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Chapterl
General Introduction

Saccharomyces cerevisiae, "life with 6000 genes", is an especially favorable microorganism. Not
only for its long history but also for the importance in bioindustrial application and in fundamental
biological research, S. cerevisiae is by far the best-known and well-studied yeast. Since the release
of its sequence as the first complete nuclear genome sequence of an eukaryote (51, 75, 94,
109) in 1996, S. cerevisiae has arrived at the front stage of life sciences. The developments in
molecular biology, physiology and biochemistry have led to more understanding of the
behavior of the yeast. However, a vast number of fundamental questions still need to be
answered. For instance, it is known that sugar transport across the plasma membrane is the
first step of metabolism with possibly a high control coefficient. What are the factors involved
in regulation and control of metabolism? How large is the control of a specific factor on a
particular flux? How can we improve fluxes? This thesis is focused on the control and
regulation of glucose repression in S. cerevisiae by glucose transport.
1.

Control of the glycolytic flux

1.1 Glucose transport
All wildtype strains of the yeast S. cerevisiae consume mono- and disaccharides preferentially
to any other carbon source (61, 128). Glucose, the most abundant monosaccharide in nature,
is the primary fuel for yeast. Glycolysis is central to the metabolism of glucose and other
carbohydrates. It is the major free-energy yielding pathway. After glucose has been taken up
by the cell, it is converted via glycolysis into pyruvate and then catabolized either to ethanol
(fermentation) or to CO2 and H2O (respiration).
Yeasts contain many specialized membranes (226): (i) the plasma membrane separates the
other membranes and cell components from the external medium; (ii) the mitochondrial inner
membrane is involved in metabolic energy conversion; (iii) the endoplasmic reticulum (ER)
and Golgi apparatus are involved in protein and lipid sorting and synthesis; (iv) the nuclear
membrane encases and protects the DNA, separates the transcription process from other cell
compartments; and (v) the vacuolar and peroxisomal membranes compartmentalize special
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metabolic and digestive functions. The outermost layer of the yeast cell envelope is the cell
wall. The cell wall maintains the structure and the rigidity of the cell but is freely permeable
for solutes smaller than 600 Da (198).
Permeability of biological membranes is quite restricted, necessitating that most of the
cellular nutrients enter the cell via specific transport systems. Two main types of transport
system exist: channels and transporters, also called permeases or carriers. Transporters
catalyze uptake of solutes and while doing so they undergo some conformational change.
Transporters show specific binding of the substrates. Transporters mediate two types of
transport process in yeast cells: facilitated diffusion and active transport. In facilitated
diffusion, solutes are transported down a concentration gradient and net transport stops when
the intracellular chemical potential of a component reaches the same value as that in the
medium. Transport by facilitated diffusion does not require free energy (128). The driving
force for this process is the electrochemical gradient of the transported solute (226).
The majority of transport systems in yeast are localized in the plasma membrane (121). The
hydrophilic nature of glucose makes it impossible for this substrate to diffuse across the
plasma membrane and the uptake of glucose from the surrounding medium into the cell
occurs via a uniport system, a carrier-mediated facilitated diffusion process, catalyzed by a
family of glucose transporters (226). The rate of sugar uptake in yeast cells is controlled by
expression of transporters with different affinity, as well as by an irreversible inactivation that
affects the Vmax. The regulatory mechanisms involved in these changes are largely unknown at
present.
1.2 Metabolic Control Analysis and control coefficient
In the yeast S. cerevisiae, glucose metabolism is a complex network of reactions, catalyzed by
numerous enzymes. A large proportion of the control of the glycolytic pathway is thought to
reside in the step of glucose transport in most growth conditions. It is expected that glucose
transport is tightly regulated.
Usually each step in a pathway exerts some rate-limitation and varying the activity of one step
only will change the flux through the pathway. To answer the question 'How much does the
metabolic flux vary as a specific enzyme activity is changed?', Metabolic Control Analysis
(MCA) provides a mathematical framework describing control and regulation in precise,
quantitative terms. MCA enables us to understand the control properties of enzymes
quantitatively.
In the description of MCA (92, 112, 113, 242, 243, 245, 246), the Control Coefficient (C) is
defined as the relative change in the flux, caused by a small relative change in the effector
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concentration. The control coefficient is calculated from the measured response coefficient
(R) and elasticity coefficient (e): C =R/ • Teusink describes the precise definition of the
response coefficient, the elasticity coefficient, as well as the control coefficient, in detail
(213).
Generally, enzyme activities are expected to be proportional to enzyme concentration (58),
which we determined by measuring the Vmm. The flux control coefficient will then be equal to
the response of the flux to the enzyme concentration. This has been the implicit assumption in
this thesis.
The 'control coefficient of effector P on flux J ', or, the extent to which the glucose transport
controls the steady-state flux through the glycolytic pathway, can be described as the
fractional change in that flux upon an infinitely-small fractional change in the rate of glucose
transport:
cJ =
r

