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biotinbiotin requirements of the hxk.2 deletion strain

Chapterr 7
Deletionn of the HXK2 gene reveals the importance of
biotinn for oxidative growth of Saccharomyces
cerevisiaecerevisiae on glucose
Inn collaboration with: Andre Boorsraa, Jasper A. Diderich, Jan A. Berden and Karel van Dam

Inn this paper we report on transcriptional and physiological changes that occur in
SaccharomycesSaccharomyces cerevisiae as a result of a deletion of one of the genes coding for
hexokinase,, HXK2. A strong up-regulation was observed for all genes whose
productss are involved in biotin uptake or biotin synthesis and for genes encoding
phosphatee transporters. Addition of extra biotin to the hxkl deletion strain results
inn an overall higher growth rate and a more oxidative growth in combination with
decreasedd ethanol production.

7.11 Introduction

SaccharomycesSaccharomyces cerevisiae or baker's yeast is a Crabtree-positive yeast, as it aerobical
fermentss excess glucose [181]. Aerobic fermentation of sugars is a consequence of glucose
repression,, causing down-regulation of enzymes involved in oxidative phosphorylation,
tricarboxylicc acid (TCA) cycle and gluconeogenesis. In addition, under these conditions, the
expressionn of genes involved in the uptake and metabolism of other sugars than glucose is
repressedd and the expression of genes involved in the fermentative pathway is induced. This
regulatoryy mechanism in 5. cerevisiae results in the preferential consumption of glucose over
otherr carbon sources. The branching point of oxidative and fermentative metabolism is located
att the final product of glycolysis, pyruvate. Pyruvate can be converted either by pyruvate
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decarboxylasee (Pdc) to acetaldehyde, entering the fermentative pathway, or by pyruvate
dehydrogenasee (Pdh) to acetyl CoA, entering the TCA cycle and the associated oxidative
phosphorylation.. In addition, pyruvate can be converted by pyruvate carboxylase (Pyc) to
oxaloacetate.. This reaction replenishes the pool of C4 components, thereby allowing the TCA
cyclee to keep running (reviewed by [172]).
5.. cerevisiae contains three hexose-phosphorylating enzymes, hexokinase 1, hexokinase
22 and glucokinase. The first two phosphorylate glucose and mannose as well as fructose whereas
glucokinasee is only able to phosphorylate glucose and mannose [64,122]. These enzymes
catalysee the first step in glycolysis, namely the conversion of glucose to glucose-6-phosphate at
thee expense of ATP. Hexokinase 2, encoded by the HXK2 gene, plays a prominent role in
glucosee repression. Thus, invertase activity (encoded by SUC2), frequently used as a measure
forr glucose repression, is derepressed in an hxk.2 deletion strain [84,92,128,145]. Similarly, highaffinityy [134,197] and intermediate affinity glucose transport encoded by at least HXT7
[120,166],, HXT2 and HXT4 [159], is glucose repressed in a wild type strain and derepressed at
highh glucose concentrations in an hxk2 deletion strain. Also the synthesis of hexokinase 1 [50],
maltase,, malate dehydrogenase [56], galactokinase, NADH: cytochrome c reductase and
cytochromee c oxidase [137,138] were shown to be derepressed in hxk.2 mutants.
Recently,, we studied the physiological consequences of a null mutation of the HXK2 gene
duringg and past exponential growth on abundant glucose. It was found that in the hxk.2 deletion
strain,, until mid-exponential phase, glucose is oxidised completely and no ethanol is formed
resultingg in a high biomass yield [43]. This large alteration in physiology observed in the hxk.2
deletionn strain compared to its parent strain makes transcriptional analysis during exponential
growthh on glucose very appealing. The availability of the complete genome sequence of 5.
cerevisiaecerevisiae has raised the possibility to develop and apply DNA microarray techniques [190].
Thus,, it is now well feasible to monitor transcriptional changes correlated with physiological
adaptationss or with genetic alterations for almost all genes in S. cerevisiae. In this paper
transcriptionall changes in an hxk.2 deletion strain compared to the parent strain by means of DNA
arrayy hybridisation are reported. In addition to the expected changes in the expression of genes
off which the products are involved in sugar metabolism, unanticipated changes in the expression
off a number of genes, involved in biotin metabolism and transport, were found. On the basis
off these findings, the physiological responses of the hxk.2 A strain to addition of extra biotin are
reportedd and discussed.
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7.22 Materials and Methods
Strains Strains
Thee Saccharomyces cerevisiae strains used in this work have been derived from the
prototrophicc parent strain CEN.PK113-7D, (MATa URA3 HIS3 LEU2 TRP1 MAL2-8c SUC2)
(obtaineddfromP. Kotter, Johann Wolfgang Goethe Universitat, Frankfurt, Germany). The HXK2
genee was deleted in CEN.PK113-7D to create strain KYI 16 as follows: using primers AK53
(GTTGTAGGAATATAATTCTCCACACATAATAAGTACGCTAATTCGTA A
CGCTGCAGGTCGAC)) and AK54 (AAAAGGGCACCTTCTTGTTGTTCAAACTTAATTTAC
AAATTAAGTATCGATGAATTCGAGCTCG),, the kanMX cassette of plasmid pFA6akanMX44 [228] was amplified using the Expand PCR kit as recommended by the manufacturer
(Roche).. The resulting PCR product was transformed into competent CEN.PK113-7D as
describedd [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 (200 ug/ml)
andd incubated at 30°C. G418-resistant isolates were tested for proper integration of the kanMX
cassettee at the HXK2 locus by analytical PCR using the TaqPlus Long PCR kit with the primers
AK600 (GACGAAATACGCGATCGCTGT) and AK61 (GCCGAACATTTCAAAGTCAACC)
ass recommended by the manufacturer (Stratagene).

