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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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Functional expression, quantitation and cellular localization of
the Hxt2 hexose transporter of S'accharomyces cerevisiae
tagged with the green fluorescent protein1

SUMMARY
The Hxt2 glucose transport protein of Saccharomyces cerevisiae was genetically fused at its
carboxyl terminus with the green fluorescent protein (GFP). The Hxt2::GFP fusion protein is
a functional hexose transporter: it restored growth on glucose to a strain bearing null
mutations in the hexose transporter genes GAL2 and HXT1 through HXT7. Furthermore, the
glucose transport activity in this null strain was not markedly different from the activity of
that with the wildtype Hxt2 protein.
Both Hxt2 and Hxt2::GFP showed biphasic uptake kinetics with a high-affinity component
(Km = 0.25 mM) and a low-affinity component (Km =15 and 13 mM). We calculated from the
fluorescence level and transport kinetics that induced cells had 1.4 x 105 Hxt2::GFP
molecules per cell, and that the catalytic-center activity of the Hxt2::GFP molecule in vivo is
65 s 1 at 30 °C.
Expression of Hxt2::GFP was induced by growth on low glucose. Under inducing conditions
the Hxt2::GFP fluorescence was localized to the plasma membrane. In a strain impaired in
fusion of secretory vesicles with the plasma membrane, the fusion protein accumulated in the
cytoplasm. When induced cells were treated with high glucose, the fusion protein was
redistributed to the vacuole within 4 h. When endocytosis was genetically blocked, the fusion
protein remained in the plasma membrane after treatment with high glucose.

'Published in collaboration with Arthur L. Kruckeberg, Jan A Berden and Karel van
Dam in BiochemJ.
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INTRODUCTION
Glucose is the preferred nutrient of S. cerevisiae for carbon and energy. The concentration of
glucose in the yeast environment also regulates metabolic and cellular activity and gene
expression. Transport of glucose and other hexoses is necessary for their metabolism, and is
also implicated in their regulatory effects. Glucose transport in yeast is mediated by proteins
encoded by the HXT gene family, of which twenty members have been identified genetically
or by sequence homology (123). This is a remarkably large number of genes for a
biochemically simple function in a unicellular organism; mammals express only six
homologous glucose transporters (76).
Experimental evidence has implicated seven members of the HXT family in metabolically
significant hexose transport; these are GAL2 (the galactose transporter) and HXT] - HXT4,
HXT6, and HXT7 (which transport glucose, fructose and mannose) (185, 186). Two other
members of the family, SNF3 and RGT2, encode glucose sensors (165, 166); the remaining
eleven members are not well characterized (15). The transport kinetics of the seven
metabolically significant Hxt proteins have been measured in vivo (185). Their affinities for
glucose vary by two orders of magnitude, whereas the maximal uptake velocity of cells
expressing these proteins individually differs by only a factor of three. Assuming that the
transporters have a similar catalytic-center activity for glucose, this suggests that they be
expressed to approximately the same level.
These HXT genes are differentially regulated at the levels of expression and inactivation in
response to the growth conditions (15). However, under normal conditions the expression
intervals of different HXT genes can overlap (46). The transport kinetics of batch-cultivated
cells changes constantly during growth on glucose (235). This reflects the arrival of newly
synthesized transporters at the plasma membrane via the secretory pathway and the
inactivation of transporters via endocytosis and degradation (8, 149, 189, 222). Therefore, the
cell should have a mechanism to selectively remove from the membrane only those
transporters whose characteristics are inappropriate for the prevailing conditions (for example,
low-affinity transporters in a low glucose environment) while leaving their close homologues
with appropriate characteristics in place.
HXT2 encodes a protein with high homology to other yeast sugar transporters (125). hxt2 null
mutant strains are partially defective in high-affinity glucose transport and in growth on low
glucose concentrations (125, 186, 240). Expression of Hxt2 protein is stimulated by shifting
batch-cultured cells from high to low glucose media (240). These observations suggest that
Hxt2 is a high affinity glucose transporter. However, a strain expressing only HXT2 displays
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peculiar transport kinetics: when grown on low glucose, it displays both high- and lowaffinity kinetics, whereas when grown on high glucose, it displays transport kinetics of
intermediate affinity.
In order to investigate further the properties and regulation of Hxt2 we have tagged it with the
green fluorescent protein (GFP) of Aequorea victoria. GFP matures after translation to be an
intrinsically fluorescent protein (26). It has a number of characteristics that make it a useful
tool for monitoring biochemical and cellular phenomena. First, genetically constructed
chimeras between GFP and other proteins frequently display functional characteristics that are
indistinguishable from those of the native proteins. For example, a chimera between GFP and
the OSCP subunit of the yeast mitochondrial ATPase is translocated into mitochondria and
assembled into functional ATPase complex (176). Second, GFP can be a quantitative reporter
of protein abundance by use of fluorimetric and spectrophotometric techniques. The detection
threshold of GFP fluorescence in the cytoplasm has been reported to be 200 nM (172).
Assuming a cytoplasmic volume of 500 nl per 107 cells (35), this corresponds to 6000
molecules per yeast cell. Third, the fluorescent signal from a GFP-tagged fusion protein can
be used to monitor the subcellular localization and dynamics of protein trafficking in living
cells. For example, Niedenthal et al. (160) tagged three open reading frames of unknown but
essential function in yeast chromosome XIV with GFP. The chimeric genes complemented
null mutations of each locus. One of the fusion proteins was localized to the nucleus, one was
localized to the vacuole, and one was present in the cytoplasm.
Some integral membrane proteins fused with GFP appear to be targeted properly, despite the
constraints imposed on the sequence and structure of these proteins by membrane topogenesis
and trafficking. For example, both isoforms of yeast hydroxymethyl glutaryl (Hmg)-CoA
reductase fused with GFP are correctly localized to the endoplasmic reticulum membrane, and
under conditions where regulated degradation of the Hmg2 isoform occurs, the degradation
rate is similar for the native and fusion proteins (84). Another pertinent example is the fusion
of the mammalian GLTJT4 glucose transporter with GFP. GLUT4 resides in intracellular
vesicles in resting cells, and is translocated to the plasma membrane upon insulin stimulation.
Removal of insulin causes recycling of GLUT4 to an intracellular pool (118). Fusions of
GLUT4 with GFP display the same insulin-responsive translocation when observed by
confocal microscopy. Fusion proteins with GFP at the carboxyl terminus of GLUT4 also
undergo re-internalization upon insulin removal; however, fusions with GFP at the amino
terminus do not (49). This suggests that GFP is not an entirely silent tag in such fusion
proteins. Transporter function has not been reported for the GFP-tagged GLUT4.
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We have constructed an Hxt2::GFP fusion protein for use as a reporter of Hxt2 expression,
abundance, and localization within the yeast cell. We find that Hxt2 tagged with GFP is a
functional glucose transporter, and is localized to the plasma membrane. We exploit the
fluorescent properties of the fusion protein to quantitate its cellular abundance and to observe
its trafficking, in both wildtype cells in various growth conditions and in cells with defects in
secretion or endocytosis. Our results demonstrate that this hexose transporter moves to the
plasma membrane via the secretory pathway, and is removed from the membrane via
endocytosis.
MATERIALS AND METHODS
Strains, media and growth
The E. coli strains used in this work were DH5a (F",cp80d/acZAM15, A(lacZYA-argF),

U169,

+

deoR, recAl, endAl, hsdR.ll (rK",mK ), supEAA, X', thi-l, gyrA96, relAl) and DM1 (F", dam'
13::Tn9 (Cm R ), darimcrB,

hsdR~M+, gall, gall, ara', lac'thf, leu, tonK, tsxR, Su ) from Life

Technologies and BL21(DE3) (F~, ompl, hsdSB, ( r B m B ) , dem, gal, (DE3)) from Promega.
They were grown in

LB medium, and transformed by the calcium chloride method as

described (143). Transformants were grown in the presence of 60 ug ml"1 ampicillin.

Table 2.1 Yeast strains used in this research
Strain

Genotype

KY73

NY 17

MAT» hxtlA::MS3::Ahxt4 hxt5::LEV2 hxt2A::WS3
hxt3A:LEU2::hxt6 hxt7::HIS3 gal2A::DR' ura3-52
his3-11,15 leu2-3,112 MAL2 SUC2 GAL MEL
MATa hxt2A::HlS3 ura3-52 his3-11,15 leu2-3,112
MAL2 SUC2 GAL MEL
MAT» hxtlA::HIS3::Ahxt4 hxt5::LEU2 hxt2A::HIS3
hxt3A::LEU2::hxt6 hxt7::HIS3 ura3-52 his3-ll.I5
leu2-3,112 MAL2 SUC2 GAL MEL
MAT» sec6-4 ura3-52

RH 1800

MA T» his4 leu2 ura3 bar 1-1

RE 102
RE700

Source or
reference

RH1623

MAT» his4 leu2 ura3 barl-1 end3-l

RH1597

MAT» his4 leu2 ura3 barl-1 end4-l

this

work

(186)
(186)
(156)
(184)
(184)
(184)

"Direct repeat.

The yeast strains used in this study are listed in Table 2.1. Strain KY73 was constructed as
follows: a 3.5-kb EcoRl/Smal

fragment containing the GAL2 gene was cloned from plasmid

pS25 (158) into pUC18 to create plasmid pAK82. The EcoRV fragment of this plasmid
(containing the GAL2

open reading

frame)

was replaced with the

Klenow-treated
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HindllVSmal fragment of pJR-URA3 (190). This fragment contains the URA3 gene flanked
by short direct repeats. The resulting plasmid, pAK83, was digested with EcoRl and Smal and
transformed into strain RE700 (186). Transformants were selected for uracil prototrophy.
Ura+ isolates were plated on medium containing 5-fluoroorotic acid (FOA), and FOAresistant isolates were recovered. These were screened for uracil auxotrophy and impaired
galactose growth. Southern blotting with probes to the URA3 and GAL2 genes showed that
the Ura" Gal" isolates had a deletion of the GAL2 gene and had lost the URA3 marker from the
gal2A locus (data not shown). Strain KY73 shall subsequently be referred to as the hxt null
strain.
The liquid medium used in these experiments consisted of 1.6 g 1" Yeast Nitrogen Base
(Difco 0335-15-9), 5 g l"1 ammonium sulfate, 1 g l"1 casamino acids (Difco), and 20 mg l"1
tryptophan. It was supplemented with a low concentration of glucose (0.1%), with a high
concentration of glucose (5%), or with maltose (2%). Solid media for strain propagation,
yeast transformation, and FOA selection were prepared as described (204).
The induction experiments described below involved transfer of exponentially growing cells
from non-inducing medium to low- and high-glucose medium, after centrifugation and
washing in pre-warmed medium. Strain KY73 was grown on maltose medium prior to
induction; other strains were grown on solid medium containing 2% glucose or in liquid
medium containing high (5%) glucose unless otherwise indicated. Strains with temperature
sensitive alleles (NY17, RH1597, RH1623) were grown at 24 °C as the permissive
temperature and 37 °C as the restrictive temperature. Other strains were grown at 30 °C unless
otherwise indicated.
HXT2::GFP plasmid construction
The plasmid pAKla, containing the entire HXT2 gene in YEp352 (95), has been described
(125). An Ascl restriction site was introduced at the 3' end of the HXT2 open reading frame
via overlap-extension PCR (100) as follows: pAKla was amplified with Taq DNA
polymerase in two separate reactions. Reaction 1 included oligonucleotides AK8 and AK9,
and reaction 2 included oligonucleotides AK10 and AK11 (Table 2.2). The products of these
reactions were gel-purified, combined with oligonucleotides AK8 and AK11, and reamplified. The product of this secondary reaction was digested with Bcïl. pAKla was purified
from strain DM1, digested with Bell, and ligated with the 5c/I-digested PCR product. Three
Plasmids in which the HXT2::Ascl cassette was in the correct orientation were identified by
DNA sequencing. Each of them had the sequence GGCGCGCCG between the last codon
and the stop codon OÎHXT2. This sequence contains the recognition sequence of Ascl (shown
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in bold) and encodes glycine, alanine and proline. The remainder of the sequence was
unaltered from that previously reported (125). The HXT2::Asc\ plasmid used below was
named pAK121.
Table 2.2 Oligonucleotides
Name

Sequence

AK8
AK9

ACCTGTGTTTCTTTCTATCAG
CTCTTACGGCGCGCCTTCCTCGGAAACTCTTTTTTC

AK10
AK11

GGAAGGCGCGCCGTAAGAGATTATACTTAAACTAG
TTAACGTCGAGTCCGTAAG

AK12
AK13

CGCGATGGCTTCTATGACCGGTGGTCAACAAATGGGTGG
CGCGCCACCCATTTGTTGACCACCGGTCATAGAAGCCAT

AK22

TTGGCGCGCCGATGAGTAAAGGAGAAGAAC

AK23

TTGGCGCGCCTTTGTATAGTTCATCCATGC

An F64L/S65T allele of GFP in plasmid pRSETB was amplified by PCR with the primers
AK22 and AX23 (Table 2.2); the product was cloned into the Ascl site of pNEB193. The
resulting plasmid, pGFP, was digested with Ascl and the GFP cassette was gel-purified.
pAK121 was digested with Ascl, ligated with the GFP cassette, and HXT2::GFP chimeras
were identified by restriction analysis of the resulting recombinant plasmids. The
amplification of GFP and subsequent cloning steps were performed in triplicate and products
were functionally tested for GFP fluorescence to ensure that the polymerase chain reaction did
not introduce any deleterious mutations in the DNA encoding GFP. The resulting plasmid
containing the chimeric HXT2::GFP gene was named pAGl-5.
HXT2 was tagged with DNA encoding an epitope tag from the bacteriophage T7 gene 10
protein by digestion of pAK121 with Ascl and ligation with annealed oligonucleotides AK12
and AK13 (Table 2.2). Sequence analysis showed that plasmid pAK125 had the tag sequence
in the proper orientation. The sequence encodes the epitope MASMTGGQQMG using the
preferred codons of S. cerevisiae (M. Cherry, personal communication) except for the
threonine codon (ACC); use of this codon (the third most abundant threonine codon)
introduces an Agel restriction site into the DNA sequence.
Single-copy vectors bearing HXT2 and HXT2::GFP were constructed by digesting pAKla
and pAGl-5 with Sacl and BamHl and ligating the fragments of interest into SacllBamRldigested centromeric vector YCplac33 (74). They were named pAK145 and pAK146,
respectively.
The plasmids used in this study are listed in Table 2.3.
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Table 2.3 Plasmids used in this research
Plasmids

Description

Vector

pRS426

negative control
negative control

2 n URA3
CEN URA3

YCplac33
pAKla
pAGl-5

HXT2
HXT2.-.GFP

Source or reference
(208)
(74)

2 ^ URA3

this work
this work

pAK125
pAK145

HXT2::T7
HXT2

2 u URA3
2\s.URA3
CEN URA3

pAK146

HXT2::GFP

CEN URA3

this work
this work
this work

Glucose transport assay
Transport of glucose was measured on the basis of ztxo-trans D-U-[14C]-glucose uptake assay
at 30 °C as described (235). A detailed protocol is available from the author of this thesis on
request. The suspension density was approximately 7.5% wet weight : volume. Twenty-four
hours later counting was performed by Wallac Win Spectral 1414 Liquid Scintillation
Counter. Kinetic parameters were determined using ENZFITTER software (Elsevier-Biosoft).
Total cell protein was measured following the Lowry assay by COBAS FARA (Roche) after
digestion of cells overnight in IN NaOH, with bovine serum albumin as a standard, and cell
number was determined by counting at least 1000 cells with a haemocytometer.
Microscopy
Living cells were examined with a Leitz Aristoplan epifluorescence microscope using filter
cube 1001 HQ-FITC (Chroma) for GFP excitation, filter cube N2.1 (Leica) for conA-Texas
Red excitation and filter A for CMAC-Arg . Micrographs were recorded using an UltraPix 12bit CCD camera and processed for display using Adobe Photoshop.
Fluorimetry
A Hitachi RF-5001PC fluorimeter was used to scan the excitation and emission spectra of
whole cell suspensions in 0.1 M potassium phosphate buffer pH 6.5. Spectra of cells
expressing HXT2::GFP were normalized to cell density, and were corrected for background
by subtraction of spectra determined for cells expressing HXT2 cultured under identical
conditions. Emission spectra were collected between 500 and 550 nm, with excitation at 489
nm and excitation and emission slit widths of 3 nm. Preliminary experiments showed that the
fluorescence signal at the emission peak for GFP F64L/S65T (509 nm; ref. 172) was
essentially linear for cell suspensions between optical densities

(AôOO)

of 0.1 and 2. For the

experiments on intracellular quenching of GFP fluorescence, spectra were recorded using an
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Aminco DW2000 spectrophotometer and an SLM-Aminco Bowman series 2 luminescence
spectrometer.
Immunofluorescence
Concentrated formaldehyde solution was directly added to the culture dropwise to a
concentration of 3.7% (w/v) as described (ref.

177; Jos Grimbergen, personal

communication). After 30 min at room temperature, the cells were recovered by
centrifugation and resuspended in phosphate-buffered formaldehyde solution (100 mM
potassium phosphate, pH 6.5, containing 0.5 mM MgCl2 and 3.7% formaldehyde). After 2 h
at room temperature, the fixed cells were washed twice in phosphate-buffered saline (PBS,
0.14 M NaCl, 2.7 mM KCl, 8 mM Na2HP04, and 1.5 mM KH2P04, pH 7.3) and once with
solution A (100 mM KH 2 P0 4 and K2HP04, pH 7.5, 1.2 M sorbitol). Cells were resuspended
in solution A containing 0.2% ß-mercaptoefnanol and 20 ug/ml zymolyase, and incubated 30
min at 37 °C for permeabilization. After digestion the cells were spun down at 6000 rpm for
20 seconds and washed 3 times with solution A. The pellets were resuspended in solution A at
a suitable density before proceeding.
10 ul polylysine (1 mg ml"1) was added to each well of a multiwell slide (Polysciences, Inc),
aspirated off after 10 s and air-dried. The slide was rinsed in distilled water for 10 min and
thoroughly air-dried.
10 ul permeabilized cells were placed in each well. After 10 s the liquid was aspirated off and
air-dried. The attached cells were treated with 20 ul 0.5% Triton X-100-PBS in each well for
15 min at room temperature. The cells were then washed 3 times in PBS, 3 times with
solution A and finally air-dried. The cells were incubated at room temperature in a moist
environment (a Petri dish with a wet paper in it) for 45 min with 8-10 ul anti-GFP (rabbit
serum) which was diluted 1:5000 with PBS containing 1 mg ml"1 BSA (PBS-BSA). The antiGFP antibody had undergone affinity purification on nitrocellulose according to Pringle (177)
and was preheated with denatured whole-cell extracts of RE 102 before use to improve the
specificity of binding.
The primary antibody was aspirated off, and the cells were washed 10 times with PBS-BSA
containing 0.1% Tween-20. During these procedures the wells were not allowed to dry out.
Then 5 ul fluorophore-conjugated secondary antibody (donkey anti-rabbit serum/Cy3) diluted
1:2000 in PBS-BSA was immediately added to each well. The slide was incubated at room
temperature in a moist environment avoiding light for 30 min. The wells were washed 10
times with PBS-BSA containing 0.1% Tween-20.
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For Hxt2::T7 detection the cells were incubated with 1:1000 anti-T7 antibody and 1:2000
donkey anti-mouse/TRITC secondary antibody respectively.
After removing the wash solution, 5 ul mounting medium (1 mg/ml /?-phenylenediamine
dissolved in lx PBS, pH 9, 90% (v/v) glycerol, and 22.5 ng ml"1 DAPI) was immediately
added to each well. The coverslip was sealed around the edges with nail polish. The slides can
be stored at -20 °C in dark for more than one year without gross deterioration of
immunofluorescence images.
Immunoblotting
Cells were harvested by centrifugation, washed once in 1% KCl, and extracted by abrasion
with glass beads in buffer B (50 mM Tris-Cl pH 8, 10 mM EDTA, 5% glycerol plus protease
inhibitors (1 ug ml"1 leupeptin, 1 ug ml"' pepstatin A, 0.2 mM AEBSF in DMSO)). The
lysates were cleared by centrifugation at 1300 g for 3 min, and total membrane proteins were
harvested by centrifugation at 100,000 g for 1 h at 4 °C. The membrane pellets were
resuspended in buffer B, the protein concentration was determined, and the samples were
diluted to 1 p.g/u.1 in buffer B. An equal volume of loading buffer was added, then the samples
were heated to 40 °C for 15 min. 5 (ig protein was loaded in each lane and electrophoresed in
a 10% SDS-PAGE minigel. The proteins were transferred to PVDF membrane using a mini
trans-blot electrophoretic transfer cell (Bio-Rad) with buffer C (48 mM Tris, 39 mM glycine,
5% methanol, 0.05% SDS) at 200 V for 1 h at 4 °C. Membranes were incubated with gentle
agitation in PBS + 0.2% Tween-20 as follows: (1) blocking for at least 1 h in 5% nonfat milk;
(2) incubation with primary antibodies for 16 h at 4 °C in 1% nonfat milk, followed by 4x10
min washes; (3) incubation with horseradish peroxidase-conjugated secondary antibody for 1
h in 1% nonfat milk, followed by 3x5 min washes. The final wash was done without Tween20 in the buffer. Immunodetection was carried out by chemiluminescence as described (201).
The antibodies were diluted as follows: anti-Hxt2 and anti-GFP, 1/40,000; anti-T7, 1/10,000;
and goat anti-rabbit and goat anti-mouse horseradish peroxidase conjugates, 1/10,000.
Primary antibodies were routinely pretreated with denatured whole-cell extracts of RE 102
before use.
GFP purification
Plasmid pRSETB:GFP-F64L/S65T was transformed into strain BL21(DE3). Fresh colonies
were inoculated into LB-ampicillin medium and grown until the culture reached an OD6oo of
2.5. Cells were lysed by sonication and hexahistidine-tagged GFP was purified by nickelchelate affinity chromatography as described (172). The purified protein was dialyzed against
0.1 M phosphate buffer pH 6.5. The molar extinction coefficient of GFP F64L/S65T at 489
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nm is 55,000 M"1 cm"1 ± 5000 (172). Using a Hewlett Packard 8452A diode array
spectrophotometer, the concentration of the GFP stock solution was determined to be 2.5 uM.
Chemicals and reagents
The anti-Hxt2 antibody has been described (239, 240). Anti-GFP antibody, Texas Redconjugated concanavalin A (conA-Texas Red), and CMAC-Arg were from Molecular Probes.
The anti-T7 antibody was from Novagen. Fluorophore-conjugated donkey anti-rabbit
serum/Cy3 and donkey anti-mouse serum/TRITC were from Jackson. Electrophoresis and
immunoblotting reagents were from Bio-Rad except for prestained protein molecular weight
markers, which were from Fluka. Restriction enzyme Ascl and plasmid pNEB193 were from
New England Biolabs. Maltose (M-5885, containing less than 0.3% glucose) was from Sigma.
D-U-[ C] glucose was from Amersham. Custom oligonucleotides were synthesized by Life
Technologies and by Pharmacia. Ni-NTA-agarose was from QIAgen. Bovine serum albumin
(A 4503, prepared from Fraction V albumin, >96% albumin) was from Sigma. All other
chemicals were of reagent grade.
RESULTS
Hxt2 fused with GFP is a functional hexose transporter
The hxt null strain KY73 was transformed with either single-copy or multi-copy plasmids
containing the HXT2 gene or the chimeric HXT2::GFP or HXT2::T7 genes, or with empty
vectors. The transformants were restreaked onto glucose medium and growth was assessed
after 3 d. As shown in Figure 2.1 the chimeric genes restored growth on glucose to the hxt
null strain to the same extent as the native HXT2 gene. Cells containing the empty vector were
unable to form visible colonies.
Cells of the null strain carrying single-copy plasmids with HXT2, HXT2::GFP or the empty
vector were grown overnight in maltose medium to mid-log phase and then shifted to low
glucose medium. After 4 h the cells were harvested and zero-trans glucose transport was
assayed. Data from a representative experiment are shown as an Eadie-Hofstee plot in Figure
2.2. When the results were fitted to a single-component transport system obeying MichaelisMenten kinetics, a large deviation resulted. Fitting the results to a two-component system
increased the statistical significance of the calculated transport parameters. The Km and FmaX
values for a two-component system are presented in Figure 2.2. The kinetics of glucose
transport conferred by HXT2 and HXT2::GFP were not markedly different, although the
HXT2::GFP gene reproducibly resulted in cells with a slightly lower Km of the low-affinity
component and higher Vmzx values than those of the native HXT2 gene product.
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Figure 2.1 HXT2::GFP restores growth on glucose to the hxt null strain Strain KY73
was transformed with (A) multi-copy plasmids pAGl-5 (HXT2::GFP), pAK125
(HXT2::T7), pAKla (HXT2), or pRS426 (multi-copy vector), or (B) single-copy plasmids
pAK145 (HXT2), pAK146 (HXT2::GFP), or YCplac33 (vector). Transformants were
restreaked onto YNB medium containing casamino acids, tryptophan, and 2% glucose
and photographed after 3 d.

Catalytic-center activity of the Hxt2::GFP glucose transporter
We used the fluorescent signal from Hxt2::GFP to determine the cellular concentration and
catalytic-center activity of the fusion protein, using purified GFP as a fluorescent standard.
We first examined the effect of intracellular components on GFP fluorescence. Light
absorption and fluorescence emission spectra were recorded from suspensions of cells
expressing HXT2 or HXT2::GFP. The suspensions were then French-pressed in 50 mM TrisHC1 pH 8 (GFP fluorescence is maximal at pH 8; ref. 172) and spectra were recorded from
the lysates. The fluorescence intensity measured in the lysate, when corrected for the decrease
in light extinction at the excitation and emission wavelengths, corresponded with 102% of the
emission from whole cells. Therefore we conclude that GFP fluorescence is not quenched by
intracellular components.
In order to quantify the cellular abundance of the Hxt2::GFP molecules, the Hxt2 and
Hxt2::GFP cell suspensions that were used for the glucose transport assays were diluted 1:10
in phosphate buffer to the same optical density, and fluorescence spectra were recorded. Then
fluorescence spectra of the Hxt2 cell suspension were recorded at intervals during titration
with purified GFP protein. The concentration of pure protein required to match the fluorescent
signal of cells expressing Hxt2::GFP was 19.4 nM (n=3). The density of the cell suspension in
the GFP titration was 8.5 x 107 cells ml"1. Therefore each cell contained 1.4 x 105 Hxt2::GFP
molecules.
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The cellular abundance of the Hxt2::GFP chimera and the glucose transport activity mediated
by that protein were used to calculate the catalytic-center activity for glucose of the
transporter. The Hxt2::GFP cell suspension contained 0.61 mg (total cell protein) ml"1, giving
a relationship of 32 pmol Hxt2::GFP mg (total cell protein)"1. The Vmm for glucose transport
of these cells, 125 nmoles min"1 mg (total cell protein)"1 (Figure 2.2) was divided by this
value, resulting in an estimate of 65 s"1 for the catalytic-center activity of Hxt2::GFP. All of
the Hxt2::GFP in the cells appeared to be at the plasma membrane when examined by
fluorescence microscopy (not shown).
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Figure 2.2 HXT2::GFP confers high affinity glucose uptake on the hxt null strain
Strain KY73, transformed with pAK145, pAK146, or YCplac33 was grown overnight in
maltose medium, and then shifted to low glucose medium. After 4 h the cells were
harvested and assayed for l4C-glucose uptake. The results are shown as Eadie-Hofstee
plots. • , pAK146 (HXT2::GFF)\ • , pAK145 (HXT2); • , YCplac33 (vector only).
Hxt2::GFP expression is glucose-repressed
We initially observed that cells carrying the HXT2::GFP chimera were fluorescent, and that
the fluorescence level was glucose dependent. The time course of expression of fluorescence
reached a maximum 4 - 8 h after shifting cells to low glucose; 8 - 12 h after shifting cells to
high glucose (data not shown). In subsequent experiments cells were analyzed 4 h after the
medium shift unless otherwise indicated.
The level of Hxt2::GFP expression was assessed using fluorimetry and immunoblotting.
Comparisons were made between uninduced and induced cultures of the hxt null strain and
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the hxt2A strain RE 102, each carrying single-copy or multi-copy plasmids. In the null strain
(Figure 2.3A) the fluorescence due to Hxt2::GFP was significantly increased by growth in
low glucose medium. This was seen for cells bearing HXT2::GFP on both single-copy and
multi-copy plasmids. The absolute level of fluorescence was higher when the HXT2::GFP
chimera was borne on the multi-copy vector. Similarly, the expression of fluorescence by
HXT2::GFP in the hxt2A strain was higher when the cells were cultured in low glucose
medium than in high glucose medium (Figure 2.3B). The expression level was also higher
when the chimeric gene was present on a multi-copy plasmid. However, the absolute level of
fluorescence was in all cases lower in the hxt2A strain than in the hxt null strain (compare
Figure 2.3B with Figure 2.3A).
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Figure 2.3 Fluorescence emission spectra of cells expressing Hxt2::GFP protein (A). Strain
KY73 {hxt null). (B). Strain RE102 (hxt2A). The spectral traces are labeled as follows: MC,
multi-copy plasmid (pAGl-5); SC, single-copy plasmid (pAK146); L, low glucose (0.1%); and
H, high glucose (5%). Spectra were recorded as described in Materials and Methods.
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In a separate experiment, the amount of Hxt2::GFP protein was monitored by immunoblotting
(Figure 2.4A). Significantly more protein was expressed by cultivation in low glucose than in
high glucose media. This was observed for the hxt null strain with multi-copy and single-copy
HXT2::GFP. A similar expression pattern was observed with the hxt2A strain carrying multicopy and single-copy HXT2::GFP plasmids. The relative expression levels were estimated for
the hxt2A strain with single-copy HXT2::GFP and for the hxt null strain with multi-copy
HXT2::GFP using quantitative immunoblotting (Figure 2.5A). The Hxt2::GFP level is more
than 16-fold higher in induced cells than in uninduced cells of the hxt2A strain, and is
approximately 16-fold higher in the hxt null strain.
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Figure 2.4 Western analysis of Hxt2::GFP and Hxt2 protein levels (A). Detection with antiGFP antibody. Lanes: 1, vector pRS426 in RE102; 2, pAKla (HXT2) in KY73; 3, pAK125
(HXT2::T7) in KY73; 4, molecular mass markers: 116, 84, 58, 48.5, 36.5, and 26.6 kDa; 5-12,
HXT2::GFP; 5-8, KY73; 9-12, RE102; 5, 6, 9, 10, multi-copy vector; 7, 8, 11, 12, single-copy
vector; 5, 7, 9, 11, high glucose; 6, 8, 10, 12, low glucose; 13, purified GFP protein. (B).
Detection with anti-Hxt2 antibody. Lanes: 1, vector pRS426 in RE102; 2, pAGl-5
(HXT2::GFP) in KY73; 3, pAK125 (HXT2::T7) in KY73; 4, molecular mass markers as in (A);
5-12, HXT2; 5-8, KY73; 9-12, RE102; 5, 6, 9, 10, multi-copy vector; 7, 8, 11, 12, single-copy
vector; 5, 7, 9, 11, high glucose; 6, 8, 10, 12, low glucose. 5 ug membrane protein was loaded in
each lane.
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.

