (22, 58)), by repression of a large
numberr of genes at the level of transcription. Transcription of SUC2 (encoding invertase),
GALGAL genes (encoding proteins involved in galactose metabolism), MAL genes (encoding
proteinss involved in maltose metabolism), HXK1 (encoding hexokinase I), and genes
encodingg enzymes of the glyoxylate shunt, the tricarboxylic acid cycle, and gluconeogenesis
aree all repressed in the presence of glucose. In addition, genes involved in respiration and
otherr mitochondrial activities are repressed by glucose. In S. cerevisiae, glucose repression
leadss to the occurrence of diauxic growth on glucose.
Thee mechanism governing glucose repression is not yet well understood, and several
regulatoryy pathways seem to be involved. A central role for hexokinase II is apparent (58).
Thee absence of hexokinase II causes derepression of high-affinity glucose transport (124,
198)) encoded by at least HXT7 (see Chapter 5 and ref. (111)). Also the synthesis of
hexokinasee I (45), invertase (encoded by SUC2), maltase, malate dehydrogenase (46),
galactokinase,, cytochrome c reductase, and cytochrome c oxidase (128) is no longer
repressedd by glucose in hxk2 mutants.
Severall properties of hexokinase II may be involved in glucose repression.
Previously,, the sugar-phosphorylating activity of hexokinase II was suggested to be directly
correlatedd to the extent of glucose repression (116). Overproduction of hexokinase I (encoded
byy HXK1) restored glucose repression in an hxk.2 mutant, however overexpression of GLK1
(encodingg glucokinase) did not (182). Hexokinase II is a phosphoproteinn in vivo (234), which
suggestss a regulatory function. Both hexokinase I and hexokinase II exist in two isoforms in
vitro,vitro, a monomeric and a dimeric form, which have different affinities for glucose (10).
Phosphorylationn at serine-15 converts hexokinase II to the monomeric form (10, 99), which
seemss essential for glucose repression (171). Furthermore, a dual cytosolic-nuclear
localizationn of hexokinase II has been demonstrated (170). In the nucleus, the hexokinase II
proteinn participates in a regulatory DNA-protein complex necessary for glucose repression of
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thee SUC2 gene in the nucleus (73). Thus, there are strong connections between glucose
repressionn and hexokinase II in terms of both metabolic and regulatory activity.
Manyy previous studies have been dedicated to the role of hexokinase II in glucose
repression;; in this paper we give the first comprehensive physiological characterization of S.
cerevisiaecerevisiae cells deleted in hexokinase II during and beyond aerobic batch growth on glucose.
6.33 Materials and methods