DNADNA arrays
Yeastt cells were cultivated in batch in an aerated fermentor containing 1 % glucose, and
0.17%% (w/v) yeast nitrogen base w/o amino acids (Difco) and 0.5% (w/v) (NH4)2S04 in 100 mM
potassiumm phthalate at pH 5.0. Yeast samples for the transcript analysis were taken at midexponentiall phase at an O D ^ of 1 by extraction of RNA from cells with acid phenol [191]. The
Yeastt Index GeneFilters® were purchased from Research Genetics, USA and were used as
recommendedd by the manufacturer. They contain almost the full set (6057) of genes of 5.
cerevisiae. cerevisiae.
BiotinBiotin deficiency

experiments

Thee yeast strains were cultivated in batch fermentors at 30°C. The cells were pre-grown
inn 20 ml medium which contained 1% (w/v) glucose, 0.17 % (w/v) yeast nitrogen base w/o
aminoo acids and ammonium sulphate (Difco) with 0.5% (NH^SC^ and 100 mM potassium
phthalatee at pH 5.0. The next day, four fermentors were inoculated in 500 ml fresh medium
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containingg either the isogenic parent strain or the hxk.2 deletion strain, with or without extra
biotin.. The final concentration of biotin in YNB is 20 mg/1 [193] whereas in the fermentors with
additionall biotin the final biotin concentration was 200 jig per litre. To exclude the possibility
thatt the onset of fermentation is caused by oxygen limitation, the fermentors were aerated at 1
vessell volume of air per minute and stirred at 1000 rpm. The cells were grown overnight and
sampless were taken the next day during and past the exponential phase. Growth was monitored
byy measuring the optical density at 600 nm.
Extracellularr metabolites and phosphate were measured by spinning down one ml of
culturee and injecting the supernatant in 100 ul of 35% PCA (at 0°C). After 15 minutes, part of
thee PCA was precipitated by adding 55 ul 7N KOH. After centrifugation the supernatant was
filteredd and analysed for glucose, ethanol, glycerol, acetate and pyruvate by HPLC (column:
Phenomenexx type 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).

7.33 Results
Genome-widee mRNA levels in an hxk.2 deletion mutant and its isogenic parent strain
weree compared. Both strains were grown in aerobic batch cultures in minimal medium with
glucosee as the carbon source and harvested during exponential growth. A selection of the most
pronouncedd changes in mRNA levels of genes caused by a deletion in the HXK2 gene is listed
inn table 1. Unexpectedly, some genes belonging to the biotin biosynthesis pathway and
phosphatee transport are strongly up-regulated. The genes involved in biotin uptake and synthesis
ass well as the phosphate transporter genes are known to be highly expressed at low biotin or low
phosphatee respectively [27,131,198,245]. However, the measured extracellular phosphate levels
aree high (about 8 mM) during the complete growth period (data not shown). To determine
whetherr a biotin deficiency causes the high expression of the genes involved in biotin
metabolism,, the parent strain as well as the hxk2 deletion strain was grown in the presence and
absencee of extra biotin.
Inn Fig. 7.1a the O D ^ during exponential growth and diauxic shift is depicted for the
parentt and the hxk2 deletion strain. The u , ^ of the parent strain is not influenced by the addition
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off biotin and is approximately 0.39h"'. Initially, the growth rate of the hxk.2 deletion strain is
similarr either with or without extra biotin ( 0.3 lh"1