dJ/J=
dP/P

din flux
d In transport

Plotting the logarithm of the flux against the logarithm of the rate of glucose transport, the
slope of the curve equals the control coefficient (58). The flux Jean be any of the processes in
the yeast cell; here, the glycolytic pathway but also glycolytic flux and the growth rate.
An important element of MCA is the classical 'summation theorem', which states that in a
simple metabolic pathway the control exerted by the participating enzyme activities on the
pathway flux, adds up to 1 (91, 113, 224, 241) when the control is quantified in terms of flux
control coefficients. Some steps may exert negative control on a flux (240). Some enzymes
may be involved in group-transfer reactions or metabolite channeling, the sum of the flux
control coefficients can be as high as two (225). The value of the control coefficient reflects
the contribution of each step in a pathway to the overall behavior ofthat pathway. If the value
of a flux control coefficient is known, approximate predictions can be made about how the
metabolic flux will change if the amount of enzyme is changed. Obviously, the search for
rate-limiting enzymes can be replaced by the measurement of flux control coefficients to
determine which enzymes have the coefficients with the largest values. To this end, the
precise experimentation, including molecular genetics and some mathematics, are needed to
establish which step controls a flux and to what extent it does so (244).
1.3 Measurement of control coefficients
MCA is not an abstract theory but can be applied to measurements of metabolism. Although
no direct method exists to measure a control coefficient because of the strict definition of the
control coefficient by MCA, there are still several approaches possible in the quantitative
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study of metabolism, which are used to make a series of gradual changes in the enzyme
activity and to observe the consequences thereof, while all other conditions are kept constant:
(i)

Alteration of enzyme activity by genetic means. The development of genetic engineering

techniques in modern molecular biology brings new opportunities for MCA. Some studies
report a variation of the intracellular activity of a single enzymes by modulating the gene
expression through different gene dosages, adjustable expression vectors, regulatable
promoters, etc. (63, 104-106, 193, 231). In my study, promoter deletion has been used to
remove part of the non-coding upstream region of the HXT7 gene to alter Hxt7 transporter
expression and activity.
(ii)

Titration of enzymes by specific inhibitors. Previous work in this laboratory has used

biochemical inhibitors of glucose transport to change transporter activity in wildtype yeast
strains (4, 48, 78, 209, 213).
(iii) Mathematical modeling. Rohwer (190), Bakker (3) and Teusink (213) et al. made
extensive use of this technique in their studies.
(iv)

Some other methods have also been used, such as alteration of expressed enzyme

activity by inducers or dietary and environmental means, and titration with purified enzyme
(58).
For experimental control analysis, it is very important to distinguish parameters and variables
because it is easy to confuse the variables and the parameters in an experiment. Parameters
are set quantities, which can be concentrations of substrates, enzymes or inhibitors; or pH and
temperature; or kinetic constants; or gene copy numbers and enzyme activities. The variables
include the reaction rate, growth rate, and the fluxes or the concentrations of the metabolites,
whose values are influenced by the relative changes in the parameters.
An excellent example is given by van Dam and Jansen (224). One may wish to determine the
effect of a substrate on the growth rate. A chemostat would seem the most appropriate
experimental setup for this experiment. However, in a chemostat experiment one fixes the
growth rate by setting the dilution rate. Thus, the variable which one wants to measure and the
parameter which one dictates have been interchanged. To obtain the answer in this particular
example, the authors conclude that one may perform measurements of the substrate
concentrations at a number of growth rates (=dilution rates), interpolate to the desired
substrate concentration and determine the relative change in substrate concentration divided
by the relative change in dilution rate. In this way the substrate concentration (the parameter)
is fixed and the growth rate (the variable) is allowed to develop to its steady-state value.
Snoep et al. (210) developed a metabolic control analysis for such chemostat cultures.
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Another point that deserves to be noticed, is that, traditionally, measurement of the control
coefficient is carried out at steady state. Metabolite molecules in the cell are produced as
rapidly as they are degraded when the concentration is at a steady-state level. The
composition of the microorganism is a constant and the input and output of the metabolism
are also assumed to be constant. In its simplest form the particular control coefficient is
unequivocal only for steady states where the network itself is not changing (224, 241, 244,
247). Nevertheless, an exact steady state is a biochemical abstraction. Quasi steady state is
routinely accepted as a basis for interpretation of experiments (58).
Studying regulation and control of metabolism in yeast has proved to be a difficult and
challenging problem, since one has to determine many different control coefficients by
painstaking quantitative measurements. However, analysis of the complex metabolic network
will enable us to understand the factors controlling the rate of the flux through a metabolic
pathway and to gain a more complete understanding of metabolism, under both normal and
abnormal conditions. Furthermore, it can be applied in bioindustrial processes to control the
formation of desired products.
2

