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1 Summary 

Human GLUTs represent a family of specialized transporters that facilitate the 

diffusion of hexoses through membranes along a concentration gradient. The 14 

isoforms share high sequence identity but differ in substrate specificity and affinity, 

and tissue distribution. According to their structure similarity, GLUTs are divided 

into three classes, with class 1 comprising the most intensively studied isoforms 

GLUTs1-4. An abnormal function of different GLUT members has been related to 

the pathogenesis of various diseases, including cancer and diabetes. Hence, 

GLUTs are the subject of intensive research, and efforts concentrate on identifying 

GLUT-selective ligands for putative medical purposes and their application in 

studies aiming to further unravel the metabolic roles of these transporters. 

The hexose transporter deficient (hxt0) yeast strain EBY.VW4000 is devoid of all 

its endogenous hexose transporters and unable to grow on glucose or related 

hexoses. This strain has proven to be a valuable platform to investigate 

heterologous transporters due to its easy handling, increased robustness, and 

versatile applications. However, the functional expression of GLUTs in yeast 

requires certain modifications. Single point mutations of GLUT1 and GLUT5 led to 

their functional expression in EBY.VW4000, whereas the native GLUT1 was 

actively expressed in EBY.S7, a hxt0 strain carrying the fgy1 mutation that 

putatively reduces the phosphatidylinositol-4-phosphate (PI4P) content in the 

plasma membrane. GLUT4 was only actively expressed in the hxt0 strain SDY.022, 

which also contains the fgy1 mutation and in which ERG4 is additionally deleted. 

Erg4 is one of the late enzymes in the ergosterol pathway, and therefore SDY.022 

probably has an altered sterol composition in its membrane.  

The goal of this thesis was to actively express GLUT2 and GLUT3 in a hxt0 yeast 

strain, providing a convenient system for their ligand screening. A PCR-derived 

amino acid exchange in the sequence of GLUT3 enabled its functional expression 

in EBY.VW4000 and the unmodified GLUT3 protein was active in EBY.S7. 

Functional expression of GLUT2 was achieved by rational design. The extracellular 

loop between the transmembrane regions 1 and 2 is significantly larger in GLUT2 

than in other class 1 GLUTs. By truncating this loop by 34 amino acids and 

exchanging an alanine for a serine, a GLUT3-like loop was implemented. The 
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resulting construct GLUT2∆loopS was functional in EBY.S7. With an additional point 

mutation in the transmembrane region 11, GLUT2∆loopS_Q455R was also actively 

expressed in EBY.VW4000. Inhibition studies with the known GLUT inhibitors 

phloretin and quercetin showed a reduced transporter activity for GLUT2 and 

GLUT3 in uptake assays and growth tests when inhibitors were present, 

demonstrating that both systems are amenable for ligand screening experiments.  

The newly established GLUT2 yeast system was then used to screen a library of 

compounds pre-selected by in silico screening. Thereby, eleven identified GLUT2 

inhibitors exhibited strong potencies with IC50 values ranging from 0.61 to 19.3 µM. 

By employing the other yeast systems, these compounds were tested for their 

effects on GLUT1, and GLUTs3-5, revealing that nine of the identified ligands were 

GLUT2-selective. In contrast, one was a pan-class 1 inhibitor (inhibiting GLUTs1-

4), and one affected GLUT2 and GLUT5, the two fructose transporting isoforms. 

These compounds will serve as useful tools for investigations on the role of GLUT2 

in metabolic diseases and might even evolve into pharmaceutical agents targeting 

GLUT2-associated diseases.  

Due to the beneficial effect of the putatively changed sterol composition in SDY.022 

(by ERG4 deletion) on the functional expression of GLUT4, it was hypothesized 

that the presence of the human sterol cholesterol, or cholesterol-like sterols, might 

have a beneficial effect on GLUT expression, too. Thus, it was attempted to 

generate hxt0 strains that synthesize these sterols by genetic modifications 

targeting the ergosterol pathway. In the scope of these experiments, several strains 

with different sterol compositions were generated. Drop tests on glucose medium 

with the different strains expressing GLUT1 or GLUT4 revealed that the deletion of 

ERG6 is clearly advantageous for a functional expression of GLUT1 (but not 

GLUT4). This indicates that the methyl group at the ergosterol side chain 

(introduced by Erg6 and reduced by Erg4) negatively influences GLUT1 activity. 

However, this effect on GLUT1 activity was less pronounced than the putative 

altered PI4P content in EBY.S7.  

Additionally, in this thesis, a new tool to measure glucose transport rates of 

transporters expressed in the hxt0 yeast system was developed to facilitate their 

kinetic characterization. For this, the pH-sensitive GFP variant pHluorin was 
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employed as a biosensor for the cytosolic pH (pHcyt) by measuring the ratio 

(R390/470) of emission intensities at 512 nm from two different excitation 

wavelengths (390 and 470 nm). Sugar-starved cells exhibit a slightly acidic pHcyt 

because ATP production is depleted, reducing the activity of ATP-dependent 

proton pumps. By reintroducing sugar, e.g., glucose, the pHcyt rises to a normal 

pHcyt of ~7, as ATP production recovers. Within the first ~10 seconds, however, an 

initial further acidification takes place. This can be explained by the first step of 

glycolysis, in which glucose is phosphorylated to glucose-6-phosphate by a 

hexokinase, concomitantly hydrolyzing one ATP, which releases one proton that 

acidifies the cytosol. It was discovered that the velocity of this initial acidification is 

directly linked to the sugar uptake rate of the respective transporter expressed in 

the hxt0 yeast strain. Thus, the linear decreasing slope of the acidification phase 

was defined as a parameter of sugar uptake velocity and used to fit the Michaelis 

Menten equation, resulting in reliable KM values.  This method offers a great 

advantage over the conventionally used C14 glucose uptake assay as it does not 

require radiolabeled glucose, being safer, cheaper, and accessible to a broader 

scientific community.  

In summary, this thesis expanded the hxt0 yeast system with two important GLUTs, 

GLUT2 and GLUT3, providing a convenient and accessible platform for the 

screening of specific ligands. For GLUT2, this platform was successfully applied, 

resulting in the identification of eleven potent GLUT2 inhibitors, of which nine were 

GLUT2-specific. Moreover, a new label-free method was established that will 

facilitate and accelerate the kinetic characterization of transporters and will 

therefore be a valuable contribution to sugar transport-related research.  
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2 Introduction 

2.1 Uptake of sugars in human cells 

Hexoses, and mainly glucose, are the central substrates of mammalian energy 

metabolism and their transport across cell membranes via specialized transporters 

represents the first step. In human cells, three distinct sugar transporter families 

exist to fulfill this task; the glucose facilitator family (GLUTs) (Mueckler and 

Thorens, 2013), the secondary active sodium-glucose symporters (SGLTs) (Wright 

et al., 2011) and the glucose uniporter family (SWEETs) (Feng and Frommer, 

2015).  

The SGLT family comprises twelve members that differ in their substrate specificity 

and affinity, and their coupling ion preferences. They are also distributed in different 

tissues including the intestine, kidney, brain, muscles, and thyroid gland (Wright, 

2013) and display varying stoichiometries, e.g., SGLT1 transports two sodium ions 

concomitant with one sugar molecule, whereas SGLT2 symports just one per 

molecule (Wright et al., 2011). SGLT1 and SGLT2 are the most extensively studied 

members and play crucial roles in the sugar absorption from the intestine and 

reabsorption in the kidney, respectively (Kellett and Brot-Laroche, 2005; Deng and 

Yan, 2016). As secondary active transporters, they rely on a sodium gradient 

across the membrane supplied by the primary active Na+/K+ pump (Wright et al., 

2011). SWEET transporters are believed to be facilitative uniporters but information 

about their mode of action is still scarce (Feng and Frommer, 2015). Their name 

that derives from “sugar will eventually be exported transporters” indicates their 

important role in sugar export from photosynthetically active cells into the cell wall, 

in plants (Eom et al., 2015; Deng and Yan, 2016). While many representatives of 

the SWEET family exist in plants, only one homolog was identified in human cells 

(Feng and Frommer, 2015). Human SWEET1 shows weak glucose efflux activity 

and is ubiquitously synthesized but primarily found in oviduct, epididymis, intestine, 

and β-cell tissues (Eom et al., 2015).  

The GLUT family comprises 14 members in humans that mediate the facilitated 

diffusion of glucose (and related substrates) along a concentration gradient 

(Holman, 2020). These transporters share high amino acid sequence identities (up 

to 65%) and similarities (up to 81%) (Iancu et al., 2013) but differ in substrate 
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specificity and affinity, thereby allowing a fine tuning of sugar transport 

corresponding to specific tissue requirements (Holman, 2020). In Table 1, 

predominant substrates, the affinity for their main substrate, and tissue distributions 

of all GLUTs are listed.  

 

Table 1. The 14 GLUT isoforms. Predominant substrates for each GLUT and tissues in which they 
are primarily distributed are named. KM values as a measure of affinity for the main substrates 
(underlined) are listed.  

GLUT 

protein 

Predominant 
substrates 

(Mueckler and 
Thorens, 2013) 

Affinity (KM values) Tissue distribution 

(Mueckler and 
Thorens, 2013) 

GLUT1 Glucose, 
galactose, 
mannose, 
glucosamine 

3.4 mM (Kasahara 
and Kasahara, 1996) 
 

Ubiquitous expression, 
main tissues: 
erythrocytes, brain, 
blood-brain barrier, 
blood-tissue barrier 

GLUT2 Glucose, 
galactose, 
fructose, 
mannose, 
glucosamine 

17 mM (Uldry et al., 
2002) 

Liver, β-cells, intestine, 
kidney, brain 

GLUT3 Glucose, 
galactose, 
mannose, xylose 

1.4 mM (Colville et 
al., 1993) 

Brain (neurons), testis 

GLUT4 Glucose, 
glucosamine 

12 mM (Kasahara 
and Kasahara, 1997) 

Adipose tissue, skeletal 
and cardiac muscle 

GLUT5 Fructose 10 mM (Tripp et al., 
2017) 

Small intestine, kidney 

GLUT6 Glucose N/A Brain, spleen, 
leucocytes 

GLUT7 Glucose, fructose 0.3 mM (Li et al., 
2004) 

Small intestine, colon, 
testis, prostate 

GLUT8 Glucose, fructose, 
galactose 

2 mM (Schmidt et al., 
2009) 

Testis, brain, adrenal 
gland, liver, spleen, 
brown adipose tissue, 
lung 

GLUT9 Glucose, fructose, 
urate 

0.6 mM (glucose) 
(Manolescu et al., 
2007) 
1 mM (urate) 
(Caulfield et al., 
2008) 

Kidney, liver, small 
intestine, placenta, 
lung, leucocytes 
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GLUT10 Glucose, 
galactose 

0.3 mM (Dawson et 
al., 2001) 

Heart, lung, brain, liver, 
skeletal muscle 
pancreas, placenta, 
kidney 

GLUT11 Glucose, fructose 0.16 mM (Manolescu 
et al., 2007) 

Heart, muscle 

GLUT12 Glucose,  
urate (Toyoda et 
al., 2020)  

6.4 mM (Matsuo et 
al., 2020) 

Heart, prostate, 
skeletal muscle, 
placenta 

GLUT13/ 
HMIT 

Myo-inositol 0.1 mM (Augustin, 
2010) 

Brain, adipose tissue 

GLUT14 N/A N/A Testis 

 

2.1.1 Structure and function of human GLUTs 

GLUTs can be divided into three subclasses, according to their sequence and 

structure similarities (Joost et al., 2002). Class 1 GLUTs (GLUTs1-4, and GLUT14, 

a duplicon of GLUT3) are the most extensively studied isoforms. Class 2 comprises 

GLUT5, GLUT7, GLUT9, and GLUT11 and class 3 consists of GLUT6, GLUT8, 

GLUT10, GLUT12, and GLUT13 (Joost et al., 2002; Mueckler and Thorens, 2013). 

While GLUTs from class 1 and class 2 show a larger extracellular loop between 

the transmembrane regions (TM) 1 and TM2 containing a glycosylation site, this 

loop is shorter and lacks the glycosylation site in class 3 GLUTs. Instead, class 3 

GLUTs possess a larger loop between TM9 and TM10, exhibiting such a site. 

Furthermore, an STSIF motif in the loop between TM7 and TM8 is a characteristic 

element of class 1 GLUTs, whereas class 2 GLUTs share the lack of tryptophan 

after the conserved GPXXXP motif in helix 10 (Joost and Thorens, 2009).   

All GLUTs are furthermore members of the large major facilitator superfamily 

(MFS) and exhibit the distinct structure typical for MFS proteins (Thorens and 

Mueckler, 2010). Twelve transmembrane helices (TM1-TM12) are organized into 

two halves (N-terminal half: TM1-TM6 and C-terminal half: TM7-TM12), 

embedding the substrate cavity in the middle (Quistgaard et al., 2016). With most 

GLUTs presumably being uniporters (Iancu et al., 2013), they facilitate the diffusion 

across membranes of just one substrate molecule at a time along a concentration 

gradient supposedly by exposing the substrate cavity to each side of the 

membrane in an alternating manner. After binding of the substrate in the central 
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cavity, bending of α-helix ends induces occluded states in which the substrate site 

is shielded from either the cytoplasm (inside-occluded conformation) or the 

extracellular space (outward-occluded conformation) (Quistgaard et al., 2016). The 

rocker-switch movement, in which the two domains (N- and C-) rearrange around 

the substrate binding site in a rocking motion, then mediates a switch, and the 

substrate binding site opens to the other side of the membrane (Qureshi et al., 

2020).  

Elucidation of GLUT structure and the proposed alternating-access mechanism of 

transport was significantly advanced by crystal structures of GLUT1, GLUT3 and 

GLUT5 (Deng et al., 2014; Deng et al., 2015; Nomura et al., 2015) and their 

bacterial homologs XylE (Sun et al., 2012) and GlcPSe (Iancu et al., 2013). 

These achievements were challenging to obtain and represent a great success in 

sugar transport research, providing the basis for structure-based modelling of 

GLUTs (Thorens and Mueckler, 2010; Sun et al., 2012). They suggest the functions 

of particular amino acid residues and improve our understanding of disease-related 

mutations (Sun et al., 2012). With 3D models derived from existing GLUT crystal 

structures, in silico screening of ligands was enabled. Thereby, millions of 

compounds can be screened for their interactions with the active site or hydrophilic 

domains of specific GLUTs, depending on the investigation focus. A significantly 

reduced number of compounds can then be further investigated in vitro with the 

help of a convenient assay screening system (Schmidl et al., 2018).  

 

2.1.2 GLUT-related diseases 

Abnormal expression, localization, or function of GLUTs are related to the 

pathogenesis of several prevalent or also rare diseases, highlighting their 

significance for metabolic integrity.  

 

2.1.2.1 GLUT1 deficiency syndrome 

One GLUT-related disease is the GLUT1 deficiency syndrome (GLUT1 DS), 

formerly considered an extremely rare condition, with diverse symptoms that 

primarily comprise infantile seizures, developmental delay, acquired microcephaly, 

and complex movement disorders due to low glucose levels in the brain 
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(Brockmann, 2009; Tang et al., 2017). More recently, cases with milder symptoms 

and idiopathic epilepsies could be assigned to GLUT1 DS as well, suggesting a 

higher dimension of this condition (Tang et al., 2017). An insufficient glucose 

concentration in the cerebrospinal fluid with concomitant absence of hypoglycemia 

is used as a diagnostic marker for GLUT1 DS (Brockmann, 2009; Giorgis et al., 

2016). The cause of this disease is a deficient transport of glucose to the brain, 

and, in most diagnosed patients (70-80%), mutations in the SLC2A1 gene 

encoding for GLUT1 were found responsible (Giorgis et al., 2016). The only 

treatment for GLUT1 deficiency symptoms so far is a ketogenic diet, whereby 

ketone bodies enter the system via a monocarboxylic transport mechanism, 

independent from the transport via GLUT1, and provide an alternative source of 

energy to the brain (Pascual et al., 2004; Sandu et al., 2019). This treatment has 

been proven effective for diminishing seizures but only showed negligible 

improvements on cognitive dysfunctions (Pascual et al., 2004; Tang et al., 2017; 

Sandu et al., 2019). In mouse models, repletion of a functional SLC2A1 gene at an 

early developmental stage to GLUT1 defective mice rescues brain 

microvasculature defects, another severe effect of GLUT1 DS, and is discussed as 

another therapeutic strategy (Tang et al., 2017).  

 

2.1.2.2 GLUT2-associated diseases 

The Fanconi-Bickel syndrome represents another rare disorder of carbohydrate 

metabolism due to mutations in a GLUT encoding gene. The disease was 

described for the first time in 1949 (Fanconi and Bickel, 1949). Several mutations 

distributed all over the SLC2A2 gene, encoding GLUT2, without any mutational hot 

spots, have been related to this autosomal, recessive disease (Santer et al., 2002). 

These are putatively responsible for multiple typical symptoms like hepatomegaly, 

characteristic tubular nephropathy, glucose and galactose intolerance, 

hypoglycemia, rickets, and retarded growth. However, it has been shown that 

abnormal GLUT2 proteins also provoke atypical symptoms, like the failure to thrive, 

and the before-mentioned characteristic ones do not necessarily exist in Fanconi-

Bickel syndrome patients (Santer et al., 2002). With its high degree of phenotypic 

heterogeneity and no existing drugs against the underlying cause, treatment of the 



Introduction 

 

9 

Fanconi-Bickel syndrome is challenging (Khandelwal et al., 2018; Sharari et al., 

2020). 

Besides mutations in the SLC2A2 gene, other physiological effects can lead to 

GLUT2 malfunction as well, e.g., a disturbed anchoring to the cell membrane due 

to failed N- glycosylation, as it has been shown in murine β-cells (Ohtsubo et al., 

2005). In mice (but not humans (McCulloch et al., 2011)), GLUT2 has been found 

responsible for glucose-stimulated insulin secretion in the pancreas (Ohtsubo et 

al., 2005). Due to its many regulatory functions (e.g., glucose-regulated gene 

expression in the liver (Guillemain et al., 2000), glucose reabsorption in the kidney 

(Ghezzi et al., 2018), glucose-sensing in the brain for a normal glucagon response 

(Koepsell, 2020), increased glucose uptake from the intestine after a meal (Kellett, 

2001)), it might play multiple roles in the pathogenesis of diabetes or in symptoms 

of the metabolic syndrome (Thorens, 2001; Kellett and Brot-Laroche, 2005; Eny et 

al., 2008). 

 

2.1.2.3 Diabetes 

Multiple polygenic and environmental factors are believed to contribute to the 

development of diabetes (Ziesman, 2000). The insulin-dependent glucose 

transporter GLUT4 is considered a key player in the pathogenesis of this disease. 

This transporter is predominantly expressed in the adipose tissue, heart, and 

skeletal muscle and is stored in small vesicles in the cytoplasm until insulin triggers 

its translocation to the plasma membrane (PM), where it mediates glucose uptake 

(Hajiaghaalipour et al., 2015; Jaldin-Fincati et al., 2018). Diabetes mellitus type 2 

is characterized by a resistance to insulin and a concomitant decrease in insulin 

production through the β-cells (Hajiaghaalipour et al., 2015), which leads to 

reduced GLUT4 levels at the PM, thus decreasing glucose uptake, resulting in 

elevated blood glucose levels. Moreover, other less-extensively studied glucose 

transporters were related to the pathogenesis of type 2 diabetes as well (Dawson 

et al., 2001; Maria et al., 2015). Hence, several GLUTs seem to play a crucial role 

in the development of diabetes.  

In 2019, approximately 463 million adults had diabetes (www.idf.org), with an 

increasing proportion (more than 90%) of type 2 diabetes patients, and the 
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epidemic is constantly growing, evolving to a global health problem 

(Hajiaghaalipour et al., 2015). A healthy lifestyle, including diet, exercise, and 

weight control, can positively influence the pathogenesis of type 2 diabetes. In 

more severe cases, taking insulin or other anti-diabetes agents enables patients to 

control their disease. However, the maintenance of a normal blood glucose level 

requires strict management, and various complications may occur e.g., late 

consequences such as cardiovascular diseases, nephropathy, atherosclerosis, or 

retinopathy, which may severely diminish the patient’s life quality (Hajiaghaalipour 

et al., 2015). Therefore, there is a great demand for anti-diabetic agents or 

treatments that may improve diabetes therapy and reduce the risk of further 

complications; enabling the manipulation of GLUTs is one approach for this 

purpose.   

 

2.1.2.4 Cancer   

The exploitation of GLUTs as drug targets is especially valuable in cancer therapy. 

An accelerated glycolysis rate with subsequent reduction of pyruvate to lactate 

usually only appears under anaerobic conditions in human cells when ATP 

production via the citric acid cycle is impeded. Tumor cells, however, show this 

metabolic abnormality under normoxic conditions (Danhier et al., 2017). This effect, 

called the “Warburg effect”, causes a higher demand of glucose supply which is 

met by enhanced transport through increased expression of glucose transporters 

in these fast-proliferating cells (Cairns et al., 2011).  