0.02). After 23 hours, biotin seems to

becomee limiting in the strain growing on medium without extra biotin and the growth rate slows
downn from 0.31 to 0.19 h"1

1 a few hours before glucose depletion. In the presence of

additionall biotin the hxkl deletion strain continues to grow at 0.3lh"1.

200
25
Timee (h)

Timee (h)

Fig.. 7.1: Physiological properties of the hxk2 deletion strain and its parent strain as a function of
timee grown on minimal medium containing either 20 ug biotin per litre or 200 mg biotin per litre.
Att time zero the fermentors were inoculated in such a way that at t= 18 hours the optical density at 600
nmm equals 1 in all four fermentors. The parent strain without extra biotin is represented by
, the parent
strainn with extra biotin by
, the hxk2 deletion strain without extra biotin by (A) and the hxk2 deletion
strainn with extra biotin by (x). The arrows indicate the moment of glucose depletion, the symbol below
thee arrow corresponds with the symbols in the graph. Fig. la: optical density as a function of the time,
Fig.. lb: the ethanol concentration as a function of the time, Fig. lc: specific respiration rate as a function
off time and Fig. Id intracellular pyruvate concentrations as a function of time.
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Fromm fig. 7. lb it is clear that the level of ethanol produced is significantly lower in the
mutantt compared to the parent as known from the work of Diderich et al. [43]. By adding extra
biotin,, the amount of ethanol is reduced even further (by 40%). Additionally, formation of other
fermentationn products such as glycerol, acetate and pyruvate is decreased as well (data not
shown).. No significant effect of biotin addition is observed on the formation of fermentation
productss in the parent strain. As can be observed in Fig. 7. lc, the specific respiration rate of the
mutantt in medium without extra biotin is derepressed but declines in time whereas the specific
respirationn rate in the presence of extra biotin remains at a high level and only declines after
glucosee has been depleted. The intracellular pyruvate level increases when the strain starts to
fermentt but the highest concentration of pyruvate in the presence of extra biotin is less than half
off the pyruvate concentration in the absence of extra biotin (Fig.7.1d).

