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Abstract

Background—The budding yeast S. cerevisiae possesses multiple glucose transporters with

different affinities for glucose that enable it to respond to a wide range of glucose concentrations.

The steady-state levels of glucose transporters are regulated in response to changes in the

availability of glucose. This study investigates the glucose regulation of the low affinity, high

capacity glucose transporter Hxt1.

Methods and results—Western blotting and confocal microscopy were performed to evaluate

glucose regulation of the stability of Hxt1. Our results show that glucose starvation induces

endocytosis and degradation of Hxt1 and that this event requires End3, a protein required for

endocytosis, and the Doa4 deubiquitination enzyme. Mutational analysis of the lysine residues in

the Hxt1 N-terminal domain demonstrates that the two lysine residues, K12 and K39, serve as the

putative ubiquitin-acceptor sites by the Rsp5 ubiquitin ligase. We also demonstrate that

inactivation of PKA (cAMP-dependent protein kinase A) is needed for Hxt1 turnover, implicating

the role of the Ras/cAMP-PKA glucose signaling pathway in the stability of Hxt1.

Conclusion and general significance—Hxt1, most useful when glucose is abundant, is

internalized and degraded when glucose becomes depleted. Of note, the stability of Hxt1 is

regulated by PKA, known as a positive regulator for glucose induction of HXT1 gene expression,

demonstrating a dual role of PKA in regulation of Hxt1.

1. Introduction

Glucose serves as the primary carbon and energy source of a multitude of cells, varying in

complexity from unicellular microorganisms to higher eukaryotes [1, 2]. Glucose is by far
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the preferred energy source of the budding yeast S. cerevisiae, because glucose regulation of

cellular function dictates the organism’s distinctive fermentative lifestyle [3, 4]. The yeast

prefers to ferment rather than oxidize glucose even when oxygen is abundant [5, 6]. Because

ATP production by fermentation is inefficient, the yeast cells metabolize the available

glucose vigorously to meet cellular ATP demands [7]. They do so by increasing glucose

uptake through glucose transporters (HXTs) [8–10].

S. cerevisiae copes with changes in glucose availability by expressing at least six members

of the glucose transporter family with different affinities for glucose (Hxt1, 2, 3, 4, 6, and 7)

[11–13]. The yeast cells detect extracellular glucose over a broad concentration range and

express only those glucose transporters best suited for the amount of glucose available in the

medium [14–17]: (1) Hxt1 is a low affinity glucose transporter with a Km value around 100

mM for glucose and expressed when glucose levels are high (> ~55 mM), (2) The HXT2 and

HXT4 genes encode glucose transporters with moderate affinity for glucose (Km values

around 10 mM) and their expression is induced in the presence of low levels of glucose (~11

mM) [12, 18], (3) Hxt3 has a low affinity for glucose (Km values around 30 – 60 mM) and

induced by both low and high levels of glucose [9, 11, 12], and (4) The HXT6 and HXT7

genes encode high affinity glucose transporters with a Km value around 1 mM for glucose

and their expression is induced by low concentrations of glucose or by non-fermentable

carbon sources such as glycerol or ethanol [19–21].

Expression of several HXT genes (HXT1–4) is repressed by the Rgt1 repressor in the

absence of glucose [22, 23]. Rgt1 does so by recruiting the general corepressor complex

Ssn6-Tup1 to the HXT promoters in a manner that requires the HXT corepressor Mth1 [24–

27]. High glucose induces expression of the HXT genes by inhibiting the function of Mth1

and Rgt1. Mth1 mRNA and protein levels are downregulated by high glucose via the Snf1

(AMPK)-Mig1 and Rgt2/Snf3 pathways, respectively [28–32]. Glucose-induced

downregulation of Mth1 enables the phosphorylation of Rgt1 by PKA (cAMP-PKA

pathway), leading to dissociation of Rgt1 from DNA and thereby expression of HXT genes

[33–35]. Thus, three glucose signaling pathways converge at multiple points for fine-tuned

regulation of HXT gene expression [36].

The steady-state levels of the yeast glucose transporters are also regulated

posttranslationally. The high affinity glucose transporters such as Hxt2, Hxt6 and Hxt7 are

internalized and targeted to the vacuole for degradation in cells grown in high glucose

medium by a process, known as catabolite degradation [37–39]. Recently, it has been shown

that the low affinity glucose transporter Hxt3 is endocytosed and degraded in the vacuole

when glucose-fed cells are exposed to glucose-free medium [40]. These observations lead to

the view that the stability of glucose transporters may be regulated by glucose concentration.

