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Chapter 3
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.

45

Chapter 3
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
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synthesized. It suggests that Hxt7::GFP expression in the wildtype KY101 is delayed by the
influence of other Hxt transporters on HXT7 expression.

10

11

12

13

B

Time (h)

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.

LYG7

kDa
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48

RE607

-

34.2-

28.4
20.5

•

(h)
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•

8 24
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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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