UvA-DARE (Digital Academic Repository)

Physiological responses of carbon fluxes to deletion of specific genes in
Saccharomyces cerevisiae.
Raamsdonk, L.M.
Publication date
2000

Link to publication
Citation for published version (APA):
Raamsdonk, L. M. (2000). Physiological responses of carbon fluxes to deletion of specific
genes in Saccharomyces cerevisiae. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:09 Jan 2023

GrowthGrowth on mixed substrates by an hxkl deletant

Chapterr 6
Co-consumptionn of sugars or ethanol and glucose in
aa Saccharomyces cerevisiae strain deleted in the
HXK2HXK2 gene
Inn collaboration with: Jasper A. Diderich, Arthur Kuiper, Monique van Gaaien, Arthur L.
Kruckeberg,, Jan A. Berden and Karel van Dam

Inn previous studies it was shown that deletion of the HXK2 gene in
SaccharomycesSaccharomyces cerevisiae yields a strain that hardly produces ethanol and grows
almostt exclusively oxidatively in the presence of abundant glucose. This paper
reportss on physiological studies on the hxkl deletion strain on mixtures of
glucose/sucrose,, glucose/galactose, glucose/maltose and glucose/ethanol in
aerobicc batch cultures. The hxkl deletion strain co-consumed galactose and
sucrosee together with glucose. In addition to the co-consumption of glucose
togetherr with other sugars, co-consumption of glucose together with ethanol was
observedd during the early exponential growth phase. In S. cerevisiae, coconsumptionn of ethanol and glucose (in the presence of abundant glucose) has
neverr been reported before. The specific respiration rate of the hxkl deletion
strainn growing on the glucose/ethanol mixture reached close to 900 umol 0 2 x
min'11 x (g protein)'1. This specific respiration rate is 4 to 5 times higher than that
off the hxkl deletion strain growing oxidatively on glucose, 3 times higher than
itss parent growing on ethanol (respiration is fully derepressed) and is and almost
100 times higher than its parent growing on glucose (respiration is repressed).
Thiss indicates that the hxkl deletion strain has a strongly enhanced oxidative
capacityy while co-consuming glucose and ethanol.
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6.11 Introduction
GlucoseGlucose repression

SaccharomycesSaccharomyces cerevisiae or bakers' yeast ferments under aerobic conditions an
thereforee a Crabtree positive yeast. Aerobic fermentation is a consequence of a phenomenon
calledd glucose repression or catabolite repression. In the presence of high concentrations of
glucosee the expression of genes involved in the tricarboxylic acid (TCA) cycle, oxidative
phosphorylation,, glyoxylate cycle, gluconeogenesis and metabolism of sugars other than glucose
iss repressed (For recent reviews: [29,63]). Additionally, the expression of genes involved in
alcoholicc fermentation is induced. This regulatory mechanism in S. cerevisiae results in the
preferentiall consumption of glucose over other carbon sources. Thus, when S. cerevisiae grows
onn a mixture of glucose and another carbon source such as sucrose, maltose, galactose or ethanol,
growthh is diauxic, i.e. glucose is metabolized first, whereas the other carbon sources are not
metabolizedd until glucose is exhausted. After all sugars have been consumed from the medium,
thee earlier formed ethanol is consumed.
HexoseHexose phosphorylation