A higher expression rate of several GLUTs has already been identified in various 

kinds of tumors (Szablewski, 2013), and their entire role in cancer pathogenesis is 

likely not elucidated yet. Most prominently, higher expression rates of GLUT1 have 

been found in most cancer tissues (Godoy et al., 2006), and studies indicate that 

this overexpression is an early event in the course of the disease (Rudlowski et al., 

2003; Macheda et al., 2005). In addition, expression of GLUT1 and GLUT3 seems 

to correlate with the malignancy of the tumor, and survival of patients decreases 

with increasing GLUT1 or GLUT3 expression (Macheda et al., 2005; Barron et al., 

2016). Therefore, GLUTs have a high potential to serve as a biomarker in tumors 

revealing information about cancer aggressiveness and indicating an appropriate 

therapy. Besides an overexpression of constitutively expressed GLUTs in tumors, 
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GLUT isoforms were detected in malignant cells whereas those isoforms did not 

occur in the corresponding healthy tissue (Macheda et al., 2005). GLUT5, for 

example, was found in breast cancer but not in the normal tissue (Zamora-Leon et 

al., 1996). Intriguingly, the extensive expression of the fructose transporting 

proteins GLUT2 and GLUT5 in some malignant tissues like breast, stomach 

mucosa epithelium, or smooth muscle indicates that fructose is an attractive energy 

source for some tumors (Godoy et al., 2006). Various studies also related abnormal 

expression of other transporters, including GLUT4, GLUT6, GLUT7, GLUT8, 

GLUT11, and GLUT12, with the fast proliferation of cancer cells (Rogers et al., 

2002; Godoy et al., 2006; McBrayer et al., 2012). Thus, members of the GLUT 

family have a high potential not only as biomarkers but also as drug targets for 

cancer treatment, which is bolstered by the fact that cancer cells die faster than 

normal cells under glucose-limiting conditions (Liu et al., 2010). Studies have 

already been performed in which GLUTs were inhibited to decrease cancer growth 

via different approaches, including the application of antisense oligonucleotides 

against SLC2A genes, usage of GLUT antibodies, and the inhibition of GLUT 

transporters with specifically binding substrates (Szablewski, 2013; Barron et al., 

2016). Some inhibitors of GLUTs, predominantly GLUT1, have been discovered, 

as the selective GLUT1 inhibitor BAY-876 (Siebeneicher et al., 2016) and the non-

selective but highly potent compounds glutor and glupin (Reckzeh and Waldmann, 

2020), to name just a few, but they often do not meet the requirements like high 

specificity for certain GLUTs, sufficient tissue penetration, high potency, and 

negligible side-effects (Barron et al., 2016; George Thompson et al., 2016). 

Furthermore, most of the known inhibitors have not been tested in clinical trials yet, 

restricting the knowledge about their effects on cancer (Barron et al., 2016). 

Nevertheless, some recent studies show that GLUT inhibition indeed tackles 

cancer proliferation (Reckzeh et al., 2019; Shriwas et al., 2021) and further 

investigations in this field are desirable to improve the perspectives of cancer 

patients. Ultimately, this might lead to more clinical studies with GLUT effectors. 

However, many might fail in animal or clinical trials due to unexpected adverse 

effects and having a plethora of candidates is beneficial. Thus, the identification of 

further GLUT effectors is an important aim in combating cancer.  
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2.2 Systems for assaying GLUT activity and identifying 

modulators 

Systematic discovery of GLUT-targeting drugs requires the analysis of high-quality 

3D structures to identify active sites, in silico ligand screening of a large library of 

compounds, screening systems for further validation, and characterization of 

promising candidates (Schmidl et al., 2018). Increased availability of crystal 

structures for several transporters and homology models now allows in silico 

investigation of all GLUTs (Schmidl et al., 2018). Also, experimental, and 

computational techniques in the field of structure elucidation have improved (Colas 

et al., 2016), and efforts to provide a larger database of small compounds to a 

broader scientific community were successful (Schreiber et al., 2015). These 

factors led to better conditions for the virtual screening of possible effectors.  

Although undoubtfully essential for narrowing down the number of possible 

effectors, in silico screening still results in a high number of candidates, e.g., 374 

after GLUT5 screening (George Thompson et al., 2016) or >200 after GLUT2 

screening (Schmidl et al., 2021c), revealing the demand for an additional, 

subsequent investigation platform. Requirements for such a system are high. It 

should be convenient to handle, quick, and cost-efficient, yielding reliable results 

while preserving the innate properties of the transporter (Schmidl et al., 2018).  

 

2.2.1 Cell-free systems 

Several cell-free, in vitro systems with different advantages have been employed 

to investigate membrane proteins, including GLUTs (Kraft et al., 2015). These 

systems generally aim to mimic the native lipid environment of the protein to 

maintain its natural conformation and function. Detergents self-assemble to 

micelles and are a widely used platform (Privé, 2007). Micelles can be easily 

modified in their size or chemical composition by varying detergents which 

influences protein interaction, but at the same time, they exhibit great complexity, 

and many factors like temperature and ionic strength must be considered (Privé, 

2007; Kraft et al., 2015). Amphipols, a group of amphipathic polymers, stabilize 

membrane proteins by wrapping their hydrophobic core, enabling increased 

stability in an aqueous solution (in the absence of detergents) (Kleinschmidt and 
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Popot, 2014). Thereby, it allows the implementation of a series of experiments that 

require increased stability due to their length or destabilizing conditions. Specific 

poly(styrene-co-maleic acid) copolymers can bind to biological membranes, 

converting the protein of interest and its natural surrounding lipid environment into 

so-called nanodiscs (Overduin and Klumperman, 2019). These conserved lipid-

protein complexes are advanced investigation tools as the natural environment of 

the target protein is preserved, and several studies indicate the significance of 

protein-lipid interactions in intrinsic membrane domains for the stability and activity 

of membrane proteins (van 't Klooster et al., 2020b). However, for direct transport 

activity assays, proteoliposomes are often the method of choice (Kraft et al., 2015). 

Thereby, the transporter is reconstituted in a lipid bilayer that offers two distinct 

compartments (outside and inside), which is necessary to quantify transport rates 

(Kraft et al., 2015). It also allows the adaptation of lipid lateral diffusion and the 

degree of membrane curvature by carefully selecting detergents (Seddon et al., 

2004). Unfavorably, a considerable number of criteria (e.g., a homogenous size- 

and protein distribution of the liposomes, permeability of the membrane, and 

protein-to-lipid ratios) must be considered (Seddon et al., 2004), and a sufficient 

amount of pure protein must be obtained preliminary, making these experiments 

elaborate.  

 

2.2.2 Animal cell-based systems 

Apart from the described cell-free systems, cell-based systems have been widely 

used to assess GLUT activity, too. Obviously, human cell lines like HEK293 (Zutter 

et al., 2013) and many human cancer cell lines (e.g., MCF-7 (Zamora-Leon et al., 

1996), Caco-2 (Mahraoui et al., 1994; Lee et al., 2015)) were utilized with the 

advantage that conditions like posttranslational modifications or lipid environment 

are most probable unchanged compared to native circumstances (Schmidl et al., 

2018). However, the biggest drawback of human cell lines as investigation platform 

of GLUTs is the endogenous expression of sugar transporters in these cells 

(Schmidl et al., 2018). This background activity complicates the assessment of the 

GLUT in question, especially when the latter only shows a low affinity for its 

substrate, as is the case for GLUT2 (Schmidl et al., 2021c). Xenopus laevis 

oocytes exhibit a very low endogenous GLUT expression and provide the benefit 
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of a large cell size (enabling electrophysiological investigations) (Long et al., 2018). 

Thus, they were utilized in many studies to investigate GLUTs and their kinetic 

properties (Gould and Lienhard, 1989; Mueckler and Thorens, 2013; Long et al., 

2018). Unfavorably for this platform, not all GLUTs insert in the PM sufficiently, and 

the amount of protein in the membrane needs to be determined via 

immunoprecipitation, which is labor-intensive and utilizes expensive antibodies 

(Gould and Lienhard, 1989; Keller et al., 1989). These factors and an insufficient 

robustness (César-Razquin et al., 2015) makes Xenopus laevis oocytes unsuitable 

as a high-throughput screening system for GLUTs.  

 

2.2.3 Yeast cell-based systems 

The baker’s yeast Saccharomyces cerevisiae is a eukaryotic model organism. It 

has been used in numerous research areas (Nielsen, 2019). Consequently, 

information about its physiology and genetics is abundant, and many molecular 

biology tools to modify its genotype exist. Noteworthy, many cellular processes 

between yeast and humans are conserved, such as protein translocation and 

degradation processes, protein folding, chaperone function, and signal 

transduction events (Nielsen, 2019). The high conservation between human and 

yeast also becomes apparent on the gene level, as 47% of 414 essential yeast 

genes could be replaced with a human orthologue (Kachroo et al., 2015). Simple 

manipulation of the yeast genome, its short generation time, fast growth, and its 

advanced robustness (Nielsen, 2019) enable versatile experiments within short 

time frames and convenient experimental set-ups (e.g., less strict sterile 

conditions).  

Thus, besides its exploitation as a production platform, yeast also plays an 

important role in unraveling the molecular processes of human diseases and in 

drug discovery efforts for many medical conditions (Mager and Winderickx, 2005; 

Verbandt et al., 2017). Approximately 30% of proteins associated with human 

pathologies have a yeast orthologue (Foury, 1997). Moreover, the development of 

so-called “humanized yeast models” by e.g., (over)expressing certain human 

proteins allows also to investigate pathological proteins and related processes 

without a known yeast counterpart (Winderickx et al., 2008). Yeast models were 

successfully applied to solve complex medical research questions and, being 
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amenable to high-throughput screenings, have helped to identify putative drugs 

(Winderickx et al., 2008). For example, effectors against (neuro)degenerative 

diseases that are mainly caused by excessive cell death such as Alzheimer’s 

(Bharadwaj et al., 2010; Chen et al., 2020), Parkinson’s (Flower et al., 2005), 

Huntington’s (Meriin et al., 2002), or Wilson’s disease (Hung et al., 1997) were 

identified with the help of yeast cell-based systems. Hence, to investigate human 

transporters and accelerate the discovery of relevant drugs, yeast offers many 

advantages compared to other systems (Schmidl et al., 2018).  

 

2.2.3.1 The hexose transporter deficient yeast strain EBY.VW4000 

The hexose transporter family in S. cerevisiae has 18 members (Hxt1-17 and Gal2) 

(Wieczorke et al., 1999), a surprisingly high number that raises questions about 

their roles and redundancy (Kruckeberg, 1996). It seems plausible that the variety 

of transporters is used by the yeast cell to respond to varying environmental 

conditions (Wieczorke et al., 1999; Levy et al., 2011). In addition, Snf3 and Rgt2 

function as sensors for low or high glucose concentrations, respectively, which 

regulate the tailored expression of HXTs (Boles and Hollenberg, 1997).  

In a CEN.PK2-1C strain background, Wieczorke et al. (1999) deleted successively 

all hexose transporter family genes HXT1-16 (HXT17 is absent in the CEN.PK 

family), GAL2, and the maltose transporter genes AGT1, MPH2, and MPH3 via the 

LoxP-Cre recombinase system. The resulting hxt0 (hexose transporter deficient) 

strain was named EBY.VW4000 and is unable to grow on glucose and other 

hexoses (Wieczorke et al., 1999). Strain maintenance can be achieved by growth 

on maltose, a disaccharide that is taken up by specialized maltose symporters of 

the Malx1 family (Chow et al., 1989). Intriguingly, additional deletion of the low-

glucose sensor SNF3 in this strain partially restored its ability to grow on glucose, 

indicating the presence of another, so far unknown, hexose transporter that is 

repressed by Snf3 (Wieczorke et al., 1999). The iterative use of the LoxP-Cre 

recombinase system and many rounds of cultivation on selective and non-selective 

medium were most probably the reasons for chromosomal rearrangements and 

gene losses detected in the genome of EBY.VW4000 (Solis-Escalante et al., 

2015). These genetic alterations most likely caused the sporulation deficiency 

discovered for EBY.VW4000 and might be the reason for more unanticipated 
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phenotypes (Solis-Escalante et al., 2015). Despite these characteristics, 

EBY.VW4000 has been proven to be a reliable system to investigate heterologous 

transporters from various organisms, including plants, insects, humans, and even 

bacteria (Wieczorke et al., 2002; Vignault et al., 2005; Price et al., 2010; Young et 

al., 2011; Xuan et al., 2013; Kim et al., 2017; Woodman et al., 2018; Zhang et al., 

2020).  

 

2.2.3.2 Point mutations enable the functional expression of certain GLUTs in 

the hxt0 yeast system 

Native human GLUTs are not actively expressed in a hxt0 yeast strain without any 

further modifications. However, for GLUT1 (e.g., V69M, W65R, I71M (Wieczorke 

et al., 2002)), GLUT3 (S66Y (Schmidl et al., 2021b)) and GLUT5 (S72Y, S76I 

(Tripp et al., 2017)), single amino acid substitutions in the second transmembrane 

region, close to the first extracellular loop, led to a functional expression in a hxt0 

strain. These were discovered by different approaches. For GLUT1, hxt0 yeast cell 

transformants expressing the transporter from a plasmid were plated on glucose 

medium and irradiated with UV-light in a sub-lethal dose (Wieczorke et al., 2002). 

After a prolonged incubation (7-14 days) at 30°C, suppressor colonies, which 

regained the ability to take up glucose, grew. After curing some of these colonies 

from their plasmids (by growing them on non-selective maltose medium for several 

generations), they lost the ability to grow on glucose again, proving that the 

presence of GLUT1 was the prerequisite for the earlier observed growth 

(Wieczorke et al., 2002). In one colony, endogenous mutations within the hxt0 

strain apparently led to a functional expression of GLUT1 (see chapter 2.2.3.3) 

(Wieczorke et al., 2002). In the four other suppressor colonies, point mutations 

within the GLUT1 coding sequence were discovered, namely W65R, I71M and two 

times V69M (Wieczorke et al., 2002). Reverse engineering of these and similar 

mutations (namely: W65R, V69M/T, A70M, I71M) validated that all of them enable 

a functional expression of GLUT1 in yeast (Wieczorke et al., 2002). In contrast to 

UV mutagenesis, for GLUT3 and GLUT5, PCR-born mutations led to the amino 

acid exchanges that allowed functional expression of these transporters and the 

concomitant cell growth on glucose (GLUT3) or fructose (GLUT5) medium (Tripp 

et al., 2017; Schmidl et al., 2021b). 
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The Q455R mutation (located at the end of TM11) in the modified GLUT2∆loopS 

variant likewise enabled GLUT2∆loopS_Q455R expression in EBY.VW4000 (Schmidl 

et al., 2021b). Structural models revealed that the mentioned residues in the TM2 

and Q455R in TM11 are proximal in the three-dimensional structure, pointing out 

the significance of this region for the functional expression of GLUTs in yeast 

(Schmidl et al., 2021b). It was hypothesized that the beneficial effect of these 

mutations is caused by destabilization of the inward-facing conformation, thereby 

favoring the outward-facing one, leading to a better accessibility of the substrate 

cavity on the extracellular side (Schmidl et al., 2021b).  

 

2.2.3.3 The lipid composition of the plasma membrane of yeast affects GLUT 

activity 

Native GLUT1 was actively expressed in EBY.S7, a hxt0 strain, which additionally 

carries a fgy1 (for functional expression of GLUT1 in yeast) mutation (Wieczorke 

et al., 2002) that was identified as the Efr3-encoding gene (Wieczorke, 2001). Efr3 

is a scaffold protein located at the periphery of the yeast PM and part of the 

phosphatidylinositol-4-kinase Stt4 complex (Baird et al., 2008). A C-terminal 

interaction of Efr3 with Ypp1, which in turn interacts with Stt4, recruits Stt4 to the 

PM where it catalyzes the synthesis of phosphatidylinositol-4-phosphate (PI4P) 

(Wu et al., 2014). A frame-shift mutation in the fgy1-mutant led to a C-terminal 

truncation of 120 amino acids in the Efr3 sequence (Wieczorke, 2001), which 

probably hampers the PI4P synthesis at the PM and might result in an abnormal 

PI4P content.  

Phosphoinositides, although representing a small fraction of lipids in the PM, play 

important roles in many processes, e.g., signaling, vesicle trafficking, cell 

proliferation, and cytoskeleton organization (Audhya et al., 2000). The possibility 

of (reversibly) phosphorylating three hydroxyl positions of the inositol head group 

individually (PI3P, PI4P, PI5P) or in combination (PI3,4P2, PI3,5P2, PI4,5P2, 

PI3,4,5P3) offers a variety of ways to generate signals that can be recognized and 

transmitted by specialized proteins (Baird et al., 2008). Phosphorylation at position 

4 represents the first step in the biosynthesis of PI3,4P2, PI4,5P2, and PI3,4,5P3. 

Hence, PI4P not only displays itself important regulatory functions but is also a 

precursor for other crucial phosphoinositides (D'Angelo et al., 2008). Furthermore, 
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a counterflow mechanism has been described in which lipid transfer proteins 

exchange sterols (cholesterol in humans and ergosterol in yeast) with PI4P 

between intracellular membranes resulting in an asymmetric sterol distribution 

between organelles (e.g., the cholesterol content in the PM of human cells is 

significantly higher than in the endoplasmic reticulum (ER) which allows 

specialized membrane functions) (Mesmin and Antonny, 2016). PI4P seems to be 

the driving force for this exchange and consequently for the distinct sterol 

distribution (Mesmin and Antonny, 2016). Similarly, it was shown that an exchange 

between PI4P and phosphatidylserine yields an enrichment of the latter in the PM 

(Moser von Filseck et al., 2015). Thus, an altered PI4P content in the membrane 

likely influences many crucial cellular processes, and it remains to be elucidated 

how exactly the fgy1 mutation influences GLUT activity in yeast.  

 

2.2.3.4 Players that regulate phosphoinositide levels in membranes 

Other PI4P kinase enzymes exist in yeast (for an overview, see Figure 1). Like 

Stt4, Pik1 generates PI4P but is responsible for a distinct pool of this 

phosphoinositide in the trans-Golgi network and, therefore, plays discrete 

physiological roles (Audhya et al., 2000; Mesmin and Antonny, 2016). The two 

kinases Stt4 and Pik1 cannot complement each other’s functions and are both 

essential for cell viability (Flanagan et al., 1993; Mesmin and Antonny, 2016).  Lsb6 

is another PM-associated enzyme with PI4P kinase activity but, in contrast to Stt4 

and Pik1, is not essential for cell growth (Han et al., 2002). Nevertheless, 

overexpression of Lsb6 could partially restore the viability of ∆stt4 mutant cells 

(Han et al., 2002). Han et al. (2002) reasoned that Lsb6 is responsible only for a 

small pool of PI4P at the PM or vacuolar membrane and that the activity of PI4P 

kinases is highly regulated in vivo to control phosphoinositide levels in the 

membranes. On the other hand, regulation of PI4P and its derivates can also be 

achieved by PI4P degradation. Sac1 is a phosphatidylinositol (PI) phosphatase, 

localized primarily at the ER, that catalyzes the dephosphorylation of PI4P to PI 

(Zewe et al., 2018). Other players influencing the phosphoinositide levels in cellular 

membranes include, but are not limited to, Mss4, a PI4,5P2 kinase that 

phosphorylates PI4P to produce PI4,5P2 (Desrivières et al., 1998), or Ict1 a 

lysophosphatidic acid acyltransferase (generating phosphatidic acid) that has been 
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shown to enhance the production of overall phospholipids during organic solvent 

stress (Ghosh et al., 2008). In yeast, studies indicated that the PM protein Sfk1 is 

also involved in the proper localization of Stt4 to the membrane via C-terminal 

interaction (Audhya and Emr, 2002; Chung et al., 2015). Unlike Efr3, however, Sfk1 

is not essential for Stt4 recruitment or activity, which further proves that its Stt4-

related function can be fulfilled by other proteins (Audhya and Emr, 2002) and Sfk1 

also comprises other functions. It has been found, for instance, that Sfk1 restricts 

the trans-bilayer movement of phospholipids and, thereby, takes on a role as a 

regulator of phospholipid asymmetry in the PM (Mioka et al., 2018). Evidently, the 

here-mentioned proteins (Figure 1) have regulatory functions for the phospholipid 

levels in intracellular membranes and might also influence sterol compositions. 

Hence, up- or downregulating their activity might alter the functional expression of 

human GLUTs in yeast and further elucidate the molecular basis behind this 

phenotype.  

 

 

Figure 1. Selected proteins that regulate the phosphoinositide levels in membranes of yeast. 
Efr3 is a scaffold protein that, via interaction with Ypp1, recruits the PI4P-kinase Stt4 to the PM. 
Sfk1 is also involved in Stt4 proper localization. Lsb6 shows PI4P-kinase activity at the PM and 
vacuolar membrane and likely generates only a small pool of PI4P. Pik1 generates PI4P at the 
TGN, Sac1 dephosphorylates PI4P to PIP at the ER and Mss4 catalyzes the phosphorylation of 
PI4P to PI4,5P2. Ict1 is a lysophosphatidic acyltransferase that enhances overall phospholipid 
production. PL= phospholipids, PI= phosphatidylinositol, PI4P= phosphatidylinositol-4-phosphate, 
PI4,5P2= phosphatidylinositol-4,5-diphosphate, LPA= lysophosphatidic acid, PA= phosphatidic 
acid, PM= plasma membrane, ER= endoplasmic reticulum, TGN= trans Golgi network. 
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2.2.3.5 Alterations in the ergosterol biosynthesis enable GLUT4 activity in 

yeast 

The second GLUT isoform that was actively expressed in a hxt0 yeast strain was 

GLUT4 and the mutation that enabled this (in combination with fgy1) was named 

fgy4 (functional expression of GLUT4 in yeast). Screening with a gene bank for the 

fgy4 complementing plasmid revealed that the gene encodes for Erg4, a C-24(28) 

sterol reductase that is one of the late enzymes of the ergosterol biosynthesis 

(Figure 2 A) (Zweytick et al., 2000; Dlugai, 2003). ERG4 was then deleted in 

EBY.S7, resulting in the strain SDY.022 that actively expresses GLUT4 (Boles et 

al., 2004). 

Ergosterol is the major sterol in fungal PMs and structurally similar to cholesterol, 

the main sterol in mammals (Figure 2 B), or the phytosterols from plants (Liu et al., 

2019). Sterols are important determinants of membrane characteristics and 

functions. They are key players in processes like endocytosis, the stabilization of 

membrane proteins, protein sorting, development of membrane curvature and – 

barrier function, or regulation of receptors (Sokolov et al., 2019) and are engaged 

in the cellular response to multiple stressors (Liu et al., 2017).  