Strainn and growth conditions - S. cerevisiae wild-type strain CEN.PK113-7D (MATa
MAL2-&MAL2-& SUC2) provided by Dr. P. Kotter (Frankfurt, Germany) was used for a PCR-based
genee disruption of HXK2. Primers described in this study were constructed by Isogen
Biosciencee BV. The HXK2 gene was replaced by a fowMX-cassette in CEN.PK113-7D to
createe strain KYI 16 as follows: using primer AK53 (GTTGTAGGAATATAATTCTCCACA
CATAATAAGTACGCTAATTCGTACGCTGCAGGTCGAC:: the underlined nucleotides
correspondd to the DNA immediately 5' of the HXK2 open reading frame) and primer AK54
(AAAAGGGCACCTTCTTGTTGTTCAAACTTAATTTACAAATTAAGTATCGATGAAT T
TCGAGCTCG;; the underlined nucleotides correspond to the DNA 3' of the HXK2 open
readingg frame) the kanMX cassette of plasmid pFA6a-kanMX4 (235) was amplified using the
Expandd PCR kit as recommended by the manufacturer (Roche Diagnostics). The resulting
PCRR product was transformed into competent CEN.PK113-7D as previously described (61).
Afterr 2 h of cultivation in YEPD medium (1% w/v yeast extract, 2% w/v peptone, 2% w/v
glucose),, the transformed cells were plated on solid YEPD medium containing G418 (200
fAg/ml)) and incubated at 30°C. G418-resistant isolates were tested for the proper integration
off the kanMX cassette at the HXK2 locus by analytical PCR using the TaqPlus Long PCR kit
withh the primers AK60 (GACGAAATACGCGATCGCTGT) and AK61 (GCCGAACATTT
CAAAGTCAACC)) as recommended by the manufacturer (Stratagene).
Aerobicc batch cultivations were performed in a bioreactor at 30°C at a stirring speed of 1000
rpmm and an aeration rate of 1 volume of air per vessel volume per minute. The minimal
mediumm contained 1% (w/v) glucose, 0.17% (w/v) Yeast Nitrogen Base (YNB) without
aminoo acids or (NH^SOt* (Difco), 0.5% (NH^SO^ (w/v), and 0.1 M potassium phthalate at
pHH 5.0. Samples were taken for analysis of extracellular metabolites, intracellular
metabolites,, dry weight, protein, optical density, and enzyme activities. O2 consumption and
C 0 22 production were measured by on-line mass spectrometry of the exhaust gas The optical
densityy of the culture was measured at 600 nm in a spectrophotometer (1=1 cm, Novaspec II,
Amershamm Pharmacia). Throughout this chapter, data are shown of a single representative
experiment.. Variations between experiments were less than 15% and within each experiment
eachh data point had an error of less than 5%.
Samplee extraction - For the determination of the protein concentration 1.2 ml of the culture
wass centrifuged for 1 min at 14000 x g. The pellet was resuspended in 1.2 ml of 1 M NaOH.
Sampless for the determination of extracellular metabolites were prepared by adding
1000 ul 35% perchloric acid (v/v, PC A) to 1 ml of the culture supernatant. Samples were
neutralizedd before analysis with 55 ul 7 M KOH. After centrifugation (1 min at 14000 x g)
thee supernatant was filtered through 0.45 um nylon syringe filters (Alltech).
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Sampless for the determination of intracellular metabolites were prepared by addition
off 100 ul 35% PC A (v/v) to 600 |il culture and put on ice. Samples were neutralized within
ann hour after extraction with 145 ul 2 M K2CO3.
Forr the preparation of enzyme extracts 10 ml of culture was centrifuged for 5 min at
40000 x g at 4°C. The pellet was resuspended in 0.6 ml 20 mM potassium phosphate buffer
(pHH 7) and extracted by vigorous shaking for 15 min with 0.5 gram glass beads (0 ~ 0.45-10"
33
m) at 4°C. To inhibit serine protease activity 1 uM phenylmethylsulfonyl fluoride (PMSF,
dissolvedd in dimethylsulfoxide: DMSO) was added.
Forr the determination of mitochondrial HP-ATPase activity 10 ml of culture was
centrifugedd for 5 min at 4000 x g at 4°C. The pellet was resuspended in 100 ul buffer
containingg 500 mM mannitol, 1 mM ATP, 2 mM EDTA, 0.2% bovine serum albumin (w/v),
10%% methanol, 10 mM e-aminocaproic acid in 0.1 M Tris-HCl (pH 7.5) and extracted by
vigorouss shaking for 30 min with 0.2 gram glass beads (0 ~ 0.45-10"3 m) at 4°C (222). To
inhibitt protease activity 1 uM PMSF (in DMSO) was added. ATPase activity was measured
inn the complete extract.
Analysess - Protein concentrations were determined by the method of Lowry et al. (115)
usingg bovine serum albumin (fatty-acid free, Sigma) as a standard. Extracellular metabolites
weree determined by means of high performance liquid chromatography (LKB, Bromma,
Sweden)) with a Rezex organic acid analysis column with an 8u particle size, 8% cross
linkingg and a hydrogen ionic form (Phenomex, Torrance, CA), at a temperature of 45°C and
withh 7.2 mM H2S04 as eluent. Detection occurred by an RI-1530 refractive index detector
(Jasco,, Tokyo, Japan). Peak integration and data processing were done with Borwin (Le
Fontanil,, France) chromatography software. Intracellular metabolites were determined by
NAD(P)HH coupled enzymatic reactions (11). Intracellular concentrations were calculated
assumingg that 1 mg of protein corresponds to 3.75 ul of intracellular volume (34, 177, 204).
Enzymee activities were determined at 30°C and pH 7.0 by NAD(P)H coupled enzymatic
reactionss (203). Mitochondrial ATPase activity (azide sensitive ATP hydrolysis) was
determinedd by subtracting the azide-in sensitive ATPase activity from the total ATPase
activity.. Total ATPase activity was measured at 30°C at pH 8.0 with 0.5 mM
phosphoenolpyruvate,, 6 mM MgCl2-6H20, 85 mM sucrose, 5 mM ATP, 35 mM Tris-HCl,
0.33 mM NADH, 50 uM antimycin A, 5 Umi 1 pyruvate kinase and 5 U-ml"1 lactate
dehydrogenasee (222). The reaction was started with crude enzyme extract. The azideinsensitivee ATPase activity was measured with the same reaction mixture in the presence of 5
mMM NaN3. Protein, intracellular metabolites and enzyme activities were measured on a
COBAS-FARAA automatic analyser (Roche).
6.44 Results