Regulation of glucose transport

2.1 Glucose transporter genes
Twenty genes in the S. cerevisiae genome have been implicated in mediating or regulating
hexose transport on the basis of sequence similarities and related functions; these are known
as the HXT gene family (123) including HXT1-HXT17, GAL2, SNF3 and RGT2. In recent
years, more systematic studies based on genetic and kinetic analyses have greatly increased
the understanding of the characteristics of the hexose transporters (47, 167, 184, 185).
Under standard conditions, the proteins encoded by six genes, HXT1-HXT4, HXT6 and HXT7,
are the major glucose transporters (184, 185).
KXT1 is induced by high levels of glucose but not exclusively (15, 123). It is also affected by
oxygen or nitrogen availability (47). HXT1 is repressed in the absence of glucose by the Rgtl
repressor (123).
HXT2 expression is high only when batch-cultivated cells are shifted from high to low
glucose media (47). In cells grown to glucose exhaustion, the mRNA of HXT2 is
undetectable. It is proposed that expression require both a low glucose concentration and
exponentially growing cells. Also aerobiosis seems to affect HXT2 expression (47). When
HXT2 is expressed in the hxtl-7 null strain, it confers high-affinity glucose transport (123).
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It is said that HXT3 is expressed only on glucose medium but the induction is independent of
the sugar concentration. However, in a study on the expression of all 20 HXT genes in relation
to the steady state in situ carbon metabolism of the 5. cerevisiae CEN.PK113-7D strain,
grown in chemostat cultures, HXT3 was found highly expressed at high glucose
concentrations (approximately 100 mM) (47). HXT3 was not expressed at low glucose
concentrations, neither in the aerobic glucose-limited chemostats nor in batch culture on
glucose. In the hxt null strain HXT3 confers only low-affinity transport (123).
The HXT4 gene has been described to be induced by low levels of glucose and to be fully
repressed at high levels (15). HXT4 imparts moderately low-affinity glucose transport to the
hxt null strain (184). Nevertheless, Diderich et al. {Al) reported that HXT4 is induced by high
glucose and co-regulated with HXT] and HXT3. In batch culture HXT4 mRNA is scarce upon
glucose exhaustion.
HXT6 and HXT7 encode a pair of closely related high-affinity glucose transporters (185). The
high similarity between these genes extends up to 96 bp 5' of the HXT6 and HXT7 ORF (15).
Expression of HXT6 and HXT7 is repressed by high glucose and induced by low glucose
(133). Under derepressed conditions HXT7 is by far the most strongly expressed HXT gene in
most cultures (34). Changes in HXT6 expression do not show a similar behavior to HXT7
(47). This suggests that these two genes are subject to different regulatory influences.
The function of HXT5 is not clear. HXT5 transcript levels are very low in wildtype cells.
Diderich et al. (47) report that HXT5 mRNA was only detected at the lowest dilution rates
tested, under which condition the extracellular glucose concentration and specific rate of
glucose consumption are very low. HXT5 mRNA was also abundant in batch-cultured cells
after glucose exhaustion. After constructing a chimeric HXT5::GFP fusion gene in wildtype
strain CEN.PK113-7D, the Hxt5 transporter was found to be localized in the plasma
membrane of the cells, upon glucose exhaustion (Kruckeberg, personal communication).
Hxt8 does not contribute significantly to catabolic glucose transport, at least under standard
conditions (15, 184, 185). HXT13 is regulated by the Hap2 transcriptional activator,
suggesting that it is repressed by glucose and expressed in respiring cells (123). It was
reported that HXT8-HXT17 transcripts were not detectable in total RNA samples, but very
low transcript levels of some of these HXT genes were detected on poly(A)+ RNA blots (47).
The function of these hexose transporter-related proteins is not yet known. It is also possible
that these hexose transporters are not localized to the cytoplasmic membrane, or have
different substrate specificity.
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Gal2, encoded by GAL2, is a galactose transporter, but can also function as a glucose
transporter, as is shown by the effect of GAL2 expression in mutants deficient in glucose
transport (34).
Snf3 and Rgt2, encoded by the SNF3 and RGT2 genes, act as a low-glucose and a highglucose sensor, respectively. Rgt2 and SnO proteins are 200 and 300 residues longer,
respectively, than the other members of the yeast hexose transporter family. Rgt2 has a highly
conserved carboxy-terminal sequence. This unique carboxy-terminal sequence is duplicated in
tandem in Snf3 (123). The long C-terminal tails have been speculated to be the key elements
in glucose signal transduction by these proteins (145, 164). The region of the Snf3 and Rgt2
tails most critical for glucose signaling is a nearly identical 26 amino acid sequence, which is
thought to interact with the next component of the signal transduction pathway, and generate
the signal via alteration of the interaction that results when the conformation of the sensors
changes upon glucose binding (110).
It has been inferred that all of the yeast hexose transport proteins have 12 domains that
traverse the membrane.
2.2 Glucose transport kinetics
The kinetic characterization of facilitated diffusion transporters is inherently difficult and
complex. This is caused by the fact that S. cerevisiae accomplishes high rates of hexose
metabolism and the genome contains a large number of sugar transporter genes.
In recent studies, the apparent kinetics of glucose transport have been determined largely by
D-U-[ C]-glucose zero-trans influx experiments (assuming that the intracellular glucose
concentration is zero during the uptake assays) over short (5-s) time scales (see chapter 2).
Calculation of kinetic parameters from these experiments is based on the Michaelis-Menten
equation, the basic equation of enzyme kinetics:
_[Eo][S]t„,
Km +[S]