In this study, we demonstrate that glucose starvation induces endocytosis and degradation of

the low affinity glucose transporter Hxt1 and that ubiquitination is necessary for endocytosis

of Hxt1. Furthermore, we show that the stability of Hxt1 is regulated by PKA, required for

glucose induction of HXT gene expression, suggesting the role of the Ras/cAMP-PKA

pathway in the transcriptional and posttranslational regulation of Hxt1.
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2. Materials and methods

2.1. Yeast strains and growth conditions

The Saccharomyces cerevisiae strains used in this study are listed in Table 1. Cells were

grown in YP (2% bacto-peptone, 1% yeast extract) and SC (synthetic yeast nitrogen base

medium containing 0.17% yeast nitrogen base and 0.5% ammonium sulfate) media

supplemented with the appropriate amino acids and carbon sources.

2.2. Plasmid construction

The plasmids used in this study are listed in Table 2. JKP315 was constructed by gap repair,

as described previously [25]. JKP323, JKP324 and JKP325 were constructed by fusing the

designated HXT1 ORFs into pUG35 vector as XbaI-HindIII fragments. JKP315 was

mutagenized by QuikChange Site-Directed Mutagenesis Kit (Stratagene) according to

manufacturer’s protocol to produce JKP332, JKP333, JKP334 and JKP335.

2.3. Yeast membrane preparation, Western blotting and protein half-life measurement

Membrane enriched fractions were essentially prepared as described previously [41], with

minor modifications. Briefly, after washing with 10 mM phosphate buffer at pH 7.4, the cell

pellet was resuspended in membrane isolation buffer (100 mM Tris-Cl, pH 8, 150 mM NaCl

and 5 mM EDTA) containing 10 mM sodium azide, protease and phosphatase inhibitors and

vortexed with acid-washed glass beads. Membrane enriched fraction was collected by

centrifugation at 12,000 rpm for 40 min at 4°C and suspended in the aforementioned buffer

containing 5 M urea. The proteins were precipitated with 10% TCA, neutralized with 20 µl

of 1 M Tris base and finally dissolved in 80 µl of SDS buffer (50 mM Tris-HCl, pH, 6.8,

10% glycerol, 2% SDS and 5% β-mercaptoethanol).

For Western blotting, proteins were resolved by SDS-PAGE (10%) and transferred to PVDF

(Polyvinylidene fluoride) membrane (Millipore). The membranes were incubated with

appropriate antibodies (anti-GFP or anti-Actin antibody, Santa Cruz) in TBST buffer (10

mM Tris-HCl, pH, 7.5, 150 mM NaCl and 0.1% Tween-20) and proteins were detected by

the enhanced chemiluminescence (ECL) system (Pierce). The half-life of Hxt1-GFP was

measured as described previously [58]. The band intensities were measured by densitometry

using ImageJ v1.4r software (NIH) and normalized with the intensities of actin, and the

values were plotted on a semi-logarithmic graph against time and further fitted to an

exponential line.

2.4. Microscopy and image analysis

Yeast cells expressing Hxt1-GFP were stained with FM4-64 (lipophilic styryl dye to stain

the vacuolar membrane, 1µg/ml) and analyzed with Olympus FluoView confocal

microscope under 63× oil immersion objective lens using GFP or Texas Red filter. Images

from confocal microscope were captured by FluoView software (Olympus). At least 200

cells showing the respective makers (e.g., FM6-64) were analyzed per each condition.

Standard deviations were calculated from three or more independent experiments and are

shown as error bars.
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3. Results and Discussion

3.1. Hxt1 protein levels are posttranslationally downregulated in response to glucose
starvation

The expression levels of yeast nutrient transporters are regulated at both the transcriptional

and posttranslational levels [42]. To understand glucose regulation of Hxt1 at a

posttranslational level, we examined the abundance of Hxt1 at the plasma membrane by

Western blotting. To this end, the HXT1 gene was fused to the GFP (green fluorescent

protein) coding sequence on a centromeric plasmid (PMET25-HXT1-GFP). Because HXT1

gene expression is repressed by Rgt1 under glucose starvation conditions [22, 24], we

interrupted glucose regulation of HXT1 expression by replacing its promoter with the

promoter of MET25, which is not regulated by glucose [28, 43]. We found that the cell

surface levels of Hxt1-GFP are greater in cells grown on high glucose (2%) than in cells

grown in the low glucose (~0.05%) or glucose-free medium (Gal, as 0% glucose) (Fig. 1A).

