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5.11 Summary
Thee glucose transport kinetics and the level of mRNAs of different glucose transporters
(HXT)(HXT) were determined in Saccharomyces cerevisiae strains expressing different sugar
kinasess during batch cultivation in glucose medium. Strains with null mutations of the HXK2
genee exhibited a high-affinity hexose transport activity during exponential growth on
glucose.. This was associated with an elevated transcription of the high-affinity transporter
geness HXT2 and HXT7, and a diminished transcription of the low-affinity transporter genes
HXT1HXT1 and HXT3. Deletion of HXT7 in an hxk2 null strain revealed that the high-affinity
componentt is mostly due to HXT7; however, a previously unidentified very high-affinity
componentt (Km = 0.24 mM) was due to other factors. Expression of genes encoding
hexokinasess from Schizosaccharomyces pombe or Yarrowia lipolytica in an hxkl hxk2 glkl
strainn prevented derepression of the high-affinity transport at high concentrations of glucose.
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5.22 Introduction

Thee yeast Saccharomyces cerevisiae can utilize a variety of compounds as carbon sources for
growth,, but glucose and related hexoses are used preferentially. Glucose elicits a variety of
cellularr responses that ensure its preferential use, ranging from modulation of enzyme
activityy to repression or induction of gene transcription (for reviews see: (22, 23, 58)). The
unravelingg of the molecular mechanisms underlying these responses is one of the main
challengess in current yeast research.
Transcriptionall repression by glucose has been correlated with a high glycolytic flux
(54,, 149, 256). A number of regulatory proteins have also been shown to participate in the
glucosee repression pathway; some of these are required for repression of several genes while
otherss are more specific (for review see (58)). Among the proteins that play a role in the
repressionn of several genes is the glycolytic enzyme hexokinase n, encoded by HXK2 (42,
46). .
Onee of the activities regulated by the presence of glucose in the culture medium is
thee uptake of the sugar. Glucose transport is the first step of glycolysis and is carried out in S.
cerevisiaecerevisiae by the products of a subset of the HXT family of transporter genes ((174); for
reviewss see (19, 100)). Phenomenologically, glucose transport in wild-type yeast exhibits
high-- and low-affinity kinetic components (15) whose proportions depend on the culture
conditionss (see Chapter 2 and (239)). The high-affinity transport component of wild-type
cellss is repressed at high glucose concentrations, both in batch cultures (see Chapter 2 and
(13,, 16, 120, 124, 145, 238, 239)) and during chemostat cultivation (see Chapter 2 and
(126)).. The kinetics observed are the result of the differential expression of HXT genes that
encodee glucose transporters with different substrate affinities. HXT1 and HXT3 encode lowaffinityy transporters (K™ = 50-100 mM), HXT2 and HXT4 encode intermediate-affinity
transporterss (Km - 10 mM), and HXT6 and HXT7 encode high-affinity transporters (Km = 1-2
mM)) (173). Glucose affects expression of these genes in different ways: it represses genes
encodingg high- and intermediate-affinity transporters, and induces HXT3 expression. These
effectss are relieved in hxk.2 mutants (111,146, 171, 245).
Hexokinasee is also related to the regulation of glucose repression and hexose uptake
inn Kluyveromyces lactis. Mutations in the RAG5 gene of K. lactis, encoding the sole
hexokinasee of this yeast, reduce the expression of the high- and low-affinity transport
systemss of this yeast, and impair the transcription of the RAG1 low-affinity glucose
transporterr gene (26,165).
Inn this study we have analysed in parallel the kinetics of hexose uptake and the
transcriptionn of hexose transporter genes in S. cerevisiae strains carrying deletions in the
HXK2HXK2 gene, and in strains expressing only HXK2 or heterologous hexokinase genes from
SchizosaccharomycesSchizosaccharomyces pombe or Yarrowia lipolytica.
5.33 Materials and methods