and its role in glucose

repression

S.S. cerevisiae contains three distinct hexose-phosphorylating enzymes, hexokinase I
(encodedd by HXK1), hexokinase II (encoded by HXK2) and glucokinase (encoded by GLK1).
Theyy convert hexoses to hexose phosphates in the first step of glycolysis. Hexokinase I and II
phosphorylatee mannose and glucose as well as fructose whereas glucokinase is only able to
phosphorylatee glucose and mannose. Each isozyme has a different affinity for glucose and ATP
andd is subject to a different transcriptional regulation mechanism, depending, among others, on
thee concentration and the kind of carbon source available [83]. Unlike in most species, the
activityy of the hexokinases in S. cerevisiae is not inhibited by their metabolic product, glucose-6phosphate,, but appears to be regulated by trehalose-6-phosphate which is assumed to regulate
thee flux through the upper part of glycolysis [204,207].
Inn many previous studies it has been shown that hexokinase II is involved in glucose
repressionn (for reviews see: [29,63]). Nevertheless, it is still a matter of debate what the exact
rolee is of hexokinase II in glucose repression. On the one hand it is thought that deletion of
HXK2HXK2 causes relief of glucose repression as a consequence of the reduced phosphorylation
capacityy [ 127,186] on the other hand a direct regulatory role is ascribed to hexokinase II [52,53].
Inn favour of the last proposal, a phosphorylated form of hexokinase II was recently shown to
enterr the nucleus [176], the nuclear protein participates in a DNA-protein complex which
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regulatess repression of at least the SUC2 gene by glucose but phosphorylation seems not essential
forr nuclear import [84]. The phosphorylated serine-15 occurs in a region that is necessary for
importt of Hexokinase II into the nucleus. Before these findings, it had been shown that
hexokinasee II was a phosphoprotein in vivo [227] and that it could exist in either a dimeric or
monomelicc form. The oligomerisation state of hexokinase II shifts to the monomeric state by
phosphorylationn which is initiated at low glucose [12]. The initiation of hexokinase II
phosphorylationn at low glucose is contradicting thefindingthat phosphorylation of this enzyme
iss necessary to enter the nucleus and initiate glucose repression (see also [111]). At this moment
itt is unclearr what the exact mechanism is by which hexokinase II enters the nucleus and causes
repressionn of at least SUC2.
TranscriptionalTranscriptional

and physiological

effects of a deletion

ofHXK2

Earlyy characterisation of a S, cerevisiae strain deleted in the HXK2 gene showed that the
absencee of hexokinase II relieved glucose repression of the indicator gene SUC2 (encoding
invertase)) [50,127,137]. Further, the genes encoding the maltose transporter and maltase [251]
andd the genes encoding the high-affinity glucose transporters Hxt2p and Hxt7p [166,232] were
shownn too be derepressed. DNA arrays performed on an hxk2 deletion strain grown with excess
glucosee showed clearly that the expression of many genes involved in glucose repressible routes
suchh as the TCA cycle, glyoxylate cycle, oxidative phosphorylation and the consumption of
sugarss other than glucose were up-regulated whereas the expression of those gene products
involvedd in glycolysis were down-regulated (unpublished results). Accordingly, the hxfc2
deletionn strain displayed an increased flux through the TCA cycle and oxidative phosphorylation
inn the presence of excess glucose. The flux through glycolysis and the fluxes to ethanol and
glyceroll were decreased resulting in almost exclusively oxidative growth and diminished ethanol
productionn [43]. The growth yield of the hxk2 deletion strain during aerobic growth on glucose
iss much higher than that of its parent strain since fermentation of glucose to ethanol yields only
twoo ATP per glucose consumed, whereas complete oxidation of glucose to carbon dioxide and
waterr yields roughly 20 ATP.
Thee derepression of the genes encoding enzymes involved maltose metabolism (MAL
genes)) and sucrose metabolism (SUC2) might suggest that the hxk2 deletion strain is also capable
off consuming sucrose and maltose in the presence of abundant glucose. Therefore, in
continuationn of the earlier performed comprehensive physiological and transcriptional
characterisationn of the hxk2 deletion strain, the performance of this strain was studied on mixed
carbonn sources, i.e. mixtures of glucose with either sucrose, galactose, maltose or ethanol both
onn plates and in batch cultures.
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6.22 Materials and Methods
Strains Strains
Thee Saccharomyces cerevisiae strains used in this work have been derived from the
prototrophicc wild-type strain CEN.PK 113-7D, (MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2)
(obtainedd from P. Kotter, Johann Wolfgang Goethe Universitat, Frankfurt, Germany). The HXK2
genee was deleted in CEN.PK 113-7D to create strain KYI 16 as follows: using primers AK53
(GTTGTAGGAATATAATTCTCCACACATAATAAGTACGCTAATTCGTACG G
CTGCAGGTCGAC)) and AK54 (AAAAGGGCACCTTCTTGTTGTTCAAACTTA
ATTTACAAATT TAAGTATCGATGAATTCGAGCTCG), the kanMX cassette of plasmid
pFA6a-kanMX44 [228] was amplified using the Expand PCR kit as recommended by the
manufacturerr (Roche). The resulting PCR product was transformed into competent CEN.PK 1137DD as described [68]. After 2 hours of cultivation in YPD medium (1% yeast extract, 2%
peptone,, 2% glucose), the transformed cells were plated on solid YPD medium containing G418
(2000 ug/ml) and incubated at 30°C. G418-resistant isolates were tested for 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
(GCCGAACATTTCAAAGTCAACC)) as recommended by the manufacturer (Stratagene).
PlatePlate