Cellular Hxt2 protein levels from the same culture conditions were

assessed by

immunoblotting (Figure 2.4B). As with Hxt2::GFP levels, the Hxt2 protein was considerably
more abundant in low glucose cells than in high glucose; indeed, in the exposure shown, the
Hxt2 protein could not be detected in the high glucose samples. Moreover, the Hxt2 protein
was over-expressed in cells containing multi-copy HXT2. However, the levels of Hxt2 protein
were similar in hxt2A and hxt null strains in each condition. The level of Hxt2 induction after
shifting cells to low glucose was assessed by quantitative immunoblotting (Figure 2.5B). For
the hxt2A strain with single-copy HXT2 the amount of Hxt2 protein in induced cells was more
than 16-fold higher than in repressed cells. For the null strain with multi-copy HXT2 the
protein level was induced approximately 16-fold by glucose. Hxt2 protein was approximately
two-fold more abundant in the null strain with multi-copy plasmid than in RE 102 with the
single-copy plasmid.
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Figure 2.5 Quantitative immunoblotting of Hxt2::GFP and Hxt2 (A). Detection of
Hxt2::GFP with anti-GFP antibody. (B). Detection of Hxt2 with anti-Hxt2 antibody. 5 ug
membrane protein from cells grown in high or low glucose was added in lanes H and L,
respectively, and a two-fold dilution series of the low glucose extract was loaded in the
subsequent four lanes. Molecular mass markers as in Figure 2.4A.
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Maltose medium was used for preculture of the hxt null strain carrying HXT2 or HXT2::GFP
Plasmids, since it does not grow in high glucose medium. But both the GFP fluorescence
emission levels and the immunoblot results showed that expression of Hxt2 and Hxt2::GFP
was consistently higher in the hxt null strain than in the hxtlA strain (precultured in high
glucose) after shifting them to high or low glucose media. We examined the possibility that
the HXT2 and HXT2::GFP genes were up-regulated in the hxt null strain as a compensatory
response to the absence of other functional HXT genes. The degree of repression of
HXT2::GFP in maltose and high glucose media was compared in the hxt2A strain. Overnight
pre-culture in maltose resulted in a six-fold higher basal level of fluorescence than pre-culture
in high glucose (Figure 2.6A). After a shift to low glucose for 4 h, twofold more fluorescence
was expressed by the maltose-pregrown cells than by the glucose-pregrown cells.
Furthermore, maltose-pregrown cells had 50% more fluorescence when they were shifted to
fresh maltose medium for 4 h than when they were shifted to high glucose medium (Figure
2.6B).
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Figure 2.6 Fluorescence emission spectra of RE102 cells expressing multi-copy Hxt2::GFP
(A). Precultures grown overnight on maltose or on high glucose. (B). Cultures grown for 4 h
after shift: maltose preculture to low glucose, M->L; high glucose preculture to low glucose,
H->L; maltose preculture to maltose, M-^M; maltose preculture to high glucose, M->H; high
glucose preculture to high glucose, H->H.
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These results suggest that HXT2 is partially derepressed in cells grown in maltose medium.
However, they do not discount the possibility that repression of HXT2 is also affected by the
HXT genotype (and glucose transport capacity) of the host strain. In chapter 3, we describe a
similar glucose-derepression phenomenon at low transport capacity in a strain expressing only
Hxt7::GFP (based on strain RE607B). In chapter 5, we show that HXT7 is derepressed on
high glucose in strains with reduced glucose transport capacity.
The anti-Hxt2 antibody was raised against a peptide corresponding to the carboxyl-terminal
13 residues and the terminal carboxylate group of Hxt2 (124, 240). We found that this
antibody does not recognize the Hxt2::GFP fusion protein (Figure 2.4B, lane 2). This may be
due to the absence of the native carboxylate group, since the anti-Hxt2 antibody also does not
recognize an Hxt2::T7 fusion protein (Figure 2.4B, lane 3), even though this fusion protein is
readily detected by the anti-T7 antibody (Figure 2.7).

Figure 2.7 Western analysis of Hxt2::T7 and Hxt2 protein levels Detection with anti-T7
antibody. 5 p.g membrane protein was added respectively in lane 1: Vector YCplac33; lane 2:
pAK125 (HXT2::T7), high glucose; lane 3: pAK125 {HXT2::TT), low glucose; lane 4: pAKla
(HXT2), high glucose; lane 5: pAKla (HXT2), low glucose; lane 6: pAGl-5 (HXT2::GFP), high
glucose; lane 7: pAGl-5 (HXT2::GFP), low glucose; lane 8: pAK146 (HXT2::GFP), high
glucose; lane 9: pAK146 (HXT2::GFP), low glucose. All of the plasmids were transformed into
hxt null strain KY73. Molecular mass markers: 116, 84, 58, 48.5, 36.5, and 26.6 kDa.

Hxt2::GFP is localized to the plasma membrane
The location of Hxt2::GFP fusion protein within cells was visualized by immunofluorescence.
pAGl-5 (Hxt2::GFP) in KY73 and pAK125 (Hxt2::T7) in KY73 were pre-cultured in maltose
medium. After shifting to a low concentration of glucose for 4-5 h, the cells were harvested
and prepared for immunofluorescence microscopy as described in Methods and Materials.
Using fluorescence microscopy, Hxt2::GFP in hxt null strain was observed to give a very
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strong immunofluorescent signal though the slide had been kept at -20°C for over one year
(Figure 2.8A). We interpret this location to be the plasma membrane. The immunofluorescent
signal was much stronger than the autofluorescence signal (Figure 2.8B). Hxt2::T7 was also
detected by immunofluorescence in the plasma membrane (Figure 2.8C). As controls,
Hxt2::GFP cells were stained with T7 antibody and Hxt2::T7 cells with GFP antibody
respectively. In this case Hxt2::GFP cells showed Hxt2::GFP autofluorescence without an
immunofluorescence signal. Neither autofluorescence nor an immunofluorescence signal was
detected in Hxt2::T7 cells (data not shown).

B
Figure 2.8 Immunofluorescence of Hxt2::GFP (A). Immunofluorescence of pAGl-5
(HXT2::GFP) in KY73. Strain KY73, transformed with pAGl-5, was grown overnight in
maltose medium and then shifted to low glucose medium. After 5 h the cells were harvested and
assayed by immunofluorescence with 1:5000 anti-GFP and 1:2000 fluorochrome-conjugated
donkey anti-rabbit serum/Cy3. (B). Autofluorescence of the cells used in A (GFP fluorescence).
(C). Immunofluorescence of pAK125 (HXT2::T7) in KY73. Detection with 1:1000 anti-T7
antibody and 1:2000 donkey anti-mouse/TRITC second antibody.

Figure 2.9 Subcellular localization of Hxt2::GFP Cells of the hxt null strain (KY73),
transformed with multi-copy HXT2::GFP (pAGl-5), were induced by growth for 4 h on low
glucose. (A), fluorescence of Hxt2::GFP; (B). fluorescence of conA-Texas Red decorating the
cell wall.
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The distribution of the Hxt2::GFP fusion protein in living cells was examined in more detail
by fluorescence microscopy. Strong cellular fluorescence was observed after induction; it was
predominantly localized to the cell periphery, coincident with conA-Texas Red staining of the
cell wall (Figure 2.9A, B). The signal in uninduced cells was very weak, and did not appear to
be localized to the plasma membrane; the autofluorescence of cells expressing Hxt2 was nil
(not shown). Cells containing multi-copy HXT2::GFP plasmids were more fluorescent than
cells with single-copy plasmids; however, no differences in the distribution of the
fluorescence were apparent as a result of over-expression of the protein (not shown).
Induced cells were treated with 5% glucose and examined after continued incubation. The
fluorescent signal was gradually lost from the plasma membrane. Early in the incubation it
appeared in punctate structures close to the plasma membrane (Figure 2.10A). With longer
incubation it accumulated in single large globular structures (Figure 2.1 OB). To characterize
this localization, glucose-treated cells were incubated with CMAC-Arg, a coumarin-based
compound that upon hydrolysis by vacuolar peptidases becomes fluorescent and unable to
permeate the vacuolar membrane. The GFP fluorescence in cells incubated for long periods
with high glucose clearly colocalized with vacuoles stained by CMAC-Arg (Figure 2.IOC),
and was distinct from DAPI-stained mitochondria and nuclei (not shown).

Figure 2.10 Inactivation of Hxt2::GFP A culture of RE102 cells transformed with single-copy
HXT2::GFP (pAK146) was first shifted to low glucose for 4 h, then treated with glucose to a final
concentration of 5%. (A). Cells were examined after 1 h of high glucose treatment. (B and C).
Cells were examined after 6 h of high glucose treatment and staining with CMAC-arginine, either
detecting GFP fluorescence (panel B) or CMAC-arginine fluorescence (panel C).

The fates of Hxt2 and Hxt2::GFP protein pools after high glucose treatment were monitored
over time by immunoblotting (Figure 2.11). The levels of the proteins were low (Hxt2::GFP)

36

Hxt2::GFP
to undetectable (Hxt2) in uninduced cells, and were significantly elevated after 4 h of
induction. The level of Hxt2::GFP had returned to uninduced levels between 4 and 6 h after
high glucose treatment, and the level of Hxt2 was below the detection limit after 30 min. No
breakdown products specific for the high-glucose treated cells could be detected. Under these
culture conditions the doubling time of the cells was approximately 2 h.
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Figure 2.11 Time course of Hxt2 inactivation Cultures of RE102 containing singlecopy HXT2::GFP (panel A) or HXT2 (panel B), grown on maltose medium, were shifted
to low glucose (time -4), and after 4 h (time zero) were supplemented with glucose to a
final concentration of 5%. Samples were harvested at the times indicated (h). 10 u.g
membrane protein was loaded in each lane, and the Hxt2::GFP or Hxt2 proteins detected
by immunoblotting. Molecular mass markers: 116, 84, 58, 48.5, and 36.5 kDa. No low
molecular weight GFP was detected during breakdown.

It was occasionally observed that a proportion of cells in a culture (up to 5%) did not
fluoresce, and that the fluorescence intensity varied from cell to cell. We do not know whether
this is due to plasmid loss or to an impaired ability of some cells to respond to induction.
Heterogeneity of GFP expression in yeast has been observed by others as well (160).
Hxt2::GFP is transported via the secretory pathway
The role of the secretory pathway in traffic of Hxt2::GFP to the plasma membrane was
assessed by examining the distribution of the fusion protein in a strain that has a temperaturesensitive allele of the SEC6 gene. This gene is required for fusion of post-Golgi secretory
vesicles with the plasma membrane. At the restrictive temperature in a sec6-4 strain the
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secretory vesicles and their integral and lumenal proteins accumulate in the cytoplasm (162,
221). When Hxt2::GFP expression was induced in this strain grown at the permissive
temperature the plasma membrane was clearly labeled by GFP (Figure 2.12A), although more
fluorescence was seen in the cytoplasm of this strain than in SEC6 wildtype strains. When the
fusion protein was expressed in cells maintained at the restrictive temperature of 37 °C the
fluorescence developed to a similar level, but it was completely excluded from the plasma
membrane. Instead it accumulated in globular bodies within the cell (Figure 2.12B).
The sec6-4 phenotype has been reported to be reversible; when cells are restored to the
permissive temperature, a proportion of the invertase accumulated in the vesicles is secreted
to the periplasm (237). After sec6-4 cells expressing Hxt2::GFP had been shifted from the
restrictive temperature to the permissive temperature for 2 h, their plasma membranes were
distinctly labeled by fluorescence (Figure 2.12C). This phenomenon was observed both in
mother cells and in buds. Moreover, bright spots of GFP fluorescence were often seen in the
vicinity of the bud neck. The labeling occurred even in the presence of the protein synthesis
inhibitor cycloheximide. However, the fluorescent signal that had accumulated within the
cells was only partially redistributed to the plasma membrane, even after 8 h of incubation at
the permissive temperature and supplementation of the medium with 0.1% glucose (data not
shown). The incorporation of Hxt2::GFP into the plasma membrane from secretory vesicles
also occurred in the presence of high glucose: if cultures were treated with 5% glucose upon
being shifted to the permissive temperature, a proportion of the GFP signal could be detected
in the plasma membrane (data not shown).

Figure 2.12 Hxt2::GFP localization in a secretory mutant Cells of NY17 (sec6-l) containing pAGl-5
(multi-copy HXT2::GFP) were induced by growth in 0.1% glucose for 4 h, at the permissive temperature
(panel A) or at the restrictive temperature (panel B). Cells induced at the restrictive temperature were
treated with 1 ug ml"1 cycloheximide and incubated at 24 °C for 2 h (panel C).
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Endocytosis is involved in removal of Hxt2::GFP from the plasma membrane
Strains with the end3-l or end4-l alleles display temperature-sensitive defects in endocytosis
(184). HXT2::GFP expression was induced for 4 h in strains RH1623 (end3-l) and RH1597
(end4-l) and in the wildtype strain RH 1800 (END3 END4) at the permissive temperature. At
this time all strains had strong GFP staining in the plasma membrane. Then the cultures were
divided into four aliquots. Two were maintained at the permissive temperature and two were
shifted to the restrictive temperature of 37 °C. One of the aliquots at each temperature was
supplemented with 5% glucose. The cultures were examined periodically by fluorescence
microscopy. After 2 h the end3 and end4 strains maintained at the permissive temperature in
low glucose had strong fluorescent staining of the plasma membrane, but in high glucose had
accumulated a large proportion of their fluorescence in internal structures (not shown). At the
restrictive temperature both the low- (not shown) and high-glucose treated mutant cells
(Figure 2.13A, B) had strong fluorescent staining of the plasma membrane. In the wildtype
strain high glucose stimulated internalization of the fluorescence from the plasma membrane
to the vacuole (Figure 2.13C); this internalization was more rapid at 37 °C (not shown). The
retention of Hxt2::GFP in the plasma membrane of end3 and end4 cells persisted with
prolonged incubation at the restrictive temperature, at which time all of the fluorescence in
wildtype cells had disappeared from the plasma membrane (data not shown).

Figure 2.13 Hxt2::GFP is retained in the plasma membrane of cells blocked in
endocytosis Cells induced by low glucose treatment at the permissive temperature were
treated with 5% glucose and incubated at the restrictive temperature for 4 h. (A). RH 1800
(END3 END4); (B). RH1623 (end3-l); (C). RH1597 (end4-l).

The fate of the HXT2::GFP fusion protein in single living cells was monitored over time.
Cells of HXT2::GFP in hxt2A strain RE102 from repressing medium were resuspended in low
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glucose medium plus low-melt agarose, and a single cell was monitored by epifluorescence
microscopy (Figure 2.14A). In these inducing conditions Hxt2::GFP was expressed and
targeted to the plasma membrane. Strong cellular fluorescence was observed after inducing
for 60 min especially in the vicinity of the bud neck (Figure 2.14A). In a separate experiment,
cells expressing Hxt2::GFP in the plasma membrane were resuspended in 5% glucose
medium plus low-melt agarose, and a single cell was monitored. Under these conditions,
HXT2::GFP

expression ceased and the fusion protein was removed from the plasma

membrane during 5-30 min. The fluorescent signal was redistributed to the vacuole and
gradually declined during 90 min. By 21 h, the most of fluorescent signal had disappeared
(Figure 2.14B).
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Figure 2.14 Time course of Hxt2::GFP expression in living cells Single cells of strain
RE102 (hxt2A) transformed with ppAK146 (HXT2::GFP) were pre-cultured in repressing
or inducing media. (A). Cells from repressing medium were resuspended in low-glucose
medium plus low-melt agarose and photographed periodically as indicated; a
representative cell is shown. (B). Cells from inducing medium were resuspended in highglucose medium plus low-melt agarose and photographed periodically as indicated; a
representative cell is shown.
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DISCUSSION
Previous studies have concluded that the kinetic parameters of Hxt2 can be modulated in
response to the growth conditions. An HXT2-on\y strain grown on 2% glucose into the early
stationary phase showed monophasic glucose transport kinetics with a Km of about 15 mM
(210). Moreover, Reifenberger et al. (185) reported that the Km of Hxt2 was about 10 mM
after cell growth on high glucose concentrations but appeared to be biphasic with a highaffinity component (Km =1.5 mM) and a low-affinity component (Km = 60 mM) after growth
on low concentrations of glucose. Our results, fitting a two-component system, demonstrate
that Hxt2 in an HXT2-on\y strain does indeed display special transport kinetics.
We have shown that a chimera between the Hxt2 glucose transporter of S. cerevisiae and the
green fluorescent protein is a functional transport protein with a glucose transport capacity
similar to the wildtype protein. As a solute transporter, Hxt2 is inferred to be targeted to the
plasma membrane, and indeed it has been identified in the plasma membrane fraction of cell
lysates (240). Our results are in agreement: the Hxt2::GFP protein in induced cells was
strongly localized at the plasma membrane.
By quantifying the emission of GFP in the fusion protein we were able to determine a value
for the catalytic-center activity of Hxt2::GFP in vivo. We estimate that under inducing
conditions each hxt null cell transformed with single-copy HXT2::GFP has 1.4 x 105 Hxt2
molecules in the plasma membrane. Based on the Fmax determined from a single-component
transport system, the catalytic-center activity of the transporter at 30 °C is 53 s~' (127).
According to the calculated transport parameters for a two-component system, the catalyticcenter activity of the transporter at 30 °C is 65 s"1. To our knowledge this is the first empirical
estimate of a catalytic-center activity for a yeast hexose transport protein. It assumes that all
Hxt2::GFP molecules were actively transporting glucose, and is therefore a minimum
estimate. Catalytic-center activities for other solute transporters have been estimated in vivo
using ligand binding and transport velocity measurements. For example, the catalytic-center
activities of the GLUTI and GLUT3 human glucose transporters at 37 °C have been
calculated to be 123 and 853 s", respectively (142). The catalytic-center activity of the yeast
purine-cytosine permease is approximately 1 s"1 (31). The phosphate/triose phosphate
translocator of the chloroplast envelope has a catalytic-center activity in vivo of 83 s~' at 20 °C
(64), the phosphate/H+ cotransporter of heart mitochondria has a catalytic-center activity of
350-1000 s"1 at 25 °C (252), and the ADP/ATP translocase of heart mitochondria has a
catalytic-center activity of 8-10 s~' at 18 °C (117). Serrano (203) suggested that the number of
hexose transporters in an actively fermenting wildtype yeast cell is 105-106, and from the
measured fermentative capacity of yeast he calculated the catalytic-center activity of the
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hexose transporters to be 10-100 s"-l . Using a fluorescent non-transported glucose analog, Ndansyl-D-glucosamine, Kotyk and co-workers estimated that there are up to 106 glucose
transporters per yeast cell (209). Thus the values that we have determined for Hxt2 are in
general agreement with those in the literature for similar proteins. It will be interesting to
perform comparable measurements and calculations with other yeast sugar transporters such
as the physiologically important Hxt7 protein.
We found that expression of Hxt2 and Hxt2::GFP was consistently higher in the hxt null
strain (KY73) than in the hxt2A strain (RE 102). Various factors may contribute to this
phenomenon: 1) In RE 102 many other HXT genes can be expressed besides the HXT2 gene,
while in the hxt null strain transformed with HXT2 or HXT2::GFP, the (chimeric) Hxt2
protein is the only glucose carrier available. The presence of other HXT genes may have some
repressive effects on the expression of the HXT2 genes in RE\02/HXT2::GFP and
RE102//ÖT2 strains. 2) Maltose causes some induction of HXT2 and HXT2::GFP expression
when the strain is pre-cultured in maltose medium, and this increased expression may have
some effect on the level of Hxt2 also after removal of the maltose. 3) Snf3 is a low glucose
sensor. But what is the glucose sensor in a strain, which expresses only a single HXT gene at
high glucose concentrations? Possibly Snf3 senses internal glucose or another intermediate of
glycolysis. The transport capacity of the hxt null strain expressing Hxt2::GFP is lower than
that in wild-type strain. Snf3 may trigger more HXT2 or HXT2::GFP expression in KY73
than in RE102 due to reduced levels of internal glucose or glycolytic intermediates. In chapter
3 and chapter 5 this hypothesis will be discussed further.
The canonical secretory pathway carries secreted proteins such as invertase and a-factor to
the periplasm and other proteins such as the Pmal ATPase and solute transporters to the
plasma membrane; the SEC1 and SEC6 genes act at a late step in this pathway (97, 162, 221).
It has previously been shown that Gal2 (222) and high-affinity glucose transport activity (8)
reach the plasma membrane via this pathway and require SEC1 for functional expression at
the plasma membrane. We show that SEC6 is involved in delivering Hxt2::GFP to the
membrane. We found that Hxt2::GFP that had accumulated in secretory vesicles at the
restrictive temperature in a sec6-4 strain was able to reach the plasma membrane when the
cells were shifted to the permissive temperature. Plasma membrane targeting at the permissive
temperature occurred even in the presence of a high concentration of glucose, demonstrating
that HXT2 gene expression, but not outward trafficking of the Hxt2 protein, is under glucose
control. These observations agree with those of Bisson (8) who found that high glucose did
not prevent the expression of high-affinity glucose transport activity after it had been blocked
in a secl-1 mutant at the restrictive temperature.
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Under high glucose conditions the hexose transporters Hxt6/7 are rapidly internalized via
endocytosis and transported to the vacuole by vesicular carriers (122). Our results are similar:
following treatment with high glucose, Hxt2::GFP expression ceases and the protein is
removed from the plasma membrane by endocytosis. The END3 and END4 gene products are
required for internalization, and the destination of the protein is the vacuole. It has been
recognized that this pathway acts to internalize and inactivate a number of plasma membrane
proteins, such as transporters of galactose (99), maltose (188), inositol (129), amino acids
(89), nucleobases (230), drugs (52) and mating pheromones (7, 120), as well as receptors for
the mating pheromones (33). We have been able to discern Hxt2::GFP-containing structures
that are formed at an early stage of this process; these might be endocytic vesicles. We have
also observed that these structures disappear once the fluorescence becomes localized in the
vacuole.
In cells that are competent for endocytosis, Hxt2::GFP fluorescence declines markedly after
prolonged growth of low-glucose cells, or after treatment with high glucose. When growth is
arrested due to glucose limitation or temperature sensitivity, it is clear that this decline is not
due to dilution of the GFP chromophore into new biomass but to degradation. This is in
contrast with reports that describe the GFP chromophore as protease resistant (26). Sensitivity
of the GFP chromophore to vacuolar proteases is advantageous for the use of GFP to tag
membrane proteins, because it allows the fluorescent signal to be "chased" by vacuolar
targeting of the fusion protein.
The trafficking of hexose transport proteins in the yeast cell is sketched in Figure 2.15. Under
inducing conditions hexose transporters are transcribed in the nucleus, are translated at the
endoplasmic reticulum, and are delivered via the Golgi apparatus and secretory vesicles to the
plasma membrane. Then, the hexose transport proteins are removed via endocytosis and
degraded in the vacuole. Transcription of HXT genes encoding hexose transporters is tightly
controlled by extracellular glucose concentrations. The expressed Hxt transporters in the
plasma membrane transport extracellular glucose into the cells. The transport activity is
regulated by metabolic signals such as the intracellular glucose concentration (216). As for
hexose transport protein sorting, we presume that under given conditions the hexose
transporter HxtA is expressed and targeted to the plasma membrane, while HxtB is being
endocytosed and degraded in the vacuole; HxtC may be retained in an intracellular pool for
rapid recruitment upon a change of conditions. The formation of (hetero)dimers is also
possible.
Fusions of GFP to yeast hexose transporters will be useful in addressing some of the
outstanding questions about this family of proteins. By taking advantage of alleles of GFP
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Figure 2.15 Trafficking of hexose transport proteins in the yeast cell Hexose
transporters are transcribed in the nucleus, translated at the endoplasmic reticulum, and
delivered via the Golgi to the plasma membrane. Then they are internalized via
endocytosis and transported to the vacuole by vesicular carriers for degradation. It is
presumed that the hexose transporter HxtA is synthesized and targeted to the plasma
membrane, while HxtB is being endocytosed and degraded in the vacuole; HxtC is
retained in an intracellular pool for rapid recruitment upon a change of conditions.

with different absorption and emission maxima we will be able to monitor two or more
transporters simultaneously. It has been suggested that some of these transporters may interact
physically (86, 125, 250). Such an interaction could be detected by fluorescence resonance
energy transfer between different GFP alleles (88). Also, the ability to monitor the proteins in
living cells, where both the genotype (with respect to protein trafficking, HXT gene
expression, etc.) and the environment (nutrients, temperature, etc.) can be controlled, will be
exploited to visualize the location and movement of these proteins in three dimensions over
time.
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Cell biology and kinetics of Hxt7 hexose transporter in Saccharomyces
cerevisiae cells studied by fusion with the green fluorescent protein

SUMMARY
Both in the wildtype Saccharomyces cerevisiae strain MC996A and the HXT7-on\y strain
RE607B the green fluorescent protein (GFP) was fused with the Hxt7 hexose transport
protein at the C-terminus with the PCR-targeting technique. The expression of the Hxt7::GFP
fusion protein was induced by low-glucose concentrations. In the RE607B strain containing
HXT7::GFP, induced cells contained 1.4xl04 and 1.8xl04 Hxt7::GFP molecules per cell
during mid-log phase and at the diauxic shift, respectively. High glucose concentrations
repressed Hxt7::GFP expression in the wildtype strain but this repression was less complete in
the HXT7-only strain. The glucose transport kinetics of Hxt7::GFP and Hxt7 were fitted to a
single-component transport system and confirmed that Hxt7 and Hxt7::GFP are high-affinity
transporters with a Km of about 2 mM. The catalytic-center activity of the Hxt7::GFP
molecule was determined to be about 200 s"1 at 30°C. Under inducing conditions the
Hxt7::GFP fusion protein was targeted to the plasma membrane. After glucose exhaustion the
Hxt7::GFP fusion protein was removed from the membrane and taken up by endocytic
vesicles and then targeted to the vacuole for degradation. The Hxt7::GFP fusion protein
showed that GFP could fulfil both requirements for a fluorescent tag: it retained its
fluorescence when fused to the Hxt7 protein, and it did not interfere with the function and
localization of the Hxt7 protein. Protein tagging with GFP appeared to be superior to
immunocytochemistry or immunoblotting for its high specificity and ease of manipulation
once the chimeric gene was constructed.