Biosynthesis of ergosterol is a complex, multi-enzymatic process that can be 

divided into three modules (Hu et al., 2017). In the first mevalonate producing 

module, acetyl-CoA serves as a precursor and is transformed to mevalonate in 

three catalytic steps (Figure 2 A). In the subsequent farnesyl pyrophosphate 

pathway, six enzymes catalyze the synthesis of farnesyl pyrophosphate from 

mevalonate, which then enters the ergosterol pathway (Hu et al., 2017). While the 

first two modules take place at the vacuoles and the mitochondria, the ergosterol 

pathway mainly occurs in the ER and requires more steps and enzymes that 

ultimately lead to ergosterol as a product (Hu et al., 2017) (Figure 2 A). Enzymes 

catalyzing the early steps of this pathway (Erg9, Erg1, Erg7, Erg11, Erg24-27) are 

essential for cell viability, but later enzymes catalyzing the reactions from 

zymosterol via fecosterol and episterol to ergosterol (Erg2-6) are considered non-

essential (Hu et al., 2017). Importantly, it has been shown that these last steps do 

not strictly follow a linear order of events (Souza et al., 2011; Liu et al., 2017). The 

Erg6-catalyzed reaction step that results in the methylation of the C24 residue was 

believed to precede the reaction steps of Erg2-5 (Liu et al., 2017). However, the 
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perceived-as-downstream reactions were also happening in an ∆erg6 deletion 

strain except for the reduction of C24 (28), catalyzed by Erg4, which requires prior 

Erg6 activity (Souza et al., 2011). The conversion of fecosterol to ergosterol (via 

enzymatic activities of Erg2-5) does not change the number or localization of 

carbon atoms anymore (Figure 2 A). The loose substrate specificity of the late 

ergosterol enzymes, which allows the utilization of improperly modified substrates 

as precursors (Aguilar et al., 2010; Souza et al., 2011), is a probable reason why 

mutations in these genes are not lethal (Hu et al., 2017). Nevertheless, these 

mutations cause an altered sterol composition with sterol intermediates instead of 

ergosterol in the PM, resulting in interesting phenotypes (Hu et al., 2017; Liu et al., 

2017). Cholesterol differs from ergosterol in the absence of the C24 methyl group 

and the two double bonds that ergosterol has at positions C7-8 and C22-23 (Souza 

et al., 2011; van 't Klooster et al., 2020b) (Figure 2 B). Both sterols can form lipid 

ordered domains (rafts) in membranes characterized by a high content of saturated 

acyl chains and important for numerous membrane functions (Xu et al., 2001). 

Thus, it was speculated that their overall physical properties are very similar, but 

their delicate structure differences might impose specific effects on membrane 

characteristics or lipid-protein interactions (Souza et al., 2011). 
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Figure 2. Steps and enzymes of the ergosterol pathway and structures of ergosterol and 
cholesterol. Ergosterol biosynthesis (A) can be divided into three modules. The first two modules, 
the mevalonate, and the farnesyl pyrophosphate pathway, take place in the vacuoles and 
mitochondria. The ergosterol pathway requires more enzymatic steps and mainly takes place at the 
endoplasmic reticulum. Enzymes are named in red. Structures of the late intermediates of the 
pathway are shown and the molecular alterations of each step are indicated with a purple arrow. 
The figure was modified after Kodedová and Sychrová (2015). The structures of ergosterol and 
cholesterol (B) differ, as ergosterol contains double bonds at positions C7-8 and C22-23 and a 
methyl group at position C24, which are absent in cholesterol. Dehydrocholesterol reductases 
(DHCR7 and DHCR24) saturate the double bonds at C7-8 and C24-25. Erg6 introduced a 
methylene group at C24 which was then saturated to the methyl group by Erg4, and Erg5 introduced 
the double bond at position C22-24. The figure was modified after Hirz et al. (2013). 

 

Recently, more focus was given to the role of the lipidome of membrane proteins, 

which includes lipids in direct proximity and neighboring lipids that do not share 

direct contact with the protein (van 't Klooster et al., 2020a). Although the molecular 



Introduction 

 

23 

mechanisms remain to be elucidated, it has been shown that this lipidome is crucial 

for normal membrane protein activity. The yeast lysine transporter Lyp1, for 

example, needs ergosterol in its direct environment to function – a requirement that 

cannot be sufficiently replaced by its derivative cholesterol (van 't Klooster et al., 

2020b). Furthermore, lipidomes show altered lipid compositions in comparison with 

overall membrane lipid distribution. In the case of Lyp1, phosphatidylserine was 

enriched, whereas ergosterol was depleted in its lipidome. It was speculated that 

this “disordered lipid environment” provides more flexibility which is crucial for the 

conformational change of transport proteins when translocating substrates (van 't 

Klooster et al., 2020b). These data also suggest that membrane transporters are 

susceptible to their lipid surroundings, and differences between human and fungal 

sterols likely prohibit the activity of heterologously expressed GLUTs in yeast.  

As shown by density gradient centrifugation, in EBY.S7, GLUT4 seems to be held 

back in intracellular structures and does not localize at the PM (Dlugai, 2003). The 

additional ERG4 deletion in SDY.022 enables the correct localization and activity 

of GLUT4 in yeast cells. Thus, the altered proteo-lipidome is likely not the cause 

for GLUT4 activity in this strain but can still be a contributing factor. With the help 

of the split-ubiquitin system, direct interaction between Erg4 and GLUT4 was 

verified. However, a similar interaction was also detected for other protein partners 

(GLUT1, Hxt1, Hxt9) indicating that the interaction is unspecific and probably not 

the cause for the altered localization in the ∆erg4 strain (Dlugai, 2003).  

The fact that just ERG4 (or ERG4/ERG5 double) deletion and not, e.g., an ERG5 

deletion combined with the fgy1 mutation led to an active expression of GLUT4 

suggests that the methylene group at the C24 carbon atom might play a crucial 

role (Dlugai, 2003). The reduction reaction, catalyzed by Erg4, eliminates the 

double bond, resulting in a methyl group (CH3) (instead of methylene (CH2)) (Figure 

2 A). It was hypothesized that GLUT4 might interact specifically with this methylene 

group, and this colocalization leads to a translocation of GLUT4 at the PM when 

the respective sterols move from the ER to the PM (Dlugai, 2003). In humans, 

insulin triggers the translocation of GLUT4 from intracellular vesicles to the PM by 

a process that involves several proteins associated with lipid rafts (Chamberlain 

and Gould, 2002). These lipid rafts also trigger the recruitment and internalization 

of proteins in yeast membranes (Munn et al., 1999). Although, insulin and the 
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released signal cascade are absent in yeast, lipid rafts and their constituent 

ergosterol might be involved in the trafficking of GLUT4 to the PM via different 

mechanisms (Dlugai, 2003). The altered sterol composition might interfere with 

these processes, which in turn might affect the localization of the transporter. But 

the interplay between sterols and membrane proteins is highly complex and the 

molecular basis for GLUT4 activity in an ∆erg4 strain is not resolved yet. 

 

2.2.4 Glucose uptake assays 

The hxt0 yeast system also offers a platform for a more detailed characterization of 

the respective transporter, including its kinetic properties. For this, different 

methods exist (Yamamoto et al., 2015), but most studies rely on measuring the 

uptake of radiolabeled hexoses (Walsh et al., 1994b; Reifenberger et al., 1997; 

Farwick et al., 2014) because of its high reliability due to a good signal-to-noise 

ratio and high selectivity (Yamamoto et al., 2015).  

One difficulty in these studies arises from the rapid metabolization of, e.g., glucose 

which makes the determination of an initial transport rate, independent of 

downstream metabolization, challenging. Attempts to circumvent this problem 

utilized non-metabolizable glucose analogs as, for example, 3-O-methyl-glucose 

(3MG), which cannot be phosphorylated by the hexokinase, preventing further 

degradation (Yamamoto et al., 2015). However, to exit, 3MG can permeate through 

the cell membrane. To prevent a fast equilibration of 3MG across the PM, applying 

a short incubation time and rapid cell separation from the medium is required. 3MG 

efflux can also be avoided by washing the cells with a mercuric chloride solution or 

ice-cold buffer (Yamamoto et al., 2015).  

Radiolabeled 2-deoxy-glucose (2DG) is another non-metabolizable glucose analog 

but undergoes the initial phosphorylation step. The resulting 2-deoxy-glucose-6-

phosphate (DG6P) is a stable product, unable to pass through the membrane and 

retained in the cell (Yamamoto et al., 2015). Furthermore, hexokinase deficient 

yeast cells were used for C14 glucose uptake assays to avoid further metabolization 

of the sugar. However, when conducted on a 5-s-timescale (according to the 

common protocol (Boles and Oreb, 2018)), the determined transporter capacities 

and apparent affinities were significantly decreased compared to wildtype cells 
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(Smits et al., 1996). This effect was not visible when glucose uptake was measured 

in a sub-second timescale (200 ms), using an advanced protocol that requires a 

specialized set-up (Walsh et al., 1994c). This shows that results from 5-s-timescale 

experiments are influenced by hexokinase activity, and removal of the substrate 

and factors (e.g., ATP depletion) that might decrease this activity should be 

considered (Walsh et al., 1994c; Smits et al., 1996).  

In general, radioactive materials bear a risk for the experimenter and the 

environment; thus, special care must be taken when handling these. Additionally, 

the purchase and the disposal of radiolabeled chemicals are expensive, and 

elaborate management programs of universities aim to diminish radioactive waste 

(Ring et al., 1993). By (German) law, experiments with radiolabeled substances 

may only be conducted in separated and suitable laboratory spaces, and all 

persons in contact with these chemicals must receive prior training.  

To avoid these negative concomitants, isotope-free assays to measure glucose 

uptake are used increasingly (Kim et al., 2012). One example is an enzymatic 

assay to measure the DG6P content in 2DG treated cells (Yamamoto and Ashida, 

2012). When DG6P is oxidized to 6-phospho-2-deoxyglucuronic acid (6PDG) by a 

dehydrogenase, NADPH is generated from NADP, as a reduction equivalent. Thus, 

the NADPH content can be measured photometrically and relates to the amount of 

DG6P in the cell (Manchester, 1990; Sasson et al., 1993). Because NADPH 

fluorescence intensity is rather low, this method alone would require the cultivation 

of a large batch of cells and the generation of cell extract.  By coupling this reaction 

with the oxidation of NADPH catalyzed by the enzyme diaphorase, which 

concomitantly transforms resazurin to resorufin, a strong phluorophore, the 

fluorescence signal can be accelerated (Yamamoto et al., 2006). In another 

approach, the NADPH that is produced during the conversion from DG6P to 6PDG 

is used to reduce a pro-luciferin to luciferin, thereby generating light proportional to 

the amount of 2DG that entered the cell (Valley et al., 2016). This bioluminescent 

assay shows a better signal-to-noise ratio and is more convenient because 

washing steps can be omitted compared to the fluorescent-based procedures 

(Valley et al., 2016).   

Alternatively, the fluorescent glucose analogs, 2- and 6-NBDG ([N-(7-nitrobemz-2-

oxa-1,3-diazol-4-yl) amino]-2-deoxyglucose)) (Speizer et al., 1985; Yoshioka et al., 
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1996) can be directly used as uptake indicators, if applicable, combined with 

photomultipliers (Yamamoto and Ashida, 2012). The utilization of NBGDs has 

gained popularity in many cell types and experimental systems, including 

microplate assays, flow cytometry, and digital imaging fluorescence microscopy 

(Yamamoto et al., 2015). All mentioned glucose analogue-based methods are, 

however, not applicable for in-depth kinetic characterization of certain transporters 

since the chemical modification of the hexose moiety certainly affects the transport 

kinetics. 
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2.3 Aim of this thesis 

Human GLUTs fulfill pivotal functions in sugar metabolism and are relevant drug 

targets in combatting important diseases. Different assay systems exist that allow 

broad research on these transporters. Among these, the hxt0 yeast strains offer a 

valuable platform facilitating convenient and inexpensive research on selected 

GLUTs and enabling access to high-throughput screenings of large compound 

libraries. GLUT1, GLUT4 and GLUT5 were already actively expressed in yeast.  

The aim of this thesis was to actively express the important human transporters 

GLUT2 and GLUT3 in a hxt0 yeast strain, thereby extending the possible 

applications of a yeast cell-based platform. Subsequently, these systems should 

be used for the screening of possible ligand candidates (previously selected by in 

silico screening) in the attempt to identify compounds that would specifically affect 

the activity of the respective transporter.  

Furthermore, previous studies have indicated that changes in the phospholipid or 

sterol composition in the yeast PM benefit the functional expression of some 

GLUTs. To improve our understanding of the molecular conditions or PM 

prerequisites for GLUT expression in yeast, the introduction of defined alterations 

in the phospholipid and ergosterol biosynthesis and their subsequent evaluation 

on GLUT expression were intended.  

Moreover, several methods exist to examine glucose uptake in yeast cells or other 

systems, but they exhibit significant drawbacks as e.g., presumable aberrations 

due to the application of glucose analogues or the usage of radiolabeled sugars. 

To further facilitate research on GLUTs or other hexose transporters, this thesis 

intended to provide an alternative method to the commonly used glucose uptake 

assays by employing the pH-sensitive GFP variant pHluorin as a genetically 

encoded, ratiometric biosensor.  

  



General discussion 

 

28 

3 General discussion 

3.1 The hxt0 yeast system as a microbial investigation platform 

for transporters 

The easy manipulation and convenient handling of yeast made it the organism of 

choice for many research applications (Nielsen, 2019). In EBY.VW4000 twenty 

hexose (and maltose) transporter genes were deleted in a Saccharomyces 

cerevisiae CEN.PK2-1C strain background resulting in a hxt0 strain that is 

uncapable of transporting glucose or related monosaccharides (Wieczorke et al., 

1999). This offers an excellent opportunity to investigate endogenous Hxts 

separately or heterologous hexose transporters from various organisms 

(Wieczorke et al., 2002; Vignault et al., 2005; Schüßler et al., 2006; Price et al., 

2010). It has been used for initial characterizations of newly found transporters 

(e.g., Schüßler et al., 2006), or to gain more information about substrate 

specificities or affinities of already known ones (e.g., Vignault et al., 2005). It is 

convenient for the application of several assays, including simple growth tests or 

radiolabeled glucose uptake assays (Boles and Oreb, 2018). Furthermore, the hxt0 

system can be applied as a screening platform to examine compound libraries for 

their effects on the transporter in question as it has been performed for GLUT2, in 

this thesis (Schmidl et al., 2021c). Whereas for GLUT effectors, medical 

applications for metabolic diseases or their use in GLUT-related studies are 

conceivable more areas like the containment of infectious diseases could be 

tackled by using the hxt0 screening platform on other transporters. For example, 

the glucose transporter of the pathogen Trypanosoma brucei (THT1) has been 

identified as an advantageous drug target and hence, specific inhibition of THT1 

could be a promising strategy to contain the African sleeping sickness, which is 

caused by T. brucei (Haanstra et al., 2017). With the help of virtual screening and 

subsequent verification of candidates in a hxt0 strain expressing THT1, putative 

drug candidates for this purpose could be identified. Also, PfHT1, the main hexose 

transporter of the malaria causative Plasmodium falciparum is considered the main 

target for “next-generation antimalarials” (Jiang et al., 2020). Its crystal structure 

has been obtained only recently which will facilitate in silico ligand design (Jiang et 

al., 2020), and the hxt0 yeast system could serve as a validation platform for this 
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objective, as well. This thesis focused on the functional expression of and further 

investigations on human GLUTs in the hxt0 yeast system.  

 

3.1.1 The functional expression of GLUT2 and GLUT3 in a hxt0 yeast 
strain 

GLUT2 is expressed in the liver, kidney, intestine, pancreas, and the brain and is 

unique among other GLUTs with its very low substrate affinities for the main 

hexoses glucose, fructose, galactose, and mannose (e.g., for glucose it has a 

KM=17 mM) (Uldry et al., 2002; Thorens, 2015). Hence, it plays important roles in 

sugar sensing or signaling processes (Guillemain et al., 2000; Ohtsubo et al., 

2005). GLUT2 malfunction is the underlying cause of the rare Fanconi-Bickel 

syndrome (Santer et al., 1997) and is likely also involved in more metabolic 

disfunctions (Thorens, 2015). GLUT3, on the other hand, transports glucose with 

high affinity (KM=1.4 mM (Colville et al., 1993)) supporting cell types with a high 

energy demand such as sperm, white blood cells or neurons in the brain (Simpson 

et al., 2007). Many cancer cell types overexpress GLUT3 to sustain proliferation 

and its overexpression is a biomarker for grave tumor malignancy (Barron et al., 

2016).  

Because of their importance in certain diseases, it is desirable to obtain very 

detailed information about their precise physiological roles and to develop drugs 

targeting GLUT2 or GLUT3. Active expression of both transporters in an hxt0 yeast 

strain was achieved in this thesis and thereby provides a convenient platform for 

further research.  

Native GLUT3 was functionally expressed in the hxt0 fgy1 yeast strain EBY.S7, 

suggesting that the assumed alteration of the PI4P composition in the PM of this 

strain is beneficial for GLUT3 activity, comparable to what has been observed with 

GLUT1 (Wieczorke et al., 2002). Additionally, as for GLUT1, a point mutation was 

identified for GLUT3 as well that allowed its active expression in EBY.VW4000, the 

hxt0 strain with no further mutations (Wieczorke et al., 1999). This mutation (S66Y) 

lies in the second TM region, approaching the extracellular space (Schmidl et al., 

2021b). Remarkably, mutations that led to an active expression of GLUT1 (W65R, 

V69M, A70M, I71M (Wieczorke et al., 2002)) and GLUT5 (S72Y, S76I (Tripp et al., 
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2017)) in EBY.VW4000 were found in the same region which reveals a key role for 

this area for GLUT expression in yeast. Most of these mutations, except for W65R 

for GLUT1, replace a smaller residue with a bulkier one. Strikingly, for GLUT3 and 

GLUT5 all mutations conferring transporter activity targeted a serine, an especially 

small residue. Putatively, these mutations affect the interactions of TM regions 2 

and 11 and force them to push away from each other (Tripp et al., 2017). This 

probably leads to a destabilization of the inward-facing conformation, hence 

favoring the outward-facing one which might improve the accessibility of the 

substrate cavity from outside the cell (Tripp et al., 2017). For W65R in GLUT1, a 

similar effect could be caused by the long side chain and the positive charge of 

arginine.  

Correct localization of GLUT2 to the PM of the yeast cell was only achieved when 

the large extracellular loop between TM regions 1 and 2 was truncated by 34 amino 

acids (thereby resembling more the loop lengths of e.g., GLUT1 or GLUT3), 

including the removal of the glycosylation site at position 62 (Schmidl et al., 2021b). 

In GLUT2, this loop displays a significantly larger size than in other GLUTs 

(Schmidl et al., 2021b). This region may impose characteristic functions on GLUT2. 

However, functional studies on the GLUT2∆loopS_Q455R variant in yeast revealed 

similar substrate specificities and affinities as those of the WT transporter (Schmidl 

et al., 2021c). Presumably, the large extracellular loop mediates a correct folding 

and protein trafficking to the membrane in human cells but impedes the same 

processes in yeast due to differences in the membrane composition and/or 

signaling reactions. The fact that very long extracellular loops are characteristic for 

eukaryotic proteins (and absent in prokaryotic ones) (van't Klooster et al., 2020c) 

could be interpreted as an indication that they play roles primarily in protein 

trafficking processes which are much less complex in bacteria. Although yeast and 

human cells exhibit many homologies in protein trafficking (Scheuring et al., 2001), 

differences exist, too (Phillips et al., 2001). Possibly, in yeast, putative signal 

molecules on the extended loop are not required and rather impede a normal 

transport to the PM. Determination of the subcellular location of native GLUT2 and 

GLUT2∆loopS also revealed that the full-length transporter does not localize correctly 

at the PM (but resides in vacuoles) whereas the truncated version does, at least 

partly (Schmidl et al., 2021b). This also supports the hypothesis that the loop 
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impedes correct protein trafficking. To preserve the loop size, selective mutations 

in this area could be introduced and checked for benefits on the activity of the 

transporter in yeast. This was carried out in this thesis for the glycosylation site 

N62, in which the asparagine was mutated to glutamine (N62Q) without any 

observed effect (Schmidl et al., 2021b). Steric impediments could also prohibit the 

correct localization of GLUT2 to the PM, which would necessitate a more invasive 

loop truncation. Importantly, transport inhibition of the truncated GLUT2 by the well-

known inhibitors, quercetin and phloretin, was unaffected, which confirmed its utility 

as a screening platform for GLUT2-affecting ligands. As for GLUT1, GLUT3, and 

GLUT5, a beneficial point mutation for active expression in yeast was found for 

GLUT2 as well, namely Q455R. While GLUT2∆loopS was already actively expressed 

in EBY.S7, the additional point mutation Q455R in GLUT2∆loopS_Q455R allowed its 

functionality also in EBY.VW4000 (Schmidl et al., 2021b). Although not located in 

TM2, it lies in TM11 and thereby approaches the same region as the mentioned 

mutations for GLUT1, GLUT3, and GLUT5 in the tertiary structure of the protein. 

Therefore, it likely fulfills a similar function and pushes the two TM regions 2 and 

11 apart allowing a more stable outward facing conformation (Schmidl et al., 

2021b).  

With GLUT1 and GLUT4 already actively expressed in a hxt0 yeast strain in 

previous works (Wieczorke et al., 2002; Boles et al., 2004), now, all class 1 GLUTs 

(except for GLUT14, the duplicon of GLUT3 (Wu and Freeze, 2002)) are accessible 

in this platform. In addition, the class 2 member GLUT5 has been functionally 

expressed, before (Tripp et al., 2017). Although, GLUTs1-5 are already among the 

most studied isoforms (Thorens and Mueckler, 2010) several questions about their 

metabolic functions and distinct roles remain unanswered. It is intriguing, for 

example, that GLUTs differ extensively in their transport specificities and kinetic 

properties while presenting very high sequence similarities (Schmidl et al., 2021c). 

GLUT2, for instance, does not differ in its substrate binding site in comparison to 

GLUT1 or GLUT3 (Schmidl et al., 2021c). However, it transports glucose with a 

substantially lower affinity (KM=17 mM for GLUT2, KM=1.4 mM for GLUT3 (Colville 

et al., 1993; Uldry et al., 2002) and accepts fructose as a substrate in contrast to 

GLUT1 or GLUT3 (Mueckler and Thorens, 2013).  
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Some studies indicate that GLUTs in general depict the alternating mechanism of 

transport and it is presumed that most act as uniporters (Iancu et al., 2013; Deng 

et al., 2015). However, there is not much information about possible regulation 

systems that might adjust the transporters’ mode of action according to metabolic 

needs, as for example a uniport/antiport switch that has been described for avian 

GLUT1 (Cloherty et al., 1996). Also, the detailed role of individual GLUTs in certain 

pathologies is still not clear and it is an overall objective of GLUT-related research 

to determine how modulation of sugar transport is involved in health and disease. 