assays

Solidd medium contained 2% of each carbon source and 1 mM 5-thio-D-glucose
inn YNB medium. The strain X2180 was supplemented with casamino acids.
Co-consumptionCo-consumption

batch

experiments

Thee yeast strains were cultivated in batch fermentors at 30°C. The cells were pregrown
inn 20 ml medium which contained 1% (w/v) glucose, 0.17 % (w/v) yeast nitrogen base w/o
aminoo acids (Difco) with 0.5% (NH4)2S04 and 100 mM potassium phthalate at pH 5.0. The next
day,, fermentors were inoculated containing 1 litre fresh medium with glucose (1% w/v) plus
sucrosee (0.4% w/v), galactose (0.4% w/v), maltose (0.4% w/v) or ethanol (100 mM). The hxk2
mutantt and the isogenic parent strain were cultivated on each of these carbon mixtures. To
excludee the possibility that the onset of fermentation is caused by oxygen limitation, the
fermentorss were aerated at 1 vessel volume per minute and stirred at 1000 rpm. The cells were
grownn overnight and samples were taken the next day during and beyond the exponential phase.
Growthh was monitored by measuring the optical density at 600 nm.
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Extracellularr metabolites were measured by spinning down one ml of culture and
injectingg the supernatant in 100 ml of 35% PCA (at 0°C). After 15 minutes, part of the PCA was
precipitatedd by adding 55 ml 7N KOH. After centrifugation the supernatant was filtered and
analysedd for glucose, ethanol, glycerol, acetate and pyruvate by HPLC (column: Phenomenex
typee Rezex Organic Acid, eluent: 7.2 mM H2S04 at 40°C).
Oxygenn consumption and carbon dioxide production were determined by passing the gas
fromm the fermentor through an oxygen analyser (Taylor Servomex Type OA 272) and a carbon
dioxidee analyser (Servomex IR Gas Analyser PA 404). The protein content of the culture was
measuredd according to Lowry et al. [125] using bovine serum albumin (fatty-acid free) as a
standardd and measured on a COBAS-FARA automatic analyser (Roche).
Thee RQ equals the quotient of C0 2 production to 0 2 consumption. When S. cerevisiae
completelyy oxidises a fermentable carbon source, i.e. glucose to C0 2 and water via the TCA
cycle,, the RQ equals 1 since for each molecule of C02produced one molecule of 0 2 is consumed.
Whenn a fermentable carbon source is partially fermented and partly oxidised the RQ will reach
valuess (much) larger than 1. When S. cerevisiae grows on ethanol the RQ has the specific value
off 0.67.