We also found that the amounts of immunodetected Hxt1-GFP in glucose-grown cells were

reduced by ~50% within 5 h after the cells were shifted to galactose medium (Figs. 1B and

1C).

3.2. Glucose starvation induces endocytosis and degradation of Hxt1

Given that Hxt1-GFP protein levels are markedly diminished in glucose-starved cells, we

examined whether this downregulation occurs via endocytosis by examining the stability of

Hxt1-GFP in the mutant lacking End3 involved in the internalization step of endocytosis.

Western blotting analysis showed that glucose starvation-induced downregulation of Hxt1-

GFP is observed in wild type cells but not in the end3Δ mutant, suggesting Hxt1 turnover by

endocytosis (Fig. 2A). This was confirmed by confocal microscopy showing that ~90% of

plasma membrane-localized Hxt1-GFP disappears when cells are exposed to glucose-free

medium (Gal) (Fig. 2B) and that, however, Hxt1-GFP is localized at the plasma membrane

constitutively in the end3Δ mutant (Fig. 2B). Of note, Hxt1-GFP seems to be constitutively

localized to the vacuole, and this occurs even in the end3Δ mutant (Fig. 2B), suggesting that

Hxt1 may be directly localized to the vacuole from the Golgi. These results are consistent

with the vacuolar targeting of the uracil permease Fur4 and the maltose permease Mal61 in a

constitutive manner [44, 45].

We next determined whether Hxt1-GFP degradation is stimulated by glucose starvation or

by specific carbon sources. Raffinose is a trisaccharide, consisting of fructose-glucose-

galactose that is equivalent to low glucose, because yeast cells cleave the fructose-glucose

bond by invertase inefficiently and thus eventually obtain low levels of glucose from it [9].

Glucose and galactose only differ with respect to C-4, yet galactose does not enter through

glucose transporters, suggesting that the glucose transporters display remarkable substrate

specificity. Both Western blotting and confocal microscopy analyses revealed that Hxt1-

GFP levels are high in cells grown on glucose or raffinose but are very low in cells grown

on galactose or ethanol (Fig. 2C and 2D). These results suggest that Hxt1 is subjected to

endocytosis and degradation in the vacuole under glucose starvation conditions.
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3.3. The amino-terminal cytoplasmic domain of Hxt1 regulates its glucose starvation-
induced turnover

To identify the regions of Hxt1 that regulate its turnover, we constructed deletion mutants of

Hxt1 that lack its amino (N)- or carboxy (C)-terminal cytoplasmic domain and examined

their stability in glucose-free medium (Fig. 3A and 3B). We found that Hxt1 degradation in

galactose-grown cells is abolished by the deletion of its entire N-terminal cytoplasmic

domain (residues 1–59) (Fig. 3C, ΔN) and that, by contrast, the deletion of the C-terminal

domain of Hxt1 (residues 513–570, Hxt1-GFP-ΔC) renders it unstable in both glucose and

galactose-grown cells. Therefore, glucose starvation-induced Hxt1 turnover may be

regulated by its N-terminal domain, raising the hypothesis that the C-terminal domain might

play a role in the turnover of Hxt1 by regulating the N-terminal domain (Fig. 3C, ΔC). We

tested this hypothesis by examining the stability of Hxt1-GFP-ΔNΔC that lacks both the N-

and C-terminal domains and found that this protein, like Hxt1-GFP-ΔC, is inherently

unstable (Fig. 3C, ΔNΔC). These results suggest that the C-terminal domain of Hxt1 may

not be directly involved in its glucose starvation-induced degradation but may contribute to

its structural stability.

To understand the effects of the N- or C-terminal deletion of Hxt1 on its function, we

analyzed glucose transport activity of the Hxt1 deletion constructs. A yeast mutant lacking

all 17 glucose transporters are unable to grow on glucose, and this growth defect was

complemented by expression of any one of HXT genes [9]. The hxt null strain was

transformed with plasmids encoding wild type or truncated Hxt-GFP proteins and scored for

growth in glucose medium containing the respiratory inhibitor Antimycin A (Fig. 3D). The

growth defect of the hxt null strain was restored by the expression of wild type Hxt1-GFP or

Hxt1-GFP-ΔN, but not of GFP-Hxt1ΔC or GFP-Hxt1ΔNΔC (Fig. 3D). Of note, the growth

rate of cells expressing Hxt1-GFP-ΔN was faster than that of cells expressing wild type

Hxt1-GFP. Confocal microscopy showed that Hxt1-GFP-ΔN accumulates constitutively at

the plasma membrane and that its localization ti the vacuole is markedly reduced, compared

with that of wild type Hxt1-GFP1 (Fig. 3E). As a result, the plasma membrane levels of

Hxt1-GFP-ΔN were 2–3 folds higher than those of wild type Hxt1-GFP, suggesting that

Hxt1 localization to the vacuole is regulated by its N-terminal domain (Fig. 3F).