Yeastt strains - The strains of S. cerevisiae used in this study are listed in Table 1. The
HXK2HXK2 gene was deleted in strain CEN.PK113-7D to create strain KYI 16, and in strain
CEN.PK113-5DD to create strain KYI 14 as follows: the kanMX cassette of plasmid pFA6akanMX44 (235) was amplified using the Expand PCR kit with the primers AK53 (GTTGTAG
GAATATAATTCTCCACACATAATAAGTACGCTAATTCGTACGCTGCAGGTCGAC; ;
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thee underlined nucleotides correspond to the DNA immediately 5' of the HXT2 open reading
frame)) and AK54 (AAAAGGGCACCTrcrTGTTGTTCAAACTTAATTTACAAATTAAG
IATCGATGAATTCGAGCTCG;; the underlined nucleotides correspond to the DNA
immediatelyy 3' of the HXT2 open reading frame), following the instructions of the
manufacturerr (Roche). The resulting PCR product was transformed into competent
CEN.PK113-7DD and CEN.PK113-5D cells as described (61). After 2 h of cultivation in YPD
mediumm (1% yeast extract, 2% peptone, 2% glucose), the transformed cells were plated on
solidd YPD medium containing G418 (200 ug/ml) and incubated at 30°C. G418-resistant
isolatess were tested for proper replacement of the HXK2 locus with the kanMX cassette by
analyticall PCR using the TaqPlus Long PCR kit with the primers AK60
(GACGAAATACGCGATCGCTGT)) and AK61 (GCCGAACATTTCAAAGTCAACC) as
recommendedd by the manufacturer (Stratagene). The HXT7 gene was replaced by URA3 to
producee strain KYI68 via amplification of the URA3 gene in plasmid pRS406 (197) by PCR
ass described above, using primers JD3 (TATGCCAATACTTCACAATGTTCGAATCTATT
CTTCATTTGCAGCGTATCACGAGGCCCTTTCGTC::
the
underlined
nucleotides
correspondd to the DNA 100 bp 5' of the HXT7 open reading frame) and JD4 (ATGCACAAA
TTAGAGCGTGATCATGAATTAATAAAAGTGTTCGCAAAACGTTTACAATTTCCTG G
ATGCGG;; the underlined nucleotides correspond to the DNA immediately 3' of the HXT7
openn reading frame). The resulting PCR product was transformed into KYI 14, and
transformantss were selected as uracil prototrophs on solid medium containing 2% (w/v)
glucose,, 0.67% (w/v) Yeast Nitrogen Base (Difco). Ura+ isolates were tested for proper
replacementt of the HXT7 locus with URA3 by analytical PCR as described above, using
primerss P9 (CGGTCTCCAGCTTCTCAGAAATGCATGCAGTG) and PI 1 (GACTAGGAT
GAGTAGCAGCACGTTC). .
Plasmidss - To construct strains expressing only one hexokinase, the following plasmids
weree introduced into strain THG1: pCEWScHXK2, EL centromeric plasmid carrying the S.
cerevisiaecerevisiae HXK2 gene (159); pTP5, a multicopy plasmid carrying the 5. pombe Sphxk2+ gene
encodingg hexokinase II (156), or pDB20/YlHXKl, a multicopy plasmid carrying the Y.
lipolyticalipolytica YIHXK1 gene encoding hexokinase I (158). The heterologous genes were under the
controll of the S. cerevisiae ADH1 promoter.
Growthh conditions - Cells were grown in batch on an orbital incubator at 250 rpm and 30°C
inn a medium containing 2% (w/v) glucose, 0.67% (w/v) Yeast Nitrogen Base, 0.1 M
potassiumm phthalate, pH 5.0, and amino acids as required (195). Growth was monitored by
measuringg the optical density at 600 nm. The glucose concentration in the cultures was
monitoredd with Glucotest strips (Roche), and measured precisely by an enzymatic assay (see
below).. For transport assays, cells were harvested by centrifugation at 4°C (5 min, 4000 x g),
washedd twice in ice-cold 0.1 M potassium phosphate buffer (pH 6.5), resuspended in this
bufferr to a cell concentration of approximately 7.5 (g proteinjlitre"1, and kept on ice until use.
Glucosee and protein determination - Glucose was determined enzymatically as described
inn Bergmeyer (11). Protein was determined by the method of Lowry et al. (115), using
bovinee serum albumin (fatty-acid free) as a standard.
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T a b l ee 5 . 1 5~ cerevisiae strains used in this study.
Source e

Strainn [Plasmid]

Genotype e

CEN.PK113-7D D

MATa,MATa, MAU-tf SUC2

CEN.PK113-5D D

MATa,MATa, MAL2-8:SUC2 uro3-52

KYII 14

MAT*,MAT*, MAL2-&SUC2 ura3-52 hxk2A:kanMX

KY116 6

MATa,MATa, MAL2-80 SUC2 hxk2A:kanMX

KYII 68

MATa,MATa,

MAL2-&

SUC2

P.. Kotter (Frankfurt,
Germany) )
P.. Kotter (Frankfurt,
Germany) )

ura3-52

hxt7A:URA3 hxt7A:URA3

DFY1 1

MATalysl-1MATalysl-1

DFY567 7

MATaMATa tys\-\ leul-\ hxk2::LEU2

THG1 1
THG11 [pCEN/ScHXK2]
THG11 [pTP5]
THG1 1
[pDB20/Y!HXKl] ]