6.33 Results
GlucoseGlucose repression through HXK2;

revisited

Thee glucose analog 5-thioglucose is known to induce glucose repression in S. cerevisiae,
yett cannot be metabolised after being taken up by the cell [48]. Consequently, a wild-type S.
cerevisiaecerevisiae strain will not be able to grow on medium containing both 5-thioglucose and another
carbonn source such as sucrose, galactose, maltose or ethanol since the required pathways and
enzymess are repressed. In Fig.6.1 A, it can clearly be seen that in the presence of 5-thioglucose,
metabolismm in the isogenic wild-type strain is glucose repressed and therefore it cannot consume
thee sucrose and ethanol/glycerol in the medium, whereas glucose can still be consumed.
Galactosee consumption does not seem to be strongly glucose repressed in the parent strain since
quitee some growth appeared on galactose in the presence of 5-thioglucose. This may-be explained
byy the fact that expression of genes whose products are involved in galactose metabolism are not
onlyy regulated by glucose repression but can also be induced by the presence of galactose [152].
Duee to the constitutive expression of the MAL genes in the CEN.PK113-7D strain, growth of the
parentt strain on maltose in the presence of 5-thioglucose was not inhibited (Fig.6. IB). Further,
growthh on maltose in the presence or absence of 5-thioglucose was reduced in the hxk2 deletion
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strainn compared to its parent (Fig. 6.1B). In the X2180-1A strain the MAL genes are glucose
repressiblee and, accordingly, growth on maltose is impaired in the presence of 5-thioglucose
whereass in the absence of 5-thioglucose growth in both the mutant strain and its parent is
restored,, showing that this phenotype is strain dependent (Fig.6. IB).
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Figuree 6.1: Growth on plates containing various carbon sources in the absence (-5tG) or presence
(+5tG)) of 5-thioglucose. Growth on glucose, sucrose, galactose, ethanol/glycerol of the wild-type strain,
CEN.PK113-7DD (HXK2) and the thereof derived hxk.2 deletion strain (hxklA) (A). Growth on maltose
off the wild-type strain used throughout this study, CEN.PK113-7D (HXK2) and the thereof derived hxk.2
deletionn strain (hxk.2A) compared to the wild-type strain, X2180-1A (HXK2) and the thereof derived
hxk2hxk2 deletion mutant (hxk2A) (B).
Thee hxk.2 deletion strain is capable of growth on each of the carbon sources tested in the
presencee of 5-thioglucose (Figs. 6.1 A and B). Thus, the enzymes involved in the metabolism of
sucrose,, galactose and even ethanol/glycerol were active in the hxk2 deletion strain in the
presencee of 5-thioglucose. This confirms that invertase, maltase and maltose permease are
derepresssedd in the hxk2 deletion strain [50,56,137,174]. Moreover, genes involved in the
ethanol/glyceroll degradation pathways are expressed as well. Additionally, DNA arrays
performedd on the hxkl

deletion cells grown on glucose showed that ALD2

(aldehyde

dehydrogenase)) and ACSI (acetyl-CoA synthetase), both involved in ethanol degradation, are upregulatedd ia.the mutant (data not shown). Surprisingly, ADH2 (alcohol dehydrogenase) whose
productt catalyses the conversion of alcohol to acetaldehyde, was down-regulated, suggesting that
ethanoll needs to be present for the up-regulation of

ADH2. The same is true for the

gluconeogenicc enzyme fructose bisphosphatase which is not expressed in the hxk.2 deletion strain
growingg on glucose, but which must be expressed on ethanol/glycerol plus 5-thioglucose to form
sugarr phosphates from either glycerol or ethanol for further anabolism.
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Figuree 6.2: The gas-profiles of the wild-type strain and hxk.2 deletion strain growing batch-wise
onn a mixture of glucose and sucrose. The respiratory quotient (x) (RQ = C02 / O,), the C02 production
ratee (-) and the O, consumption rate (O) per litre culture (% gas x min"1 x (1 culture)"1) in the wild-type
strainn (A) and the hxkl deletion strain (C). The specific C02 production (-) and 0 2 consumption (O)
(umoll x min'1 x (g protein)"1) of a part of the growth curve of the wild-type strain (B) and the
tó:2deletiontó:2deletion strain (D).

DeletionDeletion ofHXK2 enhances oxidative metabolism; co-consumption

of glucose and

sucrose sucrose
Thee physiology of the hxk2 deletion strain co-consuming glucose with either sucrose,
galactose,, maltose or ethanol was studied in greater detail and more quantitatively in aerated
batchh fermentors. To obtain a better insight in the distribution of the carbon fluxes over the
fermentativee route and the oxidative route the respiratory quotient (RQ) was calculated during
thee entire batch growth.
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Figuree 6.3: The gas-profiles of the wild-type strain and hxk2 deletion strain growing batch-wise
onn a mixture of glucose and ethanol. The respiratory quotient (x) (RQ = CO, / 0 2 ), the CO, production
ratee (-) and the O, consumption rate (O) per litre culture (% gas x min"1 x (1 culture)') in the wild-type
strainn (A) and the hxk.2 deletion strain (C). The specific CO, production (-) and the specific O,
consumptionn (O) (umol x min"' x (g protein)') of a part of the growth curve of the wild-type strain (B)
andd the /undeletion strain (D).

