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Summary

1 Summary

Human GLUTSs 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 (hxt®) 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 hxt® strain carrying the fgyl mutation that
putatively reduces the phosphatidylinositol-4-phosphate (PI4P) content in the
plasma membrane. GLUT4 was only actively expressed in the hxt? strain SDY.022,
which also contains the fgyl 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 hxt° 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 GLUT 2ai00ps Was functional in EBY.S7. With an additional point
mutation in the transmembrane region 11, GLUT2a00ps_a455R 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 1Cso values ranging from 0.61 to 19.3 uM.
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 GLUTS5, 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 hxt® 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 GLUTL1 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 hxt® 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
(Rso0i470) of emission intensities at 512 nm from two different excitation
wavelengths (390 and 470 nm). Sugar-starved cells exhibit a slightly acidic pHeyt
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 hxt? 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 C'# 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 hxt® yeast system with two important GLUTS,
GLUT2 and GLUTS3, providing a convenient and accessible platform for the
screening of specific ligands. For GLUTZ2, this platform was successfully applied,
resulting in the identification of eleven potent GLUTZ 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 B-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%) (lancu 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 GLUTSs are listed.

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

GLUT Predominant Affinity (Km values) | Tissue distribution

protein substrates (Mueckler and
(Mueckler and Thorens, 2013)
Thorens, 2013)

GLUT1  Glucose, 3.4 mM (Kasahara Ubiquitous expression,
galactose, and Kasahara, 1996) main tissues:
mannose, erythrocytes, brain,
glucosamine blood-brain barrier,

blood-tissue barrier

GLUT2  Glucose, 17 mM (Uldry et al., Liver, B-cells, intestine,
galactose, 2002) kidney, brain
fructose,
mannose,
glucosamine

GLUT3  Glucose, 1.4 mM (Colville et Brain (neurons), testis
galactose, al., 1993)
mannose, xylose

GLUT4  Glucose, 12 mM (Kasahara Adipose tissue, skeletal
glucosamine and Kasahara, 1997) | and cardiac muscle

GLUT5  Fructose 10 mM (Tripp et al., Small intestine, kidney

2017)

GLUT6  Glucose N/A Brain, spleen,

leucocytes

GLUT7  Glucose, fructose | 0.3 mM (Li et al., Small intestine, colon,

2004) testis, prostate

GLUT8  Glucose, fructose, 2 mM (Schmidt et al., @ Testis, brain, adrenal

galactose 2009) gland, liver, spleen,
brown adipose tissue,
lung

GLUT9  Glucose, fructose, 0.6 mM (glucose) Kidney, liver, small

urate

(Manolescu et al.,
2007)

1 mM (urate)
(Caulfield et al.,
2008)

intestine, placenta,
lung, leucocytes
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GLUT10 @ Glucose, 0.3 mM (Dawson et Heart, lung, brain, liver,
galactose al., 2001) skeletal muscle
pancreas, placenta,
kidney
GLUT11 Glucose, fructose | 0.16 mM (Manolescu @ Heart, muscle
et al., 2007)
GLUT12 Glucose, 6.4 mM (Matsuo et Heart, prostate,
urate (Toyoda et | al., 2020) skeletal muscle,
al., 2020) placenta
GLUT13/ Myo-inositol 0.1 mM (Augustin, Brain, adipose tissue
HMIT 2010)
GLUT14 N/A N/A Testis

2.1.1 Structure and function of human GLUTSs

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
GLUTS5, GLUT7, GLUTY9, and GLUT11 and class 3 consists of GLUT6, GLUTS,
GLUT10, GLUT12, and GLUT13 (Joost et al., 2002; Mueckler and Thorens, 2013).
While GLUTSs 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 GLUTSs. 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
GLUTSs presumably being uniporters (lancu 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 a-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 (lancu 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
GLUTSs (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



Introduction

(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 SLC2A1l 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
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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 B-cells (Ohtsubo et al.,
2005). In mice (but not humans (McCulloch et al., 2011)), GLUTZ2 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 B-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,

10
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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). GLUTS5, 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, GLUTS,
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 GLUTSs, predominantly GLUT1, have been discovered,
as the selective GLUTL1 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 GLUTSs, 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

12



Introduction

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 GLUTSs insert in the PM sulfficiently, 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 hxt® (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

15



Introduction

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 hxt? yeast system

Native human GLUTSs are not actively expressed in a hxt® 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, S76l
(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 hxt®
strain. These were discovered by different approaches. For GLUT1, hxt° 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 hxt°
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, 171M 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 (GLUTS) 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 GLUT2aloops
variant likewise enabled GLUT2ai00ps_q4s5r €xpression 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 Thelipid composition of the plasma membrane of yeast affects GLUT
activity

Native GLUT1 was actively expressed in EBY.S7, a hxt° strain, which additionally
carries a fgyl (for functional expression of GLUTL1 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 Yppl, which in turn interacts with Stt4, recruits Stt4 to the
PM where it catalyzes the synthesis of phosphatidylinositol-4-phosphate (P14P)
(Wu et al., 2014). A frame-shift mutation in the fgyl-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
P14P 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 (P13,4P2, PI3,5P2, PIl4,5P2,
P13,4,5P3) 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 PI13,4,5Ps.
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 fgyl 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, Pikl 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 Pikl, is not essential for cell growth (Han et al., 2002). Nevertheless,
overexpression of Lsb6 could partially restore the viability of Astt4 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. Sacl is a phosphatidylinositol (Pl) 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 (Desrivieres et al., 1998), or Ictl 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, Sfkl
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.