Consequently, deletion of the N-terminal domain of Hxt1-GFP likely leads to its

accumulation at the plasma membrane, enabling cells expressing Hxt1-GFP-ΔN to grow

faster than cells expressing wild type Hxt1-GFP (Fig. 3D).

3.4. Ubiquitination is necessary for endocytosis of Hxt1

Ubiquitination is a common signal for endocytosis and subsequent degradation [46].

Because a number of yeast nutrient transporters are ubiquitinated by the ubiquitin ligase

Rsp5 and this process is affected by the ubiquitin isopeptidase Doa4 which is required for

recycling ubiquitin from ubiquitinated substrates [45, 47–49], we examined the stability of

the Hxt1 transporter in the strain carrying the doa4Δ or rsp5-1ts mutation [50]. Western

blotting analysis indicated that Hxt1-GFP levels are constitutively high in doa4Δ (Fig. 4A,

top) and rsp5-1ts mutants (Fig. 4B, top). Consistently, Hxt1-GFP accumulates constitutively

at the plasma membrane in those mutant strains (the bottom panels of Fig. 4A and 4B). We

also observed the absence of intracellular GFP signal in the doa4Δ and rsp5-1 mutants,
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suggesting that ubiquitination plays a key role in the movement of Hxt1 transporter into

intracellular compartments. Similar observations were made in cells expressing Hxt1-GFP-

ΔN, in which the truncated Hxt1 transporter accumulates at the plasma membrane but its

vacuolar localization is abolished, suggesting that vacuole trafficking of Hxt1-GFP from the

Golgi may be a regulatory process (Fig. 3E and 3F). These results are consistent with

previous findings that ubiquitin is involved in intracellular trafficking of plasma membrane

proteins [51] and mediates vacuolar targeting of the maltose permease Mal61 [45].

3.5. K12 and K39 at the N-terminal domain of Hxt1 serve as putative ubiquitination sites

Given that the N-terminal cytoplasmic domain of Hxt1 regulates its turnover, we examined

whether the domain is responsible for its ubiquitination. We changed the four lysine residues

present in the N-terminal domain of Hxt1—K12, K27, K35 and K39—to alanines and

examined the stability of the resulting Hxt1 mutants. Substitutions of two of these residues

(K12A and K39A) resulted in a marked increase of Hxt1 levels in galactose-grown cells,

suggesting that the two lysine residues may serve as putative ubiquitination sites (Fig. 5A).

Consistently, Hxt1K12A-GFP and Hxt1K39A-GFP were accumulated at the plasma membrane

in both glucose and galactose-grown cells (Fig. 5B). Notably, these two Hxt1 mutants were

resistant to degradation but were able to localize to the vacuole. Therefore, it is likely that

ubiquitination of Hxt1 at K12 and/or K39 may be required for its glucose starvation-induced

endocytosis but may not be involved in its trafficking from the Golgi to the vacuole. While

the N-terminal domain of Hxt1 is important for its vacuolar accumulation (Fig. 3E and 3F),

any of the four lysine residues in the domain are not involved in its localization to the

vacuole (Hxt1K27A-GFP and Hxt1K35A-GFP are also localized to the vacuole, data not

shown). These observations suggest that glucose starvation–induced downregulation of Hxt1

and its accumulation in the vacuole may occur by separate mechanisms.

3.6. Activation of the RAS/cAMP-PKA pathway prevents glucose starvation-induced Hxt1
turnover

The RAS/cAMP-PKA glucose signaling pathway is involved in many different cellular

processes including cell growth, stress resistance, and metabolism [15]. A previous work

showed that rapamycin induces Hxt1 degradation and that this is prevented by expression of

a constitutively active RAS2 (RAS2Val19) or deletion of BCY1, encoding the PKA

regulatory subunit, which binds and inactivates PKA in the absence of glucose [53]. To

understand whether glucose starvation-induced Hxt1 turnover is regulated by the RAS/

cAMP-PKA pathway, we examined the expression of Hxt1-GFP in cells in which PKA is

constitutively active. Western blotting analysis showed that Hxt1-GFP degradation under

glucose starvation conditions is significantly inhibited in cells either expressing Ras2Val19

(Fig. 6A) or lacking Bcy1 (Fig. 6B). This finding is consistent with the previous report that

inactivation of PKA is needed for Hxt3 turnover [54]. Therefore, these findings support the

view that PKA acts to prevent turnover of Hxt1 and Hxt3.