Thee CO, production, 0 2 consumption and the RQ of the parent strain grown in an aerated
batchh fermentor on a mixture of glucose and sucrose are depicted as a function of the time after
inoculationn (Fig.6.2A). Growth on glucose yielded an RQ of approximately 9, confirming
respiro-fermentativee growth. After 20.5 h glucose had been completely consumed and the shift
too growth on sucrose was made as can be observed from the small decrease in C 0 2 production
andd 0 2 consumption rates.

Subsequently, the value of the RQ was about 6, indicating

fermentativee growth and thus repressed metabolism but less severely than during growth on
glucose.. Growth on sucrose was rather brief (1 to 2 h) since the biomass concentration was high
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andd the original sucrose concentration added to the medium was relatively low.

After

approximatelyy 22 h, the sucrose was exhausted and the shift to growth on ethanol set in.
Accordingly,, the C 0 2 production and to a lesser extent the 0 2 consumption rates collapsed.
Withinn a few hours metabolic fluxes were reestablished with an RQ of 0.6 which is characteristic
forr growth on ethanol. At approximately 40 h the RQ rose from 0.6 to 1 which is indicative for
growthh on acetate after the ethanol has been exhausted. After 42 h the RQ values scattered as
growthh had ended and the 0 2 consumption was almost zero. The scatter of the RQ within the
firstt 20 hours was caused by the low oxygen consumption rate due to glucose repression in
combinationn with a low biomass concentration.
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Figuree 6.4: The extracellular sugar concentrations (mM) during growth of the wild-type strain (A)
andd the hxk2 deletion strain (B) on a mixture of glucose ) and sucrose (o) and the thereof
emergingg fructose
.
Thee RQ profile, the C 0 2 production rate and 0 2 consumption rate in the hxk.2 deletion
strainn are very different from the wild-type (Fig. 6.2C). First, there is no shift from glucose to
sucrosee visible which suggests that the sucrose is simultaneously metabolised with the glucose.
Fig.. 6.4B indeed shows that sucrose is already immediately hydrolysed by derepressed invertase
activityy to glucose and fructose. The fructose formed was not metabolised until practically all
glucosee had been consumed. This is not caused by glucose repression but is a consequence of
thee lower affinity of the hexose transporters for fructose than for glucose [179]. The parent strain,
however,, does not hydrolyse the sucrose before all glucose has been consumed (Fig. 6.4A).
Secondly,, the growth of the hxk2 deletion strain on ethanol (from approximately 30 to
377 h) takes only half the time of that of the parent strain (from 24 to 38 h) (compare Figs.6.2A
andd C). This is caused by the much lower ethanol production during the predominantly oxidative
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growthh on glucose and sucrose by the hxk2 deletion strain whereas the wild-type strain converts
glucosee mainly to ethanol. In the first 22 h's, the RQ of the hxk.2 deletion strain was close to 1
whichh is characteristic of fully respiratory growth (Fig. 6.2C). Then, when the RQ rises above
1,, fermentation set in at around 23 h and the RQ gradually increased further to almost 3 before
glucosee and sucrose were exhausted at 28 h.
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Figuree 6.6: The extracellular sugar concentrations (mM) during growth of the wild-type strain (A)
andd the hxk2 deletion strain (B) on a mixture of glucose

) and maltose (O).

Thee specific respiration rates of the parent strain (Fig. 6.2B) and hxk.2 deletion strain (Fig.
6.2D)) show that the specific C 0 2 production rate is much higher in the parent than in the mutant,
respectivelyy 900 umol C 0 2 x min 1 x (g protein)-1 and 600 umol C 0 2 x min 1 x (g protein) 1 . The
specificc oxygen consumption is approximately 150 umol 0 2 x min'1 x (g protein)' 1 in the parent
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andd maximally 450 umol 0 2 x min"1 x (g protein)"1 in the hxk2 deletion strain.