PM |
Pl4,5P,
Pl4pP P
LPA — PA
\_ﬂend other PLs R
Pl Pl4P
Pl Pl14P —
o
Vacuole

Figure 1. Selected proteins that regulate the phosphoinositide levels in membranes of yeast.
Efr3 is a scaffold protein that, via interaction with Yppl, recruits the Pl4P-kinase Stt4 to the PM.
Sfkl is also involved in Stt4 proper localization. Lsb6 shows Pl4P-kinase activity at the PM and
vacuolar membrane and likely generates only a small pool of PI4P. Pikl generates PI4P at the
TGN, Sacl dephosphorylates PI4P to PIP at the ER and Mss4 catalyzes the phosphorylation of
PI4P to PI4,5P2. Ictl is a lysophosphatidic acyltransferase that enhances overall phospholipid
production. PL= phospholipids, Pl= phosphatidylinositol, PI4P= phosphatidylinositol-4-phosphate,
P14,5P>= 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 hxt® yeast strain was
GLUT4 and the mutation that enabled this (in combination with fgyl) 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, Ergl, Erg7, Ergll, 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 Aerg6 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 Kodedova and Sychrova (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
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mechanisms remain to be elucidated, it has been shown that this lipidome is crucial
for normal membrane protein activity. The yeast lysine transporter Lypl, 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 Lypl, 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 GLUTSs 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
(GLUTL, Hxtl, Hxt9) indicating that the interaction is unspecific and probably not

the cause for the altered localization in the Aerg4 strain (Dlugai, 2003).

The fact that just ERG4 (or ERG4/ERG5 double) deletion and not, e.g., an ERG5
deletion combined with the fgyl 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 (CHs) (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 Aerg4 strain is not resolved yet.

2.2.4 Glucose uptake assays

The hxt? 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 C1# 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 DGG6P 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.,

25



Introduction

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 GLUTSs 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 hxt® 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 hxt° 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.

27



General discussion

3 General discussion

3.1 The hxt? 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 hxt° 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; Schuliler et al., 2006; Price et al.,
2010). It has been used for initial characterizations of newly found transporters
(e.g., SchaBler 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 hxt°
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 hxt® 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 hxt° 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 hxt° 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 GLUTSs in the hxt° yeast system.

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

GLUT?2 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 (Ku=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 GLUTS3. Active expression of both transporters in an hxt® yeast
strain was achieved in this thesis and thereby provides a convenient platform for
further research.

Native GLUT3 was functionally expressed in the hxt® fgyl 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
hxt? 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, S76l (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
GLUTS5 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 GLUTZ2, 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 GLUT2aops_q4s5r 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
GLUT2ai00ps 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 GLUTZ2 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
GLUTS5, a beneficial point mutation for active expression in yeast was found for
GLUT2 as well, namely Q455R. While GLUT2ai00ps Was already actively expressed
in EBY.S7, the additional point mutation Q455R in GLUT2ai00ps_a4s5r 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 GLUTS5 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 hxt® 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 GLUTSs 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 GLUTSs in general depict the alternating mechanism of
transport and it is presumed that most act as uniporters (lancu 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
GLUTL1 (Cloherty et al., 1996). Also, the detailed role of individual GLUTSs 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. ldentifying 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 hxt® 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 GLUT1veom, GLUT3ss6y, GLUT5s761
or GLUT5s72y (Wieczorke et al., 2002; Tripp et al., 2017; Schmidl et al., 2021b)
revealed that these mutated transporters show highly similar characteristics (e.qg.,
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 GLUTZ2, however, the required alterations for its
active expression were more invasive (Schmidl et al., 2021b). By truncating the
extracellular loop between TM1 and TMZ2, one characteristic motif of this

32



General discussion

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 GLUTZ2 as a possible factor for these roles. Still,
functional studies that were performed with GLUT2ai00ps_a455r 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,
GLUT2a00ps_a455R-EXPressing yeast systems can very well serve for investigations
or ligand screenings. ldentified 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 GLUT2ai00ps_a455R-€Xpressing 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 GLUTSs is doubtlessly
useful for a higher certainty of unaffected functional properties. Native GLUT1 and
GLUT3 are active in the hxt® strain EBY.S7 which carries the additional fgyl
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 fgyl, 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 GLUTSs 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, Aerg 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 Canl functions normally in strains
with sterol intermediates, whereas the ABC transporter Pdrl2 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 GLUTSs, 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 hxt? 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 hxt° 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 Aerg6 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 Aergé 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 Aergé 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 Tatl 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 Aergb/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,
ERGG6 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 GLUTSs, an effect was visible for both
Aerg6 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 fgyl strain EBY.S7
(and fgyl/Aerg4 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 (lancu et al.,
2013) and investigation of the resulting candidates in proteoliposomes (George
Thompson et al., 2016).

Currently available crystal structures of GLUT1, GLUT3, and GLUTS5 (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 GLUTZ2, 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 GLUTS5.