'Parts of this chapter and of chapter 4 are submitted for publication, in collaboration
with Arthur L. Kruckeberg, Jan A. Berden and Karel van Dam.
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INTRODUCTION
Since the cloning of the green fluorescent protein (GFP) cDNA in 1992 (175) and its
subsequent heterologous expression in Escherichia coli and Caenorhabditis elegans (27),
GFP has been rapidly and widely applied in cell biology and molecular biology as a versatile
and powerful tool (26, 39, 172, 214).
Green fluorescent protein is a 238 amino acid protein (molecular weight 27 kDa) from a
Northern Atlantic organism, the jellyfish Aequorea victoria. GFP can absorb blue light,
maximally at a wavelength of 395 nm with a shoulder at 470 nm, and emits green light at 509
nm. Excitation with 395 nm light results in rapid photobleaching of GFP fluorescence,
whereas excitation with 470 nm light results in a relatively stable fluorescence (214).
Formation of the fluorophore in GFP requires molecular oxygen but once formed it absorbs
and emits light without any cofactors. Because of this advantage of requiring no cofactors, the
GFP signal can be recorded in living cells without disruption of cellular integrity.
Nevertheless, the application of wildtype GFP was limited because of some disadvantages,
including low fluorescence intensity, a significant lag in the development of fluorescence after
protein synthesis, complex photoisomerization and poor expression in certain organisms
(255). To improve these qualities genetic manipulations were performed and many brighter
mutants were produced, such as GFP-S65T (87) with a single Ser65-»Thr amino acid
substitution within the chromophore region of the protein.
These mutant GFPs can be functionally expressed in a wide variety of organisms (39, 40),
remain remarkably stable, and display a spectral pattern that is similar to that of fluorescein,
which makes them easy to use in fluorescence microscopy. Most importantly, GFP as a
cloned cDNA, upon expression, can be used as an intrinsic intracellular reporter of gene
expression, protein localization, and cell lineage in living tissue. Because the fluorescence
signal can be analyzed noninvasively, application of GFP as a probe does not require cell
permeabilization or toxic detection methods, and GFP-protein fusions can be used to analyze
dynamic subcellular processes over time.
Hxt7 is one of the hexose transporters in the yeast Saccharomyces cerevisiae. The many
hexose transporter genes (HXTs) in the yeast genome encode a large hexose transporter family
and determine the complexity of sugar transport kinetics and its regulation. Twenty hexose
transporter-related genes (HXT1-17, GAL2, SNF3 and RGT2) have been identified in S.
cerevisiae (15, 123).
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HXTl and HXT3 are low-affinity glucose transporters. HXTl is only induced by high levels of
glucose (119, 131, 168), but the induction of HXT3 is independent of the sugar concentration
(168). HXT2 expression is associated with the presence of high affinity glucose transport (47,
125). However, in an Ivct null strain expressing only HXT2 on low glucose concentrations,
Hxt2 revealed biphasic uptake kinetics with a high-affinity component and a low-affinity
component (185). The transporter encoded by HXT4 is of intermediate affinity, and its
expression is stimulated in cells growing on low glucose (168, 185, 186). HXT6 and HXT7 are
high-affinity glucose transporters (Km about 1-2 mM) (185). They are induced at low glucose
concentrations (47, 125, 185, 210) and strongly repressed on high glucose (34). Despite the
high similarity between HXT6 and HXT7 genes, HXT7 expression seems to be higher (47,
185, 186). This suggests that these two genes be subject to different regulatory influences.
Under derepressed conditions HXT7 is by far the most strongly expressed HXT gene (34, 47).
The proteins encoded by the HXTl, 2, 3, 4, 6 and 7 are the major glucose transporters in S.
cerevisiae; cells with mutations in these six genes do not grow on glucose (186).
The function of HXT5 is not clear. By constructing a chimeric HXT5::GFP fusion gene in the
wildtype strain CEN.PK113-7D, Kruckeberg found that the Hxt5 transporter was localized in
the plasma membrane of cells when cells had exhausted the glucose from the medium
(personal communication). He presumed that Hxt5 is a high-affinity transporter and is
responsible for glucose transport potential in stationary-phase or in starved cells and in cells
growing on non-glucose carbon sources. In agreement with the above assumption, another
research of glucose uptake kinetics and transcription of HXT genes in chemostat culture of S.
cerevisiae showed that HXT5 was abundantly transcribed in cultures without glucose in the
feed medium. In glucose-limited culture, HXT5 mRNA was only detected at the lowest
dilution rates tested. It was also found that HXT5 mRNA was abundant in batch-cultured cells
after glucose exhaustion. Two sequences that match the consensus binding site of the
HAP2/3/4/5 transcriptional activator complex occur in the HXT5 promoter region. The
conclusion is that HXT5 is under Hap complex regulation and is expressed in glucosedeprived cells to ensure that they are able to utilize the sugar rapidly when it becomes
available (47). GAL2 encodes a galactose transporter that is only expressed by cells growing
on galactose-containing media; the transporter is rapidly removed from the membrane by
endocytosis and degraded in the vacuole when glucose is added to the medium (207, 222).
SNF3 is implicated in encoding a sensor of low glucose concentrations and RGT2 in encoding
a high-glucose sensor (165, 166). Very little is known about the other HXT gene, products. It
is even possible that they are not localized to the cytoplasmic membrane or have different
substrate specificities (34).
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To understand the transport properties and the physiological function of each of the hexose
transporters, the use of a strain with a single Hxt could be combined with the application of
different fluorimetric detection techniques. In this study the GFP-S65T variant was used for
tagging Hxt7 to investigate the cell biology and kinetic characteristics of HXT7 expression in
S. cerevisiae.
MATERIALS AND METHODS
Strains, media and growth
E. coli DH50C served as a host for plasmid cloning and amplification and was transformed by
the CaCl2 method as described (195). Transformants were grown in Luria-Bertani medium
containing 60 ug/ml ampicillin at 37°C.
Yeast cells were grown in a rotary shaker at 30°C in YPD medium (2% peptone, 1% yeast
extract, 1% glucose, or glucose at the concentration indicated). Plasmid transformation of
yeast cells was carried out by a lithium acetate method (73). The PCR product integrative
transformation of yeast cells followed the protocol for short flanking homology regions
provided by A. Wach (Institute for Applied Microbiology, Biozentrum, University Basel,
Switzerland, personal communication, also seerefs. 231, 232).
HXT7::GFP chimeric DNA fragment construction and transformation
Plasmid pFA6a-GFPS65T-kanMX6A, kindly provided by A. Wach, was the source of the
GFP coding sequence of the GFP-S65T variant and has a kanMX selectable marker under
control of a fungal TEF promoter. The PCR-targeting technique (231, 232), generating DNA
molecules consisting of a marker cassette with short flanking homology regions to the target
locus by PCR and directed gene alterations, was used in HXT7::GFP chimeric DNA fragment
amplification. Using two 64-67 mer oligonucleotides as the chimeric primers, one-step gene
disruptions or in-frame replacements can be efficiently achieved by this short flanking
homology PCR (SFH-PCR) technique. Primer 1, from 5' to 3', has 46 bp DNA homologous
to the 3'-end of the HXT7 ORF followed by 21 bp of sequence derived from the 5'- end of
GFP reporter gene in plasmid pFA6a-GFPS65T-kanMX6A. Primer 2 has 45 bp DNA
homologous to the region at the 3'-end of the HXT7 ORF followed by 19 bp of sequence
derived from the 3'-end of the ADH1 terminator in plasmid pFA6a-GFPS65T-kanMX6A. The
resulting PCR product contains a fragment with GFP and the kanMX selectable marker
flanked by short regions homologous to the HXT7 genomic locus. After transformation, the
transformants resistant against geneticin (G418) were efficiently selected on selective YPD
medium containing 200 mg/l G418.
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Briefly, plasmid pFA6a-GFPS65T-kanMX6 was first digested with the restriction enzyme
Notl, and then amplified by PCR with the following primers (synthesized by Isogen):
forward primer LY1
5'-GACTCACGATGACAAGCCATTGTACAAGÄGAATGTTCAGCACCAAAAGTAAAGGAGAAG
AACTTTTC-3'
(The underlined 46 nucleotides correspond to the DNA of the 3'-end of the HXT7 ORF; the
21 remaining nucleotides anneal to the 5'-end of the GFP ORF in plasmid pFA6a-GFPS65TkanMX6A. This primer was designed to produce an in-frame fusion between the last codon of
HXT7 and the second codon of GFP).
reverse primer LY2
5'-CTTTGCATTTCTCTTTAAAGTTTCTTTGTCTCCGTCCCACTCAACGGATGGCGGCGTTA
GTATC-3'

(The underlined 45 nucleotides correspond to the DNA adjacent to the 3'-end of the HXT7
ORF; the 19 remaining nucleotides anneal to the 3'-end of the ADH1 terminator in plasmid
pFA6a-GFPS65T-kanMX6A)
Plasmid pFA6a-GFPS65T-kanMX6A was amplified with Expand High Fidelity PCR System
(Roche) using a PCR cycling system (HYBAID). Amplification was performed in two
thermal profiles different in the annealing step: 1) 94°C 30 s, 45°C 30 s, 72°C 2 min, 5 cycles;
2) 94°C 30 s, 50°C 30 s, 72°C 4 min 30 cycles. The first annealing temperature was based on
the melting temperature calculated for the region of the primer complementary to the
template. The PCR-generated DNA fragment contains the GFP and the kanMX6 coding
regions and short regions of homology to the HXT7 locus at the 3'-end of the open reading
frame. These short homology regions flanked the GFP and the kanT coding sequences.
The PCR product was transformed into competent ceUs of the wildtype strains MC996A and
the HXT7-on\y strain RE607B (congenic to the wildtype strain MC996A, in which the HXT1 HXT6 genes are inactivated (186)), for integration at the HXT7 locus. The transformants were
selected for G418 resistance on 2% YPD medium containing 200 mg l"1 G418 (Roche). The
PCR and transformation were performed in triplicate. Large colonies appearing on YPDG418 medium were restreaked on plates containing G418, and grown further. After PCR
analysis, the resulting strains containing the chimeric HXT7::GFP gene were named KY101
and LYG7.
Analytical PCR was performed to verify correct targeting of the GFP-kanMX2 module at the
HXT7 genomic locus essentially as described (134). Briefly, single colonies from the
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restreaked putative transformants were resuspended in 10 u.1 lysis buffer (1.2 M sorbitol, 100
mM sodium phosphate, pH 7.4 and 2.5 mg ml"1 Zymolyase). The cell suspensions were
incubated at 37°C for 5 min and heated at 95°C for 5 min to inactivate the proteases secreted
by S. cerevisiae cells. To check the HXT7::GFP chimeric DNA fragments, 1 |il aliquots were
used for diagnostic PCR with 4 pairs of primers (see Figure 3.IB). Pair 1: primers LY1,
annealing within the GFP ORF and a short region homologous to 3'-end of the HXT7 ORF,
and LY2, annealing to the 3'-end of the ADH1 terminator and a short region homologous to
the DNA adjacent to the 3'-end of the HXT7 ORF, should produce a 2.47 kb DNA band
harboring the GFP-kanMX cassette. Pair 2: LY3 ( 5 ' -GGGTGCTGGTAACTGTATG - 3 ' ) ,
annealing within the HXT7 ORF, and LY4 ( 5 ' -GACACTTTTTGAAGCGGGATAC-3' ) ,
annealing with the non-coding strand outside the HXT7 ORF, should produce a 3.04 kb DNA
band containing part of the HXT7 ORF, GFP-kanMX cassette and a portion of the sequence
outside the HXT7 ORF. Pair 3: LY1 and LY4, should produce a 2.64 kb DNA band with the
GFP- IcanMX cassette and a portion of the sequence outside the HXT7 ORF. Pair 4: LY3 and
LY2, should produce a 2.87 kb DNA band containing GFP- IcanMX cassette and part of the
HXT7 ORF. For the parental strains, only a 0.83 kb DNA band without the insertion of the
GFP- IcanMX cassette should be produced, using the primers LY3 and LY4 (pair 2).
Measurement of growth and glucose consumption
Cells were grown in liquid YPD medium. Growth was monitored by measurement of the
optical density (A^oo) at various time points. Plotting the natural logarithm of A^o against
time, the slope of the curve during the range of exponential phase is the growth rate. The
residual glucose in the medium at indicated time points was determined by quenching an
aliquot of the cultures in an equal volume of 5% trichloroacetic acid and measuring the
glucose concentration enzymatically with hexokinase and glucose 6-phosphate dehydrogenase
(6). The absorbance change of NADH at 340 nm was measured with a COB AS auto-analyzer
(Roche).
Glucose Transport Assay
Glucose uptake was assayed according to the protocol (see chapter 2) at 5 concentrations of
D-U-[14C]-glucose (1, 2.5, 5, 10, and 25 mM (371, 297, 148, 74, and 30 MBq mof1)). Kinetic
parameters were determined using ENZFITTER software (Elsevier-Biosoft). Total cell
protein was measured by the method of Lowry et al. (135) using a COBAS auto-analyzer
(Roche) after digestion of cells overnight in IN NaOH. Bovine serum albumin was used as a
standard. Cell number was determined by counting at least 1000 cells with a haemocytometer.
Microscopy
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Living cells were mixed with an equal amount of 1% (w/v) low-melt agarose at 37°C and 6-8
(0,1 was applied to a slide. The slide with coverslip was kept at 4°C for several minutes to
solidify the agarose. Cells were examined with a Leitz Aristoplan epifluorescence microscope
using filter cube 1001 HQ-FITC (Chroma) for GFP excitation. Micrographs were recorded
using an Apogee CCD camera and processed for display using Image-Pro Plus and Adobe
Photoshop.
Fluorescence Spectroscopy
A Hitachi RF-5001PC fluorimeter was used to scan the excitation and emission spectra of
whole cell suspensions in 0.1 M potassium phosphate buffer pH 6.5. Spectra of cells
expressing HXT7::GFP and HXT7 were normalized to cell density, and background
correction was done by subtraction of spectra determined for cells expressing HXT7 from
spectra of cells expressing HXT7::GFP. Emission spectra were collected between 500 and
550 nm, with excitation at 489 nm and excitation and emission slit widths of 3 nm.
Preliminary experiments in chapter 2 showed that the fluorescence signal at the emission peak
for GFP F64L/S65T (509 nm; ref. 172) was essentially linear for cell suspensions between
optical densities (A^oo) of 0.1 and 2.
Western blot analysis
Western blot analysis was performed as described in chapter 2 with cell lysates containing 15
u,g protein cleared by centrifugation at 1300 g for 3 min. The supernatants containing loading
buffer were heated at 40 °C for 15 min and electrophoresed in a 10% SDS-PAGE minigel.
The proteins were transferred to nitrocellulose membrane using a mini trans-blot
electrophoretic transfer cell (Bio-Rad) with buffer B (see chapter 2) at 25 V for 30 min, 50 V
30 min and 100 V 30 min at 4° C. The blot was incubated with 1:10000 anti-GFP rabbit
serum (Molecular Probes) or 1:250 anti-Hxt7 antibody and 1:3000 horseradish peroxidaseconjugated goat anti-rabbit secondary antibody (Bio-Rad). Detection was carried out by
chemiluminescence using the SuperSignal chemiluminescent substrate kit (Pierce).
RESULTS
A GFP-kanMX6A DNA fragment is correctly targeted to the yeast genomic HXT7 locus
A DNA fragment consisting of the GFP-kanMX6A cassette with short flanking homology
regions to the HXT7 locus at the 3'-end of the ORF was produced by PCR. S. cerevisiae
strains RE607B and MC996A were transformed with this PCR product to yield chimeric
HXT7::GFP genes. Analytical PCR was performed on single colonies after restreaking
putative transformants on YPD-G418 plates as in Materials and Methods. Lanes 1, 2, 3, 4 in
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Figure 3.1 show 3.04 kb (using primers LY3 and LY4), 2.87 kb (primers LY3 and LY2), 2.64
kb (LY1 and LY4), and 2.47 kb (LY1 and LY2) chimeric HXT7::GFP DNA bands produced
from the transformants in RE607B. The expected 0.83 kb DNA band (using primers LY3 and
LY4) coming from the parental strain RE607B appeared in lane 5. If the

GFP-kanMX6A

PCR-generated fragment was integrated into another chromosome than chromosome IV
(HXT7 is located in chromosome IV), the 0.83 kb band should also appear in lane 1 at least.
No DNA fragment was detected in Figure 3.1 lane 6 (primers LYLY3 and LY2) and lane 7
(primers LY1 and LY4), which contained the negative controls of the PCR products from the
parental strain RE607B with the primers annealing to the GFP-kanMX6A gene cassette. The
analytical PCR products from different combinations of 4 primers clearly verified that the
PCR-generated DNA fragment correctly integrated into the RE607B genomic HXT7 locus.
HXT7::GFP

in the wildtype strain gave similar PCR products (data not shown). The

confirmed transformants by analytical PCR were named LYG7 (in RE607B), and KY101 (in
MC996A), respectively.

M

1

Figure 3.1 PCR-analysis (A). Cells from single colonies of LYG7 (HXT7::GFP in
RE607B, ÄCT7-only strain) and RE607B were lysed at 30°C for 5 min and 95°C 5 min. 1
ul cell suspension was directly used for PCR-analysis. 3-5 ul PCR products were loaded
on a 0.7% agarose gel. Lane 1-4, LYG7 PCR products. Lane 1: primers LY3 and LY4;
Lane 2: primers LY3 and LY2; Lane 3: primers LY1 and LY4; Lane 4: primers LY1 and
LY2. Lane 5-7, RE607B PCR products. Lane 5: primers LY3 and LY4; Lane 6: primers
LY3 and LY2; Lane 7: primers LY1 and LY4. Molecular mass markers: 21.2, 5.15, 4.97,
4.27, 3.53, 2.03, 1.90, 1.59, 1.38, 0.95, 0.83 kb. (B). Diagram of PCR-analysis strategy.
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HXT7::GFP expression is glucose-repressed in a wildtype strain and less repressed in an
hxtA strain
Cells of the chimeric HXT7::GFP in the wildtype strain MC996A (KY101) and the congenic
strain RE607B (LYG7) , in which the HXTJ-HXT6 genes are inactivated, were grown
overnight in YP medium containing 5% glucose and then shifted to low glucose medium
(0.1%) and high glucose medium (5%), respectively. The HXT7::GFP expression level was
monitored with epifluorescence microscopy.
Under inducing conditions the HXT7::GFP fluorescence signal in LYG7 was very strong
after shifting to low glucose (Figure 3.2A). Between 2 and 3.5 h HXT7::GFP reached the
highest expression level. At 3.5 h the glucose in the medium was exhausted. Then the fusion
protein started to be removed from the plasma membrane and transported to the vacuole.
Similarly but not as strong as that in LYG7, the HXT7::GFP fluorescence signal in KY101
gradually increased during 3.5 h. After 5 h the glucose was exhausted, the fluorescence signal
decreased and the fusion protein was transported to the vacuole for degradation. At 24 h the
remaining fluorescence was located entirely in the vacuole (Figure 3.2C).
Under glucose repression conditions the HXT7::GFP fluorescence signals in LYG7 could be
detected at 1 and 2 h, but were largely localized in the vacuoles (Figure 3.2B). At longer
incubation times and decreasing glucose concentration, new protein was synthesized and at 7
h the GFP signal reached a level similar to that under the inducing condition at 2 h. At 24 h
the fusion protein could still be detected both in the plasma membrane and endocytic vesicles;
at this point cells were experiencing diauxic shift. It is known that HXT7 expression needs a
very low glucose concentration for induction and maintenance (see chapter 4). The level of
HXT7 mRNA declined rapidly after glucose exhaustion (Figure 4.7B). The appearance of
Hxt7 protein was delayed compared to the appearance of its mRNA, and the protein level
remained high after glucose exhaustion (Figure 4.7C). So when glucose in the medium was
just exhausted, the synthesis of Hxt7::GFP ceased and a portion of the protein was
internalized via endocytosis; but a portion of the protein was still localized in the plasma
membrane. For KY101, after shifting the cells to high glucose medium, the expression of the
HXT7::GFP gene was repressed and the fluorescence signal was too weak to be detected
between 1-7 h (Figure 3.2D). At 24 h the HXT7::GFP fluorescence signal could be seen in the
plasma membrane. At this time point, the residual glucose was about 3 mM as determined by
a glucose test strip (Roche).
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Figure 3.2 Expression of HXT7::GFP in wildtype and HXT7-only strains in low- and
high-glucose concentrations (A). LYG7 (HXT7::GFP in RE607B, HXT7-on\y strain)
cells from preculture were shifted to 0.1% YPD medium. (B). LYG7 cells shifted to 5%
YPD medium. (C). KY101 (HXT7::GFP in MC996A) cells from preculture were shifted
to 0.1% YPD medium. (D). KY101 cells shifted to 5% YPD medium. All cells were
harvested at the indicated time points after the shift, mixed with low-melt agarose, and
observed by epifluorescence microscopy.
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In general, the HXT7::GFP fluorescence signals in KY101 (derived from MC996A) were
quite weak either in low glucose or high glucose medium. We think that in the wildtype strain
other Hxt proteins influence the expression of Hxt7 or Hxt7::GFP protein. Compared with the
expression level of HXT7::GFP in the wildtype strain MC996A, we found that the
fluorescence signal in the strain derived from RE607B was much stronger, especially under
repressing conditions. It seems that HXT7::GFP expression in an fvctA strain is less repressed
at high glucose concentrations. A similar result was obtained with HXT2::GFP expression in
an hxt null strain, as described in chapter 2.
Time course of HXT7::GFP expression
LYG7, KY101 and their parental strains, RE607B and MC996A, were grown to midexponential phase in 5% YPD medium and then shifted to 1% YPD medium. After shifting
the cells to 1% YPD medium, the HXT7::GFP fluorescence, the expression and localization
of the HXT7::GFP fusion protein in the living cells, the optical density (Aeoo) and the residual
glucose concentration in the medium were measured simultaneously during 13 h (or 24 h).
The relative fluorescence (RF) was calculated as foUows: [(Fluorescence intensity)HXT7.-.GFP I
Aéoo] - [(Fluorescence intensity)Hxt7 / A«»].
The LYG7 strain showed a relatively high fluorescence immediately after shifting to low
glucose medium (the same phenomenon as described above). The fluorescence intensity
increased along with cell growth and glucose consumption. At 5 h glucose was almost
exhausted (0.25 mM) and the RF value reached a maximum (Figure 3.3A). The growth
continued after glucose exhaustion, but the RF value decreased gradually. The cellular
localization of Hxt7::GFP was examined during the period after shifting to 1% YPD medium
as shown in Figure 3.4A. The Hxt7::GFP fluorescence was localized in the plasma membrane
until glucose exhaustion at about 5 h. No significant glucose repression of Hxt7::GFP
expression occurred with the HXT7-only strain. At 5 h HXT7::GFP attained its highest
expression. After glucose exhaustion the Hxt7::GFP fusion protein was internalized by
endocytosis and subsequently delivered to the vacuole.
When KY101 cells were shifted to 1% YPD medium, the fluorescence in this wildtype strain
was undetectable within the first several hours, as can be seen in Figure 3.3B. The expression
of HXT7::GFP was clearly repressed by high glucose concentrations in this strain. When the
glucose was nearly exhausted (8-0.16 mM, at 6-7 h) and the expression of high-affinity
glucose transporters was induced by the low glucose concentration, the fluorescence increased
suddenly, although the level was still quite low as compared to that of the LYG7 strain. After
glucose exhaustion the RF value increased continuously and apparently new protein was still

55

Chapter 3
synthesized. It suggests that Hxt7::GFP expression in the wildtype KY101 is delayed by the
influence of other Hxt transporters on HXT7 expression.
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Figure 3.3 Time course of Hxt7::GFP fluorescence in wildrype and HXT7-only
strains (A). Strain LYG7 (fflT7-only). (B). Strain KY101 (wildrype). Cells were
precultured to mid-exponential phase in 5% YPD and then shifted to 1% YPD medium.
The Hxt7::GFP relative fluorescence ( • ) , A«» (•) and the residual glucose in the
medium (A,mM) were measured simultaneously. The relative fluorescence was
derived from correction of the fluorescence intensity for cell density and background, a,
Hxt7::GFP expression level on high glucose concentrations; b, the net increased level of
Hxt7::GFP at diauxic shift.

The localization of Hxt7::GFP in KYI01 under the same conditions was studied with
epifluorescence microscopy (Figure 3.4B). Before 6 h, no Hxt7::GFP fluorescence signal was
detectable. After 6 h, when the glucose concentration in the medium decreased to lower than 8
mM, Hxt7::GFP appeared in the plasma membrane but the signal remained weak. After 7 h,
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the glucose was exhausted and Hxt7::GFP expression increased gradually. It seems that
glucose repression strongly influences Hxt7::GFP expression in the wildtype strain. At 9 h
and later, although the glucose concentration was zero, the fluorescence signal was stronger
than at 7 h, and subsequently the HXT7::GFP fusion protein was removed to its vacuolar
destination.

Hour

Figure 3.4 Image of Hxt7::GFP expression with epifluorescence microscopy (A). Strain
LYG7 (/ÜT7-only). (B). Strain KY101 (wildtype). Cells were harvested at the indicated time
from the cultures as described in Figure 3.3 (an additional sample was examined at 24 h).
Equal volumes of cells were resuspended in low-melt agarose and observed by epifluorescence
microscopy. Photos were taken at the indicated time after inoculation of the cultures.
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Figure 3.5 shows the results of a Western blot analysis. LYG7 and RE607B cells from the
same cultures as described above were harvested at 1, 5, 8 and 24 h. Lysates containing 15 ug
protein were resolved on a 10% SDS-PAGE gel. After blotting, the Hxt7::GFP protein from
LYG7 was detected with an anti-GFP antibody. The Hxt7::GFP fusion protein was detectable
at lh (the residual glucose was 36 mM) in accordance with the results of fluorimetry (Figure
3.3A) and epifluorescence microscopy (Figure 3.4A). At 5 h (0.25 mM residual glucose)
Hxt7::GFP expression reached its maximum and some Hxt7::GFP fusion protein started to be
degraded to GFP (see Figure 3.5, the band between 28.4 and 20.5 kDa). At 8 h, the
Hxt7::GFP level decreased and more degradation product was formed. At 24 h only some
degradation product was observed. No cross-reacting signal was observed in the RE607B
strain with this anti-GFP antibody.
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Figure 3.5 Immunodetection of Hxt7::GFP with anti-GFP antibody LYG7 and
RE607B cells from the cultures analyzed by fluorimetry and epifluorescence microscopy
were harvested at 1, 5, 8 and 24 h. Lysates containing 15 ug protein were loaded to each
lane of a 10% SDS-PAGE gel. Hxt7::GFP was detected by anti-GFP antibody. The small
bands were Hxt7::GFP protein degradation products. No cross-reactive signal was
detected in the RE607B strain. The prestained protein molecular weight markers were
from Bio-Rad.