Physiologicall changes - During aerobic batch growth on 1% glucose, distinct growth
phasess could be distinguished in wild-type S. cerevisiae (Fig. 6.1 A; for a description of wildtypee yeast batch growth see (114)). In a first exponential growth phase the glucose was
metabolizedd predominantly to ethanol and CO2, minor products of fermentation being
glycerol,, acetate and pyruvate (Figs. 6.2A and 6.3A). Both protein concentration and optical
densityy of the culture increased exponentially at a rate of approximately 0.38 h"1. The specific
C0 22 evolution rate was 800 nmol-min'Ong protein)"1 and the specific 0 2 consumption rate
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wass 65 nmol-min"1-(mg protein)"1, resulting in a respiratory quotient (RQ=C0 2 /0 2 ) of
approximatelyy 12 during exponential growth (Fig. 6.3A). This RQ is indicative of respirofermentativee growth. Only a small part of the glucose was respired whereas the rest was
fermentedd primarily to ethanol. As a consequence of the production of ethanol, which has a
relativelyy high energy content, the growth yield was low. On a C-molar basis 71% of the
glucosee was converted to ethanol and C0 2 , 2% to C0 2 via the TCA cycle, 13% to biomass,
5%% to glycerol, 2% to acetate and 0.5% to pyruvate, which gives a carbon recovery of 93.5%,
howeverr a part of the missing carbon can be accounted for by ethanol evaporation (i.e.
substantiall amounts of ethanol were measured in the off-gas by means of a cold trap).

-//--//1.00 0

A

Ü) )0.75 5

-- IO.O
rr
7.5 5
C Co
o

BB

8 80.50 0

--

«jtfffc c

tat a

5.0 0
2.5 5

0.25 5
#

B2- :
0.00 0
10.0 0

:

BB

I*-

7.5 5

PP *
PP
PP

5.00 "
2.5 5

gg ;

P::

§§

VV

0.0 0
10 0

^ — r r-//--//355

155
20
Time e

0.0 0
1.00 0

0.755

§
CD D

5' '
0.500

--0.25 5
0.00 0
40

§

F i g u r ee
6.1
Influence
on
growth
characteristicss of the HXK2 deletion. The
wildd type strain (A) and the hxk2 mutant strain
(B)) were grown on YNB, 1% glucose. Growth
wass monitored by measuring the optical
densityy at 600 nm ) and the total protein
concentrationn (D) of the culture. Dotted lines
indicatee the moment of glucose exhaustion.
Errorss are less than 5%. Data are shown of a
representativee experiment.