3.2.1 GLUT2 screening and ideas for future GLUT-selective ligand
screenings
In this thesis, active expression of GLUT2 in a hxt° 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
GLUT?2 inhibitors with ICso values ranging from 0.61 to 19.3 pM 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 GLUTSs. 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 GLUTSs 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 GLUTSs 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/GLUTS5 inhibiting ligand G2il, 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 GLUTSs 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 GLUT?2
inhibitors to help with the here-described health problems is tempting, one must
consider the many regulating functions GLUTZ2 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 GLUTSs 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 1Cs0=0.61 uM (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 Lypl 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 GLUTS5 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, Hxtl5 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 (lle314) (a residue conserved among fructose-transporting

GLUTSs) in GLUT?7 to valine abolished fructose transport but left glucose transport
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unaffected (Manolescu et al., 2005). Although 1le314 (GLUT?7) 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 lle314 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 GLUTZ2 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 GLUT2ai00pS_Q455R iN
yeast compared to full-length GLUT2 in other systems (Schmidl et al., 2021b;
Schmidl et al.,, 2021c), proving that the GLUT2awops Q4s5r Yyeast 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
hxt? 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 hxt yeast strain and
the cytosolic pH (pHcyt) of these cells was monitored. For this, the ratio (R3so/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

46



General discussion

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 pHecyt 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 hxt® yeast cells that, besides pHIluorin, 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 (Kv=1.3 mM) and the medium-affinity/medium-capacity yeast
transporter Hxt5 (Ku=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 C!* uptake assay (Schmidl et al., 2021a).
However, for the low-affinity/high-capacity transporter Hxtl a severe discrepancy
was observed (Km=6.2 mM with the pHIluorin-based assay (Schmidl et al., 2021a)
vs. Ku=~100 mM with the C!* uptake assay (Reifenberger et al., 1997)) which
presumably derived from the high capacity of Hxtl 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, Hxt1l was
expressed from a low-copy plasmid to reduce its capacity which vyielded
significantly higher Km values for Hxt1l (Km=99.1 mM) that agreed with the published
values and the ones obtained previously with the C'#4 uptake assay (Reifenberger
et al., 1997; Schmidl et al., 2021a). By setting the initial transport velocity (Vo)
values measured by both methods (pHIluorin-based assay and C'# uptake assay)
for Hxt5 and Hxt1, respectively, into relation in one graph, a linear correlation up to
a certain threshold (~0.006 R3s0/470S™* or 1.5 nmol min't mgcaw™) 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 Hxtl, 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 Hxtl- and pHluorin overexpressing hxt°
strain (all three from separate multi-copy plasmids). The Kwv values obtained from
these cells with the pHIuorin-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 C!* 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 pHIluorin-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/lx 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 pHeyt. Supposedly, this would lead to a stronger acidification, but
should not tamper with the results and so the pHIluorin-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 Hxk1l and Hxk2 (glucose
and mannose can additionally be phosphorylated by the glucokinase Glk1)
(Fraenkel, 2011). Galactose is phosphorylated by Gall (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 C4-
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, C* uptake assays require a
significant amount of single-use scintillation vials and plastic containers for
disposal. By using the pHIuorin-based assay instead of the C!4 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 QuantaMaster™ 8000 (Model QM-8075-11-C,
Horiba Scientific). Two other devices, Fluorolog®-3 and Duetta™ (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 R3so/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 (Rsoo470) (for Duetta™). The PTI
QuantaMaster™ 800-series incorporates a superior DeltaRam X™ technology
which allows for high-speed wavelength switching and rapid signal output
(https://www.horiba.com/). In our experiments with the PTI QuantaMaster™ 8000,

we obtained one value every 2.2 s. This very fast output of Rsgo470 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 (AR3g0/470/At) 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 QuantaMaster™ 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
hxt® 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 pHeyt. A proof of concept was given in this thesis, when pHluorin- and
GLUT1veom-coexpressing hxt® 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 uM) the recovery to a near-neutral pH is
completely absent, whereas with lower concentrations (20 uM or 50 uM), 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
gualitatively, 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 GLUTS5 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 pHIluorin-based assay represents an attractive
alternative to the commonly used C'# 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 C4 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
(Miesenbdck et al., 1998). Since its development it was used extensively, not only
in cultured cells (Miesenbtck 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 hxt® 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 fgyl hxt° yeast strain EBY.S7
and of GLUT4 in the fgy1/Aerg4 hxt° 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., Aerg 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 GLUTSs require a certain lipid environment for

their normal function, too.

5.1.1 Construction of hxt 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 hxt® 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
Aerg6 strain (Souza et al., 2011) which allows the presumption that a Aerg6 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 hames, genotypes and the names and
structures of the varying putative main sterols in their membranes are listed.

Strain Genotype Refe- Putative Sterol structure

name rence main sterol

EBY. MATa leu2-3,112 ura3- (Wieczorke | Ergosterol
52 trp1-289 his3-1 MAL2- | etal., 1999)

VWA4000 | gc suc2 Ahxt1-17 Agal2 ",z o
Astl1 Aagt1 Amph2 A
Amph3

EBY.S7 | MATa leu2-3,112 ura3- (Wieczorke
52 trp1-289 his3-1 MAL2- | et al., 2002)
8c SUC2 Ahxt1-17 Agal2
Astl1 Aagt1 fgyl-1

SDY.022 | MATa leu2-3,112 ura3- (Boles Ergosta- -
52 trp1-289 his3-1 MAL2- | etal., 2004) | 5,7,22,24(28) TN AT
8c SUC2 Ahxt1-17 Agal2 -tetraenol
Astl1 Aagt1 fgyl-1
erg4::KanMX

SSY53 EBY.VW4000 This thesis | Brassica-
AURAS::-TDH3-DHCR7 sterol

SSY54  EBY.VWA4000 éEég‘_’jit:r']ol)
AHO::TDH3-DHCR24 '