MATaMATa

leu2-l
leu2A
leu2~\
leu2-\

(241)

hxkl::LEU2

hxk2::LEU2
(156) )

ura3-52

hxkl::LEU2

hxk2::LEU2
(158) )

wra3-52

hxkl::LEU2

glkI::LEU2glkI::LEU2 [Sphxk2* URA3J
MATaMATa

hxk2A:kanMX
Thiss study

«ra3-52

glkl::LEU2glkl::LEU2 [ScHXK2 URA3]
MATaMATa

This study

(241) )

leul-\

glkl:.LEU2 glkl:.LEU2
MATaMATa

Thiss study

«ra3-52

hxkl::LEU2

hxk2::LEU2
(159) )
hxk2::LEU2

(158)

glkl::LEU2glkl::LEU2 [YIHXK1 URA3J

Hexosee zero trans-Influx assay - Zero frans-influx of hexoses was determined according to
Walshh et al (239) at 30°C in 0.1 M potassium phosphate buffer (pH 6.5). Kinetic parameters
off glucose transport were derived from least-squares fitting of the data to one- or twocomponentcomponent Michaelis-Menten models using Enzfitter software.
Enzymee activities - Hexokinase activity was measured spectrophotometrically by following
NADPP reduction in the presence of glucose, ATP, and glucose 6-phosphate dehydrogenase as
describedd in Gancedo et aL (59). When fructose was used in the assay, 2 units of
phosphoglucosee isomerase were added. Invertase activity was measured as in (156).
Northernn analysis of HXT mRNA - The abundance of HXT transcripts was assessed by
extractionn of RNA from cells with acid phenol and blot-hybridization with oligonucleotides
specificc to each HXT gene, essentially as described previously (see Chapter 2).
Prehybridizationn and hybridization were carried out with 7% SDS/0.5 M sodium-phosphate,
pHH 7.5. Hybridization was performed at 50°C with the HXT1 and HXT2 probes, and at 45°C
withh the other probes.
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5.44 Results
Transportt kinetics of wild-type and nxk2 strains grown on glucose - The kinetics of
glucosee uptake by wild-type 5. cerevisiae cells depends on the stage of the culture; a lowaffinityy is observed in cells harvested during exponential growth at high glucose
concentrations,, and a high-affinity when glucose is exhausted (16, 239). We examined the
effectt of the deletion of HXK2 on the apparent kinetics of glucose uptake and on the
expressionn of the different HXT genes. The results of the transport kinetic determinations are
shownn in Table 5.2 (see also Fig. 5.1). During exponential growth on glucose a wild-type
strainn and an isogenic hxk2 mutant displayed a major low-affinity component with similar
Vmaxx and Kro. However, the hxk.2 strain showed, in addition, a very high-affinity component
withh a Km of 0.24 mM and a V^ that was about 16% of that of the low-affinity component.
Fructosee and mannose transport also showed a high-affinity component in cells of the hxk.2
mutantt harvested during the exponential phase (Table 5.2). Transport of galactose was not
affectedd by deletion of HXK2, and was negligible in both strains (data not shown). Similar
kineticss of glucose transport were obtained with strains DFY1 (wild-type) and DFY567
(isogenicc hxk2 null mutant), from a different genetic background (data not shown).
Whenn glucose was depleted from the cultures, yeast cells displayed only highaffinityy glucose uptake, with a Kn, of around 2 mM. No differences in the kinetics of fructose
andd mannose transport were found between the wild-type and hxk.2 mutant strains in those
conditions.. In both strains the K^ for fructose was around 7 mM and the Km for mannose was
approximatelyy 14 mM. Galactose transport remained negligible (data not shown).
Deletionn of the HXT7 gene in the hxk.2 mutant eliminated a substantial proportion of
thee high-affinity component of glucose uptake during exponential growth on glucose (Fig.
5.1).. However, in the double mutant, the component with very high-affinity for glucose
remainedd (Km = 0.19 mM), but with an activity that was only about 2% of that of the lowaffinityy component (Table 5.2).
Expressionn of HXT mRNA's - To determine which of the glucose transporters were
responsiblee for the observed glucose uptake kinetics, we determined the expression of HXT
mRNAss at different stages of growth on glucose by Northern blotting (Fig. 5.2). RNA was
isolatedd from the same cell samples as used for glucose transport determinations. The wildtypee strain mostly expressed HXT1 and HXT3 during exponential growth on glucose, with
loww levels of HXT2 and HXT4 mRNA also detectable. This is consistent with the low affinity
off glucose uptake displayed by these cells, in light of the previously determined substrate
affinitiess for these transporters (174). At the diauxic shift, transcription of the high-affinity
transporterr gene HXT7 and to a lesser extent HXT6 increased in the wild-type strain, while
transcriptionn of the low-affinity transporter genes HXT1 and HXT3 decreased. HXT2 and
HXT4HXT4 mRNAs were not detected and HXT5 was expressed to a moderate level.
InIn contrast, the hxk.2 deletion strain showed a high expression of HXT2 and HXT7
andd reduced levels of HXT1 and HXT3 mRNA during exponential growth on glucose. HXT6
transcriptionn was not detected under these conditions. The levels of all mRNAs except HXT5
weree quite low in the mutant culture after glucose exhaustion. A similar expression pattern
wass observed in the DFY1 and DFY567 strains (data not shown).
Thee pattern of uptake kinetics as well as that of HXT transcription in glucose-grown
cellss shows that HXK2 influences the expression of the genes encoding glucose transporters.
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Inn particular, deletion of HXK2 leads to a marked increase of the high-affinity
componentt of hexose transport and of the expression of the HXT2 and HXT7 transporter
geness during growth at high glucose concentrations.
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Figuree 5.1 Eadie-Hofstee plot of the effect of
successivee deletions in HXK2 and HXT7 genes on
glucosee transport. Zero rrans-influx of glucose
wass determined for S. cerevisiae CEN.PKH3-7D
(wild-type,,
, KYI 16 (hxk2A, ) and KY168
(hxk2A(hxk2A hxt7A, O) strains during exponential
(OD60o=l)) growth on YNB glucose (2%). Results
off one representative experiment are shown. V is
thee zero frarcs-influx of glucose and S is the
extracellularr glucose concentration. The calculated
kineticc parameters are presented in Table 5.2.

