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Catabolite inactivation of the high-affinity hexose transporters Hxt6 and
Hxt7 of Saccharomyces cerevisiae occurs in the vacuole after
internalization by endocytosis
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Abstract After addition of high concentrations of glucose, rates
of high-affinity glucose uptake in Saccharomyces cerevisiae
decrease rapidly. We found that the high-affinity hexose
transporters Hxt6 and Hxt7 are subject to glucose-induced
proteolytic degradation (catabolite inactivation). Degradation
occurs in the vacuole, as Hxt6/7 were stabilized in proteinase A-
deficient mutant cells. Degradation was independent of the
proteasome. The half-life of Hxt6 and Hxt7 strongly increased in
endd4, renl and act] mutant strains, indicating that the proteins
are delivered to the vacuole by endocytosis. Moreover, both
proteins were also stabilized in mutants defective in ubiquitina-
tion. However, the initial signal that triggers catabolite
inactivation is not relayed via the glucose sensors Snf3 and Rgt2.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Several strategies are used by Saccharomyces cerevisiae to
accommodate the activities of the hexose uptake system to
different environmental conditions [1]. Glucose itself is the
most important regulator and affects hexose transport activ-
ities at several levels. On the one hand, the extracellular con-
centration of glucose tightly controls transcription of various
HXT genes encoding glucose transporters with different ki-
netic characteristics [2,3]. On the other hand, the intracellular
glucose concentration seems to exert feedback regulation on
glucose transport activities [4]. Moreover, posttranscriptional
mechanisms control the actual number of transporter proteins
in the plasma membrane [1].

One as yet insufficiently investigated aspect of regulation of
hexose transport concerns the stability of the transporter pro-
teins. It is known that under certain starvation conditions
high- and low-affinity components of the hexose uptake sys-
tem are specifically inactivated [S]. Moreover, a component of
high-affinity glucose uptake is subject to catabolite inactiva-
tion, a degradation process that is triggered by the addition of
high concentrations of glucose to derepressed yeast cells [5,6].
Here, we show that the high-affinity glucose transporters Hxt6
and Hxt7 are subject to glucose-induced degradation in the
vacuole.
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2. Materials and methods

2.1. Yeast strains, media and growth conditions

The genotypes of the yeast strains used in this work are listed in
Table 1. Rich media were based on 1% yeast extract and 2% peptone
(YEP), minimal media consisted of 0.17% Difco yeast nitrogen base
without amino acids and ammonium (YNB), supplemented with var-
ious carbon sources. Yeast cells were grown aerobically at 25°C (tem-
perature-sensitive mutants) or 30°C on a rotary shaker. Cell growth
was monitored by measuring optical densities at 600 nm (ODg). For
Western analysis of Hxt6/7 and for glucose uptake measurements,
wild-type and mutant strains were grown to an ODggo of 1.0-1.5 in
YEP medium with 3% raffinose (HXT6/7-inducing conditions). To
induce inactivation, cells were harvested during exponential growth,
washed with YNB medium and resuspended in YNB medium with 5%
glucose at 30°C or 37°C (temperature-sensitive mutants). We routinely
used nitrogen-free medium, as these conditions slightly accelerate the
inactivation process ([7]; data not shown). Moreover, dilution of the
proteins by cell growth is avoided. Glucose uptake was assayed as
described previously [8] with modifications according to Walsh et al.

[9].

2.2. Preparation of Hxt6/7 and Hxtl antibodies

To prepare antibodies directed against Hxt6 and 7, a PCR-ampli-
fied DNA fragment encoding amino acids 17-47 of the hydrophilic N-
terminal region of Hxt6/7 was fused in frame to the C-terminus of
glutathione-S-transferase (GST) in pGEX-3X (Pharmacia). This re-
gion exhibits no similarities to the other hexose transporters. Like-
wise, for the preparation of antibodies against Hxtl, a DNA fragment
encoding amino acids 17-49 of Hxtl was fused to the C-terminus of
GST. The Hxt6/7-GST and Hxt1-GST fusion proteins were expressed
in Escherichia coli, purified by affinity chromatography using gluta-
thione-Sepharose columns, and used for the immunization of rabbits
by standard injection regimens (Eurogentec). The antisera were puri-
fied by affinity chromatography using the Hxt1-GST and Hxt6/7-GST
fusion proteins coupled to Affi-gel-15 (Bio-Rad) columns.