AURAS::TDH3-DHCR7

SSY55 EBY.VW4000 Ergosterol
AHO::TDH3-DHCR24

SSY56 EBY.VW4000 Campesterol
AURAS3::.TDH3-DHCR7 (Ergosta-5-

Aergb enol)

SSY57 EBY.VW4000
AHO:: TDH3-DHCR24
AURAS::.TDH3-DHCR7
Aergb

72



Additional results

SSY58 EBY.VW4000 This thesis | Ergosta-5,7- e, 2 on,
AHO::TDH3-DHCR24 dienol e, 2
Aerg5 - nd o
SSY61 EBY.VW4000 Cholest-
AHO::TDH3-DHCR24 5,7,22-trienol
Aergb
SSY63 EBY.VW4000 Cholest-5,22- HE, 2
AHO::TDH3-DHCR24 dienol '
AURAS3::TDH3-DHCR?7
Aergb

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 Hxtl. An empty plasmid was
also included as a negative control. In a first test, all here-generated strains were
compared with EBY.VW4000, the hxt® strain with no further membrane
modifications. Pre-cultures were harvested, washed twice with ddH20, and
dissolved in ddH20 to an ODeoonm of 1. Serial dilutions (10°, 101, 102, 10-%) were
prepared and 4 pl 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 Hxtl,
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 hxt° 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 ODesoonm Of 1 in ddH20.
Dilutions (101, 102, 10-®) were prepared and 4 pl 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 GLUTL. 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 hxt° 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 hxt® 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 hxt® 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 Hxtl, 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 ODeoonm
of 1 in ddH20. Dilutions (101, 102, 10%) were prepared and 4 pl 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 hxt? 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, Sacl, Sfkl, Ictl 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 Hxtl (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 Pl 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 ODesoonm Of 1 in ddH20. Dilutions (10, 102, 10-%) were
prepared and 4 ul 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: Plasmid 2: Growth on 0.2 % (w/v) glucose

p423MET25_ p426H7_ and mannose

EBY.VW4000 Empty plasmid GLUT1 -
Stt4 —
Lsb6 —
Sacl -
Sfkl _
Ictl -
Mss4 —
EBY.S7 Empty plasmid GLUT1 +
Stt4 +
Lsb6 +

Sacl +
Sfkl -
Ictl +
Mss4 +

Most of the overexpressed enzymes had no or little effect on the growth of GLUT1-
expressing hxt strains on glucose or mannose (Table 3). However, when Sfkl 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, Sfk1l 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, Asfkl cells
are viable, unlike Astt4 cells, suggesting that Sfk1l plays only a minor or auxiliary
role in the recruitment of Stt4 to the PM. Thus, unlike Efr3 and Yppl, Sfkl 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, Sfkl overexpression in EBY.S7 might improve the
generation of PI4P at the PM, which in turn negatively influences the functional
expression of GLUTSs. 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 Sfk1AC. To further investigate the hypothesis that an improved assembly
of the Stt4 complex via Sfkl interaction is the reason for the reduced growth of
Sfkl- and GLUT1-coexpressing EBY.S7 cells on glucose, Sfk1AC 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't, compared to 0.042 h-* for
cells expressing the empty vector instead of Sfkl), whereas overexpression of
Sfk1AC did not (maximal growth rate 0.040 h) (Figure 5 B). Controls with cells
expressing each plasmid (empty, Sfk1 or Sfk1AC), 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 Sfkl with Stt4 in Sfk1l-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) Sfkl 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
Sfk1AC, 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 hxt°
yeast system as a screening platform for GLUT-specific
inhibitors

Human GLUTSs 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 hxt® 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 GLUTSs. 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 C4-
glucose uptake assay with 10 uM 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 yM (~ 24-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 GLUTSs 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.
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Figure 6. Effects of HIV integrase inhibitors dolutegravir, raltegravir, and bictegravir on
GLUTA4. Glucose uptake of SDY.022 cells expressing GLUT4 was tested via the C14 glucose uptake
assay whereat cells were exposed to 10 uM HIV integrase inhibitor (dolutegravir, raltegravir, or
bictegravir, respectively), or DMSO as a control, 35 s prior to the addition of 50 uM 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 uM of each HIV integrase inhibitor,
respectively, or the solvent DMSO as a control (B). Cells were cultured in a volume of 500 pl 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

80



Additional results

characterizations via the pHIluorin-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 pHeyt 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, GLUT1lveom and pHluorin were
expressed in EBY.VW4000 cells from separate plasmids. As controls the empty
vector p426H7 and the endogenous yeast transporter Hxtl 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 ODesoonm Of 1. 180 pl 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 (Rag0/470) 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 uM, 20 uM, 50 uM and 300 pM) 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 Hxtl transporter
exhibited a continuous rise of the pHeyt after the pulse, independently from the
presence of phloretin (Figure 7 B). The pHcyt of GLUT1veom 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 uM) abolished the recovery completely, whereas lower concentrations (20 uM
and 50 uM) reduced the rate of the pHcyt rise (Figure 7 C). For the first time point
(O) after the sugar pulse, the pHcyt of Hxtl expressing cells was apparently lower
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than for all GLUT1veom expressing cells (Figure 7 B, C). This likely originates from
the initial acidification which is supposedly stronger when Hxtl is present in
comparison to GLUT1veom, 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
hxt® yeast strain by tracking the pHeyt 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 pHIluorin-based method in GLUT-ligand screenings, at least

in a qualitative or semi-quantitative manner.