Importantly, specific ligands uniquely acting on a particular GLUT are still very 

scarce. Identifying key residues and regions responsible for ligand binding and the 

establishment of high-throughput screening methods is therefore highly desirable. 

The co-existence of several GLUT isoforms in human cell lines complicates the 

analysis of a particular GLUT’s role on sugar uptake (Schmidl et al., 2018), which 

is especially true for GLUTs with low transport affinities, like GLUT2. Having 

GLUTs1-5 functionally expressed in the convenient hxt0 yeast platform will facilitate 

research and ligand screening, eventually leading to the identification of specific 

effectors that will advance GLUT-related research.  

 

3.1.2 Expression of GLUTs with preserved functions 

The active expression of GLUTs1, 3 and 5 in EBY.VW4000 is a valuable 

achievement for further studies and drug development. It cannot be completely 

excluded that the point mutations alter the properties of the transporter in some 

way. However, functional studies in yeast with GLUT1V69M, GLUT3S66Y, GLUT5S76I 

or GLUT5S72Y (Wieczorke et al., 2002; Tripp et al., 2017; Schmidl et al., 2021b) 

revealed that these mutated transporters show highly similar characteristics (e.g., 

for substrate specificity and -affinity or inhibitor response) as it is described for their 

native counterparts in literature (Kasahara and Kasahara, 1996; Zamora-Leon et 

al., 1996; Uldry et al., 2002; Augustin, 2010). This is a strong indication that the 

mutations probably do not influence the mechanism or rate of transport of the 

transporter and that their strongest effect concerns the transport activation in a 

foreign lipid environment. For GLUT2, however, the required alterations for its 

active expression were more invasive (Schmidl et al., 2021b). By truncating the 

extracellular loop between TM1 and TM2, one characteristic motif of this 
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transporter was eliminated. Since there is not much information about the specific 

roles of soluble loops it is not possible to make a reliable prediction which 

consequences such an alteration might impose on the transporter’s functions. 

Nevertheless, with more studies concentrating on the hydrophilic regions of 

membrane proteins (Conseil et al., 2009; Aseervatham et al., 2015; van't Klooster 

et al., 2020c) the impression hardens that these regions play significant roles (see 

chapter 3.3). Also, regarding the fact that GLUT2 fulfills unique physiological roles 

in the human body, which distinguishes it clearly from other well-studied GLUTs 

(Thorens, 2001), one might consider the obvious structural differentiation of the 

extended first extracellular loop of GLUT2 as a possible factor for these roles. Still, 

functional studies that were performed with GLUT2∆loopS_Q455R constructs in yeast 

did not show significant differences in ligand response, substrate preferences or 

affinities (Schmidl et al., 2021b; Schmidl et al., 2021c). As a conclusion, 

GLUT2∆loopS_Q455R-expressing yeast systems can very well serve for investigations 

or ligand screenings. Identified ligands should then be validated in follow-up 

studies with other systems employing, for example, Xenopus laevis oocytes, 

proteoliposomes or cell cultures (Guillemain et al., 2000; Uldry et al., 2002) to show 

that their effect is not limited to the GLUT2∆loopS_Q455R-expressing yeast system but 

also applies to the native, full-length GLUT2 in other systems.   

Regardless of the mentioned successes due to point mutations or GLUT2 loop 

alteration, a “universal” strain functionally expressing native GLUTs is doubtlessly 

useful for a higher certainty of unaffected functional properties. Native GLUT1 and 

GLUT3 are active in the hxt0 strain EBY.S7 which carries the additional fgy1 

mutation in its genome (Wieczorke et al., 2002; Schmidl et al., 2021b). This 

mutation affects the Stt4 complex, thereby putatively altering the PI4P content in 

the PM (Wieczorke, 2001). GLUT4 is actively expressed in the SDY.022 strain 

which, in addition to fgy1, carries a deletion of ERG4 (Boles et al., 2004). Erg4 

catalyzes one of the last steps in the ergosterol biosynthesis (Zweytick et al., 2000). 

These findings point to the membrane lipid and/or sterol composition as a central 

factor for active expression of native GLUTs in yeast.  

Native GLUT2, GLUT5 or GLUT9 (this thesis, data not shown) are not actively 

expressed in either EBY.S7 nor SDY.022 (Tripp et al., 2017; Schmidl et al., 2021b). 
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It is conceivable that further specific alterations of the membrane lipid composition 

of the yeast strain would enable their activity, as well. 

 

3.1.3 The sterol composition in yeast and its effect on the functional 
expression of human GLUTs 

As cholesterol for mammalian cells, ergosterol is the main sterol in fungal PMs (Liu 

et al., 2019). Both sterols depict a similar structure. Ergosterol differs from 

cholesterol by having an extra methyl group at position C24 (at the side chain) and 

two additional double bonds, one between C7-8 (B-ring) and one at C22-23 (side 

chain) (Figure 2 B) (Bloch, 1983). The hydroxyl group at C3 is viewed as an 

obligatory structural feature of membrane sterols that imposes the amphipathic 

character to these molecules and orients it in the membrane bilayer (Nes et al., 

1978; Bloch, 1983). The variability of cholesterol and ergosterol concentrates 

mostly on the side chain. The cholesterol side chain facilitates the highest 

membrane order compared to analogues with differing side chain lengths (Bloch, 

1983). In contrast, higher concentrations of ergosterol (more than 8 mol %) impose 

a membrane disorder which is possibly mediated by the C24-methyl group, and it 

seems to be beneficial for cell growth (Bloch, 1983). Membrane disorder allows for 

a greater mobility of acyl chains, thereby reducing viscosity and increasing 

permeability (Bloch, 1983). The extra methyl group in ergosterol therefore likely 

influences the physical property of the PM to some extent. It was discussed that 

the preference for ergosterol (and the coherent viscosity-decreasing effect) might 

be related to the lower optimal growth temperature of yeast (30°C, compared to 

mammalian body temperature of ~37°C) that would lead to a higher membrane 

viscosity (Bloch, 1983).  

When grown under anaerobic conditions, S. cerevisiae is strictly sterol auxotroph 

(Wiersma et al., 2020) and only the feeding of ergosterol intermediates that 

possess C24-methyl groups (e.g., brassicasterol or 24-methylcholesterol) enable 

their growth (Bloch, 1983; Wiersma et al., 2020). However, sterols lacking this 

configuration (as e.g., cholesterol) could restore growth by complementing the 

“bulk function”, if very small quantities of ergosterol were supplied as well for 

specific sterol-protein interactions (Wiersma et al., 2020). Consistent with this, it is 

generally believed that the physical properties between ergosterol and cholesterol 
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are neglectable and that the two sterols impose specific direct effects that might be 

essential for certain membrane proteins (Xu et al., 2001; Souza et al., 2011). 

Surprisingly, a S. cerevisiae strain in which ergosterol production is abolished, and 

which instead produces tetrahymanol, a sterol surrogate that is formed by 

cyclization from squalene, shows a growth advantage under anaerobic conditions 

and in the absence of sterol supplementation (Wiersma et al., 2020). This indicates 

that with tetrahymanol the mentioned requirements for specific sterols are absent, 

but the underlying mechanisms are not yet known (Wiersma et al., 2020).  

A growing body of evidence shows that membrane proteins require a certain lipid 

environment (Souza et al., 2011; van 't Klooster et al., 2020b; van 't Klooster et al., 

2020a) and in yeast, ∆erg mutants show diverse phenotypes (Souza et al., 2011). 

Some membrane proteins seem to be more susceptible to the sterol composition 

of the membrane than others (Souza et al., 2011). Souza et al. (2011) have shown, 

for example, that the yeast arginine permease Can1 functions normally in strains 

with sterol intermediates, whereas the ABC transporter Pdr12 seems to require 

ergosterol for normal activity. The high affinity tryptophan permease Tat2, on the 

other hand, also shows reduced functionality in strains with sterol intermediates 

different from ergosterol, except for cholesterol which seems to complement the 

ergosterol-related condition necessary for the activity of Tat2 (Souza et al., 2011). 

Considering this, one might hypothesize that human GLUTs, too, specifically 

interact with cholesterol, as the main human sterol and require it for their normal 

activity. Therefore, it was attempted in this thesis to create a hxt0 strain that stably 

produces cholesterol instead of ergosterol by deleting ERG5 and ERG6 while 

integrating the genes encoding for the dehydrocholesterol reductases (DHCR) 7 

and 24 (as it was done before in S. cerevisiae (Souza et al., 2011)) in the hxt0 strain 

EBY.VW4000. It was achieved to produce various strains with sterol intermediates 

(see chapter 5.1.1, Table 2), but since the deletion of both ERG5 and ERG6 within 

the same strain was not successful, a cholesterol producing strain was not 

generated. Nevertheless, according to Souza et al. (2011), Erg5 is supposedly 

much less active in a ∆erg6 strain which supports the hypothesis that the strain 

SSY63 (with DHCR7 and DHCR24 integrated and ERG6 deleted) might, at least 

partly, also produce cholesterol. Strikingly, obtaining ∆erg6 mutants was in general 

challenging and finally only worked for strains that had DHCR24 already integrated 
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in their genome. It has been published previously, that ∆erg6 mutants do not take 

up tryptophan as efficiently (Gaber, R., F. et al., 1989; Parks et al., 1995), which 

might be one contributing reason. As the employed strain (EBY.VW4000) is 

auxotrophic for certain amino acids, including tryptophan, it requires its efficient 

uptake for cell growth (Wieczorke et al., 1999). This tryptophan uptake deficiency 

is related with a misrouting of Tat2 to the vacuole, even under low tryptophan 

concentrations in the medium, when Tat2 is required for the uptake of this amino 

acid (Souza et al., 2011). A higher supply of tryptophane in the medium might have 

addressed this issue, as the Tat1 transporter might still take up tryptophane with 

low affinity (Schmidt et al., 1994), but was not tested. However, Souza et al. (2011) 

showed that this mislocalization and concomitant malfunction of Tat2 only appears 

in ∆erg5/erg6 strains (producing ergosterol intermediates different from 

cholesterol), but that cholesterol can complement for ergosterol in this matter. In 

other words, a cholesterol-producing strain functionally expresses Tat2 and shows 

almost normal tryptophan uptake compared to an ergosterol-producing strain. The 

fact that an ERG6 deletion only worked in a DHCR24-containing strain might, 

therefore, indicate that a sterol with a double bond at C24 (in DHCR24-deficient, 

ERG6 deletion strains) is unbeneficial for the proper location of Tat2, that rather 

requires the saturation of this double bond, which lacks in both cholesterol and 

ergosterol. It fails to explain, however, why it was unsuccessful to also delete ERG5 

in SSY63 as this would have yielded a stable cholesterol-producing strain which 

should have led to a normal Tat2 activity as well, according to these findings 

(Souza et al., 2011). Furthermore, to compensate for possible growth defects due 

to sterol anomalies, ergosterol was supplied in the medium on which the 

transformants were plated but apparently not taken up efficiently. Deleting ERG5 

would have removed the C22-23 double bond that could have affected the 

stereochemistry of the molecule which also might be unpreferable for some 

transporters or the physical membrane properties. The fact that a (tryptophan 

auxotrophic) strain containing both deletions (ERG5 and ERG6) has been 

generated in other studies (Souza et al., 2011) shows that it is generally possible 

to combine both deletions. Yet, it is conceivable that due to the usage of a different 

strain background here, the initial lipid/sterol composition of the membrane already 

differs between EBY.VW4000 and the strains used in other studies (Souza et al., 

2011) and that, therefore, alterations in the sterol compositions have more critical 
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effects. Evidently, the repeated use of LoxP-Cre recombinase system in 

EBY.VW4000 to delete all hexose transporters, led to chromosomal 

rearrangements and gene loss (Solis-Escalante et al., 2015) and might have 

already influenced the membrane conditions. Also, the phenotypes of sterol-

affecting mutations are diverse, and the sterol composition furthermore influences 

the lipid composition of the membrane suggesting that ERG deletions provoke an 

impact on various cellular processes which makes it difficult to analyze cause-and-

effect relationships.  

Concerning the functional expression of GLUTs, an effect was visible for both 

∆erg6 strains SSY61 and SSY63. Drop tests revealed that native GLUT1 is actively 

expressed in these two strains in contrast to the EBY.VW4000 strain or also the 

other sterol-affected strains (SSY53 – SSY58) that did not show growth with 

GLUT1 (or GLUT4) on glucose medium. This indicates that a more cholesterol-like 

sterol (which does not contain the C24 methyl group) is beneficial for GLUT1 

expression. However, the effect was less prominent as for the fgy1 strain EBY.S7 

(and fgy1/∆erg4 strain SDY.022) that supposedly contain an altered PI4P 

composition in the PM and showed stronger growth with GLUT1 on glucose. If the 

observed beneficial effect of the ERG6 deletion on GLUT expression is, in fact, 

due to an altered sterol composition, or if the altered sterol composition in turn led 

to an altered phospholipid composition which provoked the effect (Mesmin and 

Antonny, 2016), could not be evaluated at this point since lipid profiles were not 

determined.  
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3.2 Structure-based GLUT-selective ligand screenings 

Computer-aided drug design has accelerated drug discoveries since the 1980s 

(Baig and Ahmad, 2016). To identify ligands that bind and affect GLUTs, in silico 

screening systems have been employed as well. Ideally, structural models for 

these assays are created from experimentally determined crystal structures. 

However, when these are not available, homology models from related proteins 

can be generated (Colas et al., 2016). In early studies that aimed to determine 

GLUT-interacting ligands, structural models were generated from crystal structures 

of bacterial GLUT homologs (George Thompson et al., 2016; Ung et al., 2016) or 

other MFS transporters (Mishra et al., 2015). In these studies, up to 10 million 

compounds were screened and ultimately ligands for GLUT1, GLUT4, and GLUT5 

were identified (Mishra et al., 2015; George Thompson et al., 2016; Ung et al., 

2016). For example, the first potent and specific GLUT5 inhibitor (N-[4-

(methylsulfonyl)-2-nitrophenyl]-1,3-benzodioxol-5-amine (MSNBA)) was found by 

virtual ligand screening with a GLUT5 model in the inward-facing conformation 

based on the crystal structure of the bacterial GLUT homolog GlcPSe (Iancu et al., 

2013) and investigation of the resulting candidates in proteoliposomes (George 

Thompson et al., 2016).  

Currently available crystal structures of GLUT1, GLUT3, and GLUT5 (Deng et al., 

2014; Deng et al., 2015; Nomura et al., 2015) improve the structural models of 

other GLUTs and make in silico screening for all GLUTs accessible. To identify 

GLUT2-specific ligands, a structural model of the inward-facing conformation of 

GLUT2 was created based on the crystal structure of GLUT1. The two homologs 

share high protein sequence identity and similarity (52% and 68%, respectively), 

which benefitted the modeling (Schmidl et al., 2021c). With structure-based in silico 

screenings, the vast plethora of small molecules can be significantly reduced to a 

number that is amenable for experimental validations (e.g., for GLUT2, the 

ChemNavigator library consisting of more than 6 million compounds was used for 

screening). However, in most cases, virtual screening still leaves a considerable 

high number of putative ligands (George Thompson et al., 2016; Schmidl et al., 

2021c), which requires a convenient high-throughput system for fast and reliable 

validation. Therefore, studies concentrating on GLUT-selective ligand identification 

benefit from developing a yeast cell-based system that solely expresses the 
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respective GLUT, now available for all class 1 GLUTs (GLUTs1-4) and the class 2 

member GLUT5.  

 

3.2.1 GLUT2 screening and ideas for future GLUT-selective ligand 
screenings 

In this thesis, active expression of GLUT2 in a hxt0 strain was achieved and 

subsequently used to test 163 of the top 200 compounds priorly selected by in 

silico screening and accessibility (Schmidl et al., 2021c). As a result, eleven potent 

GLUT2 inhibitors with IC50 values ranging from 0.61 to 19.3 µM were identified; 

from these nine seem to be GLUT2-specific as they did not affect the closely 

related GLUT1, GLUT3, and GLUT4, or the class 2 GLUT, GLUT5 (Schmidl et al., 

2021c). The high selectivity of most of the inhibitors might seem surprising at first 

sight, given the high sequence identities and similarities between class 1 GLUTs 

(Thorens and Mueckler, 2010) especially in the substrate binding site (Schmidl et 

al., 2021c). But the identified compounds docked to the upper portion of the 

substrate cavity without the substrate binding site, which shows significantly lower 

conservation among GLUTs. Indeed, kinetic analysis of the most potent GLUT2 

inhibitors showed that they are noncompetitive with glucose, confirming the ligand 

docking (Schmidl et al., 2021c). This cytosolic entrance is in proximity to soluble 

loops, especially the large loop between TM6 and TM7 that connects the two 

protein domains, which generally show higher sequence variabilities among 

GLUTs than hydrophobic TM regions (Schmidl et al., 2021c). These findings 

indicate that targeting the entrance of the substrate cavity might improve the 

chances of finding selective inhibitors for GLUTs in future studies. Coupling these 

inhibitors with a glycosyl group might lead to an even more potent inhibition, as 

inhibitor-binding and glucose-binding sites would be occupied simultaneously, and 

selectivity would be maintained (Schmidl et al., 2021c). Moreover, such glycosyl-

bound inhibitors might be exploited to stabilize the protein during crystallization and 

generate new crystal structures of transporters or their conformations (e.g., the 

GLUT2 structure) (Schmidl et al., 2021c). By binding distantly from the substrate 

binding site, the ligands confer allosteric inhibition. Also accelerating transport 

activity requires allosteric events, but the discovery of activators is more 

challenging because it requires a more complex mode of action. For the bacterial 
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lactose permease LacY, an MFS member, nanobodies were identified that were 

able to increase the transport affinity of LacY for lactose by a factor of 200, via 

interaction with exofacial loops (Smirnova et al., 2014). This increase in affinity 

putatively derives from the stabilization of the substrate-bound conformation and a 

consequential decrease in sugar dissociation rates (Smirnova et al., 2014). Similar 

effects by ligand interactions with extracellular loops are conceivable for GLUTs as 

well. The virtual screening for GLUT2 (Schmidl et al., 2021c) concentrated on 

protein-ligand interaction in the substrate cavity, therefore inhibitors, but no 

activators were found. Moreover, only the inward-facing conformation of GLUT2 

was used for the in silico screening. It is generally believed that ligands 

preferentially interact with a specific transporter conformation (Loland et al., 2002); 

the usage of an outward-facing structural model might have revealed different 

inhibitors. To find allosteric effectors, including activators, regions of special focus 

are the soluble intra- and extracellular loops or hydrophilic termini.  

 

3.2.2 Importance and application areas for GLUT-specific effectors 

With a growing awareness that GLUTs play a major role in health and disease, 

they have been declared as important drug targets. Naturally, based on the 

knowledge on the metabolic roles of certain GLUTs, efforts concentrated on 

targeting these by identifying and applying small GLUT-affecting compounds. One 

prominent area of application is the treatment of cancer cells. For example, many 

studies and preclinical trials have shown that diminishing glucose-uptake in cells 

via inhibition of GLUTs, and in particular GLUT1 or GLUT3, can decrease tumor 

growth (Barron et al., 2016; Reckzeh et al., 2019; Shriwas et al., 2021). Unspecific 

GLUT inhibitors like phloretin have demonstrated anti-tumor effects as well (Wu et 

al., 2009; Lin et al., 2016). Thus, other ligands inhibiting several GLUTs to reduce 

overall glucose uptake are interesting candidates for putative anti-cancer drugs, 

including the pan class 1 inhibitor G2iF detected within the scope of the GLUT2 

ligand screening (Schmidl et al., 2021c). Furthermore, it is hypothesized that 

certain tumors preferably use fructose for proliferation (as indicated by 

overexpression of fructose transporters) (Godoy et al., 2006). Specific inhibition of 

fructose transporters might therefore be a useful tool in specialized cancer 

treatment. This notion is supported by studies illustrating that antisense 
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oligonucleotides against GLUT5 mRNA have anti-proliferative effects on breast 

tumor cell lines (Chan et al., 2004). The GLUT2/GLUT5 inhibiting ligand G2iI, that 

was also identified (Schmidl et al., 2021c), is likely a valuable contribution to such 

approaches. 

The most dominant method to tackle malignant tumor growth is chemotherapy 

which is widely used with often successful outcomes. However, after a prolonged 

exposure to chemotherapeutics, tumor cells of many patients develop a resistance 

which accounts for the most common reason for chemotherapy failure (Ma and 

Zong, 2020). This event is often related to an upregulated GLUT expression and 

GLUT inhibition can be used to reduce or delay this unwanted resistance, as it has 

been shown for GLUT3 inhibition in glioblastoma cells (Le Calvé et al., 2010). 

Therefore, GLUT inhibitors can also be useful as therapeutic agents in combination 

with chemotherapy to re-sensitize malignant cells to the applied toxin.  