where
&cat [Eo] = Vmw
The concentration of substrate at which v = — Kmax is termed Km, the Michaelis constant. £cat is
often called the turnover number of the enzyme because it represents the maximum number of
substrate molecules converted to products per active site per unit time, or the number of times
the enzyme 'turns over' per unit time (61).
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For graphical representation of data, the Michaelis-Menten equation can be transformed into a
linear form. A common plot is that of Eadie-Hofstee:
v

= ^max - Km v/[sl

( a single component system)

Plotting v against v/[S] gives an intercept of Kmax on the j-axis as v/[S] tends to zero. The
slope of the line is equal to - Km. The intercept on the x-axis is at v/[S] = Vmm/Km .
Walsh et al. (233, 234) have investigated various methodological aspects of glucose transport
and identified potential uncertainties in the assay system that had been used until then. Under
conditions in which metabolism is low or absent, the 5-s time scale gives erroneous results
and a time scale of 200 ms is required (234). Based on measurements of zero-trans influx of
radioactive glucose into washed cells, two kinetically distinguishable transport systems have
been described: a low affinity system (Km » 10-50 mM) expressed by cells growing in media
with a high glucose concentration, and a high affinity system (Km ~ 1-3 mM) expressed by
cells in low glucose media (12, 233). Cells growing in low glucose media often display both a
high affinity component and a low affinity component. High affinity transport is almost
completely absent from cells growing on high glucose (34).
Strains expressing only single Hxt transporters have been used to characterize the kinetic
parameters of these transporter proteins and their physiological function(s) (15, 184, 185). In
these studies, determination of the glucose uptake kinetics of Hxtl expressed in an HXT1-only
strain revealed Hxtl as a transporter for glucose with Km = 100 mM. Hxt2 was revealed as
moderately low in affinity for glucose (Km = 10 mM) in an HXT2-only strain grown on high
glucose. However, Eadie-Hofstee plots for glucose uptake by Hxt2 in cells grown on low
glucose concentrations showed biphasic uptake kinetics (Km = 60 and 1.5 mM, respectively,
when fitted as the sum of 2 transport activities with simple Michaelis-Menten kinetics). This
suggests that glucose uptake kinetics in the HXT2-on\y strain is dependent on the external
glucose concentration and the growth conditions of the cells. Hxt3 is a low-affinity transporter
with a very high Km for glucose of about 60 mM. Hxt4 is intermediate in affinity (Km = 10
mM). Hxt6, Hxt7 as well as Gal2 showed high-affinity transport (Km = 1-2 mM).
In a recent study, the kinetics of glucose transport were determined for cells grown under
different nutrient limitations and for cells from aerobic glucose-limited chemostat cultures of
S. cerevisiae (47). Cells grown at low dilution rates in aerobic glucose-limited chemostats
generally displayed high affinity glucose transport kinetics with a Km of approximately 1 mM,
but also an intermediate affinity component with a Km of about 13 mM. At D > 0.3 h" ,
glucose uptake kinetics consistently showed two components, a high affinity (Km » 1 mM)
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and a low affinity (Km « 35 niM) component. The overall Vmm showed relatively little
variation at different dilution rates.
Initially, it was thought that glucose transport in S. cerevisiae is mediated by only two
kinetically distinct systems: one high- and one low-affinity glucose uptake system. In recent
years the kinetic features of individual hexose transporters showed that the investigated
transporter proteins actually have very different affinities for the sugar (34).
2.3 Regulation of HXT gene expression
A number of components or fluxes contribute to the regulation of the hexose transporter level,
including regulation of transcription and translation of Hxt proteins with significantly
different affinities to the sugar. The regulation exists within the secretory pathway, by
recruitment of secretory vesicles to the plasma membrane, and finally by removal and
catabolite inactivation (34). The glucose-dependent modulation of the expression of specific
transporters indicates that the yeast cells express only those transport systems appropriate to
the actual concentration of hexoses in the environment (15). Regulation of individual HXT
genes or a subset of the HXT hexose transporter gene family is involved in sensing of the
glucose concentration and in the signal transduction pathway which ultimately leads to factors
associated with transcription activation or suppression.
A large number of regulatory factors is obviously required at the various stages of the signal
transduction pathway, finally leading to an adequate cellular response to an altered carbon
source situation in the growth medium. Recently, it has been shown that two members of the
HXT hexose transporter family, Snf3 and Rgt2, function as glucose sensors in the signaling
pathway that leads to the induction of iÖTgene expression (164). Snf3 and Rgt2 reside in the
cell membrane. They have been implicated in signaling. Snf3 is required for induction of gene
expression by low levels of glucose. Rgt2 is required for full induction of high glucose
induced genes.
Factors which are implicated in these pathways are: Grrl; the DNA-binding protein Rgtl; the
transcriptional co-repressors Ssn6-Tupl; and the nuclear proteins Mthl and Stdl (126). Rgtl
is a zinc-finger protein, binds to some HXT promoters in the absence of glucose and recruits
the Ssn6 and Tupl transcriptional repressors to inactivate the genes (169). It has also been