A Empty vector B Hxti c CGLUTveom
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Figure 7. Transport inhibitor screening with the pHIuorin-based assay.

EBY.VW4000 cells expressing the empty vector p426H7 (A), the endogenous transporter Hxtl (B),
or the human GLUT 1veom (C) along with pHluorin, on a separate plasmid, were grown over night in
If SC -URA -LEU M (1% (w/v)) medium, harvested, and starved for 3-4 hours in medium with no
sugar. 180 pl of cells (ODsoonm=1) were prepared in a 96-well plate. The pHc 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 pl) of 10% (w/v)
glucose (final concentration 1% (w/v)) and different concentrations of the GLUTL1 inhibitor phloretin
(final concentrations: 0 uM, 20 uM, 50 uM and 100 uM) 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 DH10B. 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 Sfkl C-terminus, the second (reverse) primer was
designed to bind in the terminator region but continued 192 bp upstream of the
stop codon of Sfkl 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 2u, LEU2, AmpR, HXT7p*3%, (Becker and Boles,
CcYCLt 2003)

p426H7 2u, URA3, AmpR, HXT7p*3%, (Becker and Boles,
CYC1t 2003)
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p423MET24 2y, HIS3, AmpR, MET25p, CYC1t (Becker and Boles,
2003)
JHeV1 p423MET25_Stt4 This group
JHeV2 p423MET25_ Sacl This group
JHeV3 p423MET25_Sfkl This group
JHeV4 p423MET25_Lsb6 This group
JHeV5 p423MET25_Mss4 This group
JHeV6 p423MET25 Ictl This group
SSV52 p423MET25_Sfk1AC This thesis
SSV20 p426H7_Hxtl This group
SSV16 p426H7_GLUT1 This group
SSV66 p426H7_GLUT lveom This group
SSV19 p426H7_optGLUT3sesy This thesis
SSV14 p426H7_GLUT4 This group
SSV61 p425H7_pHIluorin This thesis
pYTKOO01 Golden Gate entry vector, Cam~ (Lee et al., 2015)
SSV78 pYTKO01_DHCRY This thesis
SSV79 pYTKO01_DHCR24 This thesis
pYTKO09 Golden Gate entry vector with (Lee et al., 2015)
TDH3 promotor, Cam®
pGG4.12 Golden Gate entry vector with This group
CYCL1 terminator, Cam®
ALV001 Golden Gate plasmid for genomic Alvaro Furones
integration into the URA3 locus, Cuadrado, this
Kan® group
SSV80 ALV1 TDH3p-DHCR7-CYC1t This thesis
SiHV111 Golden Gate plasmid for genomic Simon Harth, this
integration into the HO locus, Kan® | group
SSVv101 SiHV111 TDH3p-DHCR24-CYC1t | This thesis
pRCC-K 2u, kanMX, AmpR, ROX3p- (Generoso et al.,
Cas9opt-CYC1t, SNR52p-gRNA 2016)
MRVO02 pRCC-K with gRNA for URA3 locus | Mara Reifenrath,
this group
SSV100 pRCC-K with gRNA for ERG5 locus | This thesis
SSVvo8 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 ERGS5 locus, forward

SSP112

CAACAAAGCGGCGAAGGTAATGATCATTTATCT
TTCACTGCGGAG

Amplification of the CrispR
pRCC plasmid and
insertion of the target RNA
for ERGS5 locus, reverse

SSP117

TTATTTCCGCGGCGCGGTTG

Primer binds upstream of
ERGS5, used to test if
ERGS5 deletion was
successful

SSP118

CTGGCAGGGTGAGTATTTG

Primer binds downstream
of ERG5, used to test if
ERGS5 deletion was
successful

SSP128

CTCGCCATCACGTGTACCAG

Primer binds upstream of
ERGS6, used to test if
ERG6 deletion was
successful

SSP129

CGTTAGCGGAATTTCTTTCCG

Primer binds downstream
of ERGBG, 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

TCCCCATTTGTTAAAAGGTATTTATTGTCTATTG
GAATAGCAAAAT

MOP300 GATAATCCTGATATGAATAAATTGC Primer (forward) binds in
KanMX cassette, used to
verify successful
integration of cassette

SSP86 ATTTTGCTATTCCAATAGACAATAAATACCTTTT | Donor DNA for integration

AACAAATGGGGAAAAACAGAACTTTGTCCAGAC | INto ERGS locus
AATAAATCATATT
SSP87 AATATGATTTATTGTCTGGACAAAGTTCTGTTTT | Donor DNA for integration