Figure 3.6B shows the results of another Western blot, incubated with anti-Hxt7 antibody,
from the same samples as described above. In the RE607B strain the Hxt7 signals (see Figure
3.6B, the single protein band at about 40 kDa position) increased from 1 h to 5 h and then
decreased. At 24 h, no Hxt7 protein was detectable. In LYG7 an Hxt7 peptide produced from
Hxt7::GFP protein (the same size as in RE607B) also increased from lh to 5 h and then
decreased. At 24 h the Hxt7 protein was fully degraded. However, the Hxt7::GFP signal was
not proportional to the total amount of Hxt7::GFP fusion protein (see the large band in Figure
3.6B at about 70 kDa). In chapter 2 we mentioned that anti-Hxt2 antibody does not recognize
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the Hxt2::GFP fusion protein. The results suggest that the sensitivity and specificity of the
antigen-antibody reaction is reduced in fusion proteins. Panel A in Figure 3.6 is the same blot
as used for panel B. This blot was treated first with anti-Hxt7 antibody, and after washing to
remove most of the antibody, the blot was incubated with anti-GFP antibody. It shows the
changes of Hxt7::GFP expression with decreasing glucose concentration. Under inducing
conditions the Hxt7::GFP expression level increased between 1 and 5 h. After glucose
exhaustion the degradation of Hxt7::GFP to GFP and Hxt7 proteins increased. The GFP
protein seems more stable in the vacuole than the Hxt7 protein since at 24 h some GFP was
still detectable.
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Figure 3.6 Immunoblotting of Hxt7::GFP detected with anti-GFP antibody and/or
anti-Hxt7 antibody LYG7 and RE607B cells from the cultures analyzed by
fluorimetryand epifluorescence microscopy were harvested at 1, 5, 8 and 24 h. Lysates
containing 15 ug protein were loaded to each lane of a 10% SDS-PAGE gel. Panel A
shows proteins detected by anti-GFP antibody and anti-Hxt7 antibody. Panel B shows the
same blot incubated with anti-Hxt7 antibody.
Catalytic-center activity of the HXT7::GFP glucose transporter
LYG7 and its parental strain RE607B were grown to mid-log phase in 5% YPD medium and
then shifted to 1% YPD medium. Referring to the time course described in Figure 3.3A, after
3 h (mid-exponential phase) and 5 h (glucose exhaustion) cells were harvested and assayed
for zero-trans glucose transport. Data from a representative experiment are shown as EadieHofstee plots in Figure 3.7. The results were fitted to a single-component transport system
obeying Michaelis-Menten kinetics.
The Km and Kmax values are also presented in Figure 3.7. The kinetics of glucose transport
conferred by the HXT7 and HXT7::GFP gene products were not markedly different, although
the Hxt7::GFP fusion protein reproducibly showed slightly higher Km and Kmax values than
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that of the native Hxt7p at the same time point. The residual glucose concentrations in the
cultures of RE607B and LYG7 at the second time point were not detectable and 0.1 mM,
respectively. In chapter 4 we discuss that HXT7 expression is repressed by high glucose
concentrations. But in the absence of glucose HXT7 transcription is also repressed, and the
HXT7 mRNA pool turns over rapidly. Maybe this slight but crucial difference of glucose
concentration caused the difference in Fmax- For LYG7, the F max at diauxic shift was almost
twice as high as in mid-exponential phase. This result correlates well with

HXT7::GFP

expression levels obtained in the fluorimetry and epifluorescence microscopy measurements.
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Figure 3.7 Eadie-Hofstee plot of the zero-trans influx of glucose in Hxt7::GFP and
Hxt7 cells grown to mid-exponential phase and the diauxic shift Uptake rates of five
concentrations (1, 2.5, 5, 10, and 25 mM) of 14C-glucose were measured at 30°C. Uptake
of each concentration was determined triplicate. Kinetic parameters were calculated using
ENZFITTER software. The data were fitted to a one-component model obeying
Michaelis-Menten kinetics. Cells were harvested in mid-log phase at A600 at 0.86 ( • ) and
0.85 (D), diauxic shift at A600 2.9 (A) and 3.0 (A ). The solid lines present fitted curve
for the LYG7 strain. The dotted lines present fitted curves for the RE607B strain.
Similar to the determination of catalytic-center activity of Hxt2::GFP described in chapter 2,
we used the fluorescence signal from Hxt7::GFP to determine the cellular concentration and
catalytic-center activity of this fusion protein, using purified GFP as a fluorescence standard.
Cell number was determined by counting at least 1000 cells with a haemocytometer for
normalizing Hxt7::GFP molecules per cell. In order to quantify the cellular abundance of the
Hxt7::GFP molecules, the RE607B (Hxt7) and LYG7 (Hxt7::GFP) cell suspensions that were
used for the glucose transport assays were diluted 1: 10 in phosphate buffer to the same optical
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density, and fluorescence spectra were recorded from 3 ml diluted cell suspensions. Then
fluorescence spectra of the Hxt7 cell suspension were recorded at intervals during titration
with purified GFP protein.
The cellular concentration and catalytic-center activity of Hxt7::GFP were calculated with the
following equations:
The concentration of pure protein required matching the fluorescence signal of cells
expressing Hxt7::GFP,
Hxt7 : : GFP (M) = ^488 ' V l

(i)

£ • / • -V2

where A488 = the measured absorbance of pure GFP at 488 nm (0.0224, n=3)
£ (M_1 cm"1) = the molar extinction coefficient. The molar extinction coefficient of GFP
F64L/S65T at 489 nm is 55000 ± 5000 M"1 cm 1 (172).
/ = 1 cm light path
Vi = the volume of pure GFP added to 3 ml RE607B cell suspension for titration (20(0.1 for
mid-log phase and 29ui for diauxic shift, respectively)
V2 = the volume of cell suspension used for recording fluorescence spectra (3 ml)
„ „ ™ ,
, .
Hxt7:: GFP (M)-6.02x10* (molecules mole')
]VK
Hxt7 :: GFP (molecules cell ) (11)
cell number
where cell number = cell counting (cells ml"1). The density of the cell suspension in the GFP
titration was 1.12xl08 cells ml"1 (mid-log phase) and 1.31xl08 cells ml"1 (diauxic shift).
The concentrations of pure protein required to match the fluorescence signal of cells
expressing Hxt7::GFP in mid-log phase and diauxic shift (n=3) were 2.7 and 3.9xl0"9 M,
respectively. Therefore each cell contained 1.4xl04 (mid-log phase) or 1.8xl04 (diauxic shift)
Hxt7::GFP molecules. The ratio of Hxt7::GFP molecules per cell between diauxic shift and
mid-log phase is 1.3. This ratio agrees with the ratio of RF of 1.4 between diauxic shift (5 h)
and mid-log phase (3 h) in Figure 3.3A.
V -10-6
Catalytic - center activity (s ) =
^
(iii)
;
[Hxt7 :: GFP (M)/(mg ml"1 protein)] • 60
where Vnax = 53 nmoles min4 mg protein_1 (mid-exponential phase) and 99 nmoles min l mg
,

protein"' (diauxic shift), respectively
protein (mg ml 1 ) = the total cell protein concentration contained in 1:10 diluted Hxt7::GFP
cell suspension = 0.61 and 0.57 mg total cell protein ml"1, respectively.
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According to the formula (iii), we got 197 s" (mid-exponential phase) and 237 s" (diauxic
shift), respectively, for the catalytic-center activity of Hxt7::GFP. All of the Hxt7::GFP in
both cell types appeared to be at the plasma membrane when examined by fluorescence
microscopy (Figure 3.8).

GFP

Phasecontrast
Figure 3.8 Hxt7::GFP was located in the
plasma membrane in cells assayed for glucose
uptake Cells from the suspension used in the
glucose transport experiment were subsequently
examined by fluorescence and phase-contrast
microscopy. (A) Cells from mid-exponential
phase. (B) Cells from the diauxic shift.

DISCUSSION
Hxt7 is a high-affinity glucose transporter in S. cerevisiae (15, 123). We have fused a
fluorescence tag (GFP) with Hxt7 and shown that this chimeric Hxt7::GFP protein is a
functional glucose transporter.
The glucose transport capacities of Hxt7::GFP and Hxt7 were almost the same when cells
were harvested at the same time points. The Km value of Hxt7::GFP (mid-log phase, 3.4 mM;
diauxic shift, 2.0 mM) was slightly higher than that of Hxt7 (mid-log phase, 2.3 mM; diauxic
shift, 1.4 mM) but essentially similar to the data reported in the literature: a Km of 2.7 mM in
early exponential growth phase on glucose and 2.4 mM in stationary growth phase (210) and
a Km of 2.1 mM on 5% glucose medium and 1.1 mM on 0.1% glucose (185). As the glucose
concentrations decreased from mid-log phase to diauxic shift, we found that both in the LYG7
and RE607B strains the Km decreased and V max increased. These results were in
correspondence with the previous reports (152, 185).
The catalytic-center activity of Hxt7::GFP in vivo was determined by quantifying the
emission of GFP in the fusion protein. Under derepressing conditions each hxtA cell
containing the chimeric Hxt7::GFP protein was estimated to have 1.8x10 4 Hxt7 molecules in
the plasma membrane. Considering the increase of both the affinity and Vmix as the external
glucose decreases, it appears that both the specific activity and the number of active
transporters in the membrane in derepressed cells (harvested at the end of exponential growth
when glucose is exhausted) reaches a maximum. The transporter in derepressed cells has a
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catalytic-center activity of 237 s ' at 30°C. As for the reason that the catalytic-center activity
of Hxt7::GFP in mid-exponential phase 197 s 1 is lower than 237 s 1 at diauxic shift, rather
than equal between them, may be explained as the function of glucose repression on the earlyexponential or early mid-exponential cells. Looking at the RF of Hxt7::GFP at 3 h in Figure
3.3A, it was just the turning point from glucose repression to glucose induction. HXT7::GFP
was not fully released from the glucose repression. That is, the cells were not really in the
steady state. If the cells were harvested at about 4 h, it is expected that the catalytic-center
activities of Hxt7::GFP between mid-exponential phase and late-exponential phase retain the
same value, because the concentration of active Hxt7::GFP molecules during the steady-state
period is constant. The catalytic-center activity of Hxt7::GFP in the stationary phase, 3 h after
glucose exhaustion, was also measured. It is 214 s"1. The ratio of the catalytic-center activity
between diauxic shift and stationary phase is 1.1. This result fits well with the RF result
shown in Figure 3.3A. The ratio of RF between 5 h (diauxic shift) and 8 h (stationary phase)
is also 1.1. It implies that the degradation of Hxt7::GFP protein after glucose exhaustion leads
to a decrease of the catalytic-center activity. The level of RF at 8 h in Figure 3.3A is slightly
higher than that at 3 h, correspondingly, the catalytic-center activity of Hxt7::GFP (214 s"1), 3
h after glucose exhaustion, is also slightly higher than that in mid-exponential phase (197 s"1).
As compared with Hxt2::GFP, having a catalytic-center activity of 65 s"1 (described in chapter
2), Hxt7::GFP transports more glucose molecules per s per protein molecule. That is, Hxt7 is
a more active glucose transporter than Hxt2. This is in accordance with the major role in highaffinity transport of Hxt7 (15) and the finding that Hxt7 is the most strongly expressed HXT
gene under derepressed conditions by far (34, 47). GFP as a fluorescence tag fused to the
hexose transporters enables the estimation of the abundance and activity of these proteins and
allows a greater understanding of the kinetics of glucose transport. Hopefully, as more
catalytic-center activities of Hxts are determined, the function of individual hexose
transporters on glucose transport and regulation of glucose repression will become more clear.
Wildtype HXT7..GFP expression was induced at low glucose concentrations and was
repressed by high glucose concentrations. Under inducing condition (0.1% YPD medium) the
HXT7::GFP fluorescence signal in the wildtype strain KY101 gradually increased during 3.5
h. After 5 h the glucose was exhausted and the fluorescence signal decreased. When KY101
cells were shifted to high glucose medium (5% YPD medium), the Hxt7::GFP fluorescence
signal could only be detected after 7 h when the glucose was consumed. Remarkably,
Hxt7::GFP in the hxtA strain displayed incomplete glucose repression under high glucose
condition (see Figure 3.3). When HXT7-on\y cells were shifted to either 1% or 5% glucose
medium, Hxt7::GFP expression could be observed by fluorimetry,

epifluorescence
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microscopy and immunoblotting from the outset. This phenomenon also occurred in
Hxt2::GFP expression in an hxt null strain KY73 (see chapter2) and Hxt7 expression in the
KY73 strain (see chapter 4). We think this may be a compensatory mechanism in response to
the absence of other functional HXT genes.
Comparing the differences of Hxt7::GFP expression levels between glucose repression and
glucose derepression by RF (see Figure 3.3A and B: a, high glucose condition; b, diauxic
shift), the net increase of Hxt7::GFP expression level b in LYG7 is almost twice as much as in
KY101. That is, Hxt7::GFP indication at diauxic shift is two-fold lower in the wildtype as
compared to the HXT7::GFP-on\y strain. The level of a and b may be explained as: a,
incomplete glucose repression, due to the high glucose sensor Rgt2 as well as hxtA, which is
subject to a compensatory mechanism as mentioned above; b, low-glucose induction, due to
the low glucose sensor Snf3 (165, 166). The combined effect of a and b may contribute the
higher expression of Hxt7::GFP in the HXT7-on\y strain than that in wildtype.
In chapter 2, Hxt2::GFP was studied in detail by examining the distribution of the fusion
protein in the NY17 strain. NY17 has a temperature-sensitive allele of the SEC6 gene, which
is required for fusion of post-Golgi secretory vesicles with the plasma membrane. Also, the
retention of the Hxt2::GFP fusion protein in the plasma membrane was investigated in
RH1623 (end3-J) and RH1597 (end4-l) and in the wildtype strain RH1800 (END3 END4),
since END3 and END4 gene products are required for internalization by endocytosis. The fate
of the Hxt2::GFP fusion protein was monitored in a single living cell over time as well. In this
study, the time course of Hxt7::GFP fusion protein expression in living cells confirmed that
under inducing conditions Hxt7 was also transported to the plasma membrane. Transcription
of HXT7 in the wildtype strain was tightly controlled by extracellular glucose concentrations.
After the cessation of glucose transport, Hxt7 was removed from the membrane and
internalized by endocytosis and accumulated in the vacuole for degradation. Our results of
visualizing the movement of the Hxt7::GFP fusion protein in living cells are also in
agreement with a previous report (122). The route of glucose-induced degradation of Hxt6
and Hxt7 was examined in mutant strains affected in either proteasomal or vacuolar
proteolytic activity. It was found that degradation was independent of the proteasome. The
authors concluded that glucose-induced proteolytic degradation (catabolite inactivation) of
Hxt6/Hxt7 occurs in the vacuole after internalization by endocytosis.
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Construction and expression of HXT7 promoter deletion mutants in
Saccharomyces cerevisiae

SUMMARY
A set of Saccharomyces cerevisiae strains with variable expression of only one glucose
transporter, the high-affinity Hxt7 protein, was constructed. The strains were constructed by
partial deletion of the HXT7 promoter in vitro and integration of the gene at various copy
numbers into the genome of an hxtl - hxt7 gal2 deletion strain. The expression of HXT7 in
the wildtype strain was relatively low during exponential growth at high glucose
concentrations and increased sharply at glucose concentrations below 20 mM. In the mutant
strains with promoter length of more than 495 bp, the expression of the gene at high glucose
concentrations was much higher, the level being dependent on copy number and promoter
length. Increased expression at low glucose was maintained in these mutants. The growth rate
correlated with the level of HXT7 expression at high glucose concentrations. The expression
levels were too low to sustain growth when a 149 bp DNA region situated between 346 and
495 bp 5' of the HXT7 open reading frame was removed.
INTRODUCTION
Glucose is the preferred source of carbon and energy for most eukaryotic cells, and therefore
has substantial effects on cell metabolism and its regulation. The means by which cells
perceive and respond to glucose is an important and only partially resolved question. Several
signal transduction pathways responsible for glucose-induced and -repressed gene expression
in the yeast S. cerevisiae have been described. Although genetic components of these
signaling pathways have been identified, the primary signal(s) for induction and repression is
still unknown (71,217).
Transcription of several of the 20 genes that encode hexose transporters or highly related
proteins in S. cerevisiae (the HXT family; ref. 123) is induced by glucose. Glucose-dependent
regulation of HXT gene expression is mediated by a repression mechanism involving the Rgtl
repressor. Glucose inactivates Rgtl repressor function, leading to derepression of HXT
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expression (168, 170). This occurs via the regulatory proteins SnO and Rgt2, two members of
the HXT family that themselves are not transporters. It has been proposed that Snf3 and Rgt2
are sensors of extracellular glucose that generate the signal for induction of high-affinity or
low-affinity hexose transporters, respectively (165, 166). A role for hexose transport itself in
signal transduction and repression by glucose has also been suggested (68, 167, 238).
The contribution of the individual enzymatic steps of glycolysis to flux through the pathway
has been examined in S. cerevisiae, with the surprising conclusion that the enzymes can be
over-expressed up to ten-fold without significant effects on growth or ethanol production
(193, 196).These observations lend support to the proposal (69) that glucose transport limits
the rate of glycolysis. This proposal was based on three observations: that the intracellular
glucose concentration can be 10- to 100-fold lower than the extracellular concentration,
implying a surplus of intracellular metabolic capacity; that glycolytic flux and transport
capacity decline concomitantly under starvation conditions, without loss of glycolytic enzyme
activity; and that measured rates of transport of non-metabolizable analogs are similar to
measured glycolytic flux rates.
Evaluation of the degree to which glycolysis in S. cerevisiae is limited by glucose transport is
complicated by the large number of transporters expressed by that yeast. Metabolic Control
Analysis offers both a theoretical basis and a set of experimental approaches for that
evaluation. In order to estimate the control coefficient for an individual step under defined
conditions, its activity should be varied by small amounts, and the magnitude of the effect of
these variations on the flux measured.
Three approaches are available for determining the control of glucose transport: in the first
approach, culture conditions are used in which reproducible differences in transport activity
are observed, while other physiological parameters are held constant; in the second, specific
inhibitors of the transport step are applied and the consequences on growth and metabolism
are studied; in the third, the level of hexose transport activity is regulated by genetically
manipulating the expression of hexose transporters.
Previous work in this laboratory has used the first two approaches. The results suggested that
glucose transport have a very high control coefficient in glucose-grown cells at the diauxic
shift. The present work employs the third strategy. This chapter describes the construction of
strains in which only one hexose transporter (Hxt7) is expressed to different levels. The goal
is to be able to determine the control coefficient of individual glucose transporters under
various growth conditions, as will be described in the next chapter.
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MATERIALS AND METHODS
Strains and growth conditions
The S. cerevisiae strains used in this study are listed in Table 4.1. Yeast cells were grown in a
rotary shaker at 30 °C in either SC-UM (containing 0.16% Yeast Nitrogen Base, 0.5%
ammonium sulfate, 0.1% casamino acids, 0.01% tryptophan and 2% maltose), or YP medium
(2% peptone, 1% yeast extract) containing either 2% maltose (YPM) or 1% glucose (YPD).
Plasmid transformation of yeast cells was carried out by the lithium acetate method (73).

TABLE 4.1 S. cerevisiae strains
Strain
MC996A

Genotype
MATaura3-52his3-ll,15leu2-3,ll2MAL2SUC2GALMEL

RE607B

MATahxtlA::HIS3::Ahxt4hxt5::LEU2hxt2A::HIS3
hxt3A::LEU2::Ahxt6ura3-52
MATahxtlA::HIS3::Ahxt4hxt5::LEU2hxt2A::HIS3
hxt3A:LEU2::Ahxt6 HXT7::HIS3 gal2A ura3-52

KY73

(the hxt null strain)
LYY0-LYY21

MATahxtlA::HIS3::Ahxt4hxt5::LEU2hxt2A::HIS3
hxt3A::LEU2::Ahxt6 HXT7::H1S3 gal2A ura3-52::(HXT7ApURA3)

Source
. _
,.„,.
'
(nJ.

(

^
.

y

Escherichia coli DH5ct served as a host for all plasmids and was transformed by
electroporation using a BTX Electro Cell Manipulator 600 or the CaCl2 method as described
in ref. 195. Transformants were grown in Luria-Bertani medium containing 60 ng/ml
ampicillin at 37 °C.
Construction OÏHXT7 promoter mutants by progressive deletion
Plasmid pBCY7 was constructed by insertion of a 5.16 kb EcoKS. fragment containing the
promoter region and open reading frame of HXT7 from the plasmid p21 (186) into the EcoKS.
site of the plasmid YCplac33. Progressive deletion of the HXT7 promoter was carried out by
the procedure of Henikoff (93). In order to minimize the proportion of nicked molecules in
the starting DNA, high-quality pBCY7 plasmid DNA was prepared using the Plasmid Mini
Kit (Qiagen). The closed circular DNA was digested with restriction enzyme Xbal (Roche) at
1149 bp upstream of the HXT7 start codon. Exonuclease III (New England Biolabs) was used
to digest the linear DNA from the 5 ' end, proceeding in two directions at 22 °C. Samples were
removed at 1 min intervals to tubes containing Si nuclease (Promega), which removed the
single-stranded tails remaining after exonuclease III digestion. After neutralization and heat
inactivation of the Si nuclease, Klenow enzyme (Roche) and T4 DNA ligase (Roche) were
added to circularize the resulting DNA molecules. The ligation mixtures were used to
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.

transform DH5a competent cells. A number of subclones from each time point were then
screened to identify plasmids with appropriate deletion endpoints. The names of the selected
Plasmids, pBCYAl - pBCYA25, refer to the size of the undeleted promoter regions from
large to small.
Sequence analysis of the HXT7 promoter deletion series
Sequencing was performed by the dideoxy method using the Sequenase Version 2.0 DNA
Sequencing Kit (Amersham) and [ct-35S]-dATP (Amersham) with the primers AK38, LY17
and PBCY7-3387 (Table 4.2).

TABLE 4.2 Oligonucleotides
Name

Sequence

AK38

CTGCAATAGCAGCGTCTTG

PBCY7-3387

CCTCAGAAGAACACGCAGG

LY17

CTCTTCACCTTCACCATAAGC

GB7

TTAAAAACGTATTTACTTTTCAAGATATC

PDA1

GAATGAAGCAGCAAGCATTGGCAC

Construction of HXT7 promoter deletion integrative plasmids and transformation into
an hxt null strain
pBCYAl - pBCYA25 were digested with EcoRl and pBCY7 was digested with EcoKUStul
respectively. EcoRl fragments from 5.16 - 2.95 kb in size, containing the HXT7 open reading
frame and (deleted) promoter, were isolated with the QIAquick Gel Extraction Kit (Qiagen)
and ligated into the yeast-£. coli integrative shuttle vector YIplac211 (74). The resulting
plasmids named pBCIAl - pBCIA25 were transformed into strain KY73 by selection for
uracil prototrophy on SC-UM plates. Targeted integration of the plasmids at the URA3 locus
was achieved by linearization of the plasmids with Stuï. The resulting strains were named
LYYO - LYY25 in order of increasing deletion of the HXT7 promoter.
Southern blot analysis of HXT7 promoter deletion DNA integrated into the yeast
genome
Genomic DNA was isolated as described (96). The genomic DNA was digested with Pstl and
CM and separated by electrophoresis through a 1% agarose gel. The DNA fragments were
transferred to nylon membrane (BioRad) by vacuum blotting, and cross-linked to the
membrane with ultraviolet light (Stratalinker 2400, Stratagene). The blot was prehybridized in
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5 ml prehybridization buffer (6x SSC, 0.1% SDS, 5x Denhardt's, 100 ug/ml sheared,
denatured salmon sperm DNA) at 45 °C for 1 h.
For detection of HXT7 genomic DNA fragments, GB7, a 29 base oligonucleotide probe
(Table 4.2), was designed by selecting a sequence about 90 bp 3' of the HXT7 stop codon
(47). This region displays little similarity with the sequence of the HXT6 gene. Five pmol of
the HXT7 probe were labeled with 20 uCi [y-32P]-ATP (Amersham) and 10 units T4
polynucleotide kinase (Roche), according to the manufacturer's instructions. Purified probe
was hybridized with the blot at 45°C for 4 h in a MICRO-4 Hybridization Oven (Hybaid).
The blot was washed with 6xSSC/0.1% SDS 2x5 min at 37 °C, lxSSC/0.1%SDS 2x5 min at
37 °C and 2x5 min at 45 °C.
To confirm that the HXT7 gene was integrated into the chromosome of KY73 at the URA3
locus, a probe consisting of a 248 bp fragment of the URA3 gene was prepared by digesting
YIplac211 with EcoRV and SM. The genomic DNA of the HXT7 promoter deletion mutant
series was digested with EcoRV and HindlU at 37 °C overnight. The URA3 probe was labeled
with cc-32P-dATP using the Prime-a-Gene Labeling Kit (Promega), according to the
manufacturer's instructions. Hybridization and washing were carried out as described (195).
Measurement of growth and glucose consumption (see chapter 3).
Northern blot analysis
Total RNA was isolated from yeast cells by acid-phenol extraction (200). The RNA was
dissolved in RNase-free water and formamide (32). RNA samples were separated by
electrophoresis as described (195). Transfer to nylon membranes, prehybridization,
hybridization with the GB7 or PDA1 probes, and washing were carried out as described above
for DNA blots. The PDA1 probe was used as a loading control (241). The detailed protocol is
available from the author of this thesis on request.
Western blot analysis
Cells were harvested by centrifugation, washed once in 1% KCl, and extracted by abrasion
with glass beads in buffer A (50 mM Tris-Cl pH 8, 10 mM EDTA, 5% glycerol, plus protease
inhibitors (1 |0.g ml"1 leupeptin, 1 u.g ml"1 pepstatin A, 0.2 mM AEBSF in DMSO)). The
lysates were cleared by centrifugation at 1300 x'g for 2 min. The protein concentration was
determined, and samples were diluted to 1 |ig ul"1 in buffer A and supplemented with V2
volume SDS-PAGE loading buffer. The samples were heated to 40 °C for 15 min and 10 ug
of each protein sample were electrophoresed in a 10% SDS-PAGE minigel. The proteins were
transferred to PVDF membrane using a mini trans-blot electrophoretic transfer cell (BioRad)
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with buffer B (48 mM Tris, 39 mM glycine, 5% methanol, 0.05% SDS pH 8.3) at 100V for
1.5 h at 4 °C. Membranes were incubated with gentle agitation in phosphate buffered saline +
0.1% Tween-20 as follows: 1) blocking for at least 1 h in 5% nonfat milk; 2) incubation with
anti-Hxt7 antibody (diluted 1:500) for ca. 16 h at room temperature in 1% nonfat milk,
followed by 4 x 5 min washes; 3) incubation with horseradish peroxidase-conjugated
secondary antibody (diluted 1:3000) for 1 h in 1% nonfat milk, followed by 3 x 10 min
washes. The final wash was done without Tween-20 in the buffer. Detection was carried out
by chemiluminescence using the SuperSignal chemiluminescent substrate kit (Pierce).
Reagents
Anti-Hxt7 antibody was a kind gift of Eckhard Boles. Horseradish peroxidase-conjugated
goat anti-rabbit antibody was from BioRad. Yeast extract, peptone, tryptone, casamino acids
and yeast nitrogen base (catalog no. 0335-15-9) were obtained from Difco. Chemicals were
obtained from Sigma or Merck and were of reagent grade. Oligonucleotides were synthesized
by Isogen.
RESULTS
A promoter length of more than 346bp is required for high-level HXT7 expression
A series of HXT7 promoter mutants was constructed by progressive bi-directional deletion of
the promoter DNA. The length of HXT7 promoter region remaining in the mutants was
determined by agarose gel electrophoresis (Figure 4.1). The promoter length of HXT7 in these
mutants, derived from DNA sequence analysis, is presented in Table 4.3 and Figure 4.2. The
mutants are numbered in the order of the distance to the start codon from the proximal
endpoint of deletion, from large to small. The mutant HXT7 genes were cloned into an
integrative plasmid to yield the pBCIA series of integrative plasmids. This series was
transformed into the hxt null strain KY73 with integration at the URA3 locus.
The presence of the promoter deletion HXT7 DNAs in the yeast genome was examined by
Southern blotting with a URA3 probe (Figure 4.3A) and an HXT7 probe (Figure 4.3B),
respectively. For hybridization with the URA3 probe, genomic DNA was digested with the
restriction enzymes EcoKV and Hindlll which cut within the URA3 locus on either side of the
site of integration. RE607B is a strain, congenic to the wildtype strain MC996A, in which the
HXT1 - HXT6 genes are inactivated (186). The HXT7 locus is intact and encodes an active
glucose transporter. KY73 is a strain with null alleles in the HXT1 - HXT7 genes and the
GAL2 gene. The absence of high molecular weight bands in the parental strain and the
variable size of one of the high molecular weight bands in the transformants demonstrate that
the promoter deletion plasmids have been integrated correctly at the URA3 locus.
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deletion

M1 M21819 202223 24 2526 M2

Figure 4.1 HXT7 promoter progressive deletion series Plasmid pBCY7 was digested
by Xbal. Progressive deletion of linear DNA was performed with Exolll and Si. After
ligation and transformation the subclones from each time point were screened by
HindlWClal digestion. (A). pBCYAl- pBCYA9 in 1% agarose gel; (B). pBCYAlOpBCYA17, pBCYA21 in 1.5% agarose gel; (C). pBCYA18- pBCYA26 in 2% agarose gel.
Molecular mass markers (Ml): 21.2, 5.15, 4.97, 4.27, 3.53, 2.03, 1.90, 1.59, 1.38, 0.95,
0.83 and 0.56 kb; (M2): 0.5, 0.4, 0.3, 0.2, O.lkb.
TABLE 4.3. HXT7 promoter deletion series. The integrative plasmids with HXT7 genes,
including their full-length or deleted promoters, are listed along with the S. cerevisiae strains
based on them. The length of the promoter in each construct (arbitrarily chosen to extend from
the Xbal site at -1148 relation to the HXT7 start codon), the extent of deletion and the gene
copy numbers are given.
Plasmid

Strain

pBCIAO
pBCIA4
pBCIA6
pBCIA7
pBCIA8
pBCIAlO
pBCIAll
pBCIA12
pBCIA15
pBCIA16
pBCIA18
pBCIA20
pBCIA21
pBCIA22
pBCIA24
pBCIA25

LYY0
LYY4
LYY6
LYY7
LYY8
LYY10
LYY11
LYY12
LYY15
LYY16
LYY18
LYY20
LYY21
LYY22
LYY24
LYY25

Promoter length (bp)
1148
729
646
589
507
503
495
346
288
178
144
73
86
38
36
34

Deletion
(bp)
0
683
1350
1096
1278
1042
1206
1559
1786
1905
2106
2123
2132
2166
2185
2208

Gene copy
number
2
12
5
2
1
4
10
7
7
8
11
ND
18
ND
ND
ND

ND: not determined
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C/al

pBCY7

Xba\

t^±£

pBCYA4
pBCYA 6
pBCYA7
pBCYA8
pBCYAlO
pBCYA 11 *
PBCYA12*
pBCYAl5
pBCYAl6
PBCYA17
pBCYA 18
pBCYA20
pBCYA 21
pBCYA22
pBCYA 24
pBCYA25

ATG
H/ndlll

I*

-729 '
-646
^ — ^ — - ^ — —
589
— ^ - — —
-507 ^ ^ - ^ " ™ — ™ ^ ~
-503
—
—
—
-495
—
—
-346
^ — —
288 — — — —
178 — — — —
_
-144
^ —
73 _ - —
86 — —
-38 — —
-36 — —
-34^

»I
HXT7

+5

Figure 4.2 HXT7 promoter exonuclease Hi-generated 5' deletion series Based on
sequence analysis the 5' deletion end-points relative to the ATG start codon (A is +1) are
indicated on the left side of each fragment.