7.44 Discussion
Wee have exploited DNA array hybridisation for a comprehensive transcriptional
characterisationn of a 5. cerevisiae strain deleted for the HXK2 gene. The up and down-regulation
off transcription of virtually all genes in an hxk2 deletion mutant grown aerobically on glucose
inn batch was compared to its parent strain grown and harvested under the same conditions. In
thee hxk2 deletion strain, the expression of the majority of the affected genes was up-regulated and
onlyy a relatively small number was down-regulated.
Ourr data confirm the knowledge from literature that the deletion of the HXK2 gene brings
aboutt the alleviation of glucose repression on a broad scale. This underscores the important role
off hexokinase 2 in the glucose repression pathway. Most of the genes that are down-regulated
inn the mutant are involved in glycolysis and fermentative routes to ethanol and glycerol. In the
parentt strain, the expression of these gene products is induced by glucose, a phenomenon known
ass glucose induction [157,159,161], This suggests that the hxk2 deletion strain, in addition to
diminishedd glucose repression, harbors an impaired glucose induction regulatory pathway as
well.. The above-mentioned results are in agreement with the extensive physiological studies
performedd on this strain which showed increased oxygen consumption and decreased ethanol
productionn [43]. The expression pattern in addition to the physiological properties of the mutant
pointss clearly to an optimal adaptation to oxidative and therefore efficient growth in the presence
off abundant glucose.
Ourr comprehensive analysis shows that, besides the previously described transcriptional
effectss in the hxk2 deletion strain on genes involved in carbon metabolism, unexpected effects
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onn other pathways appear as well. PH084, encoding a high-affinity inorganic phosphate/H+
symporterr [27], is in the mutant compared to the parent strain strongest up-regulated of all 6057
geness that were screened. In addition, the transcription of the recently identified high-affinity
NaVP;; cotransporter PH089 [ 131] is strongly up-regulated as well. Northern blots have revealed
thatt the transcription of both PH089 and PH084 is primarily regulated by phosphate levels in
thee medium [27,131]. The expression of the phosphate transporters is derepressed at low (2003000 uM) phosphate concentrations and is inhibited when Ps is abundant (as reviewed by [165]).
Further,, the expression of PH084 is induced by glucose and the up-regulation in the hxk2
deletionn strain does therefore not seem to be linked to the alleviation of glucose repression in the
hxk2hxk2 deletion strain. Although the mutant acts as if it 'feels' a shortage of phosphate, at the end
off the batch growth millimolars of extracellular phosphate are still present in the growth medium
(dataa not shown). The rationale behind the strong up-regulation of the PH084 and PH089
remainss yet unclear.
Anotherr unexpected finding is that all genes known in 5. cerevisiae to be involved in
biotinn or vitamin H uptake and biotin biosynthesis (BI02, 3, 4, 4, 5 and VHT1) are strongly upregulatedd in the hxk.2 deletion mutant. All five genes appear in the top 40 of the up-regulated
geness among the 6057 genes screened in total. Although S. cerevisiae is not capable of de novo
synthesiss of biotin and depends on its external supply for growth, the final three steps in biotin
synthesiss are functional. These steps are catalysed by respectively Bio3p, Bio4p and Bio2p
[168,250].. The auxotrophy for biotin can be complemented by addition to the medium of the
substratess for these enzymes, the biotin vitamers 7-keto 8-aminopelargonic acid (KAPA), 7, 8diaminopelargonicc acid (DAPA) and dethiobiotin (DTB) respectively. KAPA is transported into
thee cell by die recently identified Bio5p [168]. Biotin is transported over the plasma membrane
byy the recently identified vitamin H transporter 1, Vhtlp, a biotin/H+ symporter [198].
Thee expression of die genes involved in biotin uptake and biosynthesis is regulated in
responsee to extracellular biotin concentration in the medium. When grown on minimal medium
withh a low biotin level, the expression of the DAPA aminotransferase, (encoded by BI03) and
thee dethiobiotin synthase, (encoded by BI04) is around ten times higher than in cells grown on
biotinn rich medium such as YEP [245]. The effect of biotin concentration on me expression of
BIOSBIOS is even stronger as this gene is not detectable in rich medium but strongly expressed in
minimall medium. Northern blot analysis and uptake experiments showed that also the
expressionn of VHT1 is increased at low biotin levels [198].
Consideringg the strong up-regulation in transcription of BI02,3,4,5 and VHT1, the hxk2
deletionn strain seems to suffer a deficiency for biotin. Biotin is required for the biosynthesis of
fattyy acids and the metabolism of amino acids and carbohydrates. It operates as a cofactor for
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thee carboxylation enzymes pyruvate carboxylase (Pyclp [59], Pyc2p [199] ), and acetyl CoAcarboxylasee (Acclp) [2] and for a protein with unknown function but closely related to Acclp,
Hfalpp [106]. Moreover, the concentration of biotin in the medium is claimed to dictate the
activityy of pyruvate carboxylase [163]. Pyruvate carboxylase resides in the cytosol and converts
pyruvatee to oxaloacetate. Together with the glyoxylate cycle it replenishes oxaloacetate levels
forr the TC A cycle as there is a continuous withdrawal of metabolites for biosynthetic pathways.
Thee addition of extra biotin to the minimal medium did not affect the physiology of the
parentt strain (Figs. 7.1a and b). Nevertheless, Pejin and Razmovski, (1996) [163], claimed that
growthh of wild-type yeast in a chemostat becomes more oxidative when extra biotin is added to