2.3. Preparation of crude extracts and Western blot analysis

2.3.1. Preparation of total protein extracts. Cells were harvested
by centrifugation, and washed once with 10 mM NaN3/NaF solution.
Cells were resuspended in 100 pl of lysis buffer (0.3 M sorbitol, 50
mM MOPS, 10 mM NaNj, pH 7.5; plus protease inhibitor cocktail
tablets, Boehringer Mannheim). Cells were broken by shaking the
suspension with glass beads (J=0.45 mm), 200 pl of sample buffer
was added (4% SDS, 20% glycerol, 125 mM Tris-HCI, 20 mM DTT,
pH 6.8) and proteins were denatured by incubating the suspensions
for 5 min at 95°C. Insoluble cell components were removed by cen-
trifugation.

2.3.2. Preparation of membrane fractions. Cells were harvested by
centrifugation, washed twice with water and frozen quickly. Glass
beads, 200 pl of Tris Mix (0.1 M Tris-HCI, pH 7.5, 0.15 mM NaCl,
5 mM EDTA) with 0.2 mM PMSF was added and the cell suspension
was shaken on a vibrax for 3 min. After addition of 200 pl of Tris
Mix, the supernatant was centrifuged for 45 min at 12000Xg. The
pellet was quickly rinsed with 400 ul of Tris Mix containing 5 M urea
and incubated for 30 min on ice. The membrane faction was centri-
fuged for 45 min at 12000 X g. Then 320 ul of Tris Mix was added to
the pellet. Proteins were precipitated by adding 80 ul of 50% trichloro-
acetic acid and the samples were incubated for 30 min on ice. The
precipitates were collected by centrifugation for 30 min at 12000X g
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Table 1

Yeast strains

Strain Genotype Source
CMY 1001 MATa MAL61/HA MALI2 MALI3 GAL" leu2 ura3-52 lys2-801 ade2-101 trpl-A63 his3-A200 C. Michels
CMY 1003 renlA::LEU2, isogenic to CMY1001 C. Michels
DBY 1689 MATa, his4-619 D. Botstein
DBY 4878 MATa, his4-619, actl-1, isogenic to DBY 1689 D. Botstein
RKY#534 MATa barl-1 leu2 his4 ura3 R. Kolling
RKY#536 MATa barl-1 leu2 his4 ura3 end4, isogenic to RKY#534 R. Kolling
RKY#649 MATa ura3 leu2-3, 112 his3-11,15 GAL™ CAN¢? R. Kolling
RKY#927 MATa ura3 leu2-3,112 his3-11,15 GAL"™ CAN® prel-I pre2-2, isogenic to RKY#649 R. Kolling
RKY#826 MATa ura3-52 his3-A200 leu2-3,112 trpl-A63 lys2-801 R. Kolling
RKY#969 MATa ura3-52 his3-A200 leu2-3,112 trpl-A63 lys2-801 Apep4::URA3, isogenic to RKY#826 R. Kélling
CEN.PK2-1C MATa leu2-3,112 ura3-52 trpl-289 his3-Al MAL2-8° SUC2 K.D. Entian
CEN.PK2-1D MATo. leu2-3,112 ura3-52 trpl-289 his3-Al MAL2-8° SUC2 K.D. Entian
SKY1 MATa leu2-3,112 ura3-52 trpl-289 his3A1 MAL2-8° SUC2 Asnf3::kanMX, isogenic to CEN.PK2-1C This study
SKY2 MATo. leu2-3, 112 ura3-52 trpl-289 his3-Al MAL2-8° SUC2 Argt2: -kanMX, isogenic to CEN.PK2-1D This study
23344c MATo ura3 B. André
27038a MATo. npil ura3, isogenic to 23344c B. André
27002d MATa npi2 ura3, isogenic to 23344c B. André
RE700A MATa ura3-52 Ahxtl Ahxt2 Ahxt3 Ahxt4d Ahxt5 Ahxt6 Ahxt7 E. Reifenberger

and pellets were diluted in 100 pl of sample buffer (0.4 M Tris-HCl,
225 mM NacCl, 7.5 mM EDTA).