Co-consumptionCo-consumption of glucose with galactose or maltose
Growthh of both the parent and the hxkl deletion strain growing batch-wise on glucose
pluss galactose essentially showed the same RQ, C0 2 and 0 2 profile as Figs. 6.2A and C (results
nott shown). In the hxkl deletion strain the co-consumption of glucose and galactose was
obvious,, the extracellular galactose concentration was already decreasing when glucose was still
abundantt (Fig. 6.5B). In the parent first the glucose is exhausted (at 18 h) after which the
galactosee is consumed (Fig. 6.5 A). At 23 h the galactose is exhausted and the shift to growth on
ethanoll set in.
Thee parent strain did not have any 'trouble' growing on a mixture of glucose and maltose,
firstt the glucose was consumed and then the maltose was taken up and hydrolysed to glucose
(Fig.. 6.6A). The hxkl deletion strain, however, grew poorly on a mixture of maltose and glucose
(orr maltose alone) with a u ^ of 0.12 h"1 instead of 0.32 h"1 on other fermentable carbon sources
(dataa not shown). Nevertheless, maltose concentrations decreased, indicating uptake and
intracellularr hydrolysis of maltose (Fig. 6.6B). Simultaneously, the extracellular glucose levels
increasedd slightly around 16 to 18 h, indicating that the maltose was hydrolysed faster than it was
metabolisedd resulting in the export of intracellular glucose into the medium by the available
hexosee transporters. After all maltose had been hydrolysed, the glucose was consumed next and
growthh was restored. The poor growth in the presence of maltose was shown not to be caused
byy ATP depletion as a consequence of uncontrolled active transport of maltose over the
membranee since the intracellular ATP concentration was approximately 8 mM and the ATP/ADP
ratioo approximately 5.

Co-consumptionCo-consumption of glucose with ethanol
Onn a mixture of glucose and ethanol the parent consumed the glucose first and converted
thee glucose to mainly ethanol, only after the glucose was exhausted the ethanol was consumed
(Figs.. 6.3 A and 6.7A). Interestingly, in the early to mid exponential stages of growth, the ethanol
concentrationn in the medium of the hxk2 deletion strain decreased (Fig.6.7B). This suggests
consumptionn of ethanol, but might be an artefact caused by evaporation of ethanol in the
vigorouslyy aerated fermentor. However, the gas data revealed that the RQ value was lower than
11 which irrefutably shows that ethanol was actually consumed simultaneously with glucose. The
RQQ gradually increased and at 18 h the value became larger than 1 and net fermentation set in.
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Thuss the hxk2 deletion strain consumes ethanol in the presence of abundant glucose in early
exponentiall growth, than it switches to ethanol production during late exponential growth and
thenn back to ethanol consumption after the glucose is exhausted (Figs. 6.3C and 6.7B). The
parentt strain produced ethanol due to fermentation of glucose (Fig.6.7A) which agrees with the
highh RQ values of 8 until glucose is exhausted (Fig.6.3A). The specific rate of oxygen
consumptionn by the hxk2 deletion strain was extremely high and reached values of almost 900
umol/min/gg protein compared to 200 for the parent (Fig. 6.3B). Even during fully oxidative
growthh of the parent on ethanol this value reached only 300 umol/min/g protein (Fig.6.2B).
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Figuree 6.7: The extracellular glucose ) and ethanol (O) concentration (mM) during growth of
thee wild-type strain (A) and the hxk2 deletion strain (B).