Afterr glucose was exhausted, growth was arrested in the wild-type yeast cells for at
leastt 4-5 hours while they adapted their metabolic machinery for respiratory growth on
ethanol.. The depletion of glucose coincided with a sudden drop in C0 2 production and 0 2
consumption.. Both C0 2 production and 0 2 consumption resumed before growth did
(comparee Figs. 6.1 A and 6.3A). After the lag-phase the wild-type yeast consumed the ethanol
andd other fermentative products that were produced during growth on glucose. An RQ of
approximatelyy 0.6 was measured (Fig. 6.3A) which is characteristic for growth on ethanol
(114).. During growth on ethanol the optical density increased relatively more than the protein
concentrationn (Fig. 6.1). At the end of growth there was a small increase in RQ (Fig. 6.3A),
characteristicc for the metabolism of acetate (114).
Thee deletion of the HXK2 gene altered the growth characteristics at high glucose
concentrationss (Fig. 6. IB). Compared to the wild-type yeast the rate of exponential increase
inn protein and optical density was decreased (u = 0.33 h"1), and slowed further to a rate of
0.222 h"' at later stages of growth on glucose. The protein content per OD-unit was lower in
84 4

Physiologyy of an hxk2 mutant

thee hxk.2 mutant during exponential growth on glucose (between 5 and 25% more protein per
OD-unitt in the wild-type yeast), possibly as a consequence of differences in the cellular
make-upp between the wild-type and hxk.2 mutant (e.g. storage carbohydrates). Most striking,
duringg early exponential growth the hxk.2 mutant consumed much less glucose than the wildtypee strain and no products of fermentation could be detected in the culture supernatant (Fig.
6.2B).. During this period glucose was only converted into biomass and C0 2 in contrast to the
wild-typee during exponential growth on glucose. In the hxk2 mutant glucose was completely
convertedd by oxidative metabolism as evidenced by an RQ of 1 (Fig. 6.3B).

Figuree 6.2 Changes in the external metabolite
patternn as a consequence of an HXK2 deletion. The
wildd type strain (A) and the hxk2 mutant strain (B)
weree grown on YNB, 1% glucose. Glucose (•),
ethanoll (D), glycerol (V), acetate (A), and pyruvate
(O)) were determined in the supernatant of the culture.
Dottedd lines indicate the moment of glucose
exhaustion.. Errors are less than 5%. Data are shown of
aa representative experiment.
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Att a, at first sight, arbitrary moment the hxk.2 mutant showed a decrease in 0 2
uptakeuptake rate and an increase in the rate of C0 2 evolution, resulting in an increase of RQ to a
maximumm of 2.5, which is still much lower than for the wild-type during fermentative
growth.. These changes in gas metabolism coincided with the production of fermentative
productss such as ethanol, acetate, glycerol and pyruvate (Fig. 6.2B). On a C-molar basis 25%
off the glucose was converted to ethanol and C0 2 , 14% to C0 2 via the TCA-cycle, 48% to
biomass,, 6% to glycerol, and 6% to acetate (carbon recovery of 99%).
Afterr glucose exhaustion and a lag period, which is shorter than for the wild-type
(Figs.. 6.1 and 6.3), the hxk2 mutant metabolized and grew on the fermentative products of
glucosee metabolism. As in the wild-type, this process occurred with an RQ of approximately
0.6.. The growth on fermentative products was shorter than for the wild-type cells since the
amountt of fermentative products produced was lower during the preceding exponential
growthh on glucose. As with the wild-type, a small increase in RQ was observed at the end of
growthh as a consequence of acetate metabolism.
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F i g u r ee 6 . 3 Specific C 0 2 production, 0 2
consumptionn and the Respiratory Quotient during
growth.. The wild type strain (A) and the hxk2 mutant
strainn (B) were grown on YNB, 1% glucose. C 0 2
productionn ( • ) and 0 2 consumption (D) were
measuredd continuously from the off-gas and are
expressedd in umol-min"'-(mg total cell protein)"'. The
RQQ (—) was determined by dividing the specific C 0 2
productionn by the specific 0 2 consumption. Dotted
liness indicate the moment of glucose exhaustion.
Errorss are less than 5%. Data are shown of a
representativee experiment.