minimall medium, due to increased biotin-dependent pyruvate carboxylase activity. In our hxkl
deletionn strain the addition of extra biotin to the medium caused the growth rate on glucose
duringg late exponential phase to increase from 0.19 h 1 to 0.31 h"1 (Fig. 7.1a). Additionally,
growthh was more oxidative, resulting in decreased production of fermentation products. The
formationn of fermentation products in an hxkl deletion strain is already very low but the addition
off extra biotin prevented the formation of ethanol even further (Fig.7.1b). The protein content
off the biotin deficient cells was significantly lower at comparable optical density (data not
shown).. This is in line with the data from Dixon (1963) [45] who concluded that biotin
deficiencyy in nutrient medium could decrease the content of protein, fat and nucleic acids in yeast
cells.. Consequently, the difference in growth rate would be even larger if protein instead of
opticall density were to be used to calculate the growth rate.
Thee demand for biotin by the fully oxidatively growing hxkl deletion strain is
considerablyy higher than the demand by the mainly fermentatively growing parent strain due to
thee difference in carbon flux through the TCA cycle. Biotin deficiency causes pyruvate
carboxylasee activity and acetyl CoA-carboxylase to decrease. In the case of pyruvate
carboxylase,, the demand for oxaloacetate by the TCA cycle cannot be met and subsequently, the
cyclee will slow down together with oxidative phosphorylation. The slower flux through the
oxidativee route will cause intracellular pyruvate levels to go up (Fig. 7. Id) and subsequently
fermentationn to set in. This theory is confirmed by a gradual decrease of the in vivo specific
respirationn rate (Fig.7.1c) and growth rate (fig.7.1a) observed in the mutant cells when no
additionall biotin is present. According to the difference in growth rate of the hxkl deletion strain
withh and without extra biotin, biotin limitation becomes apparent at O D ^ of around 3.5 (Fig.
7.. la). Oura, 1974 [155] speculated that when biotin deficiency sets in, a rise in the excretion of
pyruvatee would occur due to the bottleneck at pyruvate carboxylase. However, the extracellular
levelss of pyruvate remained undetectable until glucose is almost exhausted at an O D ^ of 7.
Extracellularr pyruvate levels in the fermentatively growing parent strain are detectable at O D ^
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off 2 and up (data not shown). Plausibly, the mutant maintains low extracellular levels of
pyruvatee by the elevated expression of the recently identified monocarboxylate permease, JEN I
[30]] as observed in the DNA array (data not shown), transporting the excreted pyruvate back into
thee cell.
Thee intracellular levels of pyruvate in the hxk2 deletion strain either with or without extra
biotin,, increased as soon as fermentation sets in (at 22 hours) (Fig.7.1d). During fermentation,
thee pyruvate concentration in the presence of extra biotin remains at only 45% of the pyruvate
concentrationn measured in the absence of extra biotin. Pyruvate decarboxylase (leading to
fermentation)) has a lower affinity for pyruvate than pyruvate carboxylase and pyruvate
dehydrogenasee (leading to oxidation) [119,172]. Higher levels of intracellular pyruvate will
enablee pyruvate decarboxylase to convert pyruvate to acetaldehyde and eventually ethanol.
Additionn of extra biotin to the hxkl deletion strain reduces overall ethanol production by
40%% but the fermentation still sets in at virtually the same optical density. The advantage of the
additionall biotin reveals itself after fermentation has set in, as growth only then becomes
significantlyy higher. Earlier, we showed that the moment of onset of fermentation in the hxkl
deletionn strain is not due to oxygen limitation and is not related to the glucose concentration in
thee medium [43]. The cause of the onset may be a deficiency for another unidentified nutrient.
Inn line with our hypothesis that biotin requirements are higher in fast oxidatively growing
yeastss at high cell densities, the BI03 and BIOS genes were also very strongly up-regulated in
threee strains cultured independently for either 250 or 500 generations at low glucose in a
chemostatt [58]. The strains adapted to their new environment and developed an 'increased
fitness'' by shifting their metabolism to oxidation by fermenting less glucose and thereby adapting
optimallyy to the low glucose concentrations. This indicates that on Yeast Nitrogen Base medium,
biotinn limitation occurs in any yeast culture that has a high cell density and a high growth rate,
e.g.e.g. during oxidative growth on glucose. The transcript profile of these evolved strains was
strikinglyy similar to the expression pattern that we found for the hxkl deletion strain; glycolysis
andd fermentation are down-regulated, the oxidative pathways are up-regulated and
gluconeogenesiss remains repressed. As an exception, expression of the HXK2 gene was upregulatedd in the evolved strains whereas in this study it is deleted. The expression pattern found
forr the evolved strains was claimed to be a blueprint for efficient utilisation of glucose as an
energyy source under low substrate concentrations. In this paper, genome-wide transcript analysis
hass enabled the recognition of genes that have no obvious connection to glucose repression, yet
aree strongly up-regulated in the hxkl deletion strain. Further exploration and investigation
revealedd the importance of biotin in derepressed cells growing on glucose. The addition of biotin
resultedd in a higher growth rate and a lower ethanol production which makes this strain even
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moree appealing for industrial applications. Additionally, the results revealed new and possibly
interestingg effects of HXK2 on phosphate transport.
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