Hybridization of Psrl-C/al-digested genomic DNA with the HXT7 probe labeled bands of
different length, as expected from the extent of the deletion in the promoter region (Figure
4.3B). The increase in molecular weight of the HXT7 band between lanes LYY10 and LYY6 is
due to elimination of the Pstl site in the region of plasmid pBCIA6 distal to the Xbal site and
in plasmids with more extensive deletions (Table 4.3 and Figure 4.3C). The varying
intensities of the bands corresponding to the integrated HXT7 genes reveal that in most
isolates more than one copy of the plasmid was integrated into the chromosome. For example,
strains LYY1, LYY4, LYY5 and LYY21 have multiple copies of the plasmid; only strain
LYY8 contains a single copy. By comparison of the relative band densities as measured with
a Bio-RAD 1650 Scanning Densitometer the probable gene copy numbers were determined
(see Table 4.3).
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Figure 4.3 Southern blot analysis of HXT7 integration (A). Genomic DNA of the
indicated yeast strains was digested with EcoRV and Hindlll, and the resulting DNA was
blotted and hybridized with a URA3 probe. (B). Genomic DNA of the indicated yeast
strains was digested with Pst\ and CM, and the resulting DNA was blotted and
hybridized with an HXT7 probe. (C). Restriction map of the HXT7 locus. The Xbal site at
which exonuclease deletion was initiated, and the binding site of the GB7 primer, is
indicated.
Growth on glucose was tested for a number of isolates from each transformation. The growth
changed markedly between transformants containing pBCIAll and pBCIA12. As shown in
Figure 4.4, representative strains LYY4 through LYY11 (containing pBCIA4 to pBCIAll)
grew well on glucose, to approximately the same extent as observed for strains RE607B and
LYYO that contain HXT7 with a full-length promoter. In contrast, representative strains
LYY12 through LYY21 (containing pBCIA12 - pBCIA21) were unable to grow on glucose,
as was also observed for isolates transformed with the empty vector YIplac211. The HXT7
promoter is 149 bp shorter in pBCIA12 than pBCIAll. It was noticed that some isolates
containing pBCIAló displayed weak growth. Moreover, rare revertants to glucose growth
were observed in the non- growing strains, but not in the hxt null strain containing only the
vector; these revertants were not analyzed further.
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YPM

YPD
MC996A
RE607B
LYYO
LYY4
LYY8
LYY10
LYY11
LYY12
LYY16
LYY18
LYY21
Vector

Figure 4.4 Growth phenotypes of HXT7 promoter mutants on YPD or YPM plates
Suspensions of 1.4xl08 cells ml"1 from each strain were serially tenfold diluted and 5 ul
of each dilution was spotted onto the solid medium. The plates were incubated for 3 d
prior to photography.

Strain

4

6

Growth
Rate (/h)

MC996A

0.40

LYY4
LYY5
LYY10
LYY1
LYY11
LYYO
LYY6
LYY7
RE607B

0.30
0.29
0.25
0.25
0.24
0.23
0.23
0.22
0.21

LYY8

0.12

LYY16
LYY15
LYY21
LYY14
LYY12
LYY18

0.034
0.023
0.021
0.016
0.014
0.012

10

Time (hour)

Figure 4.5 Growth curves of HXT7 promoter mutants Each strain was inoculated
from a single colony to YPM pre-cultures, and grown to early stationary phase. YPD
medium was inoculated to an optical density (A600) of approximately 0.2, and growth was
monitored by measuring A60o for 9 h.
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HXT7 expression is related to the promoter length and the gene copy number
Figure 4.5 shows growth curves of 17 individual strains. All mutant strains as well as
RE607B grew slower than the HXT wildtype strain MC996A. Most mutant strains with a
promoter length of more than 346 bp (LYY1 - LYY11) grew faster than the RE607B strain.
Since each of these contain multiple copies of HXT7, its enhanced growth relative to RE607B
was probably due to over-expression of HXT7. This conclusion is reinforced by the growth
phenotype of LYY8. This strain grew slower than RE607B and since both strains carry a
single copy of HXT7, the difference in growth rate was probably due to the shortened HXT7
promoter in LYY8.
The mutant strains numbered LYY12 and higher (with promoter lengths less than 346 bp) did
not grow significantly. Only LYY16 was an exception: this strain was able to grow
throughout the incubation period, albeit slowly.
Analysis of HXT7 mRNA levels confirmed that HXT7 expression correlates with the promoter
structures on the growth phenotypes of the strains (Figure 4.6). LYYO - LYY11 showed clear
HXT7 expression and the signal strength was roughly proportional with the gene copy
number. Strains LYY12 - LYY21 had low levels OÎHXT7 expression, and in some cases (e.g.
LYY14) an anomalously large RNA species was detected.
However, in further work we found that HXT7 mRNA levels were not proportional to the
growth rate and glucose transport capacity although they were related. This will be discussed
in chapter 5.
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Figure 4.6 Northern blot analysis RNA was isolatedfromeach strain after growth for 8
h on YPD medium. The resulting RNA blot was probed for HXT7 mRNA as described in
Materials and Methods.
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HXT7 is highly expressed at low concentrations of glucose
The expression pattern of HXT7 in the promoter deletion strains was compared with the
wildtype strain. For six strains growing in medium containing 1% glucose the growth curve,
glucose consumption pattern, and HXT7 mRNA and protein levels were measured
simultaneously. The wildtype strain MC996A grew faster than all other strains. HXT7 mRNA
was abundant in this strain at 8 h (residual glucose, 18 mM), and reached a maximum level at
9 h (residual glucose, 3 mM). After 10 h, residual glucose in the medium was undetectable
and MC996A stopped growing exponentially (Figure 4.7A). The level of HXT7 mRNA
declined rapidly after glucose exhaustion (Figure 4.7B). As expected, the appearance of Hxt7
protein was delayed compared to the appearance of the mRNA, and the protein level remained
high after glucose exhaustion (Figure 4.7C).

Figure 4.7A
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Figure 4.7 Growth ( • ), glucose consumption ( • ), and HXT7 expression Each strain
was inoculated from a single colony to YPM pre-cultures, and grown to early stationary
phase. YPD medium was inoculated to an optical density (A«») of approximately 0.2. (A)
Over a 12 h period growth was monitored by measuring A«» and the glucose
concentration was measured as described in Materials and Methods. At the same
timepoints HXT7 mRNA (B) and Hxt7 protein (C) were detected by Northern and
Western blot analysis, respectively, on culture samples harvested by brief centrifugation
at 4 °C and frozen in liquid nitrogen. Panel B: HXT7 mRNA, filled arrows; PDA1
mRNA, open arrows; anomalously large HXT7 mRNA, gray arrow.

77

Chapter 4
The rates of growth and glucose consumption in cultures of RE607B, LYYO and LYY4 were
slower than in the MC996A culture (Figure 4.7A). However, considerable expression of
HXT7 mRNA and Hxt7 protein was observed at 6 h, and expression remained high until 12 h
(i.e. 2-3 h after glucose exhaustion) (Figure 4.7B, C). Strain LYY8, which contains only a
single copy of promoter-deleted HXT7, grew more slowly and had not consumed all of the
available glucose after 12 h of growth. This strain also had a lower level of HXT7 mRNA and
Hxt7 protein; the level of expression was approximately the same between 6 and 12 h of
growth. Growth, glucose consumption, and HXT7 mRNA and Hxt7 protein were slight in
strain LYY16. This strain expressed an anomalously large mRNA that hybridized with the
HXT7 probe. The HXT7 mRNAs in this strain increased slightly in abundance at 12 h.
We found that HXT7 expression in wildtype strain MC996A at high glucose concentrations
(more than 30 mM, at 6 and 7 h) was lower than that in Hxt7 only strains (RE607B, LYYO,
LYY4, LYY8) (Figure 4.7B, C).
DISCUSSION
Expression of the HXT7 gene was examined with respect to the extracellular glucose
concentration during batch growth on glucose, and to the size of the promoter region and the
copy number of HXT7 genes in the genome. High glucose concentrations repressed HXT7
expression, but at lower glucose concentrations HXT7 was expressed at a high level. This
expression was transient, and the level of HXT7 mRNA declined rapidly as glucose was
exhausted from the medium. However, the Hxt7 protein was stable for at least 2 h after
glucose exhaustion. This means that the degradation rate of Hxt7 protein is slower than its
synthesis rate.
The effect of mutating the HXT7 promoter by progressive deletion was analyzed with respect
to growth and HXT7 expression. Shorter deletions had only small effects on transcription;
however, deletion of a critical 149 bp region drastically reduced the HXT7 mRNA and protein
levels and the ability of these HXT7 alleles to support growth on glucose. This critical region
has been scanned for binding sites of known yeast transcription factors using TFSearch (1,
90). Two binding sites for the Adrl protein were found; Adrl is a transcriptional activator of
glucose-repressed genes (45). In chapter 6 a more detailed promoter analysis will be
described, based on determining empirically which factors may regulate HXT7 expression
through this critical region.
The copy number of the pBCIA plasmids integrated into the URA3 locus of the hxt null strain
varied among the isolates examined. Some isolates (e.g. LYY8) had a single integrated copy
of the promoter-deleted allele of HXT7, while other isolates (e.g. LYY4) had approximately
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10 copies. For isolates with HXT7 alleles that included the critical 149 bp region of the
promoter, the rate of growth and level of HXT7 expression were higher in strains with
multiple integrated copies of HXT7. This suggests that factors required for HXT7 expression
are not limiting in wildtype cells. The combined effect of partial deletion of the promoter and
multiple integration of the mutant HXT7 genes resulted in a series of strains with a wide range
OÏHXT7 expression levels.
Expression of HXT7 in the wildtype strain reached a maximum when the glucose
concentration fell below 5 mM glucose. High glucose concentrations repressed HXT7
expression. But in the absence of glucose or at too low concentrations of glucose, HXT7
transcription was also repressed, and the HXT7 mRNA pool turned over rapidly. The Hxt7
protein, however, was stable under these conditions. In contrast, strains expressing only HXT7
with a promoter longer than the critical length, partly derepressed the gene at higher glucose
concentrations, and relied solely upon HXT7 for glucose consumption. While the sequence
between -495 and -346 seems responsible for expression to occur, the increased expression at
low glucose concentrations may be due to this same region or to the region between - 346 and
-129. In chapter 6 this will be investigated further.
Similar to the phenomena of HXT2 or HXT2::GFP expression in the hxt strain and wildtype
strain, in the HXT7-on\y strains HXT7 expression at high glucose is much higher than that in
the wildtype strain. The presence of all other HXT genes in the wildtype strain appears to have
some repressive effect on the expression of the HXT7 genes in the MC996A strain at high
glucose concentrations. In a hxtl disruption strain the Hxt6/7 protein was present at both high
and low glucose concentrations; in a hxt6/7 disruption strain Hxtl was detected at high as
well as low glucose concentrations (150). HXT7 encodes a high-affinity glucose transporter
and its expression is induced by low glucose concentrations. When HXT7-only strains are
grown at high glucose concentrations, the internal glucose concentrations are much lower than
those in the wildtype strain. Snf3 is a low glucose sensor (126). Snf3 may sense the low
internal glucose, or another intermediate of glycolysis, in lower transport capacity strains,
which expresses only a single HXT gene, and trigger more HXT7 expression in the HXT7-on\y
strains at high glucose concentrations.
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Control of glucose transport on growth and glucose repression of
Saccharomyces cerevisiae cells containing Hxt7 as the only active
glucose transporter1

SUMMARY
On the basis of a set of constructed Saccharomyces cerevisiae strains with variable expression
of only one glucose transporter, i.e., the high-affinity Hxt7 protein, the effect of the glucose
transport capacity on various physiological properties was determined. It was found that
glucose transport by Hxt7 was the major controlling factor on glycolysis under the defined
conditions. The control coefficients of glucose transport with respect to glucose flux and
growth rate were 0.90 and 0.54, respectively. At high extracellular glucose concentrations
both invertase activity and the relative rate of oxidative glucose metabolism increased
considerably with decreasing glucose transport capacities, indicative of partial release from
glucose repression. It is concluded that a factor determined by the rate of glucose uptake or
metabolism produced the signal for glucose repression. In addition to the extracellular glucose
concentration, this may have been the intracellular glucose concentration. HXT7 expression
was itself repressed by glucose in the wildtype strain and significantly derepressed in strains
with reduced transport capacity and no other active transporter genes.

'Parts of this chapter and of chapter 4 are published (in modified form) in collaboration
with Arthur L. Kruckeberg, Jan A. Berden and Karel van Dam, in J. Bacteriol. 181: 46734675 (1999).
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INTRODUCTION
Saccharomyces cerevisiae can utilize several carbon compounds as nutrients for its growth.
Sugars provide the carbon skeletons needed to synthesize cellular constituents and the free
energy necessary for biosynthetic reactions. In the presence of glucose, the primary metabolic
route is the glycolytic pathway, producing ethanol and ATP. Glucose induces the expression
of some of the genes required for glucose utilization. These genes encode the glycolytic
enzymes and glucose transporters (10, 28). The expression of many genes that are not
required during fermentation is repressed when glucose is abundant (24, 56, 71, 110). This
glucose repression phenomenon has attracted many biochemists, molecular biologists, and
biotechnologists into researching its regulatory mechanisms.
In glucose utilization, glucose transport across the plasma membrane is the essential first step
of glycolysis. In the yeast S. cerevisiae, a large proportion of the control of the glycolytic
pathway is thought to reside in this step under most growth conditions (10, 34, 69).
Furthermore, hexose transport and hexose transporters have been speculated to play a central
role in signaling the availability of glucose (the preferred growth substrate of yeast) in the
medium (24, 110). Despite its potential importance, the transport step is the most poorly
understood step in the pathway. This is due in part to the intractability by biochemical
analysis of the highly hydrophobic transport proteins, and in part to the genetic complexity of
the glucose transport system in wildtype yeast cells (123). The research performed here
intended to investigate the relationship between the rate of hexose transport in the yeast S.
cerevisiae and various physiological properties, as well as the effects of glucose repression on
glucose transport and hexose transporter expression. It has two interlinked goals: first, to
define the contribution of individual glucose transporter proteins to the net glucose transport
carried out by the yeast cell; and second, to assess the role of glucose transport in the control
of yeast glucose metabolism and glucose repression.
Metabolic Control Analysis (MCA) has proven that control of metabolic pathways need not
reside in a single step, but may be distributed amongst all steps of the pathway. Some steps
can have high proportions of the total pathway control. The control of the flux through a
metabolic pathway is described by MCA in terms of the control coefficient of each step. In
principle, every step in a pathway shares the control of that pathway; the sum of the control
coefficients in a pathway is one (57, 114).
The control coefficient of the glucose transport, i.e., the extent to which the glucose transport
(the parameter) controls the steady-state flux J (the variable) through the glycolytic pathway,
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can be described as the fractional change in that flux upon an infinitely-small fractional
change in the activity v of glucose transport:
j _ dJ/J
^M/[ V ]

Cy

d Influx
d In transport

Plotting the logarithm of the flux against the logarithm of the activity of glucose transport, the
slope of the curve equals the control coefficient (58). The activity is defined as the rate at
constant concentration of substances that affect that rate. Flux is defined at steady state of the
system. The flux J can be any of the processes in the yeast cell; here, the glycolytic pathway
and the growth rate (flux to biomass) are considered.
Based on the Michaelis-Menten equation, which is the basic equation of enzyme kinetics:
S + K„

the zero-trans influx kinetics of glucose transport can be described as (12, 210):
v = -Km (v/S) + Fmax

(one component model)

or
v = -Kml • (v/S)+f^, + C ^ • ""*

(two components model)

where v (nmoles min"1 mg protein"1) is the measured rate of glucose transport, S is the
substrate concentration (external glucose concentration, mM), Kmax is the maximum rate of
glucose transport (nmoles min"1 mg protein"1). The concentration of substrate at which for
each transport system individually, v = - Kmax, is termed Km, the apparent affinity constant (in
mM).
To transform the Michaelis-Menten equation into a linear form for analyzing data graphically
and detecting deviation from the ideal behavior, a common plot is that of Eadie-Hofstee (61).
Plotting v against v/[S] gives an intercept of PW on the j-axis as v/[S] tends to zero. For a
single component system, the slope of the line is equal to - Km. The intercept on the x-axis is
at v/\S] = Vm/Km.
However, one can not measure a control coefficient directly because of the strict definition of
the control coefficient by MCA (215). The problem is that control coefficients are defined as
the response to an infinitesimally small perturbation, whereas the finite precision of any
experiment requires that the response is determined from changes large enough to produce a
measurable effect. One possible solution is to make a series of graded changes of a given step,
determine the consequences of the changes on the pathway flux, and interpolate the results to
82

Control of glucose transport on growth and metabolism
an infinitely small change; both increases and decreases of the activity of that step should
ideally be used to avoid bias (58). That is, we can only vary the transport activity by finite
amounts and measure the magnitude of the effect of these variations on the flux. The
development of genetic engineering techniques in modern molecular biology has led to new
opportunities for the MCA. The expressed transport activity can be altered by genetic means.
In order to assess quantitatively the role of glucose transport in the control of glycolysis, we
have chosen Hxt7, the most abundantly expressed high-affinity transporter (34, 47). The
promoter-deletion mutants of HXT7 produced as described in chapter 4 were integrated into
the yeast strain KY73 that bears null mutations in the genes GAL2 and HXT1 through HXT7
(as well as a URA3 mutation, which serves as a selectable marker). This strain is devoid of
endogenous hexose transport activity under normal growth conditions, and is a suitable host
to assess transport and metabolism of glucose mediated by genes that have been modified in
vitro. We have analyzed the relationship between transport capacity and growth rate, and
conclude that transport exerts significant control on the growth rate, up to a capacity that is
close to the wildtype capacity. We also found that at high extracellular glucose concentrations
(1%), glucose repression (measured as diminished invertase activity and oxygen
consumption) decreased at low levels of glucose transport capacity.
MATERIALS AND METHODS
Strains and growth conditions. The S. cerevisiae strains used in this study are the same as
those used in chapter 4.
Yeast cells were precultured in a water bath with shaking at 30°C in YPM medium (2%
peptone (Difco), 1% yeast extract (Difco) and 2% maltose (Sigma) ) overnight, then grown
after inoculation in a rotary shaker at 30°C in YPD medium (2% peptone, 1% yeast extract
and 1% glucose (Merck) ).
Assays for glucose uptake. Transport of glucose was measured on the basis of the zero-trans
[14C]-glucose uptake assay (see chapter 2). For strains containing only HXT7, the glucose
concentrations in the assay were 1 and 10 mM. For the wildtype strain MC996A, transport
was assayed at 10 glucose concentrations ranging from 0.25 to 250 mM (1480 MBq mol"1 to 6
MBqmof1).
Assay of invertase activity. Invertase activity was measured according to (234) with some
modification. A 1% (w/v, wet weight) cell suspension was permeabilized by treatment with
2.5% (v/v) isoamylalcohol followed by one freeze-thaw cycle in liquid N2, or the cell
suspension was disrupted using glass beads at 4°C by vigorous vortexing for 3 min. The assay
mixture consisted of 400 pi of permeabilized cells or cell lysate and 100 p.1 of 0.2 M sodium
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acetate (pH 4.7) containing 0.5 M D(+)-sucrose (>99.5% pure, Fluka). The mixtures were
incubated for 30 min at 30 °C, and the reaction was terminated by adding 500 |il of 0.5 M
potassium phosphate (pH 7.0) and immediately immersing the tubes (with a screw cap) into
boiling water for 3 min. Each sample was measured in duplicate. Blank measurements were
included in which 400 ul of cell suspension was mixed with 100 \x\ of 0.2 M sodium acetate
(pH 4.7). 500 JJ.1 of 0.5 M potassium phosphate (pH 7.0) containing 0.1 M sucrose was then
added after boiling. Glucose was assayed with hexokinase and glucose-6-phosphate
dehydrogenase, using the COB AS auto-analyzer (Roche). The total protein was measured
after hydrolysis of 100 (il of cell suspension with 500 ul IN NaOH. The invertase activity was
presented as 1 unit = 1 nmole (glucose formed) min"1 mg protein" .
Assay of oxygen consumption. Oxygen uptake was determined at 30°C with a Clark oxygen
electrode (Gilson) in a thermostatically controlled chamber. 1 ml cell suspensions, taken
directly from the growing culture at various time points, were assayed. The rate of oxygen
consumption was determined from the slope of oxygen concentration versus time.
Quantitative immunoblot analysis of Hxt7 protein levels. Western blots were done similar
to the procedure described in chapter 3. Lysates containing 10 (j.g protein and a two-fold
dilution series of protein from each strain at mid-exponential growth phase in 1% glucose YP
medium were loaded so as to give five lanes. Hxt7 was detected with anti-Hxt7 antibody
(obtained from Eckhard Boles, Institut für Mikrobiologie, Heinrich-Heine-Universität,
Düsseldorf, Germany) and horseradish peroxidase-conjugated goat anti-rabbit antibody
(BioRad). The protein levels were measured with a Bio-Rad 1650 Scanning Densitometer by
comparing the relative intensity, after staining.
RESULTS
Growth rate is controlled by glucose transport
In order to assess quantitatively the control of glucose transport on glucose metabolism and
the rate of growth on glucose, the glucose uptake kinetics of the wildtype and HXT7 promoter
deletant strains growing exponentially on glucose were determined by zero-trans glucose
influx measurements. Since only one transporter was present in RE607B and in LYY
promoter deletant strains, the data were analyzed assuming a single Km value. The mean Km
value of all experiments was 2.2 inM. In Figure 5.1 A the growth rate of the strains is plotted
as a function of their glucose transport capacity (V^)

as derived from two representative

experiments. The growth rate clearly correlated with the transport capacity. At higher
transport capacity, the growth rate was higher. When the logarithm of the growth rate was
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Figure 5.1 (A) Control of glucose transport on growth rate. The rate of growth of the
wildtype MC996A strain and strains expressing only HXT7 to various levels is shown as
a function of the maximal velocity of glucose transport. (B) Determination of the
control coefficient of glucose transport on growth. The natural logarithm of the growth
rate is plotted against the natural logarithm of the glucose transport capacity (data are
pooled from 2 separate experiments and each experiment was performed in triplicate).
(C) Control of glucose transport on glucose flux. The glucose flux (nmoles mm ' mg
protein') is calculated from the glucose consumption rate (the time course of actual
glucose consumption vs OD60o) and the growth rate, divided by protein concentration.

plotted against the logarithm of the transport capacity for glucose transport (Figure 5. IB), the
data fall on a straight line with a slope of 0.54±0.04 (R2 = 0.96). The slope of the line
produced by plotting the growth rate (i.e. flux to biomass) versus transport capacity in doublelogarithmic space is equal to the control coefficient of glucose transport on growth (58).
Evidently, glucose transport is a major controlling factor on growth rate under these
conditions.
Moreover, of all cell cultures not only the growth rate was determined, but also the actual
glucose consumption, by measuring the residual glucose concentration in the medium at
various time points during growth. It is expected that the transport step should exert higher
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control on glycolytic flux than on growth rate. Figure 5.1C shows that this is indeed the case.
The control coefficient of glucose transport with respect to glucose flux is 0.90, up to the
wildtype level of transport (Fmax is about 400 nmoles min"1 mg protein"1). This result implies
that the flux of glucose through its metabolic pathway is nearly fully determined by the
transport capacity and very little by the further steps of the glucose metabolism.
Here the plotted curves were extended to the data points for wildtype strain MC996A. In fact,
under the present growth conditions (cells grown on 1% YPD medium and harvested at midexponential phase, the residual glucose was about 40 mM) the maximal transport velocity in
the wildtype was not equal to the real Fmax, since we found that 91% of the transport capacity
in the wildtype strain was due to low-affinity transport (Km = 14 mM), and only 9% was due
to high-affinity transport (Km= 1.2 mM) (Figure 5.2). This implies that the external glucose
concentration is between 2 and 3-fold the measured Km value, and the in situ transport
capacity in the wildtype is about 74% of the Fmax. If we introduce the in situ transport
capacity at the prevailing glucose concentration of wildtype MC996A into the plot, it is not
difficult to imagine that the transport capacity of MC996A in Figure 5.1 should shift to the
left. Therefore, there is no indication that the values of the control coefficient decrease at the
level of growth and transport of the wildtype strain. In the mutant strains, one single
transporter with low Km contributes to the transport activity, so at 40 mM glucose the
transport capacity equals V^*.

•

/<„,, = 1.2 mM Vmax1= 35
Km2 = 14 mM Vmax2 = 355

E
c

N<*
•-,—
v/S [(nmol/min/mg protein)/mM]

Figure 5.2 Eadie-Hofstee plot of the zero-trans influx kinetics of glucose uptake by the
wildtype MC996A Cells were incubated in YP medium containing l%glucose and harvested at
mid-exponential phase (OD60o ~1). Uptake was measured at 10 glucose concentrations from
0.25 mM to 250 mM (specific radioactivity, 1480 MBq mol"1 to 6 MBq mol') at 30°C.
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Glucose repression is diminished at low glucose transport capacities
Invertase catalyses the hydrolysis of sucrose to fructose and glucose and is subject to glucose
repression (50). It has frequently been used as an indicator of the repression status of yeast
cells. Also mitochondrial activity is repressed by glucose (71, 197). The status of glucose
repression in all mutant strains was determined by measuring the invertase activity and
oxygen consumption rate in the cultures. Cells were harvested

simultaneously

for

measurement of glucose transport, invertase activity, and oxygen consumption. The residual
glucose concentration at the time of harvest varied from 32 mM to 48 mM (Figure 5.3).
Despite the relative constancy of the extracellular glucose concentration, the strains with
reduced glucose transport capacity expressed higher levels of invertase activity (Figure 5.3).
The specific oxygen consumption was also inversely correlated with transport capacity
(Figure 5.3).
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Figure 5.3 Glucose repression is alleviated at lower rates of glucose transport. The
residual glucose concentration (A; mM), invertase activity ( • ; nmoles min"' mg
protein"1), and oxygen consumption rate ( • ; nmoles min"' mg protein"1) of the wildtype
MC996A strain and strains expressing only HXT7 to various levels are shown as a
function of the maximal velocity of glucose transport (nmoles min"' mg protein"').
Culture samples were taken simultaneously for assay of glucose transport, invertase, and
oxygen consumption as described in Materials and Methods.
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The invertase assay used here measures the total cellular activity of this enzyme. Using
standard culture conditions for repression and derepression of secreted invertase (171), in a
separate experiment, we found that the repressed level of total invertase in the wildtype
MC996A strain was 361 nmoles min"1 mg protein', and the derepressed level was 3897
nmoles min"1 mg protein"1. By comparison with Figure 5.3, these values demonstrate that
invertase was fully repressed at the highest glucose uptake capacities, and was significantly
derepressed at the lowest uptake capacity.
The results of all the analyses described above are summarized in Table 5.1. Looking into the
relationship among these data, at mid-exponential phase HXT7 expression was still repressed
in the wildtype strain (undetectable Hxt7, the lowest invertase activity and oxygen
consumption rate compared with all the mutant strains) and less repressed in HXT7-only
strains. For the HXT7-on\y strains, the expression levels of the HXT7 gene were related with
the truncated-promoter length and the integrated gene copy number. The growth rate
correlated well with the level of Hxt7 protein expressed and was apparently controlled by the
glucose transport capacity. Remarkably, the calculated rates of the glucose flux during growth
are higher than the measured glucose transport capacities. Similar observations have been
reported by other investigators (47, 152, 216). The ratio between glucose flux rate and glucose
transport capacity varied between 1.2 and 1.7. That is, the measured glucose transport
capacities were about 17-43% lower than the calculated glucose flux rates. Percentages in
brackets indicate that the invertase activities and oxygen consumption rates are subjected to
control by glucose transport and are partially released from glucose repression at high glucose
conditions.
Hxt7 protein level compared to glucose transport capacity
In order to investigate the relationship between glucose transport capacity and Hxt7 protein
levels, cells were taken from a representative zero-trans glucose uptake experiment for
measuring the Hxt7 protein level by quantitative immunoblotting (Figure 5.4). For the
wildtype strain MC996A, the Hxt7 protein was undetectable when cells were harvested at
mid-exponential phase, because HXT7 expression was repressed at the high glucose
concentration present. For RE607B and the mutant strains, we have already seen that HXT7
expression in HXT7-on\y strains was not completely repressed at high glucose concentrations
when cells were harvested at mid-exponential phase. The mutant strain LYY4 contained the
highest concentration of the Hxt7 protein presumably because of its high gene copy number.
In LYYO, the copy number of the gene was low, but the gene has an intact promoter. The
lower level of Hxt7 in LYY8 may have been due to the combined effects of a single copy
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number of the gene and a shortened promoter. In the mutant strain LYY16 the Hxt7 protein
was undetectable. These results are in agreement with Figure 4.7C in chapter 4.