Too determine the reason for the onset of fermentation in the hxkl mutant, experiments were
performedd in which growth, glucose consumption, and the start of ethanol production were
determinedd at initial glucose concentrations between 0.5% and 8%. The exponential growth
ratess of both the wild-type and the hxkl mutant strains decreased with increasing initial
glucosee concentrations. The growth rate of the wild-type decreased from 0.39 h"1 at 0.5%
initiall glucose to 0.34 h"1 at 8% initial glucose. Remarkably, in the hxkl mutant the growth
ratee showed a dramatic decline in growth rate from 0.32 h"1 at 0.5% initial glucose to 0.18 h"1
att 8% initial glucose. The onset of ethanol production was not associated with the residual
concentrationn of glucose (results not shown). Additionally, the onset of ethanol production
wass not a consequence of an insufficient dissolved oxygen tension during batch growth on
11 % glucose. Dissolved oxygen did not drop below 90% of air saturation during any stage in
growthh for either the wild-type or the hxkl mutant strains (results not shown). The onset of
ethanoll production was correlated with the biomass concentration of the cultures, and started
att a protein concentration of approximately 0.25 glitre"' irrespective of the initial glucose
concentration. .
Intracellularr changes - To understand the molecular basis of the physiological changes that
resultt from the deletion of the HXK1 gene, some intracellular properties of the wild-type and
thee hxkl mutant were monitored during growth on 1 % glucose. As was shown in the first part
off the results section, the growth characteristics (Fig. 6.1) of the wild-type and hxkl mutant
strainn are differ strongly. In both in the wild-type and the hxkl mutant strains the metabolite
patternn continuously changes during growth on 1% glucose (Fig. 6.4). The intracellular
concentrationss of glucose-6-phosphate, fructose-6-phosphate and ATP decreased during
exponentiall growth on glucose in both strains. The intracellular concentration of fructose-1,6bisphosphatee decreased in the wild-type, but remained relatively low and constant in the hxkl
mutant.. The total concentration of the adenine nucleotides decreased in both the wild-type
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strainn and the hxk.2 mutant strain. The concentrations of ADP and AMP were marginally
higherr in the hxk2 mutant strain. The onset of fermentation in the hxk.2 mutant coincided with
ann intracellular accumulation of pyruvate. A comparison between the culture supernatant and
ann extract of the total culture suggests that pyruvate accumulated extracellularly and was not
excreted,, levels up to 40 mM of intracellular pyruvate were estimated (data not shown),
whereass the wild-type excreted the pyruvate.
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Figuree 6.4 Internal metabolites during growth on glucose. The wild type strain (A & C) and the hxk2
mutantt strain (B & D) were grown on YNB, 1% glucose. The intracellular concentrations of glucose-6phosphatee (•), fructose-6-phosphate (D), and fructose-1,6-bisphosphate (A) in Figs. A and B, and the adenine
nucleotidess ATP (•), ADP (D), and AMP (A) in Figs. C and D are expressed in mM in the cytosol. Dotted
liness indicate the moment of glucose exhaustion. Errors are less than 5%. Data are shown of a representative
experiment. .