Apart from cancer, many other diseases in which GLUTs are involved exist, such 

as GLUT1 DS (Brockmann, 2009), the Fanconi-Bickel syndrome (Santer et al., 

2002) or diabetes (Hajiaghaalipour et al., 2015). Most of these would benefit rather 

from compounds that improve the activity of the respective GLUT instead of 

inhibiting them. However, activators are very scarce. Ligand screening approaches 

also mostly concentrate on the substrate cavities of the transporter and compounds 

that interact with these sites are predetermined to inhibit. For activating 

compounds, regions apart from this central cavity should be considered, including 

polar loops or termini. More information about these regions would therefore fuel 

the discovery of GLUT activators. Furthermore, to specifically address e.g., GLUT1 

DS, known mutations within GLUT1 should be reconstituted in virtual models as 

well as in the experimental platform to identify compounds that can complement 

the deficiencies. A mutation of a tyrosine residue to alanine in an intracellular loop 

of the dopamine transporter has been shown to alter the conformational equilibrium 

and thereupon convert the effect of extracellular binding zinc ions from a former 

inhibiting to a now activating shift (Loland et al., 2002). Conceivably, similar effects 

might be found for defective GLUT1 or GLUT2 transporters present in GLUT1 DS 

or Fanconi-Bickel syndrome patients that might tremendously improve the 

therapeutic perspectives.  
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Several inhibiting compounds for GLUTs are known, including unspecific ones like 

phloretin and quercetin (Johnston et al., 2005) or specific ones as for example 

MSNBA (George Thompson et al., 2016) for GLUT5. Nevertheless, it is desirable 

to extend this list to have a plethora of compounds with varying potency and 

specificities but also to provide several substances for putative clinical trials. The 

success rate of a drug entering clinical trials is very low and even lower in the area 

of oncology (Wong et al. calculated a probability of success of only 3.4% for 

oncology drugs (Wong et al., 2019)). One problem is the fact that cancer cells 

derive from healthy cells and therefore lack specific targets that are distinctive for 

the malignant tissue but absent in healthy tissues (Haanstra et al., 2017). Drugs 

targeting GLUTs likely show unwanted off-target effects that might impair the 

health status of the patient. These unanticipated side effects are often not 

encountered in preclinical trials and having more test candidates improves the 

chance to accomplish the development of a safe pharmaceutical product that can 

be used in patients.   

Finally, the usage of effectors is not limited to a possible development into drugs. 

Numerous studies try to further unravel the molecular mechanisms and 

correlations of GLUTs in health and disease.  While some GLUT-disease 

relationships are more evident (as e.g., an overexpression of GLUT1 and GLUT3 

in cancer tissues (Macheda et al., 2005)), others are still more elusive. For GLUT2, 

for instance, substantial evidence exists that it is involved in many metabolic 

processes and maintains glucose or fructose homeostasis in e.g., the lumen, 

kidney and liver (Kellett and Brot-Laroche, 2005; Patel et al., 2015; Ghezzi et al., 

2018) but its distinct role remains to be a subject of many investigations. These 

studies benefit from specific inhibitors to analyze effects of GLUT malabsorption in 

different tissues.  

 

3.2.2.1 Application areas for GLUT2-specific inhibitors  

Within this work, eleven compounds with an inhibiting effect on GLUT2 of which 

nine are putatively GLUT2-specific could be identified (Schmidl et al., 2021c). 

Therefore, highly potent, and specific inhibitors for GLUT2 are now available for 

the first time. The role of GLUT2 in several diseases is partly ambiguous and not 
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fully elucidated, yet. Its extraordinary low affinity for glucose (KM=~17 mM (Uldry et 

al., 2002)) likely imposes functions apart from transport, like glucose sensing or 

signaling (Guillemain et al., 2000; Ohtsubo et al., 2005) to this unique transporter. 

Like other GLUTs, GLUT2 has also been found to be overexpressed in certain 

cancer types like pancreatic, hepatic, micropapillary, or colon cancer (Godoy et al., 

2006) and its inhibition diminished tumor growth of colon or hepatic cancer as 

shown in studies with human cell lines (Wu et al., 2009; Lin et al., 2016). The idea 

of GLUT inhibition to combat cancer proliferation therefore also encloses GLUT2.  

GLUT2 supports SGLT1 to take up glucose from the lumen after a meal but is not 

present at the apical site of the brush-boarder membrane in fasting states, in 

healthy individuals (Kellett and Brot-Laroche, 2005). However, a constant 

presence of GLUT2 at this location was observed in morbidly obese patients and 

this abnormality was related to insulin resistance (Ait-Omar et al., 2011). Because 

GLUT2 is a facilitator that transports glucose along a concentration gradient, the 

continuous presence of the transporter at the apical membrane enables transport 

from the blood through the basolateral membrane to the intestine. Higher blood 

glucose levels due to insulin resistance might result in higher glucose levels in the 

lumen in fasting states. The abnormal sugar supply supports bacterial growth and 

might interfere with a healthy gut microbiome (Ait-Omar et al., 2011).  

Further studies revealed that GLUT2 deletion in the murine intestine leads to 

favorable effects like an improved glucose tolerance or decreased body weight 

gain (Schmitt et al., 2017). Together, these findings indicate that GLUT2 inhibition 

might yield health benefits for morbidly obese and/or diabetes type 2 patients or 

could be applied to rehabilitate a healthy gut microbiome. In addition, certain 

viruses induce an overexpression of GLUT2 to enhance viral replication (Dai et al., 

2016) and inhibitors could putatively contain this. Although the idea to use GLUT2 

inhibitors to help with the here-described health problems is tempting, one must 

consider the many regulating functions GLUT2 putatively holds in different tissues. 

Elucidating these roles in detail is fundamental to shed light on several metabolic 

conditions and to predict possible, unwanted side effects of GLUT2 inhibitors as 

drugs.  
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Among many studies aiming to determine the role of GLUT2, some employed the 

unspecific inhibitor phloretin but its effects on other GLUTs necessitate great efforts 

to prove a GLUT2-specific effect (Wu et al., 2009; Lin et al., 2016). The nine 

specific, easily accessible, and very potent inhibitors determined in the scope of 

this work (e.g., G2iA with an IC50=0.61 µM (Schmidl et al., 2021c)) will significantly 

improve the design of future GLUT2-related studies.  

 

3.3 Roles of soluble loops in transporters – more than just 

connectors 

Although recent studies with diverse transporters indicate an important role of 

hydrophilic regions in transport processes (Katagiri et al., 1992; Aseervatham et 

al., 2015; van't Klooster et al., 2020c), information about the distinct functions of 

soluble loops is still scarce. In addition, modeling their structure is challenging as 

they are often not well resolved in crystal structures (van't Klooster et al., 2020c). 

Also, alignments of prokaryotic and eukaryotic homologs of membrane proteins 

revealed that the soluble loops in prokaryotic transporters are generally shorter, 

which impedes the structural modeling of eukaryotic loops from bacterial homologs 

(Beuming et al., 2006; van't Klooster et al., 2020c). Various studies have illustrated 

that hydrophilic regions of transporters can affect the folding, trafficking to the PM, 

stability, activity, affinity, and even substrate specificity of the protein (Kanner et 

al., 1994; Loland et al., 2002; Cohen et al., 2003; Conseil et al., 2009; Aseervatham 

et al., 2015; Papadaki et al., 2017; van't Klooster et al., 2020c). 

Several mutations in the extracellular loops of the lysine transporter Lyp1 have 

negatively influenced protein trafficking or led to an increased turnover, which 

indicates a compromised stability (van't Klooster et al., 2020c). Similarly, the two 

large loops of human equilibrative nucleoside transporters were not essential but 

contributed to higher efficiency of protein folding, trafficking, and targeting 

(Aseervatham et al., 2015). In human organic cation transporters, cysteine 

residues in the soluble loops facilitate protein oligomerization, influencing the 

protein’s quaternary structure and its insertion into the PM (Keller et al., 2011; Brast 

et al., 2012). Furthermore, amino acid substitutions in the first extracellular loop of 

the mammalian metal ion transporter DCT1 led to drastic changes in the uptake of 
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different metal ions, indicating a distinct role of this region for metal ion binding 

(Cohen et al., 2003). A mutation of a tyrosine residue in an intracellular loop of the 

dopamine transporter led to an altered preference of conformational states, 

indicating that soluble loops are conformationally active and play a role in the 

substrate gating process (Loland et al., 2002). Strikingly, Qureshi et al. showed 

that, in Plasmodium falciparum hexose transporter (PfHT1), polar contacts 

between TM regions 1 and 7b induce the formation of the occluded-state 

conformation after substrate binding, which is a prerequisite for the alternating 

access mechanism (Qureshi et al., 2020). Hence, these interactions are involved 

in the substrate gating process. Interestingly, PfHT1 shares a high sequence 

similarity of its sugar binding site with GLUT3 and GLUT5 but exhibits a more 

relaxed substrate specificity (it transports both glucose and fructose, whereas 

GLUT3 and GLUT5 transport one substrate, respectively) (Qureshi et al., 2020). 

Qureshi et al. (2020), therefore, conclude that the evolved substrate-gating 

dynamics, which rely on polar interactions, lead to an easier transition to the 

occluded state, which in turn favors a more robust and promiscuous sugar 

transport. Another example illustrating the significance of polar residues for 

transport processes derives from the yeast hexose transporters Hxt15 and Hxt16. 

Both are polyol transporters that share very high (99%) sequence similarity (Jordan 

et al., 2016). In fact, they only differ in two amino acids (D276 and T520 in Hxt16) 

which are both located in cytosolic regions (Jordan et al., 2016). Despite of these 

mere differences, Hxt15 transports mannitol and sorbitol with a significant 

increased affinity (~50-fold and 4-fold, respectively) demonstrating the importance 

of these cytosolic loops on transport activity (Jordan et al., 2016).  

Albeit their high sequence similarities and especially their conservation at the sugar 

binding sites, GLUT homologs demonstrate individual substrate preferences and 

affinities (Joost and Thorens, 2009; Schmidl et al., 2021c), which indicates that the 

molecular basis for these differences probably lies apart from the substrate binding 

site and might involve hydrophilic areas. This hypothesis is supported by the finding 

that the C-terminal intracellular domain of GLUT2 is responsible for the low affinity 

of the transporter for glucose (Katagiri et al., 1992). Furthermore, a mutation of an 

isoleucine residue (Ile314) (a residue conserved among fructose-transporting 

GLUTs) in GLUT7 to valine abolished fructose transport but left glucose transport 
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unaffected (Manolescu et al., 2005). Although Ile314 (GLUT7) lies in the TM region 

7, it is apart from the sugar binding site and approaches the extracellular loop 

between TM7 and TM8 (Manolescu et al., 2005). Interestingly, one frequent 

missense mutation in GLUT1 encountered for GLUT1 DS patients is the mutation 

of the threonine residue Thr310 (GLUT1) to isoleucine (Iserovich et al., 2002). This 

residue is in TM region 8 and, like Ile314 of GLUT7, close to the loop connecting 

TM helices 7 and 8, and compromises glucose transport (Iserovich et al., 2002). In 

conclusion, these findings indicate that for GLUTs also, residues apart from the 

lower substrate cavity impact substrate specificities or affinities and transport 

activity.  

In yeast, a (partly) correct localization of GLUT2 to the PM was only achieved when 

the large extracellular loop between TM regions 1 and 2 was truncated by 34 amino 

acids (Schmidl et al., 2021b). Full-length GLUT2 was not present at the cell 

periphery but localized in intracellular vesicles, indicating that the extended loop 

size impedes a correct protein trafficking (Schmidl et al., 2021b). It cannot be 

completely excluded that this invasive alteration affects GLUT2 in some way, 

however, functional studies revealed similar characteristics of GLUT2∆loopS_Q455R in 

yeast compared to full-length GLUT2 in other systems (Schmidl et al., 2021b; 

Schmidl et al., 2021c), proving that the GLUT2∆loopS_Q455R yeast system is 

applicable for ligand screening purposes. 

 

3.4 Advantages and restrictions of the pHluorin-based assay – a 

new, label-free method to measure sugar uptake 

In this thesis, a new method was established to measure the glucose uptake of 

hxt0 yeast cells selectively expressing a specific transporter, by employing the pH-

sensitive GFP variant pHluorin as a biosensor. pHluorin and the respective 

transporter were co-expressed, on separate plasmids, in a hxt0 yeast strain and 

the cytosolic pH (pHcyt) of these cells was monitored. For this, the ratio (R390/470) of 

emission intensities at 512 nm from two different excitation wavelengths (390 and 

470 nm) was calculated and used as a proxy for pHcyt (Orij et al., 2009).  

When yeast cells are deprived from sugar, their cytosol acidifies to a pHcyt of 

approximately 6 (Orij et al., 2009). This is, most likely, caused by a reduced activity 
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of the PM ATPase and the vacuolar V-ATPase (both remove protons from the 

cytosol) due to a lower ATP level (Orij et al., 2011). Naturally, the reintroduction of 

glucose to starved cells will ultimately increase the ATP pool again and lead to the 

recovery to a normal pHcyt of ~7. However, directly after supplying glucose to 

starved cells, the pHcyt decreases further rapidly, before it gradually increases 

(Ramos et al., 1989; Orij et al., 2009). When looking at the consecutive metabolic 

reactions of glycolysis, the basis of this phenomenon becomes evident. In the first 

step, glucose is phosphorylated by the hexokinase to glucose-6-phosphate. In this 

step one ATP is hydrolyzed under the release of one proton which leads to the 

observed initial acidification (Orij et al., 2011). The in this thesis established method 

utilizes these correlations to determine the glucose uptake rates of the transporter 

in question (Schmidl et al., 2021a). The linear decreasing slope of the acidification 

phase, measured with hxt0 yeast cells that, besides pHluorin, express the 

respective transporter and are pulsed with a defined glucose concentration, is used 

as a parameter of velocity. Reciprocal values derived from cells pulsed with a range 

of different glucose concentrations were then used to fit the Michaelis Menten 

equation and calculate KM values (Schmidl et al., 2021a).  

Results obtained with this method for the high-affinity/low-capacity yeast 

transporter Hxt7 (KM=1.3 mM) and the medium-affinity/medium-capacity yeast 

transporter Hxt5 (KM=3.3 mM) were in good agreement with the results published 

(Reifenberger et al., 1997; Diderich et al., 2001; Buziol et al., 2002) or determined 

in this work with the conventional C14 uptake assay (Schmidl et al., 2021a). 

However, for the low-affinity/high-capacity transporter Hxt1 a severe discrepancy 

was observed (KM=6.2 mM with the pHluorin-based assay (Schmidl et al., 2021a) 

vs. KM=~100 mM with the C14 uptake assay (Reifenberger et al., 1997)) which 

presumably derived from the high capacity of Hxt1 expressed from a high-copy 

plasmid and under the control of a strong promotor. These results indicate that, for 

very high transport rates, other factors become rate limiting and thereby glucose 

concentrations inducing transport saturation are underestimated. Fortunately, 

transport capacities can be easily modulated in the experimental set-ups used in 

this study by choosing a weaker promotor, integrating the transporter gene into the 

genome, or expressing the transporter from a low-copy plasmid (Schmidl et al., 

2021a). However, if it is the aim to determine transport kinetics of, for example, 
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wildtype strains, capacities cannot be reduced which might prevent the usage of 

our method in these cases. In the performed experiments of this thesis, Hxt1 was 

expressed from a low-copy plasmid to reduce its capacity which yielded 

significantly higher KM values for Hxt1 (KM=99.1 mM) that agreed with the published 

values and the ones obtained previously with the C14 uptake assay (Reifenberger 

et al., 1997; Schmidl et al., 2021a). By setting the initial transport velocity (V0) 

values measured by both methods (pHluorin-based assay and C14 uptake assay) 

for Hxt5 and Hxt1, respectively, into relation in one graph, a linear correlation up to 

a certain threshold (~0.006 R390/470 s-1 or 1.5 nmol min-1 mgcdw
-1) is visible (Schmidl 

et al., 2021a). Values excelling this threshold did not correlate linearly anymore. 

Therefore, it was reasoned that the pHluorin-based method is accurate if the 

capacity stays within this determined range which can be easily achieved for every 

transporter by the before-mentioned options. Also, kinetic characteristics of 

unknown transporters can be determined with the pHluorin-based assay under 

consideration of this threshold. Ideally, when working with an unknown transporter 

one should intend a lower expression level from the beginning by e.g., choosing a 

weaker promotor or a low-copy plasmid. It should be noted that the integration of 

just one gene into the genome might not be sufficient for effective glucose uptake 

for many transporters as it has been observed in this thesis for e.g., the 

heterologous transporter GLUT4 but also the endogenous transporters Hxt1, Hxt5 

and Hxt7. Therefore, genomic integration should not be the method of choice for 

lowering the expression levels. 

It is not entirely clear what imposes the assay limitation when transport rates are 

high. It has been proposed earlier that, in yeast, sugar transport and 

phosphorylation are tightly intertwined (Walsh et al., 1994c) and even the option of 

a physical interaction between transporter and kinase was discussed (Clifton et al., 

1993). Thus, it was tested if the hexokinase activity might be the limiting factor by 

additionally overexpressing Hxk2 in a Hxt1- and pHluorin overexpressing hxt0 

strain (all three from separate multi-copy plasmids). The KM values obtained from 

these cells with the pHluorin-based assay were not higher, even though a higher 

expression of Hxk2 was confirmed (Schmidl et al., 2021a). However, ATP 

depletion, caused by the prior starving conditions, could also negatively affect 
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hexokinase activity. In this case, an overexpression of the enzyme would not 

increase the phosphorylation activity.  

A role of ATP in hexose transport measured by C14 uptake assays was observed 

before (Schuddemat et al., 1988; Walsh et al., 1994c). Respiratory inhibitors have 

been shown to reduce sugar uptake (Schuddemat et al., 1988), but this effect was 

only observed when measured on a 5 s timescale, not when the extra fast quench-

flow technique (200 ms) (Walsh et al., 1994a) was used (Walsh et al., 1994c), 

indicating that it affects the metabolizing steps and not the true initial uptake rate 

(Walsh et al., 1994c). Walsh et al. (1994c) hypothesized that the lower ATP pool 

causes a reduction of hexokinase activity leading to an accumulation of internal 

sugar which in turn slows down the transport rate. Therefore, it is likely that in the 

experiments of this thesis, too, ATP is the limiting factor, but other bottlenecks 

cannot be completely excluded at this point.  

Because the pHluorin-based assay measures pH changes as a parameter of sugar 

entry, it is directly dependent on a normal sugar phosphorylation at least for most 

transporters. The co-transport of protons by some symporters might serve as a 

sufficient signal for these calculations as well but this has not been tested, yet. 

Hence, for uniporters, the transport rates of substrates that do not undergo the 

initial phosphorylation step like xylose, lactose, glucosamine, or arabinose cannot 

be determined with this method. Disaccharides like maltose and sucrose are 

cleaved into monosaccharides (2x glucose and 1x glucose/1x fructose, 

respectively) first, before these substrates are phosphorylated (Fraenkel, 2011). 

Furthermore, maltose is transported via specialized symporters that introduce one 

proton along with one maltose molecule (Loureiro-Dias and Peinado, 1984) which 

would affect the pHcyt. Supposedly, this would lead to a stronger acidification, but 

should not tamper with the results and so the pHluorin-based assay could, in 

theory, be applied to measure the uptake of these disaccharides, as well. However, 

this was not tested yet and remains to be confirmed by practical experiments. In 

yeast, the most abundant sugar glucose, and its widespread derivatives fructose 

and mannose, are phosphorylated by the hexokinases Hxk1 and Hxk2 (glucose 

and mannose can additionally be phosphorylated by the glucokinase Glk1) 

(Fraenkel, 2011). Galactose is phosphorylated by Gal1 (Fraenkel, 2011). 
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Therefore, the here-established method applies for the largest fraction of sugars 

and preferred substrates of most organisms. 

One major advantage of the pHluorin-based assay over the commonly used C14-

glucose uptake assay, is the fact that it does not require radiolabeled compounds. 

In Germany, the Radiation Protection Ordinance (Strahlenschutzverordnung) 

regulates the handling of radioisotopes to minimize the exposure to radiation, 

thereby reducing the risk of health detriments. Hence, experiments employing such 

isotopes can only be executed in specialized laboratories from healthy, non-

pregnant individuals that conducted prior training. Not all groups have access to 

such laboratories which prevents them to experiment with isotopes. Moreover, the 

purchase, storage and disposal of radio-chemicals is not only expensive but 

requires special management (Ring et al., 1993), making these experiments costly 

and elaborate. Although biological experiments only contribute a small percentage 

to the general radioactive waste (significantly higher amounts accumulate in e.g., 

the generation of nuclear energy or mining (Natarajan et al., 2020)), its reduction 

is desirable for environmental protection. Moreover, C14 uptake assays require a 

significant amount of single-use scintillation vials and plastic containers for 

disposal. By using the pHluorin-based assay instead of the C14 sugar uptake assay, 

radio-chemicals and plastic wastes are reduced, making this method more 

environmentally friendly.  

In this thesis, all kinetic determinations of transport rates by the pHluorin-based 

assay were conducted with the PTI QuantaMasterTM 8000 (Model QM-8075-11-C, 

Horiba Scientific). Two other devices, Fluorolog®-3 and DuettaTM (Horiba 

Scientific), were tried for these purposes during this thesis, as well. However, it 

became apparent that with these latter two, kinetics cannot be determined because 

the output of the ratio R390/470 is too slow. Either the switch between the excitation 

wavelength 390 nm and 470 nm was conducted to slow (for Fluorolog®-3) or when 

the device was able to operate this switch faster, the software required prolonged 

intervals between the output of ratios (R390/470) (for DuettaTM). The PTI 

QuantaMasterTM 800-series incorporates a superior DeltaRam XTM technology 

which allows for high-speed wavelength switching and rapid signal output 

(https://www.horiba.com/). In our experiments with the PTI QuantaMasterTM 8000, 

we obtained one value every 2.2 s. This very fast output of R390/470 values was 
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necessary because the initial acidification reaction is a very fast process that 

reaches its peak after only approximately ten seconds (Schmidl et al., 2021a). For 

a reliable determination of the linear slope (∆R390/470/∆t) more values in this time 

frame are favorable. This requirement also unfortunately excludes the usage of 

platereaders (such as CLARIOstar®, BMG Labtech, Ortenberg, Germany) as 

devices for kinetic characterization via the pHluorin-based assay, as its signal 

output depends on the number of samples and always requires several minutes. 

Mostly, the initial acidification after the glucose pulse is not even visible, when 

measured with the platereader (Reifenrath and Boles, 2018). The apparent strict 

requirement of the PTI QuantaMasterTM 8000 or a technically comparable device 

with advanced wavelength switching speed for kinetic determinations can be 

viewed as a disadvantage of the pHluorin-based assay, considering that this device 

is expensive and so far not widely distributed among research laboratories. It is 

noteworthy, however, that a scintillation counter requires a comparable financial 

investment. Thus, with more technological improvements and expansion of 

research fields in which this method can be applied, the pHluorin-based assay will 

likely become a method of choice for many laboratories. 