6.44 Discussion
Thiss paper reports on the physiological behaviour of S. cerevisiae strains deleted in the
HXK2HXK2 gene during growth on mixed substrates. The hxk2 deletion strain was investigated for
co-consumingg properties both on plates and, in more detail, in batch fermentors. The plate assays
revealedd that the hxk2 deletion strain could grow on sucrose and even ethanol/glycerol in the
presencee of the glucose analog 5-thioglucose whereas the parent could not (Fig.6.1A).
Comparable,, more quantitative results were found in the batch fermentors. In batch cultures, the
hxk2hxk2 deletion strain co-consumed sucrose with glucose (Fig. 6.4B), galactose with glucose (Fig.
6.5B)) and ethanol/glycerol together with glucose (Fig. 6.7B) of which the latter could be
confirmedd by the RQ value which was smaller than 1 (Fig. 6.3D).
Itt was observed consistently that the specific oxygen consumption in the hxk.2 deletion
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mutantt decreased in time (Figs.6.2D and 6.3D). Recently, we found that the requirement for
biotinn in the hxk2 deletion strain is higher than in its parent ([174], Chapter 7). The gradual
decreasee in specific respiration rate can be (partly) prevented for by adding extra biotin to the
standardd growth medium.
Bothh in the fermentors and plate assays, the hxk2 deletion strain consumed galactose in
thee presence of glucose and 5-thioglucose respectively. The parent strain, however, grew in the
presencee of 5-thioglucose on plates as well, thus galactose metabolism was not (fully) repressed.
Inn the batch fermentor, the parent strain could not consume glucose together with galactose (Figs.
6.1AA and 6.5A). This discrepancy might be caused by the different concentration of galactose
inn the medium or the different molar ratio of the glucose (or 5-thioglucose) to the galactose
concentration.. On plates a higher concentration of galactose (2%) was present than in the
fermentorss (0.4%). The higher galactose concentration in the solid medium may be sufficient
too induce galactose metabolism and overrule the glucose repression in the parent strain whereas
thee lower initial galactose concentration in the batch fermentor cannot overrule glucose
repression. .
Thee hxlc2 deletion strain grew poorly on glucose/maltose medium and first all maltose
wass taken up and hydrolysed before the glucose was consumed (Fig. 6.6B). The hydrolysed
maltosee was probably accumulated in the cytoplasm and subsequently transported out of the cell
sincee the extracellular glucose concentration actually rose. On plates it could be also observed
thatt the hxk2 deletion strain grew poorly in the presence of maltose compared to its parent (Fig.
6.. IB). The growth of the parent was caused by the constitutive expression of the MAL genes in
thee CEN.PK113-7D background. The uncontrolled uptake of maltose by the hxk.2 deletion strain
costss ATP, since maltose permease is an active transporter. This may suggest that the strain
cannott grow well due to exhaustion of intracellular ATP. However, the ATP concentration was
88 mM and the ATP/ADP ratio was approximately 5, values which are even higher than the
averagee on fermentable carbon sources. The hxk.2 deletion strain seems therefore to be impaired
inn growth due to osmotic damage and/or unspecific O-glycosylation of proteins by the high
intracellularr glucose levels during growth on maltose.
AA completely novel observation is the ability of a 5. cerevisiae (hxk2 deletion) strain to
simultaneouslyy metabolise glucose and ethanol in the presence of excess glucose. Coconsumptionn of glucose and ethanol in S. cerevisiae has been reported but this could be only
accomplishedd by using dual-substrate limited chemostat cultures [66]. In such cultures, the
glucosee and ethanol consumption could be manipulated by changing the relative concentrations
off glucose and ethanol in the medium feed.
Thee specific respiration rates measured in the batch fermentors varied strongly depending
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onn the carbon sources available and the type of strain. The parent strain displayed respiration
ratess that were maximally 200 umol 0 2 x min"1 x (g protein)"1 in the presence of glucose, sucrose
orr galactose and 300 umol 0 2 x min"1 x (g protein)"1 during growth on ethanol (fully derepressed
conditions)) (Figs. 6.2B and 6.3B) [43]. The hxk2 deletion strain had clearly an increased specific
respirationn rate on galactose and sucrose, approximately 450 umol 0 2 x min"1 x (g protein)"1 and
onn a mixture of glucose and ethanol even 900 umol 0 2 x min' x (g protein)'. Especially under
thesee conditions where high biomass concentrations are present in combination with high specific
growthh rates the specific respiration rates decline in time (Figs. 6.2D and 6.3D). This is most
likelyy due to the earlier mentioned biotin requirement (see: Chapter 7 of this thesis).
Duringg application of S. cerevisiae in industrial processes in rich undefined medium S.
cerevisiaecerevisiae will first consume the most favoured carbon source and then switch to the next and
soo on. A S. cerevisiae strain that can co-consume different substrates, such as the hxk.2 deletion
strain,, would overall grow much faster and is therefore appealing for use in processes such as the
productionn of bakers' yeast or heterologous proteins. Additionally, if most of the available
sugarss can be consumed in industrial media, the environmental burden of wasting used media
cann be relieved as well. The hxk2 deletion strain therefore appears to meet several of the
propertiess desired for a S. cerevisiae strain to be used for commercial yeast biomass production
orr heterologous protein production.
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