reported that Rgtl is converted to an activator by high levels of glucose (168). Inhibition of
Rgtl requires Grrl, which interacts with the ubiquitin-conjugating enzyme complex (132).
Remarkably, almost all of the functions defined as participating in HXT gene regulation,
including the ones involved indirectly in transduction of the signals of the glucose
repression/derepression pathways (Hxk2, Regl, Sksl, Snfl, and Migl) (126) have a negative
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or repression role in transcription (Snfl and Grrl being the exceptions) (34). It seems that
negative regulation of transcription plays a more prominent role in HXT gene expression than
induction.
How can genes be turned on? Transcriptional activation involves the regulated assembly of
multiprotein complexes on promoter DNA in the context of the repressive effects of
chromatin (211). In eukaryotic cells, RNA polymerase II (Pol II) initiates mRNA synthesis. It
the last few years, the already complex process of transcription by Pol II has become even
more complicated with the identification of auxiliary factors in addition to the essential
general initiation factors. Some of these factors have been found in large complexes and
referred to as the 'holoenzyme' (29). The general transcription initiation factor TFIID binds to
the TATA box to promote assembly of the other basal factors required for initiation by Pol II
(80).
There are two classes of transcriptional sequence elements in promoters: a core promoter
element, and upstream promoter elements. TATA box (TATAAA) is a core promoter
element, which contains the binding site for Pol II and controls the location of the start site of
transcription. The upstream activation sites (UASs) regulate the rate at which RNA
polymerase II initiates new rounds of transcription. The upstream repressible sequences
(URSs) repress the transcription. These sequence elements direct the action of two classes of
transcription factor: initiation factor, which is essential for initiation and which is sufficient to
direct a basal level of transcription from the core promoter, and regulatory factors, which are
not required for initiation but which mediate the action of upstream promoter elements and
enhancers (37, 79).
Migl, a DNA-binding repressor of many glucose-repressed genes, is a Cys2-His2 zinc-finger
protein. Putative Migl-binding sites have been identified in the promoters of more than 100
genes. Migl binds directly to the promoters of its functional target genes, and represses the
transcription of several glucose-repressible genes including SUC2, GAL4, MALs, GALl,
CAT8, and HAP4 (62, 77, 101, 116, 156, 158, 252). The gene transcription control exerted by
Migl results in a very fine-tuned regulation of glucose repression. Treitel et al. fused Migl to
the LexA DNA-binding domain and provided evidence that Migl recruits Ssn6-Tupl to
promoters of glucose-repressed genes (217).
Due to the large number of HXT genes, there is no systematic analysis available as to
expression and regulation of HXT genes. The only hexose transporter in S. cerevisiae that has
so far been studied in some detail at the protein level is Hxt2. Expression of HXT2 is
regulated both negatively and positively in response to the availability and concentration of
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glucose. Transcription of HXT2 is under the control of both the general glucose repression
pathway and the SnO-Rgtl low glucose induction pathway. In the presence of high levels of
glucose, transcription of HXT2 is inhibited by Migl. At low levels of glucose, expression of
HXT2 is released from glucose repression which requires the function of protein kinase Snfl,
a central factor for derepression of glucose-repressed genes (15).
The Rgtl zinc cluster DNA-binding protein represses HXT1 transcription when glucose is
absent and activates expression at high glucose concentrations by directly binding to the
HXT1 promoter at three putative binding sites (15, 169).
HXT3 is induced at all glucose concentrations. Induction of HXT3 by low glucose is partly
dependent on the Snf3-Rgtl signaling pathway. At high glucose concentrations HXT3
expression is still inducible to some extent in grrl mutants, in contrast to HXT1, and complete
induction of HXT3 is independent of Regl and Hxk2 function (15, 167).
The HXT4 promoter contains two binding sites each for the Rgtl and the Migl repressors
(15). Expression of HXT4 is under the control of both SnO-Rgtl glucose induction and the
general glucose repression pathway. In addition to regulation by Rgtl, it is repressed in high
glucose by the Migl repressor protein.
Two sequences that match the consensus binding site of the Hap2/3/4/5 transcriptional
activator complex occur in the HXT5 promoter region (47). The Hap complex regulates some
genes positively in the absence of glucose. This suggests that HXT5 is under Hap complex
regulation and is expressed in glucose-deprived cells to ensure that they are able to utilize the
sugar rapidly when it becomes available.
HXT6 is regulated positively or negatively by Snf3, depending on the concentration of the
carbon source (15). The high basal expression level of HXT6 on non-fermentable carbon
sources requires Grrl (133). The HXT7 promoter contains binding sites of Adrl, the
Hap2/3/4/5 transcriptional activator, and Migl (see chapter 6 in this thesis).
The HXT9 and HXT11 genes were found to be under the control of the Pdrl and Pdr3
transcription factors (160). In the promoter of the HXT10 gene no Migl but one putative Rgtl
binding site was found (15). The HXT13 promoter was found in a collection of promoters that
are regulated by the Hap2 transcriptional regulator (34).
3