into ERGS5 locus

SSP57_SFK1d

GAATGTAAGCGTGACATAACTAATTACATGATC

Truncation of 64 amino
acids of the C-Terminus of

GAGTAACGAAG CTTACCAGC

eltaCrev. ATCTTCCACCTAAATAAAAGTC
Sfkl
SSP78 TGTTCCATGTCGACGTGGCTGTTTTAGAGCTAG | Amplification of the CrispR
AAATAGCAAGTTAAAATAAGG PRCC plasmid and
insertion of the target RNA
for ERG6 locus, forward
SSP79 CAGCCACGTCGACATGGAACAGATCATTTATCT | Amplification of the CrispR
TTCACTGCGGAG PRCC plasmid and
insertion of the target RNA
for ERGS6 locus, reverse
WGP243 TCTTCTTGAAGTAGTCTTCC Amplification of the CrispR
pRCC plasmid, forward
WGP245 GGCTATTGTTGACTTGTTG Amplification of the CrispR
pRCC plasmid, reverse
JHeP5 TAGATACAATTCTATTACCCCCATCCATACATGA | Amplification of SACL,
CAGGTCCAATA GTGTAC overhang to MET25
promotor, forward
JHeP6 GAATGTAAGCGTGACATAACTAATTACATGATTA | Amplification of SAC1,
ATCTCTTTTTAA AGGATCTGG overhang to CYC1
terminator, reverse
JHeP7 ATACAATTCTATTACCCCCATCCATACATGAGAT | Amplification of STT4,
TTACCAGAGGA TTGAAAGCCTC overhang to MET25
promotor, forward
JHePS8 GAATGTAAGCGTGACATAACTAATTACATGATC | Amplification of STT4,
AGTACGGAATGC CATTTG overhang to CYC1
terminator, reverse
JHeP9 CATAGATACAATTCTATTACCCCCATCCATACAT | Amplification of LSB6,

overhang to MET25
promotor, forward
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JHeP10 GAATGTAAGCGTGACATAACTAATTACATGATC | Amplification of LSBS6,
AACACCAGGTGA ATACG overhang to CYC1
terminator, reverse
JHeP11 TAGATACAATTCTATTACCCCCATCCATACATGA | Amplification of SFK1,
TTCAATTTAAAA GTCCAGG overhang to MET25
promotor, forward
JHeP12 GAATGTAAGCGTGACATAACTAATTACATGATC | Amplification of SFK1,
ATACGACTACTT GAATAGATTC overhang to CYC1
terminator, reverse
JHeP77 AGATACAATTCTATTACCCCCATCCATACATGTC Amplification of MSS4,
AGTCTTGCGAT CACAACCTCCTTCAG overhang to MET25
promotor, forward
JHeP78 AATGTAAGCGTGACATAACTAATTACATGATCA Amplification of MSS4,
GTCTTTATAATTT TTCTGGTTAGGGTC overhang to CYC1
terminator, reverse
JHeP79 TAGATACAATTCTATTACCCCCATCCATACATGT | Amplification of ICT1,
GGACAAACACT TTCAAATGGTGCAGC overhang to MET25
promotor, forward
JHePS80 GAATGTAAGCGTGACATAACTAATTACATGATTA | Amplification of ICT1,
CTTTGACAGGA ACGAGACTAAAGAAG 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 Notl, by adding 1 ul of the restriction enzyme to the Cut Smart
reaction (New England Biolabs GmbH) containing 1 pg of the plasmid (total volume
of 12 pl) 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 pg). When the plasmid SSV80 was used
(ALV1_TDH3p-DHCR7-CYCL1t), 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 pg/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 YO0568) 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 pg/ml)),
transformants were plated on solid YP M (1% (w/v)) with G-418 (200 pg/ml) and
ergosterol (10 pg/ml). After ~6-7 days, colonies appeared that were picked and
cultured in liquid YP M (1% (w/v)) medium with ergosterol (10 pg/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 pl/ml G-418 for the selection pressure. For mutants that were expected to have
a modified sterol composition (e.g., in Aerg5 or Aerg6 mutants), 10 pg/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 (If-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 DH10B (Gibco BRL, Gaithersburg, MD) were
used that were cultured in lysogeny broth (LB) medium with 100 ug/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 (ddH20). Cells were resuspended in ddH20 and
ODeoonm Was adjusted to 1. Dilutions (101, 102, 10-3) were prepared and 4 pl 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 ddH20. These cells were used to inoculate
30 ml medium to an ODsesoonm 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't) 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 ddH20, and adjusted in SC -URA medium with the
respective sugar to an ODsoonm Of 0.4. 475 pl 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 pl of the 20x stock solution of integrase
inhibitors (dolutegravir, bictegravir, or raltegravir, respectively; final concentration:
10 uM) 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 ODsoonm 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 C* glucose uptake assay