For qualitative measurements, however, e.g., to test if a transporter is active in the 

hxt0 yeast system or to investigate the effect of certain compounds on transporters, 

timepoints on a minute scale, measured by the platereader, would be sufficient. In 

this case, not the initial acidification would be measured but the recovery to a 

normal pHcyt. A proof of concept was given in this thesis, when pHluorin- and 

GLUT1V69M-coexpressing hxt0 cells were starved and then exposed to different 

concentrations of the class 1 GLUT inhibitor phloretin and their pHcyt response to 

a glucose pulse was measured with the platereader (see chapter 5.2.2). With high 

concentrations of the inhibitor (300 µM) the recovery to a near-neutral pH is 

completely absent, whereas with lower concentrations (20 µM or 50 µM), the pH 

rises after the pulse, but to a lower level compared to the control (no phloretin). 

This shows that also the recovery phase could be used to analyze transport activity 

qualitatively, but the sensitivity of these measurements is lower compared to tests 

using the initial acidification phase as a parameter. Also, it should be noted that 

many compounds (e.g., the GLUT5 inhibitor MSNBA) exhibit a strong color and it 
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was experienced in this work that colorful compounds often interfere with the 

emission signal which might falsify the results.  

In general, the newly established pHluorin-based assay represents an attractive 

alternative to the commonly used C14 sugar uptake assay. It abstains from the use 

of radio-chemicals and requires less expandable materials, making it safer, 

cheaper, and environmentally more friendly. The results are obtained in real-time 

which allows a quick analysis and adjustment of experimental conditions if 

necessary. On the contrary, the C14 uptake assay usually requires several hours 

(>5 hours for a typical kinetic characterization of a transporter) until the raw data is 

obtained and the success of the experiment can only be assessed subsequently 

(Schmidl et al., 2021a). In addition, also the experimental steps are easily 

conducted and less time consuming (Schmidl et al., 2021a).  

The versatile biosensor pHluorin was initially developed to investigate the pH 

changes in secretory vesicles in neurons during synaptic transmission events 

(Miesenböck et al., 1998). Since its development it was used extensively, not only 

in cultured cells (Miesenböck et al., 1998) but also e.g., in the nematode 

Caenorhabditis elegans (Nehrke, 2006), in yeast (Brito et al., 2020) and in the 

parasite Plasmodium falciparum (Kuhn et al., 2007). Its expansive use is a strong 

indicator that the here-established method is likely not restricted to the hxt0 yeast 

system but might also be applied in, for instance, cell cultures or Xenopus laevis 

oocytes.  
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5 Additional results  

5.1 Additional results and discussion – Impact of yeast PM 

modifications on the heterologous expression of human 

GLUTs  

The active expression of GLUT1 and GLUT3 in the fgy1 hxt0 yeast strain EBY.S7 

and of GLUT4 in the fgy1/∆erg4 hxt0 yeast strain SDY.022 (Wieczorke et al., 2002; 

Boles et al., 2004; Schmidl et al., 2021b) indicates that an altered phospholipid 

and/or sterol composition in the PM of yeast cells might benefit the functional 

expression of GLUTs in such a strain. Since a counterflow transport of PI4P and 

sterols occurs in yeast (Mesmin and Antonny, 2016) intended modifications of one 

aspect (e.g., the PI4P content in the PM) might also affect the other one (e.g., the 

ergosterol composition in the PM) so that it is difficult to define the exact molecular 

basis for the observed effects of e.g., ∆erg mutants. In general, several studies 

show that many membrane proteins are susceptible to changes in their lipid 

environment (Souza et al., 2011; van 't Klooster et al., 2020a; van 't Klooster et al., 

2020b). Thus, it is conceivable that GLUTs require a certain lipid environment for 

their normal function, too. 

 

5.1.1 Construction of hxt0 strains producing various sterols and 
evaluation of their ability to express native human GLUTs 

In this thesis, it was intended to generate a cholesterol-producing hxt0 yeast strain 

to create a more “human-like” PM. For this, it was attempted to delete the two late 

ergosterol biosynthesis genes ERG5 and ERG6 and concomitantly integrate 

DHCR7 and DHCR24 (whose gene products reduce double bonds to generate 

cholesterol) in the strain background EBY.VW4000 by following the example of 

Souza et al. (2011), who have conducted this in S. cerevisiae, before. In this 

process, several intermediate strains were generated that putatively exhibit a range 

of sterol compositions in their membranes, including cholesterol-like sterols (see 

Table 2). Unfortunately, the simultaneous deletion of ERG5 and ERG6 in the same 

strain was not successful and therefore a stably producing cholesterol strain was 

not obtained. However, it was reported before that Erg5 is much less active in an 

∆erg6 strain (Souza et al., 2011) which allows the presumption that a ∆erg6 strain 
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expressing both, DHCR7 and DHCR24, (SSY63) produces cholesterol to some 

extent. Furthermore, ERG6 deletion was only achieved for strains already 

containing DHCR24. Thus, a double bond at the C24 (25) position (when not 

reduced by DHCR24) seems to be unfavorable for cell viability. It should be noted 

that ergosterol was supplied in the medium on which transformants were plated 

and in case of an efficient uptake and successful integration into the PM, this 

should have allowed cell growth of strains with the inability to produce ergosterol 

themselves, as well. The absence of colonies for some sterol mutants suggests 

that an efficient uptake did not take place.  

 

Table 2. Strains used (EBY.VW4000, EBY.S7, SDY.022) or constructed and used (SSY53 – 
SSY58, SSY61, SSY63) in the additional results. Strain names, genotypes and the names and 
structures of the varying putative main sterols in their membranes are listed.  

Strain 

name 

Genotype Refe-

rence 

Putative 

main sterol 

Sterol structure 

EBY. 

VW4000 

MATa leu2-3,112 ura3-
52 trp1-289 his3-1 MAL2-
8c SUC2 Δhxt1-17 Δgal2 
Δstl1 Δagt1 Δmph2 
Δmph3 

(Wieczorke 
et al., 1999) 

Ergosterol 

 
EBY.S7 MATa leu2-3,112 ura3-

52 trp1-289 his3-1 MAL2-
8c SUC2 Δhxt1-17 Δgal2 
Δstl1 Δagt1 fgy1-1 

(Wieczorke 
et al., 2002) 

SDY.022 MATa leu2-3,112 ura3-
52 trp1-289 his3-1 MAL2-
8c SUC2 Δhxt1-17 Δgal2 
Δstl1 Δagt1 fgy1-1 
erg4::KanMX 

(Boles 
et al., 2004) 

Ergosta-
5,7,22,24(28)
-tetraenol 

 

SSY53 EBY.VW4000 
ΔURA3::TDH3-DHCR7 

This thesis 

 

Brassica- 
sterol 
(Ergosta-
5,22-dienol) 

 

SSY54 EBY.VW4000 
ΔHO::TDH3-DHCR24 
ΔURA3::TDH3-DHCR7 

SSY55 EBY.VW4000 
ΔHO::TDH3-DHCR24 

Ergosterol See first structure 

SSY56 EBY.VW4000 
ΔURA3::TDH3-DHCR7 
Δerg5 

Campesterol 
(Ergosta-5-
enol) 
 

 

SSY57 EBY.VW4000 
ΔHO::TDH3-DHCR24 
ΔURA3::TDH3-DHCR7 
Δerg5 
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SSY58 EBY.VW4000 
ΔHO::TDH3-DHCR24 
Δerg5 

This thesis Ergosta-5,7-
dienol 

 

SSY61 EBY.VW4000 
ΔHO::TDH3-DHCR24 
Δerg6 

Cholest-
5,7,22-trienol 

 

SSY63 EBY.VW4000 
ΔHO::TDH3-DHCR24 
ΔURA3::TDH3-DHCR7 
Δerg6 

Cholest-5,22-
dienol 

 

 

The efforts to create strains with differing sterol compositions yielded the strains 

SSY53 – SSY58, SSY61 and SSY63 (Table 2) and their ability to functionally 

express the native, human GLUT1 and GLUT4 was tested via drop tests. For this, 

all strains were transformed with one plasmid, expressing either GLUT1 or GLUT4 

or, as a positive control, the endogenous transporter Hxt1. An empty plasmid was 

also included as a negative control. In a first test, all here-generated strains were 

compared with EBY.VW4000, the hxt0 strain with no further membrane 

modifications. Pre-cultures were harvested, washed twice with ddH2O, and 

dissolved in ddH2O to an OD600nm of 1. Serial dilutions (100, 10-1, 10-2, 10-3) were 

prepared and 4 µl of each dilution was applied onto the solid media. All cells 

showed normal growth on maltose medium (data not shown), excluding general 

limitations on cell viability. The strains SSY53 – SSY58 only grew on glucose plates 

(2% (w/v) or 0.2% (w/v)) when expressing the endogenous transporter Hxt1, 

whereas no growth was detected for GLUT1 or GLUT4-expressing cells (data not 

shown), demonstrating that the putative sterol alterations in SSY53 – SSY58 do 

not contribute to a functional expression of these GLUTs. For SSY61 and SSY63 

cells that expressed GLUT1 from a plasmid, clear growth was visible even in spots 

of higher dilutions, on 0.2% (w/v) glucose containing medium (Figure 3). Growth of 

the same cells on 2% (w/v) glucose was less pronounced (data not shown).  
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Figure 3. Growth test of hxt0 yeast strains producing different sterols. 
Growth of EBY.VW4000 (A), SSY61 (B) and SSY63 (C) cells expressing the empty vector p426H7, 
the endogenous transporter Hxt1, or the two human GLUTs; GLUT1 and GLUT4, respectively, was 
assessed on SC -URA medium containing 0.2% (w/v) glucose. Pre-cultures were grown over night 
in SC -URA medium with 1% (w/v) maltose, washed and adjusted to an OD600nm of 1 in ddH2O. 
Dilutions (10-1, 10-2, 10-3) were prepared and 4 µl of each were dropped onto the solid medium. The 
plates were incubated at 30°C for six days.  

 

Since GLUT1-expressing EBY.VW4000 cells grew much worse on 0.2% (w/v) 

glucose medium compared to GLUT1-expressing SSY61 or SSY63 cells, these 

results indicate that the alterations in the sterol biosynthesis in these two strains 

positively affect the functional expression of GLUT1. In both strains ERG6 was 

successfully deleted, resulting in the absence of the methyl group at C24 (Table 

2). Thus, these results suggest that the absence of the methyl group and therefore 

a more cholesterol-like sterol is beneficial for GLUT expression. However, when 

compared to EBY.S7 and SDY.022 (the two hxt0 strains with additional mutations 

affecting the PM lipid composition, see Table 2), GLUT1-expressing SSY63 cells 

showed inferior growth (Figure 4). The putatively reduced PI4P content in EBY.S7 

and SDY.022 PMs therefore seems to have a stronger impact on functional GLUT 

expression. Future efforts to create hxt0 strains with modifications that benefit the 

functional expression of native human GLUTs should therefore rather focus on the 

phospholipid biosynthesis. 
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Figure 4. Growth test of hxt0 yeast strains with different membrane lipid modifications. 
Growth of EBY.VW4000 (A), EBY.S7 (B), SDY.022 (C) and SSY63 (D) cells expressing the empty 
vector p426H7, the endogenous transporter Hxt1, or the two human GLUTs; GLUT1 and GLUT4, 
respectively, was assessed on SC -URA medium containing 0.2% (w/v) glucose. Pre-cultures were 
grown over night in SC -URA medium with 1% (w/v) maltose, washed and adjusted to an OD600nm 
of 1 in ddH2O. Dilutions (10-1, 10-2, 10-3) were prepared and 4 µl of each were dropped onto the 
solid medium. The plates were incubated at 30°C for six days.  

 

5.1.2 Alterations of the PI production at the yeast PM and assessing 
the effects on functional expression of native human GLUTs 

The C-terminal truncation of Efr3 in the strain EBY.S7 has been proven to be 

beneficial for heterologous GLUT expressions in this strain (Wieczorke, 2001). 

Presumably, this truncation impedes the normal localization of the PI4P kinase Stt4 

to the PM which would result in lower levels of PI4P at the membrane (Baird et al., 

2008). Therefore, it was intended in this thesis to manipulate PI levels at the PM of 

a hxt0 yeast strain in different ways with the aim to further elucidate the linkage 

between PI(4P) content and functional GLUT expression. Several enzymes exist 

that are involved in the generation or degradation of PI4P (see chapter 2.2.3.4, 

Figure 1). In this thesis, Stt4, Lsb6, Sac1, Sfk1, Ict1 and Mss4 were overexpressed 

on a plasmid in EBY.VW4000 and EBY.S7 cells. Additionally, these cells were 

transformed with either an empty plasmid (negative control), the endogenous 

transporter Hxt1 (positive control) or GLUT1, to test their effect of functionally 

expressing this transporter. As an altered functional expression would result in 

improved or worse growth on the substrates used by the transporter, the effects 

were tested via drop tests on 0.2% (w/v) glucose and 0.2% (w/v) mannose, 

respectively. Maltose medium (1% (w/v)) was included as well, on which all cells 

grew normally (data not shown), which excludes effects on overall cell viability. Cell 

growth on glucose or mannose medium was highly similar and Table 3 illustrates 

the observed cell growth on these two sugars.    
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Table 3. Effect of the overexpression of PI processing enzymes on functional GLUT1 
expression. EBY.VW4000 and EBY.S7 cells were transformed with two plasmids, containing the 
gene for an enzyme that affects the content of PI(4P) in the PM (plasmid 1) and the native human 
GLUT1 (plasmid 2). Pre-cultures were grown over night in SC -URA -HIS -MET medium with 1% 
(w/v) maltose, washed and adjusted to an OD600nm of 1 in ddH2O. Dilutions (10-1, 10-2, 10-3) were 
prepared and 4 µl of each were dropped onto the solid SC -URA -HIS -MET medium with 0.2% 
(w/v) glucose or 0.2% (w/v) mannose, respectively. Plates were incubated at 30°C for five days. 
Either no/very weak growth (–) or good growth (+) was observed for the different cells, and these 
observations were consistent on both media (glucose and mannose). These results were obtained 
by Julia Heine (Master student) under supervision of the author.  

Strain Plasmid 1: 

p423MET25_ 

Plasmid 2: 

p426H7_ 

Growth on 0.2 % (w/v) glucose 

and mannose  

EBY.VW4000 Empty plasmid GLUT1 – 

Stt4 – 

Lsb6 – 

Sac1 – 

Sfk1 – 

Ict1 – 

Mss4 – 

EBY.S7 Empty plasmid GLUT1 + 

Stt4 + 

Lsb6 + 

Sac1 + 

Sfk1 – 

Ict1 + 

Mss4 + 

 

Most of the overexpressed enzymes had no or little effect on the growth of GLUT1-

expressing hxt0 strains on glucose or mannose (Table 3). However, when Sfk1 was 

overexpressed in EBY.S7, GLUT1-expressing cells showed significantly reduced 

growth on glucose or mannose medium, compared to GLUT1-expressing cells 

harboring an empty vector as the first plasmid (Table 3 and Figure 5 A).  

In yeast, Sfk1 acts as an additional regulator of the PI4P kinase Stt4 and is, like 

Efr3, involved in its proper localization to the PM (Audhya and Emr, 2002). Physical 

interactions between Stt4 and Sfk1 have been detected in crosslinking experiments 

(Audhya and Emr, 2002) and it has been shown that these interactions were 

mediated by the C-terminus of Sfk1 (Mioka et al., 2018). Nevertheless, ∆sfk1 cells 

are viable, unlike ∆stt4 cells, suggesting that Sfk1 plays only a minor or auxiliary 

role in the recruitment of Stt4 to the PM. Thus, unlike Efr3 and Ypp1, Sfk1 is not 
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essential for the formation of a functional Stt4 complex (Audhya and Emr, 2002; 

Mioka et al., 2018). 

The results obtained in this thesis, indicate that an overexpression of Sfk1 might 

compensate for the incapability of the truncated Efr3 to efficiently recruit Stt4 to the 

membrane. In other words, Sfk1 overexpression in EBY.S7 might improve the 

generation of PI4P at the PM, which in turn negatively influences the functional 

expression of GLUTs. As the C-terminus of Sfk1 was defined as the region for Stt4 

interaction (Mioka et al., 2018), this region was truncated by 64 amino acids, 

yielding Sfk1∆C. To further investigate the hypothesis that an improved assembly 

of the Stt4 complex via Sfk1 interaction is the reason for the reduced growth of 

Sfk1- and GLUT1-coexpressing EBY.S7 cells on glucose, Sfk1∆C was 

overexpressed along with GLUT1 in this strain as well. Growth in liquid glucose 

(0.2 % (w/v)) medium, assessed with the Cell Growth Quantifier (Aquila Biolabs), 

confirmed that the overexpression of Sfk1 crucially reduces cell growth of GLUT1-

expressing EBY.S7 cells (maximal growth rate 0.023 h-1, compared to 0.042 h-1 for 

cells expressing the empty vector instead of Sfk1), whereas overexpression of 

Sfk1∆C did not (maximal growth rate 0.040 h-1) (Figure 5 B). Controls with cells 

expressing each plasmid (empty, Sfk1 or Sfk1∆C), respectively with an empty 

vector instead of GLUT1 were tested as well and did not show growth on glucose 

medium, confirming that cell growth on this medium was related to sugar uptake 

via GLUT1. On maltose medium, however, all cells grew equally good, 

independent from the plasmids they harbored (data not shown). These results 

indicate that the C-terminal interaction of Sfk1 with Stt4 in Sfk1-overexpressing 

cells, indeed complements the Efr3 defect in EBY.S7 and that the putatively 

resulting PI4P increase negatively influences functional GLUT1 expression.  
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Figure 5. Overexpression of (full-length) Sfk1 reduces the functional expression of GLUT1 
in EBY.S7. Growth of EBY.S7 cells expressing either the empty p423MET25 vector or 
p423MET25_Sfk1, respectively, along with GLUT1 from a second plasmid (p426H7) was assessed 
by a drop test on SC -URA -HIS -MET medium containing either 0.2% (w/v) glucose or 0.2% (w/v) 
mannose (A). The same cells, in addition to GLUT1-expressing EBY.S7 cells that co-express 
Sfk1∆C, in which 64 amino acids from the C-terminus were truncated, were grown in liquid SC -
URA -HIS -MET medium with 0.2% (w/v) glucose (B). Empty vector controls (instead of GLUT1) 
were included. Cell growth was measured with the Cell Growth Quantifier (Aquila Biolabs). The 
results shown here were obtained by Julia Heine (Master student) (A) and Okbai Tesfamichael 
(practical course) (B) under supervision of the author.  

 

5.2 Additional results and discussion – Application of the hxt0 

yeast system as a screening platform for GLUT-specific 

inhibitors  

Human GLUTs are the subject of intensive research because of their involvement 

in several metabolic diseases and the identification of GLUT-specific inhibitors is 

desirable not only for putative medical purposes but also as tools to further 

elucidate their specific role. Therefore, the available hxt0 yeast platforms were also 

applied in this thesis for different screening approaches, and it was intended to 

develop advanced methods that would facilitate the screening processes with the 

perspective to accelerate the discovery of GLUT-selective ligands.  

 

5.2.1 Testing an HIV integrase inhibitor for inhibitory effects on GLUTs 

In this thesis, the hypothesis was brought up that the human immunodeficiency 

virus (HIV) integrase inhibitor dolutegravir (DTG), a first-line treatment against HIV 

(Kouanfack et al., 2019), shows inhibitory effects on one or more GLUTs. During 

the DolPHIN-2 study (Kintu et al., 2020), DTG was applied to women in their late 

pregnancies to avoid mother-to-child transmission of HIV and elevated blood 
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glucose levels in a small percentage of patients receiving DTG was observed 

(personal communication Prof. Saye Khoo). Therefore, DTG and, as controls, the 

two other HIV integrase inhibitors bictegravir and raltegravir were tested in this 

work for their effects on GLUT1, GLUT3 and GLUT4 in growth tests and with C14-

glucose uptake assays (for details, see chapters 5.3.4 and 5.3.5). As the 

compounds were resolved in a dimethyl sulfoxide (DMSO)-based solvent, this 

chemical was applied to the negative control to rule out putative inhibitory effects 

of the solvent.  

Only for GLUT4 (and not for GLUT1 nor GLUT3, data not shown), a minor inhibition 

of DTG (and bictegravir and raltegravir) on glucose uptake (measured by the C14-

glucose uptake assay with 10 µM of the applied compounds) was observed 

(Figure 6 A). However, the observed variance is statistically not significant (p-

value=0.168, significance level: 0.05). Moreover, this effect was not visible in the 

growth test performed in glucose containing liquid medium (SC-URA D 0.2% (w/v)) 

when 10 µM (~ ≥4-fold of the daily dose applied to women during the DolPHIN-2 

study (Kintu et al., 2020)) of the HIV integrase inhibitors were applied (Figure 6 B). 

Cells that were exposed to bictegravir did not show any growth on glucose medium 

(Figure 6 B). But the same absence of growth was observed on ethanol medium 

(data not shown), which was tested as a control because ethanol is taken up by 

yeast cells independently from sugar transporters and is metabolized via different 

enzymatic reactions (Fraenkel, 2011). Thus, bictegravir seems to have a toxic 

effect on yeast cells which is not related to glucose uptake (or metabolism) and 

inhibits cell growth on various carbon sources, impeding a conclusion of its specific 

effect on GLUTs from simple growth tests. On the other hand, yeast cells that were 

grown in media containing either DTG or raltegravir did not exhibit any growth 

deficits (Figure 6 B). Still, a minor inhibitory effect of DTG on GLUT4 should not be 

completely excluded, by these experiments. If slight inhibition of GLUT4 is the 

underlying reason of the observed higher blood glucose levels of a small 

percentage of pregnant women who received DTG treatment should be further 

analyzed, for example in in vivo studies with mouse models. Conceivably, it is a 

contributing factor that might, together with e.g., genetic predispositions for insulin 

resistance or other physiological conditions, favor a lower GLUT4 activity and 

should be considered when prescribed. It has been found previously that indinavir 
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and other HIV protease inhibitors act as GLUT4 inhibitors (Hresko and Hruz, 2011) 

which favors the development of diabetes for patients following this antiretroviral 

therapy. The possibility that DTG has a (minor) inhibitory effect on GLUT4 as well 

might be a significant drawback for therapies against HIV.  