Regulation of gene expression by glucose

3.1 Glucose induction and repression
As introduced above, glucose plays an important role in inducing expression of genes
encoding glucose transporters, glycolytic enzymes, ribosomal proteins and other proteins.
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SnO and Rgt2 act as glucose sensors to generate a signal for induction of HXT gene
expression and respond to low and high glucose levels, respectively (133, 165). Moreover,
glucose has another major effect: it represses expression of many genes, including those genes
involved in utilization of alternative sugars like galactose, sucrose and maltose (fermentable),
or other metabolites like ethanol, glycerol and acetate (non-fermentable carbon sources), as
well as the genes required for gluconeogenesis, the tricarboxylic acid cycle, the respiratory
pathway, peroxisomal functions and other processes (24, 55, 56, 66, 71, 110, 191, 218). This
phenomenon is referred to as 'glucose repression' or 'glucose catabolite repression'. The beststudied glucose-repressible genes include: the SUC2 gene, which encodes invertase and is an
excellent reporter gene for glucose repression, since its expression is controlled exclusively by
this metabolic pathway (25); the GAL genes, which are responsible for galactose metabolism
(66, 111); the MAL genes, which encode enzymes for maltose metabolism and regulation
(70); the CYC1 gene, which encodes cytochrome cl oxidase and is required for the respiratory
pathway (65); and the ADH2 gene, which encodes alcohol dehydrogenase II, required for the
ethanol oxidation (139).
When glucose is abundant, both induction and repression aspects are present in a metabolic
pathway. When glucose is limiting, the large glucose-repressed set of genes is derepressed.
This strict regulatory system prevents 'futile cycles' such as the simultaneous and unregulated
functioning of the glycolytic and gluconeogenic pathways. The regulatory mechanism enables
the yeast S. cerevisiae to alter patterns of gene expression in response to carbon source
availability. Although important progress (23, 24) has been reported on the understanding of
the glucose repression mechanism, a comprehensive picture is not yet available.
Understanding the mechanism of glucose repression in yeast has proved to be a difficult and
challenging task.
3.2 Glucose repression signal
Glucose signaling is a complicated system. Compared with the signal for induction of HXT
gene expression generated by Snf3 and Rgt2 (Figure 1.1), the glucose signal that triggers
glucose repression remains much more obscure. When glucose is available to yeast, the
signal(s) turns on different sets of reactions. The final result is a change in the amount and/or
activity of proteins that bind to gene promoters and modulate their transcription rate (71).
How does the cell sense glucose; what is the signaling system by which the sensor delivers a
repression signal to the promoters of affected genes; is the glucose sensed extracellularly or
intracellularly?
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Most likely, glucose must be taken up by cells to cause repression. The first signal triggering
these reactions may be binding of glucose to the glucose receptor in the membrane, or a
change in the concentration of some intracellular metabolite, including glucose itself (71).
Recent evidence that cells can have significant concentrations of intracellular glucose raises
the possibility that intracellular glucose functions as a primary signal molecule in S.
cerevisiae cells (47, 214). Meijer et al. reported that glucose repression is related to the
extracellular (or intracellular) glucose concentration rather than the glucose flux (150, 151).
Analysis of HXT function shows that none of the major transporters serves a sensing/signaling
function for glucose repression (184). However, in the different strains, the extent of
repression is correlated with the glucose uptake capacity, suggesting that the rate of glucose
conversion determines the strength of the relevant glucose signal. It is possible that under
these particular conditions other transporter genes are expressed at sufficient level to allow
glucose uptake and catabolite repression (71).
For glucose to exert catabolite repression, it should be phosphorylated. The rate of
phosphorylation of the sugar is important for the repression process (71). Genetical and
biochemical analyses have indicated that hexokinase isoenzyme Hxk2, one of three enzymes
capable of phosphorylating glucose in yeast, is probably involved in the generation of the
glucose signal (56). Hxk2 is more highly phosphorylated when the glucose concentration in
the medium is low (227). By using mutants with gradually reduced phosphoglucose isomerase
activities, it could be shown that no further glycolytic steps beyond glucose phosphorylation
are necessary for triggering glucose repression (191). The recent observation that Hxk2 can be
found in the yeast nucleus suggests that this protein plays a regulatory role distinct from its
capacity to phosphorylate sugars (182). But the extent to which the structure of the
phosphorylating protein plays a role in the repression process is still elusive (71).
The AMP:ATP ratio has also been proposed as a candidate for the glucose repression signal,
because changes in this ratio in response to glucose limitation correlate with Snfl kinase
activity (249). The yeast Snfl protein kinase cascade is highly conserved in its mammalian
counterpart, the AMP-activated protein kinase (22, 154). Mammalian AMP-activated protein
kinase cascade acts as a metabolic sensor that monitors cellular AMP and ATP levels because
it is activated by increases in the AMPrATP ratio. Once activated, the enzyme switches off
ATP-consuming anabolic pathways and switches on ATP-producing catabolic pathways (23).
Snfl activation was found to be associated with depletion of ATP and elevation of AMP (85).
However, other results, obtained under gluconeogenic growth conditions, did not support this