4. Conclusion

Yeast glucose transporters, like other cell surface nutrient transporters, are internalized and

targeted for degradation in the vacuole when they are not needed. Recent studies have
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shown that the stability of glucose transporter isoforms is regulated by glucose

concentration. High affinity glucose transporters such as Hxt2 [37] and Hxt6/Hxt7 [38] are

turned over in high glucose conditions; low affinity glucose transporters Hxt3 [54], in

glucose starvation conditions. Our results in this study show that the low affinity glucose

transporter Hxt1, highly expressed when glucose is abundant, undergoes endocytosis and

subsequent degradation when glucose becomes depleted. The molecular mechanism

underlying this phenomenon is unclear but is proposed to be a signal-induced process in

which glucose triggers the ubiquitination of glucose transporters that signals their

endocytosis and subsequent degradation in the vacuole [17]. In this regard, previous studies

have shown that the Ras/cAMP-PKA glucose signaling pathway may be involved in

turnover of Hxt1, Hxt3 and Hxt7 [53, 54]. In agreement, active PKA appears to prevent

Hxt1 turnover (Fig. 6), suggesting the role of PKA in the regulation of the stability of Hxt

proteins and providing insights into the regulation of glucose transporters.
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Highlights

• Glucose starvation induces endocytosis and degradation of Hxt1

• Ubiquitination is necessary for endocytosis of Hxt1

• K12 and K59 at the N-terminal domain of Hxt1 serve as putative ubiquitination

sites

• Inactivation of PKA is needed for Hxt1 turnover
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Fig. 1.
Hxt1 protein levels are posttranslationally downregulated in response to glucose starvation.

(A) Western blotting analysis of the expression levels of Hxt1-GFP in the plasma

membrane-enriched fraction. Yeast cells (WT) expressing Hxt1-GFP were grown in SC-2%

glucose medium to mid log phase (O.D600nm = 1.2–1.5) and equal amounts of cells were

shifted to SC medium containing different glucose concentrations. Membrane fractions were

immunoblotted with anti-GFP antibody (top panel), and the intensity of each band on the

blot was quantified by densitometric scanning (bottom panel). (B) Yeast cells (WT)

expressing Hxt1-GFP were grown in SC-2% glucose (Glu) medium to mid log phase and

equal amounts of cells were shifted to SC-2% galactose medium and incubated for indicated

times. Membrane-enriched fractions were immunoblotted with anti-GFP antibody. (C)

Determination of the half-life of Hxt1-GFP protein. The Western blot images in (B) were

scanned and the half-life was determined, as described in the materials and methods.
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Fig. 2.
Glucose starvation induces endocytosis and subsequent degradation of Hxt1. (A) Yeast cells

(WT and end3Δ) expressing Hxt1-GFP were grown in SC-2% glucose (Glu) medium to mid-

log phase and shifted to SC medium containing 2% galactose (Gal) for 6 h. Membrane-

enriched fractions were immunoblotted with anti-GFP antibody. (B) Yeast cells (WT and

end3Δ) expressing Hxt1-GFP were grown as described in (A). Confocal microscope image

(top panel) and quantification of relative GFP fluorescence in the plasma membrane (bottom

panel, *P < 0.05, **P < 0.001) were shown. (C) Yeast cells (WT) expressing Hxt1-GFP
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were grown in SC-2% glucose (Glu) medium to mid-log phase and shifted to SC medium

containing either 2% raffinose (Raf), 2% galactose (Gal) or 2% ethanol (EtOH) for 6 h.