v/SS [nmolmin"1'(mg protein)''-mM"1]

Specificityy of the effect of HXK2 on glucose transport - During exponential growth in
glucose,, wild-type strains of S. cerevisiae show only the low-affinity component of the
glucosee transport. Mutations in either HXK1 or GLK1 do not alter this pattern (124, 198).
Thiss indicates that HXK2 represses the appearance of the high-affinity component. To
determinee the specificity of the effect of HXK2 on glucose repression of high-affinity hexose
transport,, we compared S. cerevisiae strains that expressed only one gene encoding
hexokinasee from different yeast species. The results of these experiments are shown in Table
5.3. .
Ann S. cerevisiae strain expressing only HXK2 showed transport kinetics very similar
too those of the wild-type strain. During exponential growth, this strain displayed only lowaffinityy glucose transport (Table 5.3). Strains expressing heterologous hexokinase genes,
eitherr from S. pombe or Y. lipolytica respectively, yielded essentially the same results during
exponentiall growth (Table 5.3). These results indicate that the heterologous hexokinases can
substitutee for the S. cerevisiae Hxk2 protein in exerting glucose repression on high-affinity
glucosee uptake. The heterologous hexokinases were also active in repressing invertase (Table
5.3). .
5.55 Discussion

Glucosee has profound and complex effects on the genes and enzymes involved in the switch
betweenn fermentative and oxidative metabolism in S. cerevisiae. We have examined the
modulationn of hexose transport activity, and the role of HXK2 in that regulation. We found
thatt at high glucose concentrations, in the presence of HXK2, the expression of high-affinity
glucosee transporters is repressed. This repression is absent when HXK2 is deleted.
Furthermore,, an unprecedented very high-affinity glucose transport activity is
revealedd in hxk.2 mutant strains grown at high glucose concentrations. This activity is not due
too HXT7, since it is also detectable in an hxk2 hxt7 double null strain. It is also unlikely to be
duee to HXT8-HXT17 or related genes encoding hexose transporters (251), since the
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expressionn of these genes is low and does not differ significantly between the wild-type and
hxk2hxk2 mutant (data not shown). The very high-affinity component may be due to the high level
off HXT2 expression observed in the hxk2 mutant at high glucose. This possibility is
supportedd by previous observations that suggested that the affinity of Hxt2 for glucose can be
modulatedd by the growth conditions; in addition to intermediate-affinity kinetics in cells
grownn at high glucose concentrations, it confers dual kinetics, with both high- and lowaffinityy components, when cells are grown at low glucose concentrations (173). The results
reportedd here might be another aspect of the unusual kinetic characteristics of Hxt2.
Tablee 5.3 Glucose transport kinetics and invertase and hexokinase activities in S. cerevisiae strains
containingg only one hexokinase. S. cerevisiae THG1 was transformed with plasmids pCEN/ScHXK2
(ScHXK2),(ScHXK2), pTP5 (Sphxk2+) or pDB20/YlHXKl (YIHXK1) carrying the genes encoding hexokinases from S.
cerevisiae,cerevisiae, S. pombe and Y. lipolytica respectively (see Chapter 5.3 Materials and Methods). Invertase
activitiess were determined using cells incubated in the presence of 2% of glucose (repressed) or 0.05%
glucosee (derepressed). Extracts used for glucose transport and hexokinase assays were obtained from cells
growingg exponentially on YNB glucose (2%). The data of zero frans-influx of glucose were fitted to a model
off one-component to determine the maximum velocity (Vmax* in nmol-min~L-(mg protein"1)) and Michaelis
constantt (Km, in mM).
Strain n