proposal (71).
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3.3 Regulation of glucose repression
Since a multitude of genes in different pathways is repressed by glucose, it is necessary that
yeast cells have a complex regulatory network. Considerable progress has been reported on
the understanding of the general glucose repression mechanism. The central components of
the major pathway for glucose repression of gene expression are: Snfl (85), a protein kinase
complex; Migl (162), a transcriptional repressor, whose function is inhibited by Snfl; and the
Glc7-Regl complex, involved in Migl dephosphorylation (42, 221, 222) (Figure 1.1).
Recently, the glucose repression mechanism has been addressed by studies of the Snfl protein
kinase pathway (23, 24). As the central component in the signaling pathway, Snfl controls
glucose repression by the Migl DNA-binding repressor protein and regulates the function of
at least two transcriptional activators (23, 24). Snfl is found in complexes containing the
activating subunit Snf4 (254), which is required for maximal kinase activity, and a member of
the Sipl/Sip2/Gal83 family (24, 85). Direct interaction between Snfl and Snf4 within the
kinase complex is regulated by the glucose signal. Glucose inhibits the activity of the Snfl
kinase (249, 251). In high glucose, the Snfl kinase complex is inactive and the regulatory
domain of Snfl autoinhibits the catalytic domain. When glucose is limiting, the Snf4
activating subunit binds to the Snfl regulatory domain and counteracts this autoinhibition
(107, 249, 251). The Sipl/Sip2/Gal83 family interacts with both Snfl and Snf4 and serves a
scaffolding function in the kinase complex (108, 254). In addition, Snfl has a role in
regulating the function of Sip4 and Cat8, activators of gluconeogenic genes (23, 24). Both
proteins are phosphorylated in response to glucose limitation, and some of the
phosphorylations depend on Snfl (130, 181). Snfl activation appears to be associated with a
conformational change of the kinase complex triggered by phosphorylation (116).
As mentioned above, Migl is able to bind to the promoters of many glucose-repressed genes
and represses their transcription, probably by recruiting the general repressors Ssn6 and Tupl
(217, 223). Migl binding requires a GC box with the consensus sequence (G/C)(C/T)GGGG,
but it also requires an AT-rich region 5' to the GC box (138). Since the Migl protein binds to
two GC-rich sites in the SUC2 UAS that overlaps the positive sites, it may inhibit
transcription by competing with positive factors for binding (218). When glucose is absent,
the activity of Migl is negatively controlled by activated Snfl (162, 163). The nuclear
localization of Migl, where it represses gene expression, is associated with a high level of
glucose and dephosphorylation of Snfl protein kinase. Removal of glucose activates the Snfl
kinase, which causes Migl to become phosphorylated and to be exported to the cytoplasm,
resulting in derepression of glucose-repressed genes (42, 217, 249, 251). The change of
localization occurs within minutes.
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Figure 1.1 Schematic view of the glucose signaling pathway and the regulatory mechanism
in glucose repression (based on refs. 24, 34, 71, 110, 126). Sensitized by the high-affinity
sensor Snf3 or low-affinity sensor Rgt2, extracellular glucose is transported into the yeast cell
by hexose transporters. Intracellular glucose undergoes phosphorylation to glucose-6-P by
hexokinase Hxk2, then fermented to ethanol and C0 2 . AMP is depleted by the consequent
production of ATP. The putative signals are implicated above the steps of glucose
phosphorylation. The Snfl kinase complex is activated by the low glucose signal and becomes
phosphorylated. The activated Snfl-Snf4 leads to phosphorylation of Migl, which is negatively
controlled by Snfl kinase complex, causing it to move to the cytoplasm, thereby derepressing
gene expression. The high glucose signal triggers Snfl inactivation and relief of the inhibition
by Migl. The dephosphorylated Migl moves into the nucleus quickly and recruits Ssn6-Tupl to
repress gene expression. Glc7-Regl associates with the active Snfl complex and may switch
Snfl to its inactive state. It has been proposed that Glc7 removes phosphate(s) from Snfl and
Migl. Two transcriptional activators, Sip4 and Cat8, are activated by Snfl.
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GLC7 encodes an essential serine/threonine type 1 protein phosphatase (PP1) (181), which
controls a variety of processes including glycogen accumulation (59). Regl is a regulatory
subunit of PP1 that targets its activity to proteins in the glucose repression regulatory pathway
(222). Recent work indicates that Glc7-Regl affects Snfl function directly; it may facilitate
the conformational change of the kinase complex back to the inactive state (24). The evidence
suggests that Regl binds to the catalytic domain of active Snfl, presumably directing Glc7 to
remove phosphates from Snfl (137), which prevents Snf4 from sequestering the regulatory
domain, thereby switching Snfl to its inactive state (110).
Therefore, two proteins (Snf4 and Regl) determine whether the regulatory domain inhibits the
catalytic domain of Snfl. In addition, Snfl function appears to be regulated by another,
unidentified mechanism, because its activity is regulated by glucose even in the absence of its
regulatory domain and Regl (137). Several findings implicate phosphorylation in the control
of Snfl activity. It has been proposed that Migl would be phosphorylated by Snfl and
dephosphorylated by Glc7 (42).
Yeast cells have multiple sophisticated regulatory mechanisms for adaptation to glucose
availability. Although the outline of the general glucose repression pathway has been
sketched, the knowledge of glucose signaling and the exact regulatory mechanism are still
very deficient. Many crucial questions remain to be answered.
4