Membrane fractions were immunoblotted with anti-GFP antibody. (D) Yeast cells (WT)

expressing Hxt1-GFP were grown as described in (C). Confocal microscope image (top

panel) and quantification of relative GFP fluorescence in the plasma membrane (bottom

panel, **P < 0.001) were shown. The FM6-64 dye was used to stain the vacuolar membrane

(red), and actin was served as loading control in (A) and (C). Pma1 is frequently used as a

loading control for membrane fractions; it, however, is not appropriate for this study because

its expression is critically regulated by glucose [52].
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Fig. 3.
The N-terminal cytoplasmic domain of Hxt1 is required for its turnover. (A) Schematic

diagram of predicted secondary structure of Hxt1. Twelve transmembrane domains and

cytosolic N- and C-terminal tails are shown. (B) Schematic maps of Hxt1 constructs (Wt,

60–570 aa (ΔN); 1–512 aa (ΔC); 60–512 aa (ΔNΔC)) showing lysine residues at its N-

terminal domain. (C) Yeast cells (WT) expressing indicated Hxt1-GFP proteins were grown

as described in Fig. 2A, and plasma membrane fractions were immunoblotted with anti-GFP

antibody (left panel), and the intensity of each band on the blot was quantified by

Roy et al. Page 15

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



densitometric scanning (right panel, **P < 0.001). Actin was served as loading control. (D)

Yeast cells (hxtΔ) expressing indicated Hxt1-GFP proteins were spotted on 2% glucose plate

supplemented with Antimycin A (1µg/ml). The first spot of each row represents a count of 5

× 107 cell/ml, which is diluted 1:10 for each spot thereafter. The plate was incubated for

indicated times and photographed. (E) Yeast cells (WT) expressing indicated Hxt1-GFP

proteins were grown as described in Fig. 2A and analyzed by confocal microscopy. (F)

Yeast cells (WT) expressing indicated Hxt1-GFP proteins were grown in SC-2% glucose

medium to mid log phase and stained with FM6-64 (red). Confocal microscope images (top

panel) and quantification of relative fluorescent intensity of Hxt1-GFP at the plasma

membrane (bottom panel, * P <0.05) were shown.
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Fig. 4.
Hxt1 is ubiquitinated by the ubiquitin ligase Rsp5. (A) and (B) Yeast cells of indicated

genotypes expressing Hxt1-GFP were grown as described in Fig. 2A. Plasma membrane

fractions were immunoblotted with anti-GFP antibody (A), and subcellular localization of

Hxt1-GFP was analyzed by confocal microscopy (B). The FM6-64 dye was used to stain the

vacuolar membrane (red), and actin was served as loading control.
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Fig. 5.
K12 and K39 serve as putative ubiquitin-acceptor lysine residues. Yeast cells (WT)

expressing indicated Hxt1-GFP proteins were grown as described in Fig. 2A. Plasma

membrane fractions were immunoblotted with anti-GFP antibody (A), and subcellular

localization of Hxt1-GFP (Wt, K12A and K39A) was analyzed by confocal microscopy (B).
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Fig. 6.
Inactivation of RAS/cAMP-PKA pathway is required for glucose starvation-induced Hxt1

turnover. (A) Yeast cells (WT) coexpressing Hxt1-GFP in combination with either empty

vector or Ras2Val19 were grown as described in Fig. 2A. Membrane fractions were

immunoblotted with anti-GFP antibody. (B) Yeast cells (WT and bcy1Δ) expressing Hxt1-

GFP were grown as described in Fig. 2A Membrane fractions were immunoblotted with

anti-GFP antibody. Actin was served as loading control.
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Table 1

Yeast strains used in this study

Strain Genotype Source

BY4741 Mata his3Δ1 leu2Δ0 ura3Δ0 met15Δ [31]

KFY63 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 bcy1::KanMX This study

KFY101 Matα hxt1-17Δ gal2Δ agt1Δ stl1Δ his3Δ1 ura3Δ0 leu2Δ0 [55]

KFY122 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 doa4::KanMX This study

KFY123 Mata his3-1 leu2-0 ura3-0 RSP5 [50]

KFY124 Mata his3-1 leu2-0 ura3-0 rsp5-1/smm1 [50]

KFY127 Matα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 end3::KanMX This study
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Table 2

Plasmids used in this study

Name Description Source

JKP315 Hxt1-GFP, Ura3, CEN This study

JKP323 Hxt1 (60–570)-GFP, Ura3, CEN This study

JKP324 Hxt1 (1–512)-GFP, Ura3, CEN This study

JKP325 Hxt1 (60–512)-GFP, Ura3, CEN This study

JKP332 Hxt1 (K12A)-GFP, Ura3, CEN This study

JKP333 Hxt1 (K27A)-GFP, Ura3, CEN This study

JKP334 Hxt1 (K35A)-GFP, Ura3, CEN This study

JKP335 Hxt1 (K39A)-GFP, Ura3, CEN This study

KFP11 Ras2Val19, Leu2, CEN [53]
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