Dilution fold

MC996A

RE607B

LYY4

LYY8

1 1/2

1/4 1/8 1/16

1

1/2

LYYO

LYY 16

1/4 1/8 1/16

1 1/2 1/4 1/8 1/16

Figure 5.4 Quantitative Western blot analysis Cells were taken simultaneously for
assay of glucose transport and immunoblotting. Samples of 10 ug protein and a two-fold
dilution series of protein from each strain were loaded in five subsequent lanes. The blots
were incubated with anti-Hxt7 antibody and horseradish peroxidase-conjugated goat antirabbit secondary antibody.
The Hxt7 protein level and the glucose transport velocity (Kmax) from the same representative
experiment are plotted in Figure 5.5. The lack of full proportionality may be due to the lack of
proportionality between staining and protein. The Hxt7 protein levels were related with both
the HXT7 promoter length and the gene copy number, but this relationship can not be exactly
quantified. Glucose transport capacity was also not proportional to the level of mRNA (not
shown. See also chapter 4). From the investigation of the correlation between protein and
mRNA abundance in yeast, Gygi et al concluded that transcript levels provide little predictive
value with respect to the extent of protein expression (82). Also in an HXT1'-only strain with
1, 2 or 3 HXT1 copies, the glucose consumption rates assumed to be a measure for the amount
of Hxtl protein, were not proportional to the gene copy number. (185).
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Figure 5.5 Relationship of glucose
transport with Hxt7 protein level
The data were taken from a
representative experiment with cells
grown in 1% glucose YP medium to
mid-exponential phase. The protein
levels were measured by comparing the
signals of lanes at the same folddilution series with a scanning
densitometer (Bio-Rad).
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Estimation of the yield of the Hxt7 cells
For the six representative strains, MC996A, LYY4, LYYO, RE607B, LYY8, and LYY16, the
biomass yield was investigated by measuring both ODôOO and the residual glucose
concentrations in the medium simultaneously. In Figure 5.6, the OD60o of the strains was
plotted as a function of glucose consumed at various time points. ODôOO was clearly correlated
with the glucose consumed. The slope of the regression line represents the glucose
consumption in millimoles glucose per OD6oo- It was found, excluding LYY16, that all the
strains with relatively high glucose transport capacities had a similar glucose consumption per
ODöOO, although it varied slightly with the growth rate. The average glucose consumption for
the five strains was 18.25+1.1 mM OD"1 (R2 = 0.99). According to the mean protein
concentration 0.3 mg ml"1 OD60o ' (Table 5.1) of the mid-exponential cells (the dry weight to
protein ratio is 2.5 or 2, refs. 36, 204), the mean biomass yield of the five strains with
relatively high glucose transport capacities was about 0.2 g dry weight • (g of glucose)"1.
LYY16 fell outside this range. The glucose consumption of LYY16 was 8 mM OD"1, which
was a consequence of the high relative rate of glucose oxidation. The high oxygen
consumption rate of LYY16 (Figure 5.3) suggested that in LYY16, growing at a very low
growth rate and having a low glucose transport capacity, glucose was mainly metabolized by
respiration and that LYY16 gained extra energy from oxidation relative to glucose
fermentation.

Figure 5.6 The relationship between OD600 and glucose consumption Cells were
grown in a rotary incubator at 30°C in 1% glucose YP medium. The optical density
(OD6oo) and residual glucose concentration were determined simultaneously during the
time course. The consumed glucose concentrations were derived from the difference
between the initial and the residual glucose concentrations at various time points. • ,
MC996A; • , LYY4; O, LYYO; • , RE607B; A, LYY8; O, LYY16.
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DISCUSSION
The differences in HXT7 expression resulted in reproducible differences in the glucose
transport activity of the strains. The growth rate of these strains on glucose was correlated
with their transport activity. Using MCA we calculated the control coefficients of glucose
transport on glucose flux and growth rate, being 0.90 and 0.54, respectively. This finally
provides some basis for what has been speculated on before, that in S. cerevisiae glucose
transport exerts a high control on growth and glycolytic flux. The control coefficient of
glucose transport on the glycolytic flux in wildtype S. bayanus was measured by modulating
the transport rate with maltose (48). Maltose is a gratuitous inhibitor of glucose transport in
cells that are not induced for growth on maltose. It was found that the control coefficient
ranged from 0.5 to 1, depending on the extracellular glucose concentration. In another study,
the control coefficient for glucose transport on glycolytic flux in non-growing cell
suspensions was 0.64 at pH 5.5 and 0.83 at pH 4.5; under the same conditions, the control
coefficient for phosphofructokinase was 0.10 and 0.12, respectively (67). The control
coefficient for phosphofructokinase (often considered to be "the rate-limiting step of
glycolysis;" ref. 69) has been calculated by other investigators to be 0.3 (41, 58).
The high control coefficient of glucose transport on the glucose flux through its metabolic
pathway implies that upon increasing transport capacity the residual part of the metabolism
remains relatively fast, so that the transport is not significantly inhibited by accumulation of
internal glucose. The high control coefficient also appears to hold for the wildtype strain, at
least if we may assume that the elasticity of Hxt7 equals that of the transporters produced in
the wildtype strain. This would imply that even at wildtype level the flux of glucose is largely
determined by the transport capacity present in the plasma membrane and that this flux may
increase significantly when the transport capacity is artificially increased. This result fits very
well with our finding that also the growth rate of the wildtype strains is highly controlled by
the glucose transport capacity, but it contradicts the general idea that the maximal growth rate
of yeast, both in batch and in chemostat cultures, is largely determined by other processes
than the import of glucose, such as DNA and protein synthesis. Artificially increased
expression of glucose transporter proteins should result in an increased glucose flux and an
increase in growth rate. It should be noted, however, that our experiments were performed
with 1% glucose in the culture medium.
In the strains with reduced levels of HXT7 expression, diminished transport capacity was
correlated with diminished glucose repression. This was observed for two repressible
activities, invertase and mitochondrial respiration, that are subject to distinct modes of
glucose repression (71). Lower levels of glucose transport activity in yeast have previously
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been found to diminish glucose repression: in Kluyveromyces lactis strains containing two
low-affinity glucose transporter genes, endogenous ß-galactosidase activity was fully
repressed during growth on glucose. Null mutations of either glucose transporter gene resulted
in partial derepression of ß-galactosidase, and in a double null mutant strain the activity was
completely derepressed (238). In S. cerevisiae the dominant mutations HTR1-23 and DGT1-1
resulted in decreased levels of HXT gene expression and glucose transport activity. Both
mutations alleviated glucose repression of enzymes such as invertase, maltase, malate
dehydrogenase, glutamate dehydrogenase and cytochrome c oxidase (68, 167). However, it
was not resolved whether the reduced repression levels were consequences of the mutations or
of the reduced glucose transport activities. In a & cerevisiae strain with null mutations in
HXT1 - HXT7, glucose repression of maltase was completely relieved. In related strains with
single HXT genes, the extent of glucose repression was strongly correlated with the glucose
consumption rate of the strain. In particular, increasing the copy number of HXT] stepwise
from 1 to 3 in this hxt null strain increased the glucose consumption rate and decreased the
maltase activity (185).
Another means of manipulating glucose transport activity is by titration of the transport step
with non-metabolizable inhibitors such as D-glucosamine. This compound inhibits zero-trans
glucose influx and growth on glucose. When wildtype S. cerevisiae was grown on glucose in
the presence of D-glucosamine, invertase activity was released from glucose repression (148).
Mutations of HXK2, encoding hexokinase II, also lead to relief of glucose repression (53,
140). It has been pointed out that intracellular glucose is the metabolite that links glucose
transport and hexokinase, and that the intracellular glucose concentration is a likely signal for
the glucose repression pathway (216). Our own data suggest that influx or, more likely,
internal glucose concentration may be responsible for the level of repression/derepression.
This does not exclude the possible involvement of hexokinase phosphorylation.
In contrast to these results that suggest that the availability of glucose in the cell (intracellular
glucose concentration) or the flux of glucose into the cell are involved in determining the
degree of glucose repression, Meijer et al. (151) have presented results that reach the opposite
conclusion. In their study the authors varied the external glucose concentration and the rate of
glucose consumption independently of one another by means of nitrogen-limited chemostat
cultivation of yeast cells with various glucose feed concentrations and dilution rates. They
found that expression of the SUC2 gene was dependent on the external glucose concentration,
and was fully derepressed at glucose concentrations < 14 mM. The level of SUC2 expression
was independent of the glucose flux. Meijer et al. showed that expression of SUC2, an
indicator of derepression, can be different at the same rate of glucose flux and concluded that
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repression is due to external glucose and not to flux or internal glucose. However, identical
rates of glucose flux at different external glucose concentrations were obtained at different
dilution rates and the concentrations of the glycolytic enzymes, and internal glucose might be
different at each condition. The data of Meijer, therefore, do not exclude internal glucose as
the primary signal for repression/ derepression. Our data, however, show that at decreasing
external glucose concentrations, expression of HXT7 increases without a detectable change in
flux, indicating that external glucose influences at least the expression of HXT genes, possibly
via SnG as sensor (133, 165, 171).
We observed that HXT7 expression itself was repressed by glucose, and that this repression
was diminished in the strains with reduced transport capacity. It has previously been observed
that high-affinity glucose transport is subject to glucose repression, and that regulatory genes
such as SNF1, GLK7, and HXK2 are involved in this control (9, 11, 147). Our results suggest
that HXT7 is one of the transporter genes that are subject to this type of regulation. Of course,
HXT7 expression has different effects on glucose transport and glucose signaling in wildtype
and single transporter mutants. Meijer et al. (150) think that the glucose repressible hexose
transporters (HXT2, HXT6/7) are unlikely to play a role as sensors for glucose repression.
Using /«/-disruption mutants to study the glucose sensing function for hexose transporters,
they found that the wildtype glucose-dependent regulation of other Hxt proteins was disturbed
by the disruption of a single /ÖTgene {HXT1 or HXT6/7). In wildtype cells the Hxt proteins
that are present influence the expression of other Hxt proteins. In HXT7-on\y cells it is
possible that some additional effects were caused by other gene deletions. Maybe the main
reason for the different expression of Hxt7 in wildtype and HXT7-only strains is the low value
of the internal glucose in the latter.
Glucose is required at low concentrations for a stable level of HXT7 mRNA (see Figure 4.7A,
B). Under high-, low- and non-glucose conditions, the HXT7 mRNA level changed from low
to high and nil, respectively, both in wildtype and the HXT7 promoter deletion mutants. HXT7
expression was induced by low-glucose concentrations in all strains, despite the large
difference in repression at high glucose. Glucose uptake in LYY16 was investigated when
cells were grown on 0.2% YPD medium (data not shown) and the glucose transport capacity
appeared to be 2.5-fold higher than that of cells growing on 1% YPD medium. It implies that,
also in LYY16, glucose transport capacity is correlated with the glucose induction condition.
However, glucose repression was strongly diminished in LYY16 under high glucose
concentrations as described above. Thus, under these conditions, the regulation of HXT7 by
glucose repression and glucose induction has been effectively uncoupled.
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We observed that at higher rates of transport a lower fraction of glucose was oxidized via the
respiratory pathway (Figure 5.3 and Table 5.1). Since the rate of glucose oxidation increased
at decreasing rates of glucose uptake, one can calculate that the proportion of glucose that was
fully oxidized to carbon dioxide and water increased very strongly at decreasing rates of
glucose uptake. This means that the effect of the decrease in glucose uptake on the growth
rate was partly compensated for by a difference in glucose metabolism, with relatively more
glucose being metabolized by oxidative phosphorylation (which generates much more ATP
per mole of glucose) at low rates of glucose uptake. For the strain LYY16, which showed a
very low rate of glucose uptake, the biomass yield (per mole of glucose consumed) was more
than double compared to the wildtype strain MC996A (Figure 4.7A). It is clear, then, that the
rate of glucose transport plays an important role in determining the relative activities of the
fermentative and respiratory pathways of glucose metabolism, both by delivering glucose
across the plasma membrane to the glycolytic pathway, and by influencing the glucose
repression status of various metabolic activities. This explains why at very low levels of
transport, where one might expect a control of 1, the control coefficient of transport is still not
higher than 0.54, since at decreased glucose influx relatively more glucose is oxidized and the
growth rate decreases less than the glucose influx.
In principle, the in vivo level of the transport activity equals the glucose consumption rate.
Based on the measured overall glucose consumption rate during growth, however, we found
that the rate of glucose flux was higher than the glucose transport capacity measured in vitro.
A similar result was obtained by Meijer et al. (152). These authors measured the glucose,
fructose, and galactose consumption rate in nitrogen-limited continuous cultures in vivo and in
vitro, and found that the hexose consumption rates in vivo were higher than the in vitro uptake
rates. The authors hypothesized that the differences in kinetic parameters for hexose fluxes
between the in vivo and in vitro conditions might be explained by the assumption that one
component was missing during in vitro determination. It is possible that the inactivation of a
general component or a regulator of the uptake system by fast (de)phosphorylation in yeast
may contribute to the observed difference between measured glucose transport capacity and
the in vivo glucose consumption rate. Diderich et al. (47) reported that at higher dilution rates
in aerobic glucose-limited chemostats, the calculated transport rates were lower than the in
situ glucose consumption rates. They suggested that positive effectors influenced the glucose
transport step in the chemostat cultures, or that the zero-trans influx assays systematically
underestimated the in situ transport capacity. In the anaerobic glucose-limited cultures, this
behavior was also found and might reflect an accumulation of intracellular glucose. Teusink
et al. (216) found that in repressed cells, expressing mainly low-affinity transporters, the
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glucose influx, calculated on the basis of the measured glucose transport kinetics, was
significantly lower than the measured glucose consumption rate. In derepressed cells,
however, expressing only high-affinity transporters (Km= 1.7 mM), the predicted activity of
the transporter based on zero-trans influx kinetics was equal to the actual glucose
consumption rate when the transport rate was corrected for the effect of internal glucose (1.5
mM) on the transport. The authors, however, measured the glucose consumption rate under
the same conditions (0.1 M Phosphate buffer, pH 6.5) as the transport and not in vivo. The
difference between the in vivo flux and the measured in vitro transport activity, therefore, may
be a significant phenomenon.
In summary, the expression level of hexose transporter HXT7 has been modulated by HXT7
promoter deletion. By this genetic means, the experimental approach in MCA has led to the
further understanding of the role of glucose transport by Hxt7, the most abundantly expressed
high-affinity transporter, in the glycolytic pathway. The calculated control coefficient implies
that glucose transport is the major controlling factor on glucose flux and growth under the
defined conditions. The results of invertase activity and the rate of oxidative glucose
metabolism at high extracellular glucose concentrations indicate that the intracellular glucose
concentration may be the primary signal for glucose repression.
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Analysis of the HXT7 promoter. A 149 basepair activator sequence is
necessary for HXT7 expression in Saccharomyces cerevisiae

SUMMARY
In this chapter, the cloning and characterization of various HXT7 promoter-lacZ fusions are
described. A 149 bp region (-495 to -346) of the HXT7 promoter induces a high level of ßgalactosidase activity. This critical region displayed a distinct contribution to the phenotype of
the HXT7 promoter deletion mutants under glucose conditions, as described in chapter 4.
Unexpectedly, the HXT7 promoter-lacZ fusions with a promoter extending beyond -495 from
the start codon (including the full promoter region) failed to give rise to ß-galactosidase
expression. We think that this abnormal phenomenon may be caused by interference between
the TATA box in the HXT7 promoter sequence and a TATA box in the minimal promoter of
plasmid pLacZi (Pcyci) which blocked lacZ gene expression.
A preliminary analysis of promoter binding elements in the HXT7 promoter has been
performed. A TATA box (TATAAA), a core promoter element, which contains the binding
site for RNA polymerase II and controls the location of the start site of transcription, is found
at -167 (relative to the translation start site ATG). An inverted CCAAT box (ATTGG), a cisacting site for Hap2/3/4/5 binding, is located upstream of the TATA box at -231. Two
GG(A/G)G consensus sequences, the binding sites required by Adrl, which is a
transcriptional activator of glucose-repressed genes, are located in inverted orientation at -243
and -208. This region may be the UAS1 of the HXT7 promoter. All these essential elements
probably contribute to the glucose-regulated transactivation, although we did not obtain
evidence for this assumption from the ß-galactosidase assays on HXT7 promoter-lacZ fusions.
However, the presence of only these essential components is not sufficient for initiating the
expression of the HXT7 gene on glucose medium, because these components are located in
the promoter region between -346 and -1, as described in chapter 4. The data suggest that
each of the two separate regions (^495 to -346, -346 to -129) is necessary, but neither is
sufficient for HXT7 expression. The critical 149 bp region is an activator sequence for
initiation of HXT7 expression, working together with other elements downstream of it, as
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mentioned above. Four Mig 1-binding sites were found within the region of 2.4 kb upstream of
HXT7 ORF, however, no actual binding was suggested.
INTRODUCTION
The expression of all protein-coding genes is controlled at the transcriptional level through
mechanisms involving the regulation of initiation. The levels of expression of structural genes
are governed by signals that are received from the environment and are integrated by the
cellular machinery to yield a response. The final step in these pathways that extend from the
cell surface to the nucleus is the regulation of the synthesis or the activity of specific
transcriptional regulators. The regulation of transcription plays an important role in the
control of growth and differentiation. In eukaryotic cells, initiation of mRNA synthesis by
RNA polymerase II is governed by DNA sequence elements comprising several functional
classes. These include a core promoter element, which contains the binding site for RNA
polymerase II and controls the location of the start site of transcription, and upstream
promoter elements and enhancers, which regulate the rate at which RNA polymerase II
initiates new rounds of transcription from the core promoter (37, 79). A comparative sequence
analysis of 502 unrelated RNA polymerase II promoters showed the presence of several
common elements, including the cap signal, TATA box, CCAAT box and GC box (19).
Binding of the TATA (TATAAA)-binding protein (TBP) to the promoter is a pivotal step in
RNA polymerase II transcription (205). Consensus sequences of TCGA (83) and
PuPuPyPuPu (155) account for the majority of initiation sites, and if inserted near a TATA
box, they will function as initiators. A protein that recognizes the initiator has not yet been
identified. Eukaryotic activators bind to UASs or enhancers that can lie hundreds or thousands
of bases away from the TATA box. Eukaryotic promoters can therefore be complex, with
many different regulators influencing transcription promoted by a particular TATA box (144).
The CCAAT box was one of the first elements to be identified. Later studies clearly
established that such pentanucleotide sequences are present in a wide variety of vertebrate,
yeast and plant promoters and are important for transcription (19). In S. cerevisiae the
transcription of a number of respiratory genes is activated by a complex containing the
proteins Hap2, Hap3, Hap4, and Hap5 when yeast grows on a nonfermentable carbon source
(71). The Hap2/3/4/5 complex forms a promoter-binding complex and makes contacts with
the CCAAT box.
UASs and URSs are defined as the binding sites of transcription factors and play a crucial role
in transcriptional regulation of genes downstream from them. Large amounts of research have
been focused on UAS identification. Adrl, for example, activates transcription of the ADH2
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gene, which encodes a glucose-repressible alcohol dehydrogenase in S. cerevisiae (43). Adrl
binds to two sites in a perfect 22-bp inverted repeat, UAS1, in the ADH2 promoter. The
identification of potential target genes for Adrl through characterization of essential
nucleotides in UAS1 led to the formulation of a consensus sequence containing only four
essential base pairs: GG(A/G)G (30). The DNA-binding region of Adrl is involved in both
transactivation and DNA binding. (38).
Transcriptional repression mediated by repressors is also important for regulated transcription.
Migl is a key element in glucose repression which represses several glucose-repressible
genes, including SUC2, GAL4, MALs and GAL1 (62, 77, 101, 157, 159, 254). Migl is a Cys2His2 zinc-finger protein. It binds to the promoters containing the consensus sequence
(G/C)(C/T)GGGG (71) and recruits the general repression complex Ssn6-Tupl (42). Besides,
an AT-rich region upstream to the GC box is required for DNA binding of Migl (138). A
small leucine-proline rich C-terminal domain mediates Migl-dependent repression, and two
internal elements in Migl are required for the inactivation of the repressor in the absence of
glucose (163). Hxk2 and Rgtl seem to activate the Migl repressor (54).
Because of the ability of activators and repressors to act at a distance, promoters may contain
two or more UASs and URSs that respond to different signals. In many cases, these UASs and
URSs work synergistically, potentiating great diversity and flexibility with a fixed number of
regulators responding to a limited set of signals (79, 179). The CYC1 gene is activated by a
second upstream activation site, UAS2, in addition to the Hap 1-responsive UAS1 (81). Two
URSs have been found in the yeast stress-regulated ENA1 gene: a Migl-binding motif which
is regulated by carbon source; and the second one, regulated by osmotic stress (178). These
results indicated that different signaling pathways (HOG osmotic pathway and glucose
repression pathway) use distinct promoter elements of ENA1, via specific transcriptional
repressors and via the general Ssn6-Tupl complex.
In general, regulatory proteins are endowed with three activities: binding to specific DNA
sequences, activation or repression of transcription, and response to specific regulatory
signals. Regions responsible for each of these three activities have been, in the case of certain
activators, localized to discrete gene segments that encode discrete regions of the
polypeptides. This localization has been facilitated by assays that can measure each of these
activities separately. First, DNA binding can be assayed in vitro by gel-shift analysis either in
yeast extracts (2) or with protein synthesized in vitro (98). Alternatively, DNA binding can be
measured in vivo by the ability to interfere with the activation of a heterologous promoter
(17). Second, the ability to activate transcription per se can be determined in vivo by fusing a
portion of the regulator to a heterologous DNA binding domain, such as that of lexA (18).
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The fusion is synthesized in a yeast cell that contains a reporter gene (typically cycl-lacZ
lacking a CYC1 UAS) bearing a TATA box and a lexA-binding site as a UAS. Such
experiments demonstrated that DNA-binding and activation domains could be separated (18,
115). Finally, regions that respond to regulatory signals can be identified by mutations within
the body of the activator that result in a constitutive phenotype or by transfer of the regulatory
response to a different protein via gene fusion (79).
The yeast S. cerevisiae is capable of transporting various nutrients from its environment into
the cytoplasm via specific transport systems located in the plasma membrane. Carriermediated hexose transport across the plasma membrane is an essential step in the utilization
of hexoses and is performed by the hexose transporters, which are encoded by the HXT
hexose transporter gene family (47, 123). Glucose is the preferred carbon and energy source
for S. cerevisiae. Regulation of the expression of individual HXT genes or a subset of the HXT
hexose transporter gene family is a result of sensing the glucose concentration and
transducing the resulting signal, which ultimately leads to activation of factors associated with
transcription activation or repression.
In order to analyze the HXT7 promoter characteristics in more detail and to define various
promoter segments, which permit the normal operation of the glucose repression mechanism,
construction of HXT7 promoter-CYCV-lacZ fusions and assay of the activity of the produced
ß-galactosidase in dependence of various portions of the HXT7 promoter, have been
performed as described in this chapter. The putative HXT7 promoter transcription initiation
components are also discussed here.
MATERIALS AND METHODS
Construction of HXT7 promoter-lacZ fusions
The plasmids with the various HXT7 promoters, constructed as described in chapter 4, were
amplified by PCR with Expand High Fidelity PCR system kit (Roche). The primers used in
this study are listed in Table 6.1 and were synthesized by Isogen. The full-length promoter
region and various promoter-deletion regions were amplified with forward primer LY7 and
reverse primer LY8 to produce HXT7 promoters of different length. The critical 149 bp region
(the promoter sequence between -495 and -346 relative to the translation start site ATG)
whose presence or absence results in a significantly different phenotype and expression level
OÎHXT7 (see chapter 4), was amplified with primers LY9 and LY10. The promoter region
between 4 9 5 and start codon of HXT7 ORF was amplified with primers LY9 and LY8. This
region appeared to be necessary and sufficient for regulation OÎHXT7 expression (chapter 4).
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TABLE 6.1. Oligonucleotides
Name

Sequence

Description

LY7

CGGTCTCC4 GC7TAAATTCTGACAGCTAACTAG
Hinäm"

LY8

CGGTCTCGrCG^ CGCGTCTTGTGACGTTTTTTG
Sail

LY9

CGGTCTCG4 GC77CTCAGAAATGCATGCAGTG
Hindi]!'

LY10

CGGTCTCGrCG4 CTGAACCTCAGAAGAACACG
Sail

The underlined nucleotides correspond to
the DNA 5' of the HXT7 promoter
region.
The underlined nucleotides anneal to the
DNA conjunction between the 3 ' end of
the HXT7 promoter region and 5 ' end of
the HXT7 ORF, except that the start
codon ATG (CAT) was mutated to CGT.
The underlined nucleotides anneal to the
DNA within the HXT7 promoter region
starting at -495 bp (5' side)
The underlined nucleotides anneal to the
DNA within HXT7 promoter region
starting at -346 bp (3 ' side)

L Y11 ura3

GACTAGGATGAGTAGCAGCACGTTC

a

Here the HinäBl' site is not a full restriction site. After £co311 treatment, the sticky end of Hinàlïl is
produced.