Equal amounts of protein were loaded into each lane of a standard
10% acrylamide gel. Proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) by standard
methods. The proteins were then blotted onto a PVDF membrane
(Millipore). The filters were incubated in phosphate-buffered saline
(PBSTB buffer: 50 mM K;PO,, pH 5.7, 100 mM NacCl, 0.1% Tween
20, 10% BSA) by shaking for 2 h at room temperature. Antiserum
against the yeast hexose transporters (diluted 1:500 in PBSTB bulffer)
was added, and the filter was incubated on a rotary shaker overnight
at room temperature. After washing 3 times in PBST (50 mM K;POy,
pH 5.7, 100 mM NaCl, 0.1% Tween 20) goat anti-rabbit peroxidase
conjugate (Bio-Rad), diluted 1:10000, was used as secondary anti-
body. The yeast hexose transporters were visualized using NBT/
BCIP dye detection.

2.4. Construction of snf3 and rgt2 deletion mutant strains

Yeast strains lacking the glucose sensor genes SNF3 and RGT2
were constructed by the ‘short flanking homology PCR’ technique
and the loxP: :kanMX: :lox PICre-recombinase system [10]. The prim-
ers used for the construction of the SNF3 replacement PCR con-
structs were: (1) 5'-ATGGATCCTAATAGTAACAGTTCTAGCG-
AAACATTACGCCAAGAGAAATTCGTACGCTGCAGGTCGAC-3',
and (2) 5'-TATTTCAAATCATTATTTTCATTTACAGGTTGATTA-
GTGGCGTTTTCGCATAGGCCACTAGTGGATCTG-3'. The prim-
ers used for the construction of the RGT2 replacement PCR con-
structs were: (1) 5'-ATGAACGATAGCCAAAACTGCCTACGAC-
AGAGGGAAGAAAATAGTCATTTCGTACGCTGCAGGTCGAC-3'
and (2) 5-GGGGGAAGTGTATTGGCTGTGCTTACTAGCGAGG-
TCACTCGTCCAATTGCATAGGCCACTAGTGGATCTG-3' (homol-
ogy to the sugar transporter genes is in bold; homology to kanMX
cassette is in italics). Yeast transformation was as described [11]. The
transformants were plated on YEP/2% maltose medium supplemented
with G418 (200 mg/l). The correct replacements were confirmed by
PCR.

2.5. Construction of HXT plasmids

Three different 2u-based multicopy plasmids were constructed for
the constitutive expression of HXTI or HXT7, or the simultaneous
expression of HXTI and HXT7. To construct the plasmid
YEAHXTI, a 4.4-kb BamHI fragment containing the ADHIpro-
moter-HXTI fusion construct from plasmid YIpAPHXT]1 [3] was re-
cloned into YEplac195 [12]. For plasmid YEpkHXT?7, a 2.5-kb Sphl/
Xbal fragment from plasmid p21-PST containing the HX77 gene with
only 480 bp of its promoter region [13] was recloned into YEplacl95.
The plasmid YkH7AHI contains a 4.4-kb BamHI fragment compris-
ing the ADHIpromoter-HXTI fusion, cloned into the vector
YEpkHXT7.

3. Results and discussion

3.1. Glucose-induced inactivation of high-affinity glucose
transporters Hxt6 and Hxt7

Yeast cells were grown in rich medium with raffinose, har-
vested and incubated for up to 5 h in nitrogen starvation
medium, supplemented either with 5% glucose or, as a con-
trol, 3% raffinose (due to the extracellular hydrolysis of raffi-
nose by invertase, this carbon source is used to ensure a con-
stant supply of low concentrations of glucose). Under both
conditions, glucose uptake kinetics may be described by a
biphasic system with a high- and a low-affinity component
(Fig. 1). However, in the cells incubated with 5% glucose
the glucose transport capacity of the high-affinity component
was reduced by more than 50% as compared to the cells in-
cubated with raffinose. Moreover, high-affinity glucose uptake
kinetics were shifted to significantly higher K, values. These
observations confirm previous findings [6,14] that a compo-
nent of high-affinity glucose transport in S. cerevisiae is sub-
ject to glucose-induced inactivation.