 

 

Figure 6. Effects of HIV integrase inhibitors dolutegravir, raltegravir, and bictegravir on 
GLUT4. Glucose uptake of SDY.022 cells expressing GLUT4 was tested via the C14 glucose uptake 
assay whereat cells were exposed to 10 µM HIV integrase inhibitor (dolutegravir, raltegravir, or 
bictegravir, respectively), or DMSO as a control, 35 s prior to the addition of 50 µM radiolabeled 
glucose (A). Mean values and standard deviations of three replicates are shown. n.s.= not 
significant. Growth test of SDY.022 cells expressing GLUT4 from a multicopy plasmid (p426H7) in 
SC -URA medium with glucose (0.2% (w/v)), containing either 10 µM of each HIV integrase inhibitor, 
respectively, or the solvent DMSO as a control (B). Cells were cultured in a volume of 500 µl in 24-
well plates and growth was measured with the platereader (CLARIOstar®, BMG Labtech, 
Ortenberg, Germany). Mean values and standard deviations of two biological and two technical 
replicates (in total four replicates) are depicted.  

 

5.2.2 Employing the pHluorin-based assay for inhibitor screenings 

The here-established label-free, pHluorin-based method to measure glucose 

uptake is an attractive alternative to the conventional glucose uptake 

measurements for the determination of kinetic properties of transporters (Schmidl 

et al., 2021a). To calculate these precise parameters (e.g., KM values), the slope 

of the initial acidification that occurs after the glucose pulse to glucose-starved cells 

must be carefully determined for which more time points are beneficial. Since the 

initial acidification is a rapid progress that happens within the first ten seconds after 

the sugar pulse, a very fast signal output and detection is required. Not all currently 

available fluorometers and much less platereaders are capable of such a quick 

signal output, excluding these devices as operating resources for kinetic 



Additional results 

 

81 

characterizations via the pHluorin-based assay. Nevertheless, valuable 

information can be obtained also from the recovery phase to a neutral pH that 

follows the initial acidification after a glucose pulse. This reaction is visible still after 

several minutes, allowing measurements with platereaders or other, “slower” 

devices. Hypothetically, the pHcyt of cells expressing a fully active transporter 

should recover to a near neutral pHcyt several minutes after the reintroduction of 

sugar (Orij et al., 2009). Therefore, the recovery phase should allow qualitative 

conclusions about the activity of the transporter (e.g., if a heterologous expressed 

human GLUT is functional in the chosen yeast strain). Likewise, a restricted activity 

should be visible by a reduced recovery, a fact that could be exploited for the 

screening of inhibitors. To test this hypothesis, GLUT1V69M and pHluorin were 

expressed in EBY.VW4000 cells from separate plasmids. As controls the empty 

vector p426H7 and the endogenous yeast transporter Hxt1 were expressed in 

EBY.VW4000 cells, along with pHluorin, as well. Pre-cultures were harvested, 

starved (3-4 h) and adjusted to a cell density of OD600nm of 1. 180 µl of this cell 

suspension were then dispensed in the wells of a 96-well plate. Measuring the ratio 

of the emission intensities at the two different excitation wavelengths 390 nm and 

470 nm (R390/470) allowed the determination of the pHcyt with the help of a previously 

generated calibration curve. Thus, the initial pHcyt was determined (time point -5). 

Different concentrations (0 µM, 20 µM, 50 µM and 300 µM) of the known GLUT1-

inhibitor phloretin (Tsujihara et al., 1996) were subsequently applied 

simultaneously with 1% (w/v) glucose and the pHcyt was determined again (time 

point 0). Over a time span of 17 min the pHcyt was determined every ~5.7 min with 

the platereader (CLARIOstar®, BMG Labtech, Ortenberg, Germany) to track the 

pHcyt recovery of the cells (Figure 7). As expected, the lack of an active transporter 

(empty vector control) precluded the pHcyt recovery after the addition of glucose 

(Figure 7 A). On the other hand, cells expressing the endogenous Hxt1 transporter 

exhibited a continuous rise of the pHcyt after the pulse, independently from the 

presence of phloretin (Figure 7 B). The pHcyt of GLUT1V69M expressing cells also 

recovered, but this process was significantly affected by the addition of phloretin in 

a concentration dependent manner (Figure 7 C). A high concentration of phloretin 

(300 µM) abolished the recovery completely, whereas lower concentrations (20 µM 

and 50 µM) reduced the rate of the pHcyt rise (Figure 7 C). For the first time point 

(0) after the sugar pulse, the pHcyt of Hxt1 expressing cells was apparently lower 
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than for all GLUT1V69M expressing cells (Figure 7 B, C). This likely originates from 

the initial acidification which is supposedly stronger when Hxt1 is present in 

comparison to GLUT1V69M, as the endogenous transporter exhibits a higher sugar 

uptake capacity (measured in this thesis, data not shown). Hence, the lower pHcyt 

after the initial acidification (for Hxt1 expressing cells) would need more time to rise 

again resulting in a lower pHcyt at the first time point which is already balanced out 

at the second time point (after approximately ten min after the pulse) (Figure 7).  

In general, this experiment shows that it is possible to use the pHluorin-based 

assay to test for inhibitory effects of compounds on transporters expressed in a 

hxt0 yeast strain by tracking the pHcyt recovery phase. For this, signal recording on 

a time frame of several minutes is sufficient, allowing the measurement with a 

multi-well platereader. Thus, an important prerequisite for high-throughput 

screenings is fulfilled. In comparison to growth tests, results are also obtained 

much quicker (3-4 h starving plus ~30 min for the measurement = ~4.5 hours vs. 

~3 days). Moreover, this method is not susceptible to suppressor mutations, as the 

growth-based screening might be. In conclusion, these results provide a proof of 

concept for using the pHluorin-based method in GLUT-ligand screenings, at least 

in a qualitative or semi-quantitative manner.  

 

 
Figure 7. Transport inhibitor screening with the pHluorin-based assay.  

EBY.VW4000 cells expressing the empty vector p426H7 (A), the endogenous transporter Hxt1 (B), 

or the human GLUT1V69M (C) along with pHluorin, on a separate plasmid, were grown over night in 

lf SC -URA -LEU M (1% (w/v)) medium, harvested, and starved for 3-4 hours in medium with no 

sugar. 180 µl of cells (OD600nm=1) were prepared in a 96-well plate. The pHcyt of the cells was 

determined by measuring the ratio of the emission intensities (at 512 nm) at the two different 

excitation wavelengths 390 nm and 470 nm with the platereader (CLARIOstar®, BMG Labtech) and 

with the help of a previously generated calibration curve. A mix (volume of 20 µl) of 10% (w/v) 

glucose (final concentration 1% (w/v)) and different concentrations of the GLUT1 inhibitor phloretin 

(final concentrations: 0 µM, 20 µM, 50 µM and 100 µM) were then added simultaneously and the 

pHcyt was determined every ~5.7 min for the next ~17 min. The time point of the glucose pulse is 

indicated by the arrow. Mean values and standard deviations of biological triplicates are shown.   
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5.3 Materials and Methods 

5.3.1 Plasmid construction 

All plasmids used in the additional results are listed in Table 4. The DNA sequences 

of DHCR7 (GenBank NM201330) and DHCR24 (GenBank BC086711) were 

codon-optimized for expression in yeast with the JCat tool (Grote et al., 2005). 

Overhangs for implementation in the Golden Gate system (Lee et al., 2015) were 

added and the BsmB1 cutting site within the open reading frame (ORF) of both 

genes was removed to avoid a cutting of the Golden Gate enzymes within the ORF. 

These oligonucleotides were then ordered from Twist Bioscience (San Francisco, 

CA, USA). Golden Gate entry plasmids and cassette plasmids were created as 

described before (Lee et al., 2015). CRISPR/Cas9 plasmids were amplified each 

in two PCR fragments, assembled in vitro in an isothermal reaction using T5 

exonuclease, polymerase, and ligase (Gibson et al., 2010) and transformed into E. 

coli DH10β. All other plasmids were assembled via homologous recombination 

according to Oldenburg et al. (1997). For this, PCR fragments with overhangs to 

promotor and terminator regions were generated and transformed together with 

the BamH1/EcoR1 linearized vector backbone into EBY.VW4000 cells. To delete 

64 amino acids from the Sfk1 C-terminus, the second (reverse) primer was 

designed to bind in the terminator region but continued 192 bp upstream of the 

stop codon of Sfk1 and a new stop codon was inserted at the new sequence 

ending. The PCR derived from this and the regular forward primer (binding at the 

sequence start with an overhang to the promotor region) was transformed as well 

with the linearized p423MET25 plasmid into EBY.VW4000 cells to allow for 

homologous recombination. Verification was carried out via Sanger sequencing. 

PCRs were performed with Phusion polymerase (New England Biolabs GmbH), 

and primers listed in Table 5.  

 

Table 4. Plasmids used in the additional results. 

Plasmid name Relevant properties Reference 

p425H7 2μ, LEU2, AmpR, HXT7p1-392, 

CYC1t 

(Becker and Boles, 
2003) 

p426H7 2μ, URA3, AmpR, HXT7p1-392, 
CYC1t 

(Becker and Boles, 
2003) 
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p423MET24 2µ, HIS3, AmpR, MET25p, CYC1t (Becker and Boles, 
2003) 

JHeV1 p423MET25_Stt4 This group 

JHeV2 p423MET25_Sac1 This group 

JHeV3 p423MET25_Sfk1 This group 

JHeV4 p423MET25_Lsb6 This group 

JHeV5 p423MET25_Mss4 This group 

JHeV6 p423MET25_Ict1 This group 

SSV52 p423MET25_Sfk1∆C This thesis 

SSV20 p426H7_Hxt1 This group 

SSV16 p426H7_GLUT1 This group 

SSV66 p426H7_GLUT1V69M This group 

SSV19 p426H7_optGLUT3S66Y This thesis 

SSV14 p426H7_GLUT4 This group 

SSV61 p425H7_pHluorin This thesis 

pYTK001 Golden Gate entry vector, CamR  (Lee et al., 2015) 

SSV78 pYTK001_DHCR7 This thesis 

SSV79 pYTK001_DHCR24 This thesis 

pYTK009 Golden Gate entry vector with 
TDH3 promotor, CamR  

(Lee et al., 2015) 
 

pGG4.12 Golden Gate entry vector with 
CYC1 terminator, CamR  

This group 
 

ALV001 Golden Gate plasmid for genomic 
integration into the URA3 locus, 
KanR 

Álvaro Furones 
Cuadrado, this 
group 

SSV80 ALV1_TDH3p-DHCR7-CYC1t This thesis 

SiHV111 Golden Gate plasmid for genomic 
integration into the HO locus, KanR 

Simon Harth, this 
group 

SSV101 SiHV111_TDH3p-DHCR24-CYC1t This thesis 

pRCC-K 2μ, kanMX, AmpR, ROX3p-

Cas9opt-CYC1t, SNR52p-gRNA  

(Generoso et al., 
2016) 

MRV02 pRCC-K with gRNA for URA3 locus Mara Reifenrath, 
this group 

SSV100 pRCC-K with gRNA for ERG5 locus This thesis 

SSV98 pRCC-K with gRNA for ERG6 locus This thesis 
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Table 5. Primers used in the additional results. 

Primer name Sequence 5’-3’ Application 

MOP289 CAAGAACAAACAAGCTCAAC 

 

Sequencing primer 
forward, binds in HXT7 
promotor region 

MOP290 

 

ACCTAGACTTCAGGTTGTC 

 

Sequencing primer 
reverse, binds in CYC1 
terminator region 

MOP291 GCGTCTGTTAGAAAGGAAGTTTTTCC Sequencing primer 
forward, binds in MET25 
promotor region 

SSP107 TCGGTAAGTGGTTCGACTTC 

 

Sequencing primer 
forward, binds in DHCR7 

SSP108 GTTATGACTGACCACGCTGAAC 

 

Sequencing primer 
forward, binds in DHCR24 

SSP109 GTGGTCGTGACAGATGTCGATAG 

 

Sequencing primer 
reverse, binds in DHCR7 

SSP110 CCGAATGGGATGATGTCTTG 

 

Sequencing primer 
reverse, binds in DHCR24 

SSP111 ATTACCTTCGCCGCTTTGTTGTTTTAGAGCTAG

AAATAGCAAGTTAAAATAAGG 

 

Amplification of the CrispR 
pRCC plasmid and 
insertion of the target RNA 
for ERG5 locus, forward 

SSP112 CAACAAAGCGGCGAAGGTAATGATCATTTATCT

TTCACTGCGGAG 

 

Amplification of the CrispR 
pRCC plasmid and 
insertion of the target RNA 
for ERG5 locus, reverse 

SSP117 TTATTTCCGCGGCGCGGTTG 

 

 

Primer binds upstream of 
ERG5, used to test if 
ERG5 deletion was 
successful 

 

SSP118 CTGGCAGGGTGAGTATTTG Primer binds downstream 
of ERG5, used to test if 
ERG5 deletion was 
successful 

SSP128 CTCGCCATCACGTGTACCAG 

 

 

Primer binds upstream of 
ERG6, used to test if 
ERG6 deletion was 
successful 

SSP129 CGTTAGCGGAATTTCTTTCCG 

 

 

Primer binds downstream 
of ERG6, used to test if 
ERG6 deletion was 
successful 

MOP298 CCCATTTATACCCATATAAATCAGC Primer (reverse) binds in 
KanMX cassette, used to 
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verify successful 
integration of cassette 

MOP300 GATAATCCTGATATGAATAAATTGC 

 

 

Primer (forward) binds in 
KanMX cassette, used to 
verify successful 
integration of cassette 

SSP86 ATTTTGCTATTCCAATAGACAATAAATACCTTTT

AACAAATGGGGAAAAACAGAACTTTGTCCAGAC

AATAAATCATATT 

Donor DNA for integration 
into ERG5 locus 

SSP87 AATATGATTTATTGTCTGGACAAAGTTCTGTTTT

TCCCCATTTGTTAAAAGGTATTTATTGTCTATTG

GAATAGCAAAAT 

Donor DNA for integration 
into ERG5 locus 

SSP57_SFK1d

eltaCrev. 

GAATGTAAGCGTGACATAACTAATTACATGATC

ATCTTCCACCTAAATAAAAGTC 

Truncation of 64 amino 
acids of the C-Terminus of 
Sfk1 

SSP78 TGTTCCATGTCGACGTGGCTGTTTTAGAGCTAG

AAATAGCAAGTTAAAATAAGG 

Amplification of the CrispR 
pRCC plasmid and 
insertion of the target RNA 
for ERG6 locus, forward 
 

SSP79 CAGCCACGTCGACATGGAACAGATCATTTATCT

TTCACTGCGGAG 

Amplification of the CrispR 
pRCC plasmid and 
insertion of the target RNA 
for ERG6 locus, reverse 
 

WGP243 TCTTCTTGAAGTAGTCTTCC Amplification of the CrispR 
pRCC plasmid, forward 
 

WGP245 GGCTATTGTTGACTTGTTG Amplification of the CrispR 
pRCC plasmid, reverse 

JHeP5 

 

TAGATACAATTCTATTACCCCCATCCATACATGA
CAGGTCCAATA GTGTAC 

 

Amplification of SAC1, 
overhang to MET25 
promotor, forward 

JHeP6 

 

GAATGTAAGCGTGACATAACTAATTACATGATTA
ATCTCTTTTTAA AGGATCTGG 

 

Amplification of SAC1, 
overhang to CYC1 
terminator, reverse 

JHeP7 

 

ATACAATTCTATTACCCCCATCCATACATGAGAT
TTACCAGAGGA TTGAAAGCCTC 

 

Amplification of STT4, 
overhang to MET25 
promotor, forward 

JHeP8 

 

GAATGTAAGCGTGACATAACTAATTACATGATC
AGTACGGAATGC CATTTG 

 

Amplification of STT4, 
overhang to CYC1 
terminator, reverse 

JHeP9 

 

CATAGATACAATTCTATTACCCCCATCCATACAT
GAGTAACGAAG CTTACCAGC 

Amplification of LSB6, 
overhang to MET25 
promotor, forward 
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JHeP10 

 

GAATGTAAGCGTGACATAACTAATTACATGATC
AACACCAGGTGA ATACG 

 

Amplification of LSB6, 
overhang to CYC1 
terminator, reverse 

JHeP11 

 

TAGATACAATTCTATTACCCCCATCCATACATGA
TTCAATTTAAAA GTCCAGG 

 

Amplification of SFK1, 
overhang to MET25 
promotor, forward 

JHeP12 

 

GAATGTAAGCGTGACATAACTAATTACATGATC
ATACGACTACTT GAATAGATTC 

 

Amplification of SFK1, 
overhang to CYC1 
terminator, reverse 

JHeP77 AGATACAATTCTATTACCCCCATCCATACATGTC
AGTCTTGCGAT CACAACCTCCTTCAG 

 

Amplification of MSS4, 
overhang to MET25 
promotor, forward 

JHeP78 

 

AATGTAAGCGTGACATAACTAATTACATGATCA
GTCTTTATAATTT TTCTGGTTAGGGTC 

 

Amplification of MSS4, 
overhang to CYC1 
terminator, reverse 

JHeP79 TAGATACAATTCTATTACCCCCATCCATACATGT
GGACAAACACT TTCAAATGGTGCAGC 

 

Amplification of ICT1, 
overhang to MET25 
promotor, forward 

JHeP80 

 

GAATGTAAGCGTGACATAACTAATTACATGATTA
CTTTGACAGGA ACGAGACTAAAGAAG 

 

Amplification of ICT1, 
overhang to CYC1 
terminator, reverse 

JHeP81 

 

CTGCCCAATATTCCCTTTC 

 

Sequencing primer 
forward, binds in MSS4 

 

5.3.2 Strain construction 

S. cerevisiae strains that were used in the additional results are listed in Table 2. 

For the integration of DHCR7 or DHCR24, respectively, SSV80 or SSV101 were 

digested with Not1, by adding 1 µl of the restriction enzyme to the Cut Smart 

reaction (New England Biolabs GmbH) containing 1 µg of the plasmid (total volume 

of 12 µl) and incubating the mix at 37°C for at least two hours. The reaction was 

stopped by a 20 min incubation at 65°C. The respective strain was then 

transformed with the digested DNA (~1 µg). When the plasmid SSV80 was used 

(ALV1_TDH3p-DHCR7-CYC1t), 50 ng of the CRISPR/Cas9 plasmid SSV67 was 

applied as well, which cuts in the URA3 locus. In this case, the transformants were 

regenerated for four hours at 30°C with shaking (180 rpm) in liquid YP medium with 

maltose (1% (w/v)) and plated on solid YP M (1% (w/v)) medium with 200 µg/ml G-

418 to select for KanMX. For SSV101 (SiHV111_TDH3p-DHCR24-CYC1t), no 

additional CRISPR/Cas9 plasmid was added, and cells were plated directly 
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(without a regeneration phase) on SC-LEU M (1% (w/v)) medium. After 3-6 days, 

colonies appeared that were picked and cultured in liquid YP M (1% (w/v)) (SSV80) 

or SC-LEU M (1% (w/v)) (SSV101) medium. DNA was extracted and sequenced 

with appropriate primers (see Table 5), according to standard procedures, to check 

for the success of the integration. Deletions of ERG5 and ERG6 were performed 

utilizing the CRISPR/Cas9 system (Generoso et al., 2016) and pRCC-K plasmids 

SSV100 (for ERG5) or SSV98 (for ERG6). Oligonucleotides (80 bp) connecting the 

regions up- and downstream of ERG5 were ordered (Microsynth AG, Balgach, 

Switzerland), annealed, and used as donor DNA for insertion in the ERG5 locus. 

For ERG6 deletion, the strain BY4741 with a KanMX cassette in its ERG6 locus 

(Euroscarf strain Y00568) was ordered. The cassette and 500 bp up- and 

downstream of it was amplified from extracted gDNA and the PCR product was 

used as donor DNA. After a 4h regeneration phase (incubation at 30°C with 

shaking (180 rpm), in liquid YP M (1% (w/v)) medium with ergosterol (10 µg/ml)), 

transformants were plated on solid YP M (1% (w/v)) with G-418 (200 µg/ml) and 

ergosterol (10 µg/ml). After ~6-7 days, colonies appeared that were picked and 

cultured in liquid YP M (1% (w/v)) medium with ergosterol (10 µg/ml) but without 

any selection pressure to cure cells from plasmids. DNA was extracted and 

sequenced with appropriate primers (see Table 5), according to standard 

procedures, to check if the deletion was successful. The yeast transformations 

were performed according to Gietz and Schiestl (2007).  

 

5.3.3 Media and growth conditions 

For maintenance and preparation of competent cells, plasmid-free cells were 

grown in standard YP media (1% (w/v) yeast extract, 2% (w/v) peptone) 

supplemented with 1% (w/v) maltose (M). If pRCC-K plasmids were applied to 

modify the genome of the yeast, cells were streaked out on YP M (1% (w/v)) with 

200 µl/ml G-418 for the selection pressure. For mutants that were expected to have 

a modified sterol composition (e.g., in ∆erg5 or ∆erg6 mutants), 10 µg/ml ergosterol 

was added to the plates (and liquid medium for regeneration). Transformants with 

one or more plasmids were plated on solid, selective synthetic complete (SC) 

medium with 1% (w/v) maltose (M) and amino acids as stated in Bruder et al. 

(2016) in which the respective amino acid(s) was or were omitted to maintain 
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selection pressure. For experiments with the biosensor pHluorin, cells were grown 

in filter-sterilized, low fluorescent, synthetic complete medium (lf-SC) containing 

6.9 g/l YNB with ammonium sulfate, without amino acids, without folic acid and 

without riboflavin (MP Biomedicals), containing 1% (w/v) maltose and amino acids 

as stated in Bruder et al. (2016), in which uracil and leucin were omitted. For 

subcloning, electrocompetent E. coli DH10β (Gibco BRL, Gaithersburg, MD) were 

used that were cultured in lysogeny broth (LB) medium with 100 μg/mL carbenicillin 

(Sambrook et al., 1989). 