Glucose-phosphorylatingg activity increased during exponential growth on glucose in the
wild-typee (Fig. 6.5A). A slightly higher specific phosphorylating activity was measured with
fructosee than with glucose, which indicates the presence of hexokinase I. In the hxk2 mutant
thee hexose-phosphorylating capacity increased only slightly during growth on glucose (Fig.
6.5B).. In the hxk2 null strain the hexokinase activity was slightly higher with fructose than
withh glucose early in exponential growth. When growth on glucose continued, fructose
clearlyy became the preferred substrate, with fructose activity being two times higher than
glucosee activity. After glucose exhaustion the wild-type showed a higher glucose- and
fructose-phosphorylatingg activity than the hxk2 mutant.
Pyruvatee decarboxylase converts pyruvate into acetaldehyde en route to ethanol.
Bothh in the hxk2 mutant and in the wild-type the pyruvate decarboxylase activity was
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relativelyy constant during growth on glucose (Fig. 6.5); however in the hxk.2 mutant the
pyruvatee decarboxylase activity was 2-3 times lower than in the wild-type.
Inn the wild-type ,a low, yet increasing, mitochondrial ATPase activity was observed
whenn glucose was consumed during growth on 1 % glucose. In contrast, in the hxk.2 mutant
thee mitochondrial H+-ATPase activity was high throughout exponential growth on glucose,
indicativee of a derepressed mitochondrial respiratory capacity.
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F i g u r ee 6 . 5 Specific enzyme activities during growth on glucose. The wild type strain (A & C) and the
hxk2hxk2 mutant strain (B & D) were grown on YNB, 1 % glucose. In Figs. A and B the fructose-phosphorylating
activityy ( • ) , the glucose-phosphorylating activity (D) (in umol substrate converted per minute per mg total
celll protein), and the ratio between fructose- and glucose-phosphorylating activities, are depicted. In Figs. C
andd D the pyruvate decarboxylase activity (O), and mitochondrial H+-ATPase ( • ) activity are depicted.
Dottedd lines indicate the moment of glucose exhaustion. Errors are less than 10%. Data are shown of a
representativee experiment.