Amplification was performed in two thermal profiles different in annealing step: 1) 94 °C 1
min, 43 °C 1 min, 72 °C 2 min, 5 cycles; 2) 94 °C 1 min, 60°C 1 min, 72 °C 3 min 30 cycles.
The first annealing temperature was based on the melting temperature calculated for the part
complementary to the template. The second annealing temperature was based on the melting
temperature calculated for the whole primer. The melting temperatures were calculated using
Oligo Calculator (20).
A well characterized type IIS restriction endonuclease Eco311 (Dovetail PCR product cloning
kit, MBI Fermentas) was used to digest the PCR products leaving a 5' end and a 3' end which
were complementary to Hindlll and Sail sticky ends respectively. The digested PCR products
were directionally inserted in front of the CYCl-lacZ gene present on the lacZ fusion vector
pLacZi (Clontech), which was treated with SalUHindlll and calf intestine alkaline
phosphatase for dephosphorylation, to construct in-frame fusions of different 5'-flanking
regions of HXT7. The ligation mixtures were transformed into DH5a competent cells and
plated on LB medium containing 60 |ig ml"1 ampicillin. The names of the selected plasmids,
pLYPO - pLYP21, followed the template plasmids with the size of the undeleted promoter
regions from large to small. pLYPHO and pLYP1112 are derived from the PCR products
using primers LY9/8 and LY9/10, respectively.
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The plasmids with the HXT7 promoter-/aeZ fusions and the parental plasmid pLacZi were
linearized by Stul and introduced into wildtype strain MC996A at the ura3-52 locus. The
Ura+ colonies were selected from SC-UD (containing 0.16% Yeast Nitrogen Base, 0.5%
ammonium sulfate, 0.1% casamino acids, 0.01% tryptophan, 2% glucose, 40 mg l"1 histidine
and 60 mg l"1 leucine) plates at 30°C.
Southern blot analysis for selection of single-copy integrants of lacZ fusions
Genomic DNA was isolated as described (96). The genomic DNA was digested with BamHl
and Stul in a 100 ul volume at 37°C overnight. The digestion system contained 100 ug/ml
BSA. Genomic DNA were concentrated by ethanol precipitation and dissolved in loading
buffer. DNA was separated by electrophoresis through a 1.1% agarose gel. The DNA
fragments were transferred to nylon membrane (BioRad) by vacuum blotting, and crosslinked to the membrane with ultraviolet light (Stratalinker 2400, Stratagene). The blot was
prehybridized in 5 ml prehybridization buffer (6x SSC, 0.1% SDS, 5x Denhardt's, 100 ug ml"
1

sheared, denatured salmon sperm DNA) at 45 °C for 1 h. Five pmol of the URA3 probe (see

Table 6.1) was labeled with 20 uCi y-[32P]-ATP (Amersham) and 10 units T4 polynucleotide
kinase (Roche) according to the manufacturer's instructions. Purified probe was hybridized
with the blot at 45 °C for 4 h in a MICRO-4 Hybridization Oven (Hybaid). The blot was
washed with 6xSSC/0.1% SDS 2x10 min at 37 °C, lxSSC/0.1%SDS 2x5 min at 37 °C and
3x5 min at 45°C.
In this experimental design, the relative autoradiographic intensity measured for the integrated
URA3 band and the nonfunctional ura3-52 band present in the MC996A strain provides the
copy number of the lacZ fusion gene integrated into the genome using a Bio-RAD 1650
Scanning Densitometer. The strains with the same relative intensity of the URA3 band as that
of the ura.3-52 band were selected as single-copy lacZ fusions.
Analytical PCR
To verify correct targeting of the HXT7 promoter-/acZ fusion into the yeast genomic locus,
the isolate was subjected to PCR-analysis according to (134) with some modifications.
Briefly, single colonies from the restreaked transformants with a single-copy lacZ fusion gene
were resuspended in 10 ul lysis buffer (1.2 M sorbitol, 100 mM sodium phosphate, pH7.4 and
2.5 mg ml"1 zymolyase). The cell suspensions were incubated at 37 °C for 5 min and heated at
95 °C for 5 min to inactivate the proteases secreted by S. cerevisiae cells. 1 ul spheroplast
suspension was directly used for PCR-analysis. Amplification was performed as follows: 1)
94 °C 1 min, 45 °C 1 min, 72 °C 2 min, 15 cycles; 2) 94 °C 1 min, 55 °C 1 min, 72 °C 3 min
20 cycles. 5 ul PCR products were loaded on 1.2% agarose gel.
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The isolates confirmed by Southern blot and PCR analysis were named LYPO - LYP21 and
LYP110, LYP1112, corresponding to the plasmid names.
ß-Galactosidase assay
Expression of HXT7 promoter-/acZ fusions was measured by the liquid ß-galactosidase
quantitative assay, according to (187) with some modifications.
The wildtype strain MC996A and the strains transformed with all HXT7 promoter-/acZ
fusions as well as the plasmid pLacZi were precultured in 5% YPD medium at 30 °C with
shaking for about 20 h until mid-exponential phase. Precultures were inoculated into 1% YPD
medium and grown overnight to A6oo about 0.5 (mid-exponential phase). The cells were
shifted to fresh 1% YPD (with A6oo 0.2) and continued culture at 30 °C. The growth rate was
monitored by measuring A6oo at different time points. At each of these time points the cells
were harvested by centrifugation at 5000 rpm 5 min. The pellets were washed with Z buffer
(60 mM Na2HP04, 40 mM NaH2P04, 10 mM KCl, 1 mM MgS0 4 , 50 mM ßmercaptoethanol, pH 7.0) and resuspended in Z buffer to A<;oo 1 to make sure that the
absorption range of ß-galactosidase reaction product, o-nitrophenol, at 420 nm, was between
0.3 - 0.7. About 0.4 g glass beads were added to 1 ml of the cell suspension (A6oo = 10) for
abrasion with vortexing 5 min at 4 °C. Then the cell suspension was mixed with 0.2 ml of 4
mg ml"' o-nitrophenyl ß-D-galactopyranoside (ONPG, from Sigma, dissolved in 0.1 M
sodium phosphate, pH 7.0). The mixture was immediately incubated at 30 °C for 30 min (or
until a medium-yellow color had developed), and the reaction was terminated by adding 0.5
ml of 1 M Na 2 C0 3 to inactivate ß-galactosidase. The reaction mixture was centrifuged at
13000 rpm for 2 min and the supernatant was taken for determination of At2o- Each assay was
performed in duplicate.
ß-galactosidase activity (in Miller units, ref. 153) was calculated as:
U = 1000

——
t-v-A-eoo

where t = time of incubation (min), v = volume of cell suspension used in assay (1 ml).
RESULTS
Search for putative HXT7 promoter binding elements
A survey of the binding sites of transactivation factors or essential elements in the HXT7
promoter region was made by computer-aided scanning (TFSearch (1) and Matlnspector
(180)) and literature search.
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We found a TATA box (TATAAA) located at -167. TATA box is the core region for
initiation by RNA polymerase II. Near the TATA box a consensus sequence of TCGA, in
most promoters responsible for an initiation site of transcription (79), was found at -129.
A potential CCAAT box and an inverted CCAAT box, required for Hap2/3/4/5 complex
binding (144), were located at -146 and -231, respectively.
Two Adrl binding subsites, an identical consensus sequence containing four essential base
pairs GG(G/A)G (30), were found at the positions of -243 and -208 in an inverted
orientation, spaced 31 bp.
Migl mediates glucose repression of glucose-repressed genes by binding to their promoters
and recruiting the general repression complex Ssn6-Tupl (42). In the HXT7 promoter region
(up to -2.4 kb), four consensus sequences of the Migl-binding site were found (Table 6.2).
The putative Migl-binding sites are absent in HXT7 promoter deletion mutants LYY8 and
LYY12 - LYY25. The LYYO - LYY7, LYY10, and LYY11 strains retain different numbers
(4, 3, 2, or 1, respectively) of the putative Migl binding sites. Remarkably, we did not find a
different effect on glucose repression or derepression of HXT7 expression among the HXT7only strains with or without the Migl binding sites (see Figure 4.4 and Figure 4.7B).
Table 6.2 Putative Migl-binding sites
Consensus Migl binding sites
GGAATTTGT *GCGGGG TA

*Position with respect to ATG
- 556

CGTGGAAAT *GAGGGG TA

- 57 7

GGATTAAAT *CCGGGG CT

- 1522

GATAAAAGT *GTGGGG TG

- 1712

In addition, five putative Rgtl binding sites were found in the HXT7 promoter region (Table
6.3), referring to the consensus sequence as described (169). Rgtl of S. cerevisiae is a key
regulator of glucose-induced genes. It is both an activator and a repressor of transcription. In
the absence of glucose, it functions as a transcriptional repressor; high concentrations of
glucose cause it to function as a transcription activator; in cells growing on low levels of
glucose, Rgtl has a neutral role. Rgtl function is determined by the signals generated by
Rgt2, a high-glucose sensor, and Snf3, a low-glucose sensor, acting through Grrl (170).
These Rgtl consensus sequences were maintained in the LYYO - LYY4 strains.
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Table 6.3 Putative Rgtl-binding sites
Consensus Rgtl binding sites

*Position with respect to ATG

TTTTT *CCG CCATA

- 657

TTTTT *CCG TAACA

- 72 0

AAATT *CCG AATGA

- 1070

TAAAT *CCG GGGCT

- 1522

TTTTT *CCG GTTCT

- 1578

In the 149 bp HXT7 promoter region between -495 and -346, only some heat shock factor
binding sites (HSF) (60), a stress-response element (STRE) (202), and two reverse
GG(G/A)G sequences CTCC and CCCC, spaced 77 bp, but not in inverted orientation, were
found. These elements seem not absolutely required for transactivation. In chapter 4 and
chapter 5, however, we found that this 149 bp region was critical for any HXT7 expression. It
is reasonable to hypothesize that one or more unknown upstream activation sites exist in this
region. The 149 bp promoter region between -495 and -346 is a 'black box' in HXT7
expression and glucose transport.
The schematic diagram of the HXT7 promoter is presented in Figure 6.1.
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Figure 6.1 Schematic diagram of the yeast HXT7 promoter region The putative
transcription elements were found by computer-aided scanning and literature search. The HXT7
box represents the open reading frame. The putative transcription start site is located at -129
relative to the translation start site ATG. TATA box is at -167 (closed symbol). A CCAAT box
(striped symbol) and an inverted CCAAT box (open symbol) are located at -146 and -231
respectively. An inverted orientation of GG(A/G)G sequence is located between -243 and -208.
• , forward GG(A/G)G sequence; O, reverse GG(A/G)G sequence; • , Rgtl binding site;
• Migl binding sites. A critical 149 bp DNA region is located between -346 and -495.
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Figure 6.2 Northern blots of HXT7 promoter deletion mutants RNA was isolated from
each of three strains with a different HXT7 promoter lengths, LYY4 (729 bp), LYY11 (495 bp)
and LYY16 (179 bp), after growth for the indicated time on YP medium containing 1% glucose.
The resulting RNA blot was probed for HXT7 mRNA as described in chapter 4 Materials and
Methods. At 8 h, the glucose was exhausted in the LYY4 and LYY11 cultures. LYY16 shows a
normal (closed arrow) and an anomalously large HXT7 mRNA (open arrow).
The partially deleted promoter sequence in LYY16 is evidence for essential elements of
transactivation in the HXT7 promoter
The HXT7 promoter deletion mutant LYY16, in which 1904 bp of the 5' non-coding sequence
were deleted, displayed an abnormal feature compared with the other HXT7 promoter deletion
mutants, as described in chapter 4 and chapter 5. Although the remaining HXT7 promoter
length in LYY16 is only 179 bp, this strain is still able to grow on glucose medium, albeit
slowly. Northern blotting displayed two weak HXT7 mRNA signals in LYY16: one HXT7
mRNA of normal length, and another anomalously large HXT7 mRNA (see Figure 6.2 and
chapter 4 Figure 4.7B). This phenomenon is by no means fortuitous. Although the inverted
CCAAT box (ATTGG), two inverted orientations of GG(A/G)G consensus sequences (the
putative UAS1) and the critical 149 bp region were deleted, the truncated HXT7 promoter
sequence in LYY16 retains the essential TATA box and the transcription start site (Figure
6.3). LYY16 itself is an excellent example to prove that the elements upstream of the TATA
box, as mentioned above, are necessary for initiating HXT7 expression. However, what is the
UAS in LYY16? After deletion of the 1905 bp sequence, a second TATA box, a putative
transcription start site AGTAA (the PuPuPyPuPu consensus sequence (79, 155)) and another
CCAAT box, which were originally far away from the translation start site, moved close to
the first TATA box by the conjunction of the remaining promoter sequence. The low level of
HXT7 expression in LYY16 may be explained as the interaction between the two TATA
boxes, or the distance of related transcription initiation components, or absence of some
important activators or enhancers. These activators may exist in the region between -495 and
-346,
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-1182 AGCACTAGCCAATTTAGCACTTCTTTATGAGATATATTATAGACTTTATT
113 2 AAGCCAGATTTGTGTATTATATGTATTTACCCGGCGAATCATGGACATAC
•1082 ATTCTGAAATAGGTAATATTCTCTATGGTGAGACAGCATAGATAACCTAG
•1032 GATACAAGTTAAAAGCTAGTACTGTTTTGCAGTAATTTTTTTCTTTTTTA
. TATA box.
-93 2 TAAGAATGTTACCACCTAAATAAGTJTÄTAÄÄJGTCAATAGTTAAGTTTGAT
-882

ATTTGATTGTAAAATACCGTAATATATTTGCATGATCAAAAGGCTCAATG

-832

TTGACTAGCCAGCATGTCAACCACTATATTGATCACCGATATATGGACTT

-782

CCACACCAACT|AGTAä|TATGACAATAAATTCAAGATATTCTTCATGAGAA

-732

TGGCCCAGCGATATATGCGGTGTGAAATACCGCACAGATGCGTAAGGAGA

-682

AAATACCGCATCAGGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGA

-532

AGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGG

-582

GATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCA

-532

CGACGTTGTAAAACGACGGCCAGTGAATTCAACAATGTTTAAACAAAAAA

-482

TTCTGACAGCTAACTAGTAATTTTTGACATAAAATAATGATTATCTTCAC

-432

CATGATAGAAATGCAGGACACGTAGTAAAAAGAAGAGATTTTTCCTTCTA

-382

GTACCGCGTGCTCAATACCACACTTTTGCAAAAATGCATCGATATATTAG

-332

GTAAACTCAAACAACGAAAGGAGGAATAGGCATTCGATATTGCTATTTTC

-282

AAATTGTATGCTGACGTCAACTTTTTATTAAGGATATGATAAAATCAACA

-232
-182

AATGCCAACTTCTTCAACTTTTAGAAAGTACGAAATGCTAATAATCTTTT
* . TATA box.
GTTCGTATG|ca]AAAGfrATAAA|TAGAGACGATATATGCCAATACTTCACAA

-13 2

TGTJTCGÄJATCTATTCTTCATTTGCAGCTATTGTAAAATAATAAAACATCA

- 82
- 32

AGAACAAACAAGCTCAACTTGTCTTTTCTAAGAACAAAGAATAAACACAA
+1
AAACAAAAAGTTTTTTTAATTTTAATCAAAAA|ATG|

Figure 6.3 Nucleotide sequence of the S. cerevisiae HXT7 promoter in the LYY16 mutant
The conjunction after the partial deletion of the promoter is presented as lower case. The
underline represents the CCAAT box. Two putative transcription start points are shown in italic
case. Two TATA boxes are highlighted with boldface. * A 1904 bp DNA fragment was deleted
between ca.
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Cloning and identification of HXT7 promoter-lacZ

fusions

Fusion of promoter sequences of S. cerevisiae to the bacterial lacZ gene as a reporter is often
used to analyze transcriptional regulation of yeast genes. In order to define the promoter
segments which perform transcriptional regulation of HXT7 gene, the same series of truncated
HXT7 promoters as described in chapter 4 were cloned in front of the ß-galactosidase coding
sequence downstream of the minimal promoter of the yeast cytochrome c\ gene (Fcyci)1 2345678

1 2 3 4 5 6 7 8 9

Figure 6.4 Construction and identification of HXT7 promoter-/acZ fusions by PCR (A).
The plasmids with various HXT7 promoter lengths used as the templates for producing
Dovetail-PCR products. These products were digested only by £co311, leaving ends that were
complementary to Hindlll and Sail. The fragments of various HXT7 promoters with Hindlll and
Sail restriction enzyme sites were inserted into the plasmid pLacZi to form HXT7 promoter-/acZ
fusions. The amplification products are shown in lanes 1-8 on 1% agarose gel. Lane 1: 175 bp
DNA band containing the critical 149 bp HXT7 promoter region produced by the primers LY9
and LY10. Lanes 2, 3, 5, 6, 7, 8: 302, 529, 875, 1156, 1228, and 2434 bp of DNA fragments
coming from pLY21, pLY16, pLY12, pLY8, pLYll and pLYO (full HXT7 promoter region)
produced by the primers LY7 and LY8. Lane 4: 534 bp fragment produced by the primers LY9
and LY8. This region includes -495 to -1 upstream of HXT7 ORF. Molecular mass markers (X
DNA digested withi/mdlll and £coRI): 21.2, 5.15, 4.97, 4.27,3.53,2.03, 1.90, 1.59, 1.38,0.95,
0.83 and 0.56 kb. (B). Single colonies of various HXT7 promoter-/acZ fusions in MC996A were
subjected to PCR analysis as described in Materials and Methods. 5ixl PCR analysis products
were loaded on 1.2% agarose gel. The primers and the loading order are the same as that in
Panel A. Lane 9 is the recipient strain MC996A PCR product as the control.
Panel A in Figure 6.4 shows the PCR results on 1% agarose gel using pBCY7, pBCYA8,
pBCYAll, pBCYA12, pBCYA16 and pBCYA21 as the templates respectively. The band in
lane 1 was amplified with the primers LY9 and LY10 to produce the fragment between the
position -495 and -346. This 149 bp promoter sequence strongly influenced the phenotype of
the HXT7-on\y strains grown on YPD medium, as described in chapter 4. Lane 4 shows the
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DNA band produced by the primers LY9 and LY8. This truncated HXT7 promoter, starting at
the position - 495, was sufficient for high-level HXT7 expression. Lane 8 shows the DNA
band of the full length HXT7 promoter. The PCR products in lanes 2, 3, 5, 6, 7 and 8 were
produced with primers LY7 and LY8. These fragments contain the far upstream region of 5'
noncoding sequences after parts of the HXT7 promoter region had been deleted. All of these
bands show the correct DNA size as expected.
Sa/l

BamHI

M

HXT7 p r o m o t e r ? ^

lacZ

Hindlll BamHI
<HXT7 promoler | M |

lacZ

P„,
bp
M 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 20 21

Figure 6.5 Identification of the orientation of the HXT7 promoter-/acZ fusions The
circular reporter plasmid is exhibited as a linear representation. (A) Correct orientation, the
different size of HXT7 promoter fragments from 282 bp to 2.5 kb between ///«dill and BamHI
and a 6.7 kb fragment can be detected on 1% agarose gel. (B) Incorrect orientation, a 157 bp
DNA fragment and different sizes larger than 6.9 kb fragment will be obtained. (C) The plasmid
pLacZi containing various HXT7 promoter fragments were digested with Hindlll and BamHI.
Lanes 1-3: isolates form pLYP1112. A 282 bp band appeared in lanes 1 and 2. Lanes 4 and 5:
isolates from pLYP21. Lane 5 shows a 409 bp band. Lanes 6-9: isolated from pLYPl 10. A 646
bp band appeared in all 4 isolates. Lanes 10, 11: from pLYP12, showing a 982 bp band. Lanes
12-14: from pLYP8, 1262 bp DNA band. Lanes 15-17: from pLYPll, 1335 bp. Lanes 18-20:
from pLYPO, 2541 bp. Lane 21: plasmid pLacZi digested with Hindlll and BamRl. Molecular
mass marker, see Figure 6.4.
After insertion of the PCR fragments into the HindlWSaK

sites on plasmid pLacZi and

transformation of the ligation products into DH5a competent cells, the orientation in HXT7
promoter-/acZ fusions was determined by restriction enzyme digestion with Hindlll

and

BamHI. The strategy of the orientation identification is shown in Figure 6.5. Only with the
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correct directional insertion could the various HXT7 promoter-/acZ fusion fragments (from
0.28 to 2.5 kb) be displayed (Figure 6.5A,C). Otherwise, the reversed HXT7 promoter-/acZ
fusion insertions should all produce the same 157 bp band (Hindlll - BamUI

fragment)

(Figure 6.5B) and a DNA fragment larger than 6.9 kb depending on the various pLacZi-/ÜT7
promoter-/acZ fusions, which were difficult to distinguish on agarose gel. Figure 6.3 C shows
that the various HXT7 promoters were correctly fused with the CYCl-lacZ gene.
MC996A strain served as the recipient for orientation-confirmed

promoter-/acZ-fusion

plasmids. Analytical PCR was performed from a single colony of each isolate after
restreaking putative transformants on SC-UD plates. Panel B in Figure 6.4 shows the PCR
analysis results on 1.2% agarose gel. Using MC996A genomic DNA as a control, lane 9
reveals the same size DNA, containing the full length HXT7 promoter, as in lane 8. The
analytical PCR results thus confirmed that the promoter-/acZ-fusions were integrated into the
MC996A genome at the ura3-52 locus.
Single-copy integration depends on low DNA concentration
To evaluate the function of the various HXT7 promoters in the transcriptional regulation of
yeast HXT7 gene, it is necessary to select single-copy integrants. In chapter 4 we reported that
the HXT7 expression level was related with the gene copy number. We also found that for
plasmid transformation of yeast cells it was important to use low concentrations (0.01-0.5 ug)
of DNA in order to obtain single or low-copy integration. This result was in agreement with
Plessisera/. (174).
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Figure 6.6 Southern blot analysis of HXT7 integration Genomic DNA of the indicated yeast
strains was digested with Stul and BamHl, and the resulting DNA was blotted and hybridized
with a URA3 oligonucleotide probe. Each sample shows two bands: one comes from the
nonfunctional ural-52 chromosomal locus in MC996A (see the control band in lane
'MC996A'), and another comes from the inserted HXT7 promoter-/acZ fusions, with various
sizes. The intensity ratio of these two bands represents the copy number of integration. The
isolates with single-copy gene integration were labeled with a star.
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Figure 6.6 shows Southern blot analysis for identification and selection of the single-copy
integrants in yeast strain MC996A with partial promoter deletions on plasmid pLacZi. Two
fragments, one from the nonfunctional ura3-52 chromosomal locus (slow band, comparable
with the MC996A genomic DNA control) and one from the integration of promoter-/acZ
fusion marked by the URA3 gene (fast band) were detected. The intensity ratio of the fast
band vs. the slow band reflects the copy numbers of integration. Apart from the isolates
LYP16-1 and LYP8-2, single-copy integrations were observed in all isolates. Southern blot
analysis was not only used for the single-copy integrant selection but also to confirm that the
various HXT7 promoter-/acZ fusions with the expected size ladder were correctly integrated
into the MC996A genome at the URA3 locus.
A 149 bp sequence in HXT7 promoter is the activator of HXT7 expression
The lacZ gene encodes ß-galactosidase, which can hydrolyze a variety of ß-D-galactosides
yielding colored products. To determine the ß-galactosidase activity ONPG was used as the
chromogenic substrate. Cleavage of ONPG by ß-galactosidase yields two products, galactose
and o-nitrophenol. The o-nitrophenol product is yellow and can be detected by its absorption
at 420 nm. Because ONPG is present in excess in this assay, the amount of o-nitrophenol
produced is proportional in time to the amount of enzyme present. Plasmid pLacZi contains
the lacZ reporter gene downstream from a minimal promoter P cycl . The minimal promoter
without UAS exhibits no expression activity, whereas insertion of a functional UAS leads to
an increase of transcription initiation, depending on the inserted element. That is, without
activation from a cis-regulatory element lacZ expression is very low when the vector is
integrated into the yeast genome.
The ß-galactosidase activities of the HXT7 promoter-/acZ fusions with single-copy integration
are listed in Table 6.4. LYP1112, harboring the critical interval of 149 bp fragment, shows a
high ß-galactosidase activity. No ß-galactosidase activity was observed in any of the strains
with the truncated HXT7 promoters of LYP12 (-346), LYP16 (-179) or LYP21 (-86). These
severely deleted HXT7 promoters were not sufficient to initialize HXT7 expression as
presented in chapter 4. Unexpectedly, ß-galactosidase activity was also almost hardly
detectable in LYPO, LYP8 and LYP11, the strains harboring full length or slightly truncated
HXT7 promoters. It is unnecessary to follow the in-frame fusion because lacZ contains the
ATG itself. In previous studies (chapter 4 and chapter 5), these strains, LYYO - LYY11,
demonstrated that the upstream sequences could be deleted from the promoter up to position 495 without any large effect on the inducibility of the normal HXT7 transcription at low
glucose concentrations. As for the results obtained with the HXT7 promoter-/acZ fusions, we
may suppose that interference between the TATA box in the HXT7 promoter sequence and a
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TATA box in the minimal promoter of plasmid pLacZi (Pcyci) blocks lacZ gene expression. In
the future we will delete the TATA box in pLacZi and define the functions of the various
HXT7 promoters on the transcriptional regulation of yeast HXT7 gene, as well as investigate
the possible antagonistic relationship between two TATA boxes.
Table 6.4 ß-Galactosidase activities of strain MC996A transformed with various
HXT7 promoter-/gcZ fusions
Mutant

ß-Galactosidase activity

LYP1112

22.2+2.7

LYP21

0.76±1.2

LYP16

1.8+0.4

LYP110
LYP12

2.1±0.6
1.2±1.1

LYP11

0.710.6

LYP8
LYPO

2.8+1.1
1.6±0.4

ß-Galactosidase activities are expressed in Miller units (153).

Referring to the high-level expression OÎHXT7 under low glucose conditions in the promoterdeletion strains in which the upstream sequences were deleted to position - 495, we presume
that the induction factors of the HXT7 promoter are located in the region between -346 to 129; the fragment between -495 and -346, a 149 bp sequence in the HXT7 promoter, is the
activator OÏHXT7 expression. This cis-regulatory element activates the lacZ expression and is
required for any function of the promoter region -346 to -129.
Investigation of glucose repression of the LYP1112 strain
To investigate further the role of the HXT7 promoter region between -495 and -346 (149 bp
fragment) in glucose repression, cells from exponentially growing cultures of the LYP1112
strain and the background strain (MC996A transformed with pLacZi) were inoculated into
fresh YP medium containing 5% and 0.1% glucose respectively. After 3 h the cells were
harvested for ß-galactosidase and invertase measurements, ß-galactosidase activity in
LYP1112 was normalized to the pLacZi control strain. Table 6.5 shows that invertase activity
was repressed at high-glucose concentration (47 nmoles min"' mg protein"1) and derepressed
at low-glucose concentration (499 nmoles min"' mg protein"1) because all other Hxts and their
promoters are present in the wildtype strain. No glucose repression was observed in the ßgalactosidase activity assay. ß-Galactosidase activity in LYP1112 cells grown on high
glucose medium was the same as in cells grown on low glucose medium. This experiment
proves that there is no regulation of HXT7 expression by the HXT7 promoter region between
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-495 and -346, and that this 149 bp fragment is a constitutive activator or enhancer of HXT7
expression.
Table 6.5 ß-Galactosidase and invertase activities in HXT7 promoter-/acZ fusion
LYP1112 when grown in high- and low-glucose medium
B-Galactosidase activity
Mutant
Invertase activity
High glucose
Low glucose
High glucose
Low glucose
LYP1112

14.3+1.5

13.5±0.8

47±5.0

499±8.0

For invertase assay, a 1% (w/v, wet weight) cell suspension was disrupted using glass beads at 4°C.