Hxt6 and Hxt7 are known to be the hexose transporters
with the highest affinities for glucose [3]. Because of the
high similarity between these proteins [13] it is not possible
to distinguish between Hxt6 and Hxt7 in Western analyses.
Raffinose-grown wild-type yeast cells were subject to catabo-
lite inactivation conditions, harvested at different times, and
the relative amount of Hxt6/7 protein was determined by
Western analysis with Hxt6/7-specific antibodies. Rapid deg-
radation of the Hxt6/7 proteins was observed under catabolite
inactivation conditions (Fig. 2). The half-life of Hxt6/7 hexose
transporters in 5% glucose medium without ammonium was
about 45 min. Thus, glucose-induced loss of high-affinity glu-
cose transport activity parallels the decline in Hxt6/7 protein
levels.

3.2. Degradation of Hxt6/7 occurs in the vacuole after
internalization by endocytosis
Yeast cells have two major protein degradation pathways,
the cytoplasmic proteasome complex and the vacuole [15,16].
To investigate the route of glucose-induced degradation of
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Fig. 1. Eadie-Hofstee plots of glucose uptake kinetics in S. cerevi-
siae cells. Strain RKY#826 was grown in YEP with 3% raffinose,
and harvested during exponential growth. The cells were washed
and transferred to ammonium-free YNB medium containing (A) 3%
raffinose or (B) 5% glucose (catabolite inactivation conditions).
After incubation for 5 h at 30°C, glucose uptake activities were de-
termined. The results from three independent experiments are pre-
sented. K, in mM, V., in nmol min~' mg~" dw. dw=dry weight.

Hxt6/7 we examined the stability of both proteins in mutant
strains affected in either proteasomal or vacuolar proteolytic
activity. The essential genes PREI and PRE2 encode [B-sub-
units of the proteasome responsible for the chymotrypsin-like
activity of the enzyme complex [17,18]. The stability of Hxt6/7
was not affected in a temperature-sensitive prel-1 pre2-2 mu-
tant strain at the restrictive temperature of 37°C (Fig. 2). Pep4

N
Fig. 2. Stability of Hxt6 and Hxt7 under catabolite inactivation con-
ditions. The strains RKY#969 (Apep4), RKY#927 (prel-1 pre2-2),
RKY#536 (end4), CMY1003 (Arenl), DBY4878 (acti-1), 27038a
(npil), 27002d (npi2), SKY1 (Asnf3) and SKY2 (Argt2) and their
isogenic wild-type strains RKY#826, RKY#649, RKY#534,
CMY1001, DBY1869, 23344c, CEN.PK2-1C/D, respectively, were
grown to the early exponential phase in YEP medium with 3% raffi-
nose, at 25°C (RKY#927, RKY#649, RKY#536, RKY#534,
DBY4878, DBY1869) or 30°C (other strains). Cells were shifted to
nitrogen starvation medium containing 5% glucose, and incubated
at 37°C (RKY#927, RKY#649, RKY#536, RKY#534, DBY4878,
DBY1869) or 30°C (other strains). At the indicated times, cells were
harvested, protein extracts (RKY#969, RKY#826, CMY strains,
27038a, 27002d, 23344c) or membrane fractions (RKY#927,
RKY#649, RKY#536, RKY#534, DBY strains, CEN.PK strains)
were prepared, and the proteins were subjected to Western analysis
with Hxt6/7-specific antibodies. The experiments were repeated twice
with similar results.
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is the master protease in the vacuolar lumen, and its loss
essentially results in a proteolytically inactive vacuole
[19,20]. In contrast to the corresponding wild-type strain,
Hxt6 and Hxt7 were stable for more than 6 h in a pep4
deletion mutant strain under inactivation conditions (Fig. 2).
These data demonstrate that cellular turnover of Hxt6/7
mainly depends on vacuolar proteolysis and not on the cyto-
plasmic proteasome.
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Fig. 3. Coexpression of Hxtl and Hxt7. The strain RE700 (hxtl-7)
was transformed with plasmids YEAHXT1 (HXTI), YEpkHXT7
(HXT7) and YkH7AH1 (HXTI+HXT7). Transformants were grown
on selective medium with 25 mM glucose to the early exponential
phase. Cells were harvested and shifted to selective medium with ei-
ther 5 mM or 250 mM glucose. After 6 h cells were harvested, pro-
tein extracts were prepared, and the proteins were subjected to
Western analysis with Hxtl- and Hxt6/7-specific antibodies.