6.55 Discussion

Aerobicc batch growth on 1% glucose of wild-type S. cerevisiae is characterized by respirofermentativee metabolism. The energy necessary for exponential growth is partly generated by
respirationn (i.e. the oxidation of glucose to C0 2 via the TCA cycle and oxidative
phosphorylation)) and partly by fermentation (i.e. the conversion of glucose to fermentative
products,, primarily ethanol). Oxidative growth yields more ATP per glucose molecule than
fermentativee growth. The production of ethanol from glucose under aerobic growth
conditionss is referred to as the Crabtree effect. The Crabtree effect has been ascribed to a
limitedd capacity of the mitochondrial respiratory chain, or an overflow of metabolism at the
levell of pyruvate (166). In the industrial production of yeast biomass the formation of ethanol
iss undesirable, and industrial fermentations are designed to avoid it. The production of
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ethanoll (or other metabolites) is accompanied by reduction of biomass yield, and is related to
inhibitionn of yeast growth and poor performance during subsequent fermentation (230).
Furthermoree the production of fermentative products results in a diauxic shift; first the cells
groww on glucose and then they have to adapt to growth on the fermentative products.
Productionn of fermentative products can be avoided by means of fed batch cultivation of the
yeast.. The culture is fed below a critical dilution rate and is mixed vigorously by aeration to
avoidd local high concentrations of glucose and/or low concentrations of dissolved oxygen.
Yeastt strains with (null) mutations in HXK2 have a reduced growth rate and reduced glucose
repressionn at higher glucose concentrations (this study and (46)). This reduction suggests that
hexokinasee n and/or glucose repression are necessary to regulate glucose metabolism for fast
growthh at high external glucose concentrations. However, elimination of hexokinase II, an
enzymee central in glucose repression, does not result in severe growth defects or apparent
changess in cell morphology (results in this chapter and not shown). Instead a yeast strain with
aa null mutation in HXK2 displays fully oxidative growth at high glucose concentrations in
earlyy exponential batch cultures, resulting in an initial absence of fermentative products such
ass ethanol, a postponed and shortened diauxic shift, and higher biomass yields.
Changess inn intracellular properties resulting from the absence of the hexokinase II protein are
apparentt (this study and refs: (45, 46, 111, 124, 128, 157, 198)). Hexokinase II is the
dominantt hexose-phosphorylating enzyme during exponential growth on glucose. Only when
glucosee declines do the other hexose-phosphorylating enzymes, hexokinase I and
glucokinase,, appear (59, 72). Mutations in the genes encoding hexokinase I (HXK1) and
glucokinasee (GLK1) do not have significant effects on glucose repression. However,
overexpressionn of HXK1 can restore glucose repression in an hxk.2 mutant (182).
Overproductionn of glucokinase on the other hand was not sufficient to restore glucose
repression.. Hexokinase I, like hexokinase II, but in contrast to glucokinase, exists in both
monomelicc and dimeric states (123). This similarity suggests that the hexose-phosphorylating
activityy itself is not directly related to glucose repression, yet there might be a relation
betweenn the presence of the different oligomers and glucose repression. In this study we
showw that the hxk.2 mutant and the wild-type have comparable hexose-phosphorylating
activitiess during exponential growth on glucose. This finding contradicts the hypothesized
relationshipp between glucose repression and hexose-phosphorylating capacity. However, the
inin vitro phosphorylating capacity might be similar in the different strains, yet the affinities of
thee glucose-phosphorylating enzymes differ strongly (113), thus the in vivo phosphorylating
activityy or the resulting metabolite pools cannot be excluded as direct regulators of glucose
repression. .
Duringg growth on glucose, the fructose-phosphorylating activity of the hxk2 mutant
increasess while the glucose-phosphorylating activity remains constant, which suggests an
increasee in hexokinase I, sincefructostoseis not phosphorylated by glucokinase and the ratio
off fructose over glucose phosphorylation is approximately 1.3 for hexokinase II, and around
33 for hexokinase I (72).
High-affinityy glucose transport is subject to glucose repression (13, 16, 173). In
wild-typee yeast die kinetics of glucose transport are determined predominantly by lowaffinityy transporters at high concentrations of glucose. When the glucose concentration
declines,, glucose transport switches more and more to high-affinity transporters (e.g. Chapter
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22 and (239)). In a strain in which HXK1 is deleted, high levels of high-affinity glucose
transporterss are found even at high concentrations of glucose (see Chapter 5 and ref. (13)).
Steady-statee intracellular metabolite levels are determined by the transport step and the
subsequentt metabolic machinery. The changes in inhibition of hexokinase activity by
trehalose-6-phosphatee or in the interaction with trehalose-6-phosphate synthase, and the
presencee of high-affinity glucose transport activity in the hxkl null mutant during growth at
highh glucose concentrations may change the concentration of intracellular metabolites (e.g.,