To measure the uptake of radiolabeled C4 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 (ODsoonm=0.8). Pellets were washed
twice in ice-cold 0.1 M potassium phosphate buffer (KH2POa, pH 6.5, adjusted with
KOH) and resuspended in the same buffer to a wet weight of 60 mg/ml. Aliquots of
110 ul were prepared and kept on ice. The integrase inhibitors (final concentration:
10 uM) or DMSO as a control were added, respectively, and incubated for 35 s,
before 100 pl 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 pHIuorin-based assay could be employed to assess inhibitory effects
of compounds on GLUTs, EBY.VW4000 cells were transformed with pHIuorin 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 (ODesoonm=0.5 —
1.5), and starved for 3-4 hours in medium without sugar, while shaking (180 rpm)
at 30°C. An ODsoonm Of 1 was adjusted in the same medium (If SC -URA -LEU
without sugar) and 180 pul 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 (Rasg0/470) 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 pl) of 10% (w/v) glucose (final concentration 1% (w/v)) and
different concentrations of the GLUTL1 inhibitor phloretin (final concentrations: 0
MM, 20 puM, 50 uM and 100 puM) 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. Rsg0470 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 pHct was determined with the help of a calibration curve. For this,
EBY.VW4000 cells expressing pHIluorin and the empty p426H7 vector were grown
over night in biological triplicates in If SC -URA -LEU M (1% (w/v)) medium to an
ODe0onm=0.5-1.5 and harvested by centrifugation (3000 g, 5 min). Pellets were
washed once in ddH20 and resuspended in PBS buffer containing 100 pg/mi
digitonin. After 10 min of incubation at room temperature, cells were centrifuged,
washed once with PBS buffer, adjusted to an ODeoonm 0f 10 in PBS buffer, and put
on ice. 180 pl of citric acid/ NazHPOa4 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 pul of the cell suspension was
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added (final ODsoonm=1). After 30 s of double orbital shaking (700 rpm), Rsgo/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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Hexoses are the major source of energy and carbon skeletons for biosynthetic processes
in all kingdoms of life. Their cellular uptake is mediated by specialized transporters,
including glucose transporters (GLUT, SLC2 gene family). Malfunction or altered
expression pattern of GLUTs in humans is associated with several widespread diseases
including cancer, diabetes and severe metabolic disorders. Their high relevance in the
medical area makes these transporters valuable drug targets and potential biomarkers.
Nevertheless, the lack of a suitable high-throughput screening system has impeded
the determination of compounds that would enable specifi ¢ maipulation of GLUTs so
far. Availability of structural data on several GLUTs enabled in silico ligand screening,
though limited by the fact that only two major conformations of the transporters can be
tested. Recently, convenient high-throughput microbial and cell-free screening systems
have been developed. These remarkable achievements set the foundation for further
and detailed elucidation of the molecular mechanisms of glucose transport and will also
lead to great progress in the discovery of GLUT effectors as therapeutic agents. In this
mini-review, we focus on recent efforts to identify potential GLUT-targeting drugs, based
on a combination of structural biology and different assay systems.

Keywords: glucose transport, sugar transport inhibitors, screening system, sugar transport assays, drug
discovery, hxt strain

INTRODUCTION

In human cell membranes, glucose transporter family members (GLUT, gene family SLC2)
facilitate the diffusion of glucose and related monosaccharides along the concentration gradient.
The 14 GLUTs are grouped according to phylogenetic homology into 3 classes: class I with
GLUT1-4 (all transport glucose, GLUT?2 also transports fructose), class II with GLUTS5, 7, 9, and
11 (all transport fructose and glucose except for GLUT5—a fructose-only transporter; GLUT9
also transports uric acid), and class III with GLUTS6, 8, 10, 12, and 13 (all transport glucose,
except for GLUT13, which is a myo-inositol/proton symporter) (Thorens and Mueckler, 2010;
Mueckler and Thorens, 2013). Other GLUT substrates are galactose, mannose, glucosamine,
and dehydroascorbic acid. GLUTs differ in transport capacity, substrate affinity and specificity,
and tissue distribution; the latter reflects local physiological needs. Alterations in the function,
localization or expression of GLUTs are associated with Mendelian disorders (Santer et al., 1997;
Seidner et al., 1998), cancer (Thorens and Mueckler, 2010; Barron et al., 2016), diabetes (Elsas and
Longo, 1992), obesity (Song and Wolfe, 2007), gout (George and Keenan, 2013), non-alcoholic
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fatty liver disease (Douard and Ferraris, 2013), and renal disease
(Kawamura et al., 2011). Thus GLUTs are important subjects
for medical research and show great potential as drug targets
for the treatment of a number of these diseases for instance in
cancer therapy. It is known that cancer cells show an increased
expression of glucose transporters to meet their need for higher
energy demand due to uncontrolled proliferation (Warburg,
1956; Cairns et al.,, 2011). A higher expression rate of several
GLUTSs has already been identified in various kinds of tumors
(Szablewski, 2013). 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). Various studies also related
abnormal expression of other transporters, including GLUT4,
GLUTe, GLUT7, GLUTS, GLUT11, and GLUT12, with the fast
proliferation of cancer cells (Rogers et al., 2002; Godoy et al,,
2006; McBrayer et al., 2012); GLUT5 was found in breast cancer
tissue but was absent in normal breast tissue (Zamora-Ledn
et al., 1996). Metabolites which specifically modify the activity
of certain GLUT isoforms would therefore be very valuable
for cancer therapy which is furthermore encouraged by studies
showing that cancer cells die faster than normal cells under
glucose-limiting conditions (Liu et al., 2010).

Diabetes mellitus type 2 is another prominent example of
a GLUT-related disease whereas GLUT4 is considered a key
player in the pathogenesis of this disease. This transporter is
predominantly expressed in adipose tissue, heart, and skeletal
muscle and is stored in small vesicles in the cytoplasm until
insulin triggers its translocation to the plasma membrane, where
it mediates glucose uptake (Hajiaghaalipour et al., 2015). Diabetic
type 2 cells show diminished expression of GLUT4 as well as
impaired trafficking to the plasma membrane (Patel et al., 2006).
Furthermore, a proper anchoring of GLUT2 at the surface of
p-cells seems to be crucial for the physiological glucose-uptake
in these cells which is in turn required for normal glucose-
stimulated insulin secretion (Ohtsubo et al., 2005). Reduced
stability of GLUT2 in the plasma membrane disrupts insulin
secretion and therefore favors the development of type 2 diabetes
(Ohtsubo et al., 2005). Substrates with the ability to modulate
altered functions of GLUTs involved in the pathogenesis of
diabetes might contribute to the therapy and diminish symptoms
of diabetes type 2 patients.