Degradation of Hxt6/7 in the vacuole implies that the pro-
teins must first be delivered from the plasma membrane to the
vacuole. The main route for degradation of plasma membrane
proteins is via internalization by endocytosis and subsequent
delivery to the vacuole [21-23]. Internalization of Hxt6/7 dur-
ing catabolite inactivation conditions was studied with either
end4®, renlA or actl-1* mutants, all defective in endocytosis
[24-26]. As can be seen in Fig. 2, the hexose transporters
Hxt6/7 were highly stabilized in all three mutant strains, as
compared to the corresponding wild types. Our data suggest
that under high glucose conditions the hexose transporters
Hxt6/7 are rapidly internalized via endocytosis and trans-
ported to the vacuole by vesicular carriers.

Moreover, as degradation of Hxt6 and Hxt7 was substan-
tially reduced in npil/rsp5 ubiquitin-protein ligase- and npi2/
doa4 ubiquitin-protein hydrolase-deficient mutant strains
[27,28] (Fig. 2), ubiquitination may also be involved in catab-
olite inactivation of the glucose transporters.

3.3. The glucose sensors Snf3 and Rgt2 are not required for
glucose-induced degradation of Hxt6/7

Catabolite inactivation of Hxt6/7 is observed only in the
presence of high concentrations of glucose. This implies the
existence of a glucose sensing system which senses changes in
the external glucose concentration, and finally triggers inter-
nalization and degradation of Hxt6/7. It has been shown that
the glucose sensor Rgt2, but not Snf3, is involved in mediating
the signal for glucose-induced degradation of the maltose per-
mease [29]. In contrast, we could not observe an increase in
the stability of Hxt6/7 in rgz2 mutant cells (Fig. 2). Moreover,
about 90 min after addition of 5% glucose to snf3 mutant cells
a rapid decline of Hxt6/7 protein levels sets in (Fig. 2). The
low amount of Hxt6/7 protein after growth on a mixture of
2% maltose and 2% raffinose is consistent with the finding
that low-glucose induced transcription of HX76 and HXT7
is dependent on Snf3 ([30]; R. Wieczorke and E. Boles, un-
published results). Our results indicate that neither of both
glucose sensors is involved in triggering the catabolite inacti-
vation signal of Hxt6/7.

3.4. High- and low-affinity glucose transporters can coexist
in the cell
It has been speculated that the simultaneous presence of
high- and low-affinity glucose transporter proteins might be
mutually exclusive [31]. Therefore, it might be speculated that
the inactivation of the high-affinity transporters Hxt6 and
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Hxt7, after addition of high concentrations of glucose, is trig-
gered by the high glucose-induced appearance of low-affinity
glucose transporters, e.g. Hxtl [2,3]. To investigate this pos-
sibility, we simultaneously expressed the low-affinity Hxt1 glu-
cose transporter under transcriptional control of the constit-
utive ADHI promoter and the high-affinity Hxt7 transporter
downstream of a truncated version of its own promoter that is
no longer subject to glucose repression, in an hxt/-7 glucose
transporter-less strain [13]. Both proteins, Hxtl and Hxt7,
could be detected in the strain expressing both genes (Fig.
3), demonstrating that different types of glucose transporter
proteins can coexist in the same cell.

3.5. Conclusions

On the basis of our results, Hxt6 and Hxt7 belong to the
group of yeast membrane proteins whose stabilities are regu-
lated by the physiological state of the cells and/or the presence
or absence of specific ligands. To date, this group of proteins
includes transporters that mediate uptake of maltose, galac-
tose, amino acids, inositol, uracil, a-factor as well as the a-
and o-factor receptors [7,21-23]. However, the significance of
the rapid degradation of high-affinity glucose transporters is
not obvious. Theoretically, high-affinity transporters should
also contribute to the transport of glucose even at high con-
centrations. Characterization of yeast cells that constitutively
express high-affinity glucose transporters under conditions in
which internalization and proteolytic degradation are blocked
should reveal the physiological significance of glucose-induced
inactivation of high-affinity glucose transport.
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