Glucose etransport t
VV

Invertase e
mU.mgg cells"1

Km m

Hexokinase* *
mU.mgg protein"'

RepressedRepressed

Derepressed

ScHXK2 ScHXK2

4688

30

344

3

<100

225

1270 0

Sphxk2Sphxk2+ +

4199

0

311

3

300

190

1260 0

YIHXK1 YIHXK1

4966

4

233

3

<100

175

1190 0

'assayedd with glucose (1 mM).

Glucosee repression of invertase and high-affinity hexose transport is restored to an
hxklhxkl hxk2 glkl triple deletion strain by expression of HXK2, or by over-expression of HXK2
homologss from Y. lipolytica or 5. pombe. These results suggest two hypotheses for the role of
thesee hexokinases in glucose repression. A minimal level of hexokinase activity might be
necessaryy to bring about glucose repression. This is supported by the ability of overexpressionn of HXK1 or heterologous hexokinases to bring about repression (117, 158, 181).
Alternatively,, the heterologous hexokinases may share a regulatory capability that is distinct
fromm their enzyme activities, and that is not shared by hexokinase I or glucokinase of S.
cerevisiaecerevisiae (124, 198). Hxk2 has features of a regulatory protein: it occurs in both the
cytoplasmm and the nucleus (170), and is phosphorylated at low glucose concentrations (171).
Thee serine at which phosphorylation occurs is conserved in the YIHXK1 sequence, but not in
thee Sphxk2+ sequence (155, 156).
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Figuree 5.2 Expression of different MX I mRNAs in
S.S. cerevisiae wild-type (CEN.PK113-7D) and hxk2A
(KYII 16) strains at different stages of growth on
glucose.. Cells were harvested simultaneously for RNA
analysiss and for the transport assays as shown in Fig. 5.1
andd Table 5.2. Lane 1, wild-type, exponential growth
(OD6ooo = 1); lane 2, hxk2A, exponential growth (OD6oo =
1);; lane 3, wild-type, glucose exhaustion; lane 4, hxk2A,
glucosee exhaustion. The PDA] mRNA levels were used
ass control for RNA loading (246).
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Thee wild-type and hxkl strains displayed similar levels of high-affinity transport
activityy upon glucose depletion. However, the levels of HXT7 mRNA were significantly
higherr in the wild-type strain. We have observed that HXT7 mRNA is rapidly turned over
afterr glucose exhaustion, whereas Hxt7 protein (as a GFP fusion) is quite stable (data not
shown).. Thus, the high level of high-affinity transport activity in the hxk2 mutant (Fig. 5.1
andd Table 5.2) may result from persistence of the Hxt7 protein in these cells, which is not
reflectedd in the HXT7 mRNA pool (Fig. 5.2). Alternatively, Hxt5 (whose transcript is
abundantt in the glucose-depleted hxk2 culture) may account for the high-affinity activity
observedd under these conditions.
Wee noticed that expression of the low-affinity transporter genes HXT1 and HXT3
wass significantly reduced in the hxk2 mutant during exponential growth, but that this was not
reflectedd in the measured low-affinity transport activity of the bxk.2 strain. One possibility
mayy be that the translation of Hxtl and Hxt3 protein was increased per mRNA to compensate
forr the reduced transcript levels. Alternatively, the occurrence of a significant high-affinity
componentt in the exponential-phase hxk2 cells may have led to an over-estimate of the lowaffinityy component.
Thee presence in S. cerevisiae of a large family of glucose transporters that have
differentt affinities for their substrates and whose expression is finely regulated remains an
enigma.. From a physiological point of view it appears reasonable to express high-affinity
76 6

Regulationn of yeast glucose transport by hexokinases

transporterss only at low external glucose concentrations. However it is not immediately clear
howw expression of these transporters at high glucose concentration could be detrimental to
thee cell.
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