B

Figure 6.7 The HXT7 promoter region between -495 and -346 is not glucose-regulated.
The strains LYP1112, pLacZi (in MC996A) and wildtype MC996A were grown on 1% YPD
medium. (A) Growth curves and glucose consumption of the three strains. • , the strain of HXT7
promoter-/acZ fusion, LYP1112; A , pLacZi (in MC996A); • , MC996A. (B) Investigation of
invertase activities and glucose consumption in the three strains. (C) ß-Galactosidase and
invertase activities in the LYP1112 strain. A , ß-Galactosidase activity; • , invertase activity;
• , residual glucose concentration in the medium.
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In another experiment, the time courses of ß-galactosidase activity, invertase activity, A6oo
and glucose consumption were monitored in three strains: LYP1112, pLacZi (control) and
MC996A grown on 1% YPD medium. The three strains grew on YPD medium with the same
rates of growth and glucose consumption (Figure 6.7 A). The invertase activities in the three
strains were almost the same and repressed at high glucose concentration. When the glucose
concentration decreased to <10 mM, invertase activities increased significantly (Figure 6.7B).
The ß-galactosidase activity of LYP1112 remained at the same level during the whole time
course (Figure 6.7C). This result is in line with the result described above, because the
promoter fragment in LYP1112 is not an intact and functional promoter. It is predicted that
carbon source-dependent expression of ß-galactosidase will be observed in the HXT7promoter-ZacZ fusions harboring the functional promoter sequence (about 400 bp upstream
region) with the Pcyci TATA box deleted. This upstream sequence at least to position -495 is
harboring the sequences involved in regulation of HXT7 expression and repression by highglucose concentrations.
DISCUSSION
In this chapter we describe the construction of various HXT7 promoter-/acZ fusions. We
found that a 149 bp fragment of the HXT7 promoter region led to a significant increase of
transcription initiation. We have investigated the ß-galactosidase and invertase activities of
this special HXT7 promoter-/acZ fusion strain. Invertase activity was induced at low glucose
concentrations and repressed at high glucose concentration. Nevertheless, no glucose
repression was observed in the ß-galactosidase activity assay. We further analyzed the
promoter region of HXT7 promoter. This critical 149 bp fragment is located upstream of a
TATA box, a potential CCAAT box and an Adrl binding site. These data suggest the
presence of at least one positive regulatory element in the region between -495 and - 346.
In chapter 4 and chapter 5, it was found that the upstream sequences could be deleted from the
promoter up to position —495 without any large effect on the inducibility of high-level HXT7
expression and glucose transport activity. Surprisingly, the HXT7 promoter-ZacZ fusions with
longer than -495 promoter region (including the full promoter region) failed to give rise to ßgalactosidase expression compared with the LYP1112 strain. The possibilities of incorrect inframe fusion and wrong insertion of HXT7 promoter-/acZ fusion were excluded. First, inframe fusion is unnecessary since the ATG is located in the lacZ ORF in the plasmid, rather in
/ÖT7-derived DNA. Secondly, the restriction fragments obtained by digestion with Hindlll
and BamEl as described above confirmed the expected HXT7 promoter-/acZ fusion
orientation. We think that this abnormal phenomenon may be caused by interference between
the TATA box in the HXT7 promoter sequence and a TATA box in the minimal promoter of

114

HXT7 promoter analysis
plasmid pLacZi (Pcyci) which blocked lacZ gene expression. This presumption needs to be
experimentally proven. In view of the high-level expression of HXT7 in the promoter deletion
mutants (up to -495) at low glucose concentrations and the insensitivity of the ß-galactosidase
activity of LYP1112 to glucose repression, it is likely that the presence of a regulatory
element in the -495 to -129 region is responsible for modulation of the basal expression of
the HXT7 gene. It suggests that the yeast HXT7 promoter is composed of at least two separate
regions (-495 to -346 and -346 to -129). Each is necessary, but neither is sufficient for
normal HXT7 expression. The region upstream of ^ 9 5 may also be relevant to high level of
HXT7 expression.
Migl and Rgtl have been found to act directly on HXT2 and HXT4 gene transcription by
binding to their promoters (169). The low-glucose-induced expression of HXT2 and HXT4
was mediated by two independent repression mechanisms: in the absence of glucose,
transcription of HXT2 and HXT4 was prevented by Rgtl ; at high levels of glucose, expression
of both genes was repressed by Migl. Only at low glucose concentrations were both
repressors inactive, leading to a 10- to 20-fold induction of gene expression (169). To
compare the function of Rgtl and Migl on HXT7 promoter function, it is necessary to
investigate the cells of HXT7 promoter-/acZ fusion growing on ethanol/glycerol, low glucose
and high glucose medium, respectively, by ß-galactosidase activity assay. It is expected that
in the strains containing both Rgtl and Migl binding sites (LYPO - LYP4), lacZ expression
will be prevented in ethanol/glycerol medium; repressed by high concentrations of glucose;
and induced by low levels of glucose. For LYP8 (without Rgtl and Migl binding sites), at
low glucose concentrations, lacZ should be only moderately expressed because of the absence
of glucose induction coming from Rgtl. There should be no glucose repression occurring in
the LYP8 strain, i.e., lacZ expression should be the same in high-glucose as in low-glucose
medium. HXT7 expression in the LYY8 strain was constant but significantly lower than
LYYO - LYY7 and LYY9 - LYY11 (see chapter 4). Perhaps this result will be explained by
the analyses proposed above.
In this study, a CCAAT box and an inverted CCAAT box were found at -146 and -231
within the functional HXT7 promoter region (-495 to -129), respectively. The CCAAT box is
located downstream of a TATA box and the inverse, ATTGG, is located upstream of the
TATA box. It is possible that the inverted CCAAT box is a functional Hap/2/3/4/5 binding
site because of its location upstream of the TATA box. A survey of 178 NF-Y (nuclear factor)
binding CCAAT boxes (144) reported that the frequency of CCAAT boxes appeared to be
relatively high in TATA-less promoters, particularly in the reverse ATTGG orientation. In
TATA-containing promoters the CCAAT box is preferentially located in the -80/-100 region
and is not found nearer to the start site than -50.
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Several potential binding sites for Adrl monomers were found in the HXT7 promoter region.
Adrl is a regulatory protein in the yeast S. cerevisiae that binds to and activates transcription
of the ADH2 gene, which encodes a glucose-repressible alcohol dehydrogenase (43). The
ADH2 promoter contains two elements, UAS1 (upstream activation sequence 1) and UAS2,
which regulate the expression of the gene synergistically (257). Adrl is inactive as a
transcription factor in the presence of glucose (14, 44). Adrl is also important for growth on
glycerol (5). Two zinc fingers of the Cys2-His2 type and a region amino terminal to the fingers
are essential for DNA binding (13). The transcriptional activation functions through UAS1, a
perfect 22-bp repeat (TCTCCAACTTATAAGTTGGAGA) in the ADH2 promoter (206).
Each half of the inverted repeat is an independent, functional binding site for one monomer of
Adrl. Both halves of UAS1 must be present in inverted orientation, implying a tail-to-tail
orientation of the two Adrl monomers on their adjacent binding sites (218). A computeraided search for potential Adrl target genes in S. cerevisiae led to an identical consensus
sequence containing only four essential base pairs: GG(A/G)G (30), which were located in
both halves of the inverted repeat. The specific nucleotide sequence of the central base pairs
separating the two Adrl binding sites in UAS1 did not appear to contribute significantly to
Adrl-DNA binding specificity. However, the spacing between the individual Adrl binding
sites is important for allowing two monomers of Adrl to occupy UAS1 simultaneously.
Cheng et al. found that the spacing between the two inverted GG(A/G)G sequences, allowing
UAS activity, varied randomly in 51 yeast genes with 5' noncoding sequence homology to
UAS1 from 8-40 bp. The central spacer DNA showed no bias in nucleotide composition.
In the HXT7 promoter, we found two GG(A/G)G consensus sequences with inverted
orientation at -205 to -208 and -240 to -243. The spacing between them is 31 bp. We think
this sequence most probably is the UAS1 of the TATA box in the HXT7 promoter, which
should be able to bind a regulatory protein such as Adrl. In the spacer an inverted CCAAT
box is found. It is assumed that these essential elements, the TATA box, the ATTGG
sequence and the potential UAS1, exert the glucose-regulated transactivation. A 'black box'
located in the region between -495 and -346 may be the UAS2, which confers a high level of
transcription. It is noteworthy that two reverse GG(G/A)G sequences CTCC and CCCC
spaced 77 bp, but not in inverted orientation, were found in this 149 bp HXT7 promoter
region. Anyway, the functional elements in this black box remain to be identified. The
promoter sequence in LYY16 supports the presumption further that the elements upstream of
the TATA box, including the element(s) harboring the critical 149 bp region, as mentioned
above, are necessary for initiating the normal glucose-regulated HXT7 expression.
ACKNOWLEDGEMENTS
We are grateful to Marco de Boer for providing plasmid pLacZi.

116

Chapter 7

General discussion and perspectives

The work presented in this thesis is based on genetic and molecular biology
approaches to alter the level of expression of transport proteins; on physiology and
biochemistry approaches to determine the control coefficient of individual glucose
transporters under various growth conditions at steady state; and on a cell biology approach to
monitor the life history of selected transporters within Saccharomyces cerevisiae. The
measured parameters in strains with modulated transporter expression include growth rate,
glycolytic flux rate, glucose transport activity, glucose repression state, and of course
transporter content per cell.
In this final chapter of my thesis, the following subjects, all taken together, will be
addressed: conclusions derived from our findings; puzzles hidden in our data; problems
encountered in the experiments; and suggestions for improvement and further development of
the presented research.
Our data demonstrate that glucose transport is the major controlling factor of the
glycolytic flux in HXT7-on\y strains under defined conditions, even maybe in wildtype yeast,
if we assume that the elasticity of the various glucose transporters is identical. The control
coefficient of glucose transport on the glucose flux has a value as high as 0.90. The control
coefficient of glucose transport with respect to the growth rate is 0.54. Therefore, the growth
rate of yeast on glucose medium could be improved by increasing the glucose uptake
capacity. To this aim, a few proposals follow:
(i)

Raising the HXT1 expression level in the bioengineered yeast strains by various

approaches. Hxtl is a low-affinity hexose transporter. Its expression is induced by a high
concentration of glucose. The glucose transport capacity of Hxtl is not influenced by the
glucose repression. The rate of glucose fermentation can thereby be increased by high Hxtl
transporter activity and fast glucose transport. However, this approach may be limited by an
as yet unknown mechanism (homeostased by glucose in?) for regulation of the transport
capacity. In batch cultures the maximal rate of glucose transport (Kmax) is fairly constant
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during the various phases of growth, although different transporters are expressed (235). Also
interactions among transporters or the capacity of the plasma membrane for integration of
transporters may make it impossible to increase the transport capacity far above the wildtype
level.
(ii) Using a heterologous promoter which is regulated by a gratuitous inducer to improve the
expression level of hexose transporters. For instance, a rat gene promoter system (the rat
glucocorticoid receptor), which is a latent transcriptional activator, has been used in in vivo
expression systems (173, 198). The system is based on a mammalian steroid response. Upon
binding of the hormone ligand, the receptor is translocated to the nucleus where it binds to
short DNA sequences called glucocorticoid response elements (GREs) and activates the
transcription of adjacent genes. In yeast its transcriptional activation potential is dependent on
the presence of GREs in the context of a yeast basal promoter, and on the concentration of the
steroid hormone deoxycortone applied. Another is the promoter of the yeast metallothionein
gene, which is responsive to copper (136, 141, 146). As an advantage of the above two
promoters it has been claimed that the inducers are not metabolized by yeast, and are not toxic
in the range employed. Recently, a hybrid tetO-CYCl promoter has been used in a set of
vectors for modulated gene expression in S. cerevisiae. Expression from this promoter can be
induced up to 1000-fold by tetracycline or derivatives with a lacZ reporter system (72). These
vectors may be very useful for overexpression purposes. On the other hand, by replacing the
natural promoter with the inducible promoter to each of the HXT genes by simple DNA
cloning techniques, the control exerted by various Hxt proteins can be estimated individually
in matching conditions of cell growth and gene expression.
Our results show that fusion of GFP to yeast hexose transporters is a powerful tool to
reveal some characterics of this family of proteins. By making use of the Hxt::GFP
fluorescence, we are not only able to visualize the subcellular localization of the Hxt proteins,
but are also able to quantify the activities of the transporter proteins. The catalytic-center
activities of Hxt2::GFP and Hxt7::GFP in vivo, which represent the maximum number of
substrate molecules that 'turn over' to product per time unit, provide the examples. Although
several HXTs among the 20 hexose transporter gene family have been identified, the
relationships between them are still waiting to be established. It is likely that the different
transporters are suited for different functions and are expressed in response to different
environmental or cellular states. Therefore, by the GFP fusion technique, especially, by taking
advantage of alleles of GFP with possible fluorescence resonance energy transfer, two or
more transporters can be monitored simultaneously (88). In this case, the interactions between
the Hxt proteins in living cells will become much clearer.
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The present study was mainly to perform a glycolytic control analysis through control
of the expression of one hexose transporter gene to different degrees, greater or lesser than
normal. However, the truncated HXT7 promoter series generally demonstrated 2 levels of
HXT7 transcriptional activity: positive or negative. A break occurs in the region of -495 to 346. Among the positive transcriptional activity mutants, the expression of Hxt7 is very
similar: near, but below, the wild type level. The mutant 16 is an extraordinary case, in which
an activator sequence chanced to form after ligation of the remaining ends after deletion.
The integration of the gene at various copy numbers into the genome of an hxtAl-7 strain
increases the complexity of an analysis of the relationship between promoter size and glucose
transport capacity.
For future research, two points deserve special attention:
(i)

Creating adjustable and inducible promoters which cover a wide range of promoter

activities in small steps of activity change. For example, the artificial yeast promoters (102,
103), constructed by using synthetic degenerated oligonucleotides and regulated by arginine,
will be one of the candidates for replacing the HXT promoters to alter HXT expression level
and to perform the experimental control analysis.
(ii) Controlling the single gene integration by using low concentrations of DNA (174) or
strictly selecting the desired gene dosage by Southern blot analysis.
Concerning the HXT7 promoter analysis, as described in chapter 6, the HXT7
promoter-/acZ fusions with a promoter extending beyond —495 from the start codon
(including the full promoter region) failed to give rise to ß-galactosidase expression. We are
not sure whether this lack of expression is caused by interference between the TATA box in
the HXT7 promoter sequence and the TATA box in the minimal promoter of plasmid pLacZi
(^cycO- We hope that this can be proven by the deletion of the TATA box in pLacZi in nearfuture experiments.
We found four Mig 1-binding sites in the HXT7 promoter. Migl is a transcriptional repressor
of many glucose-repressed genes. However, we did not find a significant glucose repression
of HXT7 expression in the strains LYYO - LYY7, LYY10 and LYY11, of which the
promoters include a different content of Migl binding sites, relative to that in the strain LYY8
(lacking any Migl-binding site). The phenomenon of partial derepression on high glucose has
been observed for all HXT7-only strains. We propose that all HXT7-on\y strains are partly
derepressed due to the low glucose transport capacity, and that the loss of the Migl binding
site(s) can not induce a significant further derepression. To distinguish them, a test can be
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made by comparing the ß-galactosidase activities from the LYY7 promoter versus the LYY8
promoter in the wildtype strain MC996A at high glucose, in which no transport-dependent
derepression is present, after the question of interference between two TATA boxes has been
solved.
The 149 bp DNA region -495 to-346 in the HXT7 promoter plays an important role in HXT7
expression. We did not yet find any key transcriptional element located in this region. What
kind of activator sequence is it? To find the answer, there are two routes that can be taken.
First, narrow this 149 bp DNA region by using the PCR technique or oligonucleotide linkers
and compare the level of the ß-galactosidase activity produced by a specific region. Second,
analyze this region by using the techniques currently used to characterize DNA-protein
interactions, such as DNase I footprinting (16) and the mobility shift assay (21). The basis of
footprinting is that the protein which binds to a singly end-labeled DNA fragment protects the
phosphodiester backbone of DNA from DNase I-catalyzed hydrolysis. Binding sites are
visualized by autoradiography of the DNA fragments that result from hydrolysis, following
separation by electrophoresis on denaturing DNA sequencing gels. In the mobility shift DNAbinding assay, proteins that bind specifically to an end-labeled DNA fragment retard the
mobility of the fragment during nondenaturing Polyacrylamide gel electrophoresis, resulting
in discrete bands corresponding to the individual protein-DNA complexes. To find the
transcriptional activation element in this special 149 bp DNA region will be an interesting and
exciting work. Other work still to be done is the identification of the transcription factors,
which have been preliminarily screened by the HXT7 promoter analysis in chapter 6.
Teusink et al. (215) propose that intracellular glucose is a candidate signal molecule
for glucose repression. Similar information can be drawn from a recent survey (47). Our
results are also in agreement with this conclusion. This issue can be further tested by the
following experiment: compare the glucose repression state under the conditions of the same
external glucose concentration (for instance, 30 mM) and the same glucose flux, which is
produced by either the high-affinity transporter Hxt7 or the low-affinity transporter Hxtl, with
different gene dosage. Under 30 mM glucose condition, glucose transport in the HXT7-on\y
cell (Km& 2 mM) is saturated. While in the HXT1 -only cell (Km~ 100 mM), glucose transport
is proportional to the concentrations of external glucose and the Hxtl protein. Therefore, the
internal glucose concentration in the HXT1-only cell should be higher than that in the HXT7only cell. If the intracellular glucose is indeed the signal molecule for glucose repression, a
different effect of glucose repression should be observed between HXT7-on\y and HXT1 -only
cells. This experiment will also give the answer on the question whether the low-affinity
carrier Hxtl exerts the same control on the flux of glucose as does the high-affinity Hxt7.
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In this study we noticed a remarkable phenomenon of an incomplete glucose
repression in the HXT-orAy strains under conditions of high glucose concentrations. We
presume it is the consequence of derepression at low internal glucose, since the //AT-only
strains have lower glucose transport capacities than the wildtype strains. However, the actual
mechanism remains to be answered. It is unknown whether glucose transport accompanies the
Snf3 and Rgt2 signaling step. At low glucose concentrations (below 15 mM) a further
induction occurs. This may be due to Snß sensing. What is the glucose concentration
dependence of the signals emanating from SnO? What determines the sensitivity of Snf3
sensing? Kruckeberg et al. put forward a proposal to measure the glucose sensitivity by fusing
the Snf3 tail to the Rgt2 membrane-spanning domains and vice versa (126). Maybe the
resulting chimeric proteins can provide the answer to the question whether Snf3 is a highaffinity sensor or not, and to reveal the sensitivity and specificity of the SnO/Rgt2 system.
In our present work, the function of hexose transporters has been researched in
mutants with an individual hexose transporter gene. It can detect and resolve the presence of
multiple uptake systems with relative ease. Of course, transport is an enormously complex
process that no doubt requires the participation of many gene products. When the
understanding of each of the HXT genes has been greatly increased, these isolated
components will be assembled together. It will be interesting to investigate the characteristics
of both Hxtl and Hxt7 combined in one strain and the like. How will the glycolytic pathway
be controlled? What is the function of glucose signaling for glucose repression in these
strains? Through these approaches, more precise explanations of the glucose transport
mechanism will be achieved.
S. cerevisiae has been studied extensively for many years. In recent years, the
application of genetic and molecular biology techniques provides a more complete global
picture of this simple microorganism, but with a very sophisticated regulatory system. There
are still many questions for which the answers have not been found yet. For example, in our
study, Hxt2 demonstrates two-component kinetics. How can a protein function as a highaffinity and a minor low affinity transporter simultaneously? Why does Hxt7 show different
kinetics from Hxt2? What is the relationship between them in the process of glucose
metabolism? It is a long way to answer all the fundamental problems related to the glucose
transport mechanism.
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Summary
Chapter 1 of this thesis gives an introduction and some background information on glucose
transport, glucose repression and control and regulation of glucose metabolism in the yeast
Saccharomyces cerevisiae, which are the main topics of this thesis.
Chapter 2 studies the kinetic and physiological behavior of a selected hexose transporter by
genetically fusing Hxt2 with the green fluorescent protein (GFP). Hxt2 and Hxt2::GFP show
biphasic uptake kinetics with a main low-affinity component (Km = 15 and 13 mM,
respectively) and a minor high-affinity component (Km = 0.25 mM). The catalytic-center
activity of the Hxt2::GFP molecule in vivo is estimated as 65 s ' at 30 °C, from the
fluorescence level and transport kinetics, the first determination ever of the turnover number
of a glucose transporter in yeast. Using the Hxt2::GFP fusion protein as a quantitative
reporter, Hxt2 expression, abundance, and localization within the yeast cell are observed
through fluorimetric and spectrophotometric techniques. Induced by low glucose
concentration, the Hxt2::GFP fluorescence is localized to the plasma membrane. When the
induced cells are treated with high glucose, the Hxt2::GFP fusion protein is quickly
redistributed to the vacuole. Our data show that under inducing conditions the hexose
transporter is transcribed in the nucleus, translated at the endoplasmic reticulum, and
delivered via secretory vesicles to the plasma membrane, then removed via endocytosis and
degraded in the vacuole.
Chapter 3 compares the expression of HXT7::GFP in the wildtype S. cerevisiae strain
MC996A with that in the HXT7-on\y strain RE607B. The effect of glucose repression on the
strains containing the Hxt7::GFP fusion proteins is also compared. The expression of the
Hxt7::GFP fusion protein is induced by low-glucose concentrations. High glucose
concentrations repress Hxt7::GFP expression in the wildtype strain, but this repression is less
complete in the HXT7-on\y strain. The glucose transport kinetics of Hxt7 and Hxt7::GFP are
fitted to a single-component transport system and the results confirm that Hxt7 and
Hxt7::GFP are high-affinity transporters with a Km of about 2 mM. The catalytic-center
activity of the Hxt7::GFP molecule is determined to be about 200 s"1 at 30°C.
Chapter 4 reports the construction of a set of S. cerevisiae strains with variable expression of
the Hxt7 protein, which is the most abundantly expressed high-affinity transporter in wildtype
yeast strains. By partial deletion of the HXT7 promoter in vitro and integration of the gene
into the genome of an hxtl - hxt7 gall deletion strain, the expression level of HXT7 and the
phenotypes of different strains with different promoter length and different gene copy number
are investigated. A 149 bp DNA region, situated between 346 and 495 bp 5' of the HXT7
open reading frame, appears to be essential for HXT7 expression and growth on glucose.
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Summary
According to the theory of Metabolic Control Analysis, the control of an enzyme on the
steady-state flux through a metabolic pathway is expressed quantitatively by a control
coefficient. When all other enzyme activities are kept constant, the relative change of the flux
divided by the relative change of the activity of this enzyme is defined as the control
coefficient. Control of a metabolic pathway is distributed amongst all steps of the pathway;
the sum of the control coefficients in a pathway is 1. The value of the control coefficient
reflects the level of control of this enzyme on the flux. If an enzyme has a flux control
coefficient of 1, it is the rate-limiting step of the pathway. The distribution of the flux control
among the pathway enzymes is determined by their kinetic properties. By modulating the
amount of an enzyme in the cell, its activity varies and this results in a certain modulation of
the total flux under steady-state conditions. In order to understand further the role of hexose
transport in regulation and control of glycolysis, alteration of hexose transporter expression
levels by promoter deletion is applied in this thesis as an approach to the determination of the
control coefficient of glucose transport for both glycolytic flux and growth rate.
Metabolic Control Analysis is applied in Chapter 5 to determine the effect of the glucose
transport capacity on various physiological properties by using the promoter-deletion strain
described in chapter 4. The differences in HXT7 expression result in reproducible differences
in the glucose transport activity of the strains. The growth rate of these strains on glucose is
correlated with their transport activity. The glucose transport capacity increases with higher
levels of HXT7 expression. The control coefficients of glucose transport with respect to
glucose flux and growth rate are 0.90 and 0.54, respectively. At high extracellular glucose
concentrations both invertase activity and the rate of oxidative glucose metabolism increase
considerably with decreasing glucose transport capacity, indicative of release from glucose
repression. It is concluded that the intracellular glucose concentration is the most suitable
candidate for the signal molecule inducing glucose repression. In addition, both in the HXT7only strains and in the wildtype strain, glucose transport exerts a high control on glycolytic
flux.
In Chapter 6, we investigate the regulation of hexose transport at the level of transcription of
the HXT7 hexose transporter gene. The characteristics of the HXT7 promoter and various
promoter segments are analyzed using HXT7 promoter-CFCMacZ fusions. The 149 bp region
described in chapter 4, is found to contain an activator sequence for HXT7 expression,
working together with other elements downstream of it in the HXT7 promoter. The putative
HXT7 promoter binding elements are also discussed.
In Chapter 7, a general discussion of our findings in the present studies is provided. A couple
of proposals for further research are put forward.
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Samenvatting
Hoofdstuk 1 van dit proefschrift geeft een inleiding en enige achtergrondinformatie over
glucose transport, glucose repressie, en over controle en regulatie van glucose metabolisme in
de gist Saccharomyces cerevisiae, wat de belangrijkste onderwerpen van dit proefschrift zijn.
Hoofstuk 2 beschrijft het onderzoek naar de kinetische en fysiologische eigenschappen van
een geselecteerde hexose transporter door middel van genetische fusie van Hxt2 met het green
fluorescent protein (GFP). Hxt2 en Hxt2::GFP vertonen bifasische opname kinetiek met een
sterke lage affiniteits component (Km =15 and 13 mM, respectievelijk) en een minder sterke
hoge affiniteits component (Km = 0.25 mM). Met behulp van het fluorescentie nivo en de
transport kinetiek kon de in vivo activiteit van het catalitische centrum van het Hxt2::GFP
molecuul worden geschat op 65 s"1 bij 30 °C, de eerste bepaling ooit van een turnover getal van
een glucose transporter in gist. Door gebruik te maken van het Hxt2::GFP fusie eiwit als een
kwantitatieve boodschapper, is de expressie, de hoeveelheid, en lokalisatie van Hxt2 in de
gistcel gemeten door middel van fluorimetrische en spectrofotometrische technieken.. De
fluorescentie van Hxt2::GFP is in het plasma membraan gelocaliseerd als deze wordt
geïnduceerd door een lage concentratie glucose. Zodra de geïnduceerde cellen worden
behandeld met glucose, wordt het Hxt2::GFP fusie eiwit snel geredistrubueerd naar de vacuole.
Onze data laten zien dat onder inducerende condities de hexose transporter getranscribeerd
wordt in de kern, getransleerd wordt in het endoplasmatisch reticulum, via secretory vesicles in
het plasma membraan terecht komt en vervolgens wordt verwijderd via endocytose en wordt
afgebroken in de vacuole.
Hoofdstuk 3 geeft een vergelijking van de expressie van HXT7::GFP in de wild type S.
cerevisiae stam, MC996A met die in een stam waarin Hxt7 als enige hexose transporter tot
expressie komt, RE607B. Het effect van glucose repressie op de stammen met de Hxt7::GFP
fusie eiwitten bevatten wordt ook vergeleken. De expressie van het Hxt7::GFP fusie eiwit
wordt geïnduceerd door lage glucose concentraties. Hoge concentraties glucose represseren de
Hxt7::GFP expressie in de wilde type stam, echter in de stam waarin alleen Hxt7 tot expressie
komt is deze repressie minder volledig. De glucose transport kinetiek van Hxt7 en Hxt7::GFP
is gefit naar een één-components systeem en de resultaten bevestigen dat Hxt7 en Hxt7::GFP
hoge affiniteits transporters zijn met een Km van ongeveer 2 mM. De activiteit van het
catalytische centrum van het Hxt7::GFP molecuul werd geschat op ongeveer 200 s ' bij 30°C.
Hoofstuk 4 beschrijft de constructie van een verzameling S. cerevisiae stammen met een
variabele expressie van het Hxt7 eiwit, de belangrijkste hoge affiniteits tranporter in wilde
type gistcellen. Door middel van gedeeltelijke deletie van de HXT7 promoter in vitro en
integratie van het gen in het genoom van een hxtl - hxt7 gal2 deletie stam, wordt het
expressie-nivo van HXT7 en het phenotype van de verschillende stammen met verschillende
promotor lengtes en verschillend aantal kopiën van het gen onderzocht. Een stukje DNA van
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149 bp, gelegen tussen 346 en 495 bp 5' van het HXT7 open reading frame, lijkt noodzakelijk
voor HXT7 expressie en groei op glucose.
Volgens de theorie van de Metabole Controle Analyse wordt de controle van een enzym op de
steady state flux door een metabool pad, kwantitatief uitgedrukt door een controle coëfficiënt.
De controle coëfficiënt is gedefinieerd als de relatieve verandering van de flux gedeeld door de
relatieve verandering van de activiteit van dit enzym, waarbij alle andere enzym activiteiten
constant worden gehouden. De controle over een metabool pad is verdeeld over alle stappen
van het pad; de som van de controle coëfficiënten is 1. De waarde van de controle coëfficiënt
toont de mate van controle van dit enzyme op de flux. Als een enzym een flux controle
coëfficiënt heeft van 1 dan is het de snelheids-bepalende stap van het metabole pad. De
verdeling van de flux controle over de enzymen van het pad wordt bepaald door de kinetische
eigenschappen van de enzymen. Door de hoeveelheid van een enzym in de cel en daarbij de
activiteit te veranderen zal de totale flux onder steady state condities veranderen. Om de rol
van hexose transport op de regulatie en controle van de glycolyse beter te begrijpen, wordt in
dit proefschrift het expressie nivo van de hexose transporter gevarieerd door middel van
promoter deletie om vervolgens de controle coefficient van glucose transport op zowel de
glycolytische flux als de groei te bepalen.
In Hoofstuk 5 wordt de Metabole Controle Analyse toegepast om met behulp van de promoterdeletie stammen beschreven in hoofstuk 4, het effect van de glucose transport capaciteit op
verschillende fysiologische eigenschappen te bepalen. De verschillen in de expressie van HXT7
resulteren in reproduceerbare verschillen in de glucose transport activiteit van de stammen. De
groeisnelheid van deze stammen is gecorrelleerd aan hun transport activiteit. De glucose
transport capaciteit neem toe naarmate de HXT7 expressie toeneneemt. De controle
coëfficiënten van glucose transport op respectievelijk de glucose flux en de groeisnelheid zijn
respectievelijk, 0.90 en 0.54. Bij een hoge extracellulaire glucose concentratie nemen zowel de
invertase activiteit als de snelheid van het oxidatief metabolisme aanzienlijk toe met een
afnemende glucose transport capaciteit, wat duidt op een afname van glucose repressie. Er is
geconcludeerd dat de intracellulaire glucose concentratie de meest geschikte kandidaat is voor
de inductie van glucose repressie. Bovendien is aangetoond dat zowel in de stammen waarin
alleen Hxt7 tot expressie komt als in de wilde type stam glucose transport een hoge controle op
de lycolytische flux heeft.
In Hoofstuk 6, onderzoeken we de regulatie van hexose transport op het nivo van de
transcriptie van het HXT7 transporter gen. De karakteristieken van de HXT7 promoter en
verscheidene promoter segmenten zijn geanalyseerd met behulp van HXT7 promoter-CYC1lacZ fusies. In het 149 bp gebied zoals beschreven in hoofdstuk 4 is een activator sequentie
voor HXT7 expressie gevonden. Deze werkt samen met andere elementen stroomafwaarts in de
HXT7 promoter. Verder worden mogelijke HXT7 promoter bindingselementen bediscussieerd.
Hoofdstuk 7 geeft een algemene discussie van onze bevindingen in dit onderzoek. Enkele
voorstellen voor toekomstig onderzoek worden naar voren gebracht.
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