intracellularr glucose or glucose-6-phosphate) and thereby relieve glucose repression.
Bothh intracellular glucose and glucose-6-phosphate might act as signal molecules
forr glucose repression. Entian et al (46) showed that intracellular concentrations of glucose6-phosphate,, fructose-6-phosphate and fructose-1,6-bisphosphate are comparable in the wildtypee and the hxkl mutant grown on different carbon sources. However, intracellular
metabolitess were not followed during growth, but measured in cells harvested at an arbitrary
pointt (after 36 hours of growth). In our experiments, both glucose and ethanol metabolism
weree finished by 36 hours, which may indicate that in the experiment described by Entian et
al.al. the cells were no longer exponentially growing on glucose. Here we show that the
concentrationss of glucose-6-phosphate, fructose-6-phosphate, and ATP change during growth
onn 1% glucose, yet are comparable in the wild-type and the hxkl mutant.
Thee ATP/AMP ratio might act as a signal for glucose repression by modulating the
Snfll kinase activity (252). The Snfl kinase is required for the transcription of glucoserepressedd genes. However, the role of the ATP/AMP ratio in glucose repression has been
calledd into question (58). In our experiments, the ATP/AMP ratios are similar in the wildtypee and the hxkl mutant, in spite of the dramatically different states of glucose repression,
whichh suggests that the hypothesis that the ATP/AMP ratio triggers glucose repression is
incorrect. .
Thee concentration of fructose-1,6-bisphosphate decreased in wild-type yeast during
growthh on glucose. In the hxkl mutant strain the concentration of fructose-1,6-bisphosphate
iss lower than in the wild-type during growth in glucose medium. Fructose-1,6-bisphosphate is
ann allosteric activator of pyruvate kinase. Pyruvate kinase is the enzyme that converts
phosphenolpyruvatee into pyruvate in the last step of glycolysis. The reduced levels of
pyruvatee decarboxylase and the decreased activation of pyruvate kinase in the hxkl mutant
mightt be directly responsible for the redirection of carbon-flux from the production of
ethanoll to the production of biomass.
Inn the wild-type the culture density and culture protein concentration remained constant for
approximatelyy 5 hours after glucose exhaustion. During this diauxic shift the O2 consumption
andd C0 2 evolution decreased strongly, however increased again soon, indicative for the reinitiationn of metabolism, yet the arrest in growth persisted (Figs. 6.1 and 6.3A). This lag
indicatess that the adaptation, involving the conversion of enzymes of the metabolic
machinery,, is an energy consuming process. In the hxkl mutant the adaptation period seemed
approximatelyy 1 hour (Figs. 1-3), which suggests that at least some of the mRNA or enzymes
necessaryy for growth on ethanol were already present. This hypothesis is confirmed by the
derepressedd mitochodrial iT-ATPase activity.
Thee hxkl mutant began fermentation after the glucose had been partially consumed.
Thiss delay was unexpected, since as the concentration of glucose declines during growth one
wouldd expect glucose repression and flux through glycolysis to decline as well. Possible
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explanationss for these results include: (i) the dissolved oxygen concentration may have been
tooo low, resulting in a limited supply of 0 2 at elevated concentrations of biomass, (ii) a
vitaminn or nutrient other than glucose may have been depleted after a certain amount of
biomasss was produced (168), or (iii) intracellular accumulation of metabolites may have
causedd an overflow of metabolism into fermentation, or affected the expression of particular
geness (e.g. accumulation of intracellular glucose may result in glucose repression).
Forr the oxidative degradation of glucose to C0 2 and biomass, oxygen must be
present.. Oxygen-limitation forces yeast to fermentative glucose metabolism to acquire energy
forr growth. However, in our experiments, the dissolved oxygen levels never dropped below
90%% (both in the wild-type and the hxk.2 mutant), therefore we conclude that oxygen supply
wass not limiting.
Thee intracellular accumulation of pyruvate in the hxk2 mutant during growth on
glucosee was unexpected. Apparently, the hxk2 mutant either actively transports pyruvate
backk into the cell or is unable to excrete pyruvate effictively (see: (168)). The ongoing
accumulationn of pyruvate might result in the overflow of metabolism to the production of
ethanol,, which is initially not present as a result of the low pyruvate decarboxylase activity.
Furthermore,, the increase in hexokinase I activity during growth on glucose in the
hxk.2hxk.2 mutant may be responsible for glucose repression at the onset of ethanol production.
Inn summary, we have shown that the deletion of HXK2 in S. cerevisiae results in a Crabtreenegativee or Crabtree-diminished phenotype: the strain displayed completely oxidative growth
duringg aerobic batch cultivation on glucose, with a high biomass yield. Ethanol production
beginss only after continued growth on glucose. Overproduction of the separate enzymes of
glycolysiss does not increase the glycolytic flux (188). We think that changing regulatory
pathwayss may be a fruitful approach to alter yeast physiology and to divert glucose
metabolismm into desired pathways, e.g. the production of biomass or the production of
heterologouss proteins in the presence of abundant glucose.
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