Outline of this thesis

Glucose has been shown to play a very important role in the cellular processes of the yeast S.
cerevisiae. Glucose is not only used as a nutrient for new cell material and source of energy,
but is a prime factor for signaling and triggering different regulatory mechanisms involved in
regulation of growth, metabolism and development. It has been concluded that the transport of
glucose into the cell exerts a high control on the glycolytic flux. Individual hexose transporter
proteins have distinct affinities for glucose which are used to adapt cells to an extremely
broad range of conditions. Although intensive studies of yeast glycolysis have been
performed, a lot of critical questions still puzzle us. We still have much to learn before we can
manipulate fluxes. True understanding of the function of a component within a system
requires quantitative knowledge of how responsive the system is to changes in the activity of
that component, how responsive the component is to changes in its immediate environment,
and how it interacts with the other components.
The aim of the work presented in this thesis is understanding the control of growth and
glucose repression in S. cerevisiae by glucose transport. In particular, the kinetic and
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physiological behavior of hexose transporters Hxt7 and Hxt2 have been intensively studied by
a combination of genetic and biochemical tools.
First, the subcellular localization and kinetics of Hxt2 and Hxt7 were investigated by
genetically fusing the proteins at their carboxyl terminus with the green fluorescent protein
(GFP). The fusion proteins are used as quantitative reporters of Hxt2 and Hxt7 expression,
abundance, and localization within the yeast cell. Dynamics of Hxt::GFP protein trafficking in
living cells is observed by exploiting the fluorescent properties through fluorimetric and
spectrophotometric techniques, under various growth conditions. From the fluorescence level
and transport kinetics, the catalytic-center activity of the two yeast hexose transport proteins
in vivo are empirically estimated.
Metabolic Control Analysis (MCA) predicts that control of metabolic pathways is distributed
amongst all steps of the pathway, but that some steps can have high proportions of the total
pathway control. The control coefficient presents the extent of flux control in a metabolic
pathway of individual steps. Glucose uptake in yeast cells can be modulated by growth rate,
growth phase, nutrient supply, external glucose concentration, and rate of glycolytic flux, and
responds quickly to changes in growth status and to the glucose concentration in the medium
(10). Chapter 4 and chapter 5 describe the use of a promoter deletion approach for control
analysis. The non-coding upstream region of many genes in yeast have regulatory sequences.
Partial removal of these sequences from HXT genes may lead to alter hexose transporter
expression levels. Thus, an important new tool has been applied to specifically modulate the
activity of enzymes in yeast. Hxt7, the most abundantly expressed high-affinity transporter,
has been chosen to assess quantitatively the role of glucose transport in the control of
glycolysis. The controlling function of glucose transport by Hxt7 under defined conditions
has been studied by measuring the effect of the glucose transport capacity on various
physiological properties.
In chapter 6, the characteristics of the HXT7 promoter and various promoter segments, which
permit the normal operation of the glucose repression mechanism, are analyzed by HXT7
promoter-CYC 1-lacZ fusions. The putative HXT7 promoter binding elements are also
discussed.
Finally, a general discussion is provided in chapter 7 to address an outline of our findings and
some implications of the results described in this thesis. Some perspectives for further
research will be presented.
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