 

5.3.4 Growth tests 

For growth tests on solid medium, drop tests were performed on minimal SC 

medium with the respective sugar and amino acids as stated in Bruder et al. (2016) 

in which uracil was omitted (for cells containing the p426H7 plasmid with the 

respective transporter), or the three amino acids uracil, histidine, and methionine 

were omitted (for cells expressing two plasmids; p426H7 and p423MET25, 

methionine was omitted for a strong promotor activity). Pre-cultures were grown 

overnight in 10 ml SC M (1% (w/v)) -URA or SC M (1% (w/v)) -URA -HIS -MET 

medium at 30°C and 180 rpm, centrifuged (3,000 g, 3 min, 20°C) and washed twice 

in double-distilled, sterile water (ddH2O). Cells were resuspended in ddH2O and 

OD600nm was adjusted to 1. Dilutions (10-1, 10-2, 10-3) were prepared and 4 µl of 

each dilution was dropped onto the agar plate. Plates were incubated at 30°C for 

five or six days. 

Cell growth in liquid SC -URA -HIS -MET medium (with the respective sugar) was 

measured with the Cell Growth Quantifier (Aquila Biolabs) (Bruder et al., 2016), for 

which pre-cultures were grown overnight in the same medium with 1 % (w/v) 

maltose, harvested and washed twice in ddH2O. These cells were used to inoculate 

30 ml medium to an OD600nm of 0.2 in 300 ml Erlenmeyer flasks which were 

mounted onto the sensor plate. Quantification of cell growth and calculation of 

apparent maximal growth rates (h-1) were performed with the CGQuant software 

(Aquila Biolabs) as previously described (Bruder et al., 2016).  

To measure cell growth in the presence of HIV integrase inhibitors, 24 well-plates 

(clear, with flat bottom, Greiner Bio One) were utilized. Pre-cultures of SDY.022 
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cells expressing GLUT4 from the multicopy plasmid p426H7, were grown, in 

biological duplicates, in SC -URA M (1% (w/v)) medium, harvested (3000 g, 3 min, 

20°C), washed twice in ddH2O, and adjusted in SC -URA medium with the 

respective sugar to an OD600nm of 0.4. 475 µl of the cell suspensions (duplicates) 

were distributed in each well of the 24-well plate, except for four wells, that 

contained cell-free medium as a blank. 25 µl of the 20x stock solution of integrase 

inhibitors (dolutegravir, bictegravir, or raltegravir, respectively; final concentration: 

10 µM) or DMSO as a control were then added in a previously defined pattern to 

the cells leading to a randomized distribution in which each sample was 

represented four times (two biological replicates and two technical replicates) with 

varying location of each replicate (e.g., of each sample at least one replicate was 

located in the center, where liquid evaporation was assumed to be lower than at 

the border). Cells were fixated in a bigger plastic box and incubated at 30°C with 

shaking (180 rpm) for one week. The OD600nm was measured at indicated time 

points with the platereader (CLARIOstar®, BMG Labtech, Ortenberg, Germany), 

for which the lid was removed. The blank value was subtracted from the final 

absorbance. Mean values and standard deviations of the four replicates were 

calculated with Microsoft Excel 2016.  

 

5.3.5 C14 glucose uptake assay 

To measure the uptake of radiolabeled C14 glucose in p426H7_GLUT4 expressing 

SDY.022 cells, cultures were grown over night in SC -URA M (1% (w/v)) medium 

and harvested at an early exponential phase (OD600nm=0.8). Pellets were washed 

twice in ice-cold 0.1 M potassium phosphate buffer (KH2PO4, pH 6.5, adjusted with 

KOH) and resuspended in the same buffer to a wet weight of 60 mg/ml. Aliquots of 

110 µl were prepared and kept on ice. The integrase inhibitors (final concentration: 

10 µM) or DMSO as a control were added, respectively, and incubated for 35 s, 

before 100 µl of these cells were mixed with 50 mM C14 labeled glucose. After 5 s, 

the reaction was terminated by quenching with ice-cold quenching buffer (500 mM 

glucose, 0.1 M KiPO4, pH 6.5, adjusted with KOH). The uptake assay was 

described in detail by Boles and Oreb (2018). Diagrams were prepared from 

technical triplicates and t-tests were conducted (p-value=0.168, significance level: 

0.05) with GraphPad Prism 5.  
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5.3.6 Platereader-assisted inhibitor screening with the pHluorin-based 
assay 

To test if the pHluorin-based assay could be employed to assess inhibitory effects 

of compounds on GLUTs, EBY.VW4000 cells were transformed with pHluorin and 

the respective transporter (or empty vector, as a negative control) on separate 

plasmids. Cells were grown over night in low fluorescent SC -URA -LEU medium 

with maltose (1% (w/v)), harvested at an early exponential phase (OD600nm=0.5 – 

1.5), and starved for 3-4 hours in medium without sugar, while shaking (180 rpm) 

at 30°C. An OD600nm of 1 was adjusted in the same medium (lf SC -URA -LEU 

without sugar) and 180 µl of the cell suspension (biological and technical triplicates) 

was aliquoted in a 96-well microtiter plate (black polystyrene, with flat micro-clear 

bottom, Greiner Bio One). The ratio of the emission intensities (at 512 nm) at the 

two different excitation wavelengths 390 nm and 470 nm (R390/470) was measured 

after 30 s of double orbital shaking (700 rpm) with the platereader (CLARIOstar®, 

BMG Labtech, Ortenberg, Germany) that was previously set to 30°C (time point=-

5). A mix (volume of 20 µl) of 10% (w/v) glucose (final concentration 1% (w/v)) and 

different concentrations of the GLUT1 inhibitor phloretin (final concentrations: 0 

µM, 20 µM, 50 µM and 100 µM) were then added with a multichannel pipette 

(Kinesis, Wertheim, Germany), mixed by pipetting up and down, before the plate 

was quickly mounted again into the platereader. R390/470 was measured again (time 

point=0) and every ~5.7 min for the next ~17 min, with 30 s double orbital shaking 

(700 rpm) between the measurements. The raw data was analyzed with the MARS 

data analysis software (BMG Labtech) and Microsoft Excel 2016. 

The pHcyt was determined with the help of a calibration curve. For this, 

EBY.VW4000 cells expressing pHluorin and the empty p426H7 vector were grown 

over night in biological triplicates in lf SC -URA -LEU M (1% (w/v)) medium to an 

OD600nm=0.5-1.5 and harvested by centrifugation (3000 g, 5 min). Pellets were 

washed once in ddH2O and resuspended in PBS buffer containing 100 µg/ml 

digitonin. After 10 min of incubation at room temperature, cells were centrifuged, 

washed once with PBS buffer, adjusted to an OD600nm of 10 in PBS buffer, and put 

on ice. 180 µl of citric acid/ Na2HPO4 buffers with pH values ranging from 5.0 – 9.0 

(in steps of 0.5) were prepared in the wells of a 96-well plate (black polystyrene, 

with flat micro-clear bottom, Greiner Bio One) and 20 µl of the cell suspension was 
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added (final OD600nm=1). After 30 s of double orbital shaking (700 rpm), R390/470 

values were determined. The data was analyzed with the MARS data analysis 

software (BMG Labtech) and the calibration curve was generated by GraphPad 

Prism 5 with a sigmoidal dose response fit.  
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7 Deutsche Zusammenfassung 

Menschliche Glukosetransporter (GLUTs) sind eine Familie von spezialisierten 

Membranproteinen die den Transport von Hexosen über Membranen, entlang 

eines Konzentrationsgefälles, ermöglichen. Die Aminosäuresequenzen der 14 

Isoformen weisen hohe Ähnlichkeiten auf, doch unterscheiden sich die Proteine in 

ihrer Substratspezifität und -affinität und sind in verschiedenen Geweben 

unterschiedlich stark vertreten. Anhand ihrer Strukturähnlichkeiten werden GLUTs 

in drei Klassen unterteilt, wobei die am besten untersuchten Isoformen GLUTs1-4 

zur Klasse 1 zählen. Abweichungen in der Funktion von verschiedenen GLUTs 

wurden mit unterschiedlichen Krankheiten assoziiert, darunter auch die 

Volkskrankheiten Krebs und Diabetes. Folglich sind GLUTs Gegenstand intensiver 

Forschung und erhebliche Anstrengungen werden unternommen, um Liganden zu 

identifizieren, die spezifisch mit einzelnen GLUTs interagieren. Diese könnten als 

Hilfsmittel in Studien eingesetzt werden, die anstreben die genauen Funktionen 

der einzelnen GLUTs weiter aufzuklären und haben das Potenzial, als 

pharmazeutisch aktive Substanzen eingesetzt zu werden.  

In dem Hexose Transporter-freiem („hxt0“) Hefestamm EBY.VW4000 wurden 

sämtliche endogene Hexose Transporter Gene (HXT1-16 und GAL2) und einige 

Maltose Transporter Gene (AGT1, MPH2 und MPH3) deletiert, was dazu führte, 

dass dieser Stamm nicht mehr auf Glukose oder einer ähnlichen Hexose wachsen 

kann. Wachstum kann jedoch auf Maltose-haltigem Medium erreicht werden, da 

dieses Disaccharid immer noch über spezialisierte Maltose Symporter der Malx1 

Familie aufgenommen werden kann. Dieser Stamm eignet sich sehr gut für die 

Untersuchung von heterologen Transportern, wie bereits durch verschiedene 

Studien, mit Transportern aus unterschiedlichen Organismen, gezeigt werden 

konnte. Die funktionelle Expression von GLUTs in der Hefe ist jedoch nicht ohne 

bestimmte Modifikationen möglich, die entweder den Transporter selbst betreffen, 

oder den hxt0 Hefestamm, in dem dieser exprimiert werden soll. Einzelne 

Punktmutationen in GLUT1 und GLUT5 führten zu deren funktioneller Expression 

im EBY.VW4000 Stamm und der unveränderte GLUT1 Transporter ist aktiv im hxt0 

Stamm EBY.S7, der die fgy1 Mutation in seinem Genom trägt. Diese Mutation 

bewirkt eine C-terminale Verkürzung des Efr3 Proteins, welches, über C-terminale 

Interaktionen, die Rekrutierung der Phosphatidylinositol-4-phosphat (PI4P) Kinase 
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Stt4 zur Plasmamembran vermittelt. Es wird daher angenommen, dass der Gehalt 

an PI4P in der Membran von EBY.S7 reduziert ist. GLUT4 konnte im hxt0 Stamm 

SDY.022 aktiv exprimiert werden, der ebenfalls die fgy1 Mutation besitzt und in 

dem außerdem ERG4 deletiert wurde. Erg4 ist eines der letzten Enzyme des 

Ergosterol Synthesewegs, weswegen eine veränderte Sterol Zusammensetzung 

in der Membran von SDY.022 angenommen wird.  

Ziel dieser Arbeit war die funktionelle Expression von GLUT2 und GLUT3 in einem 

hxt0 Hefestamm, um so ein geeignetes System für das Screening von Molekülen 

zu erschaffen, die die Aktivität dieser Transporter beeinflussen. Ein, durch PCR 

entstandener, Aminosäureaustausch in der zweiten Transmembranregion von 

GLUT3 (S66Y) führte zu seiner funktionellen Expression im EBY.VW4000 Stamm, 

während das unveränderte GLUT3 Protein auch im EBY.S7 Stamm aktiv war. Die 

Funktionalität von GLUT2 in Hefe konnte durch rationales Design erreicht werden. 

Der extrazelluläre Bereich (Loop), der die Transmembranregionen 1 und 2 

verbindet, ist in GLUT2 signifikant länger, im Vergleich zu den anderen GLUTs der 

Klasse 1. Durch eine gezielte Kürzung dieses Loops um 34 Aminosäuren und den 

Austausch eines Alanins gegen ein Serin wurde ein GLUT3-ähnlicher Loop in das 

GLUT2 Protein eingebaut. Durch Fluoreszenzmikroskopie konnte gezeigt werden, 

dass dieses Konstrukt mit verkürztem Loop (GLUT2∆loopS), nicht jedoch das GLUT2 

Protein in voller Länge, korrekt an der Plasmamembran lokalisiert. Dies deutet 

darauf hin, dass der auffallend große Loop das Protein Trafficking verhindert. 

Dieses Konstrukt (GLUT2∆loopS) war bereits aktiv im EBY.S7 Stamm. Eine weitere 

Mutation in der Transmembranregion 11, die zufällig durch PCR-Amplifikation 

eingebaut wurde, ermöglichte schließlich auch die Funktionalität von 

GLUT2∆loopS_Q455R in EBY.VW4000. Es wurde vermutet, dass die beiden 

Mutationen, die für die funktionelle Expression von GLUT2 bzw. GLUT3 in der Hefe 

vorteilhaft sind (Q455R bzw. S66Y), eine Destabilisierung der nach innen 

gerichteten Konformation bewirken, was die nach außen gerichtete Konformation 

begünstigt. Dadurch könnte die Substratbindestelle für Substrate außerhalb der 

Zelle besser zugänglich werden, was eine mögliche Erklärung für die gesteigerte 

Aktivität der Mutationen-tragenden Transporter in der Hefe ist. Die jeweilige 

Zugabe der bekannten GLUT Inhibitoren phloretin und quercetin erzeugte eine 

verminderte Transport Aktivität für die GLUT2 und GLUT3 Konstrukte im 
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Hefesystem, was durch Aufnahme- und Wachstumstests gezeigt werden konnte. 

Dies bestätigte, dass die beiden Systeme für Screening Experimente geeignet 

sind.  

Das GLUT2 Hefesystem wurde im Anschluss auch für diesen Zweck verwendet. 

Eine Auswahl an Substraten, die zuvor durch in silico Screening selektiert worden 

waren, wurden auf ihren Einfluss auf die GLUT2 Aktivität im Hefesystem getestet. 

Dadurch konnten elf wirkungsvolle GLUT2 Inhibitoren identifiziert werden, die IC50 

Werte im Bereich von 0.61 und 19.3 µM aufwiesen, und mit absteigender 

Wirkstärke als G2iA- G2iK bezeichnet wurden. Durch den Einsatz der anderen 

GLUT Hefesysteme wurde untersucht ob diese Komponenten ebenfalls Einfluss 

auf die Aktivität von GLUT1, GLUT3, GLUT4 oder GLUT5 haben. Diese 

Untersuchungen zeigten, dass neun Liganden spezifisch auf GLUT2 wirkten, 

während einer sämtliche GLUTs der Klasse 1 (GLUTs1-4) beeinflusste und ein 

weiterer die Fruktose transportierenden Transporter GLUT2 und GLUT5 inhibierte. 

Eine virtuelle Analyse der Liganden-Transporter Interaktionen zeigte außerdem, 

dass die identifizierten Inhibitoren an den äußeren Rand der Substrat Aushöhlung 

des GLUT2 Proteins binden. An dieser Stelle ist die hohe Sequenzähnlichkeit, die 

zwischen GLUT2 und anderen Klasse 1 GLUTs herrscht, weniger ausgeprägt als 

an der zentralen Glukosebindestelle, was vermutlich die hohe Spezifizität der neun 

GLUT2-spezifischen Inhibitoren ermöglicht. Die Liganden stellen nützliche 

Werkzeuge für Studien dar, die eine weitere Aufklärung der metabolischen Rolle 

von GLUT2 im menschlichen Organismus anstreben. Außerdem sind sie 

potenzielle Substrate für die Therapie von GLUT2-asoziierten Krankheiten, wie 

das Fanconi-Bickel Syndrom, Diabetes oder bestimmte Tumore.  

Der positive Effekt der vermutlich veränderten Sterol Zusammensetzung (durch 

Deletion von ERG4) in der Membran von SDY.022 auf die funktionelle Expression 

von GLUT4, führte zu der Hypothese, dass die Anwesenheit des menschlichen 

Hauptsterols Cholesterol oder Cholesterol-ähnlicher Sterole, ebenfalls vorteilhaft 

für die Funktionalität von GLUTs in Hefe sein könnte. Daher wurde im Rahmen 

dieser Arbeit die Erzeugung von hxt0 Stämmen angestrebt, die diese Sterole 

synthetisieren, indem Modifikationen am Ergosterol Biosyntheseweg 

vorgenommen wurden. Durch diese Experimente entstanden mehrere hxt0 

Stämme die vermutlich verschiedene Hauptsterole in ihrer Membran enthalten. 
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Tropftests auf Glukose Medium mit diesen Stämmen die GLUT1 oder GLUT4 

exprimierten zeigten, dass die Deletion von ERG6 für die funktionelle Expression 

von GLUT1 (aber nicht von GLUT4) vorteilhaft ist. Dies deutet darauf hin, dass die 

Methylgruppe an der Seitenkette des Ergosterols (eine Methylengruppe wird durch 

Erg6 eingefügt und durch Erg4 reduziert) einen negativen Effekt auf die Aktivität 

von GLUT1 hat. Der Effekt der ERG6 Deletion war jedoch weniger ausgeprägt als 

der putativ reduzierte Gehalt von PI4P in der Membran vom EBY.S7 Stamm. Das 

Membranprotein Sfk1 vermittelt, ähnlich wie Efr3 über C-terminale Interaktionen, 

eine korrekte Lokalisation von Stt4 an der Plasmamembran. Wie in dieser Arbeit 

gezeigt, führte eine Überexpression von Sfk1, nicht jedoch von einem Sfk1 

Konstrukt mit verkürztem C-Terminus, in EBY.S7 zu einer verminderten Aktivität 

von GLUT1. Diese Ergebnisse unterstützen die Annahme, dass ein verminderter 

PI4P Gehalt vorteilhaft für die funktionelle Expression einiger GLUTs in der Hefe 

ist. Eine weitergehende Regulation der Phospholipid Zusammensetzung in der 

Plasmamembran könnte demnach ein vielversprechender Ansatz sein, um hxt0 

Stämme zu konstruieren, in denen (weitere) GLUTs aktiv sind.  

Des Weiteren wurde in dieser Arbeit eine neue Methode entwickelt, um Glukose 

Transportraten von, im hxt0 Hefesystem exprimierten, Transportern zu bestimmen 

und somit deren kinetische Charakterisierung zu erleichtern. Hierfür wurde die pH-

sensitive GFP (green fluorescent protein) Variante pHluorin als Biosensor 

verwendet. Mit diesem Sensor kann der zytosolische pH-Wert der Zelle (pHcyt) 

bestimmt werden, indem das Verhältnis der Emissionsintensitäten bei 512 nm bei 

zwei verschiedenen Anregungswellenlängen (390 und 470 nm) ermittelt wird 

(R390/470). Zellen, denen die Zuckerzufuhr für einige Stunden entzogen wird, weisen 

einen leicht sauren pHcyt auf, da die ATP Produktion nachlässt und somit die 

Aktivität von ATP-abhängigen Protonenpumpen reduziert wird. Wenn Zucker, wie 

z.B. Glukose, wieder zugeführt wird, steigt der pHcyt mit der Zeit wieder auf ein 

normales Niveau von etwa 7 an, da die ATP Produktion wieder hergestellt wird. In 

den ersten ~10 Sekunden nach der Glukosezufuhr sinkt der pHcyt jedoch zunächst 

rapide weiter. Dies ist durch den ersten Schritt der Glykolyse zu erklären, in dem 

Glukose durch eine Hexokinase zu Glukose-6-Phosphat phosphoryliert wird, 

wobei ein ATP hydrolysiert wird, was ein Proton freisetzt, welches das Zytosol 

weiter ansäuert. Es wurde entdeckt, dass die Geschwindigkeit dieser anfänglichen 
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Ansäuerung, unter bestimmten Voraussetzungen, direkt proportional zur Glukose 

Aufnahmerate des jeweils getesteten Transporters ist. Der lineare Abfall des pHcyt 

wurde infolgedessen als Parameter für die Zuckeraufnahmegeschwindigkeit 

benutzt und für die Michaelis Menten Gleichung verwendet. Somit konnten 

verlässlich die KM Werte von ausgewählten Transportern bestimmt werden. Diese 

Methode bietet einen klaren Vorteil gegenüber dem klassischen C14-Glukose 

Aufnahmetest, da sie auf den Einsatz von radioaktiv markierter Glukose verzichtet. 

Ihre Anwendung ist dadurch kostengünstiger, da die Beschaffung und die 

Entsorgung von radioaktiven Substanzen teuer sind, und birgt ein geringeres 

gesundheitliches Risiko für den Anwender. Neben der kinetischen 

Charakterisierung der Transporter, könnten pHluorin-basierte Tests auch für 

qualitative Aktivitätsmessungen eingesetzt werden, z.B. zur Überprüfung der 

Aktivität eines heterologen Glukosetransporters im hxt0 Hefesystem oder zum 

Screening von potenziellen Inhibitoren. Als konzeptioneller Beweis dafür, wurde in 

dieser Arbeit anhand von Messungen mit GLUT1 exprimierenden hxt0 Zellen 

gezeigt, dass der inhibitorische Effekt von phloretin auch in der, deutlich langsamer 

verlaufenden, Erholungsphase, in dem der pHcyt auf ein neutrales Niveau ansteigt, 

sichtbar wird. Da eine besonders schnelle Messung dann nicht nötig ist, kommen 

diese Experimente auch mit der langsameren Datenerfassung eines Mikroplatten 

Lesegeräts aus, wodurch eine Voraussetzung für ein Hochdurchsatzscreening 

gegeben ist. 

Zusammenfassend konnte das hxt0 Hefesystem in dieser Arbeit um die beiden 

wichtigen Transporter GLUT2 und GLUT3 erweitert werden. Dadurch wurde ein 

geeignetes Screening System erschaffen, welches die Suche nach Liganden, die 

spezifisch mit diesen Transportern interagieren, erleichtert. Das GLUT2 System 

kam in dieser Arbeit bereits erfolgreich zum Einsatz, wodurch elf wirkungsstarke 

Inhibitoren identifiziert wurden, von denen neun sehr wahrscheinlich spezifisch auf 

GLUT2 wirken. Außerdem wurde eine neue Methode entwickelt, um die 

kinetischen Eigenschaften von Transportern zu bestimmen, die auf den Einsatz 

von radioaktiv markierter Glukose verzichtet. Diese innovative Entwicklung ist eine 

wertvolle Ergänzung zu bestehenden Methoden und wird die Forschung an 

Zuckertransportern bedeutend unterstützen.  

  