Given the complex role that GLUTs play in different diseases
the discovery of GLUT-selective is highly desirable. Recent
advances in three-dimensional structure determination of GLUTs
and their homologs (Sun et al, 2012; Tancu et al,, 2013; Deng
et al., 2014; Nomura et al., 2015) finally make structure-based
drug design possible, as exemplified by two HIV integrase
inhibitors Raltegravir and Elvitegravir (Williamson et al., 2012).
In particular, in silico ligand screening studies have uncovered
GLUT-specific inhibitors for the first time. In this mini-review
article, we will summarize the current efforts to identify potential
GLUT-targeting drugs, based on a combination of structural
biology and different assay systems.
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STRUCTURE-BASED DISCOVERY OF
COMPOUNDS TARGETING GLUTs

GLUTS belong to the sugar porter family of the Major Facilitator
Superfamily (MES) proteins (Saier et al,, 1999; www.tcdb.org),
one of the largest and most ubiquitous protein families. As other
MEFS proteins, GLUTs have 12 transmembrane helices organized
into two 6-helices domains (the N- and C-halves); a central
polar cavity formed between the N- and C-domains contains
the substrate binding site. GLUTs have an alternating access
transport mechanism whereby the substrate cavity presents in
turn to either the lumen (outward-facing conformation) or
cytoplasm (inward-facing conformation). Crystal structures of
GLUTs and their homologs have captured outward- and inward-
facing conformations, in different ligation states (apo, with
substrate or inhibitors), with the substrate cavity open (open
conformation) to or partially shielded (occluded conformation)
from solvent (Sun et al, 2012; Tancu et al, 2013; Deng
et al, 2014; Nomura et al, 2015; Kapoor et al, 2016; see
Table 1). Comparison of the crystal structures of GLUT1 inward-
open conformation and GLUT3 outward-facing conformations
(outward-occluded and -open), suggest that the alternating
access mechanism involves a rigid-body rotation of the N-
terminal half relative to the C-terminal half and rearrangements
in the substrate interactions with residues mostly from the C-
terminal domain (Deng et al., 2015). Ligand docking studies of
substrate and inhibitors to different conformations of GLUTI,
based on crystal structures of GLUT1, GLUT3 and the bacterial
homolog XylE, show conformation-dependent variation in the
number and location of the ligand binding sites: several potential
glucose binding sites (three for the outward-open conformation,
two for the outward-occluded conformation and one each for
the inward-occluded and inward-open conformations) and, in
the case of GLUT1 inhibitors, two maltose binding sites in the
outward-facing conformation, and two sites for cytochalasin B in
the outward-facing conformation (Lloyd et al., 2017). Obviously,
structure-based ligand screening for GLUTs will need to employ
all available conformations of a transporter.

Structure-based drug discovery relies on reliable 3D structures
of a target protein, ix silico ligand screening with libraries of small
compounds, and assay systems to validate and characterize the
ligand candidates. Subsequent rounds of chemical optimization,
informed by structure-based design, may further increase the
potency and specificity of the identified ligands (Sliwoski et al.,
2014; Schreiber et al., 2015).

So far, in silico ligand screening has been reported for GLUTI,
GLUT4, and GLUT5 (Mishra et al.,, 2015; George Thompson
et al,, 2016; Ung et al,, 2016). This is a high-throughput ligand
screening method in which millions of small compounds are
assessed computationally for their ability to bind to a target
structure (Colas et al., 2016). Table 2 lists GLUT inhibitors with
IC50 under 20 pM uncovered through in silico ligand screening
studies. Human GLUT crystal structures were unavailable at the
time of the initial virtual screening, so structural models were
based on the crystal structures of bacterial GLUT homologs or
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TABLE 1 | Crystal structures of GLUTs and their homologs.

Protein Source Conformation PDBID References
Xylose/H* symporter Escherichia coli Outward-occluded 4GBY Sun et al., 2012
4GBZ
4GCO
Inward-open 4JA4 Quistgaard et al., 2013
4JA3
Inward-open 4QlIQ Wisedchaisri et al., 2014
Glucose/H* symporter Staphylococcus epidermidis Inward-open 4LDS lancu et al., 2013
GLUTH Homo sapiens Inward-open 4PYP Deng et al., 2014
Inward-open SEQI Kapoor et al., 2016
5EQG
S5EGH
GLUT3 Homo sapiens Outward-occluded 4ZW9 Deng et al., 2015
Outward-occluded 42WB
Outward-open 42ZWC
Outward-occluded 5C65 Pike et al., 2015
GLUTS Rattus Outward-facing 4YBQ Nomura et al., 2015
Bos taurus Inward-open 4YB9

other MFS proteins (Table 2) and represented either the inward-
facing conformation (GLUT4 and GLUT5) or the outward-facing
conformation (GLUT1). The number of molecules in the screen
library varied: ~550,000 (Fragment Now and NCI-2007) for
GLUT1, ~6 million (Chemnavigator) for GLUT5, and ~ 10
million (ZINC) for GLUT4. The number of resulting ligand
candidates purchased and checked for activity against GLUTs was
17, 19, and 175, respectively, for GLUT4, GLUT1, and GLUT5.
The transport assay systems were: GLUTI-expressing CHO
cells, GLUT4-expressing HEK293 cells or multiple myeloma cell
lines, and GLUT5 proteoliposomes. The studies identified eight
GLUTT1 inhibitors (including compounds A and B in Table 2),
two GLUT4 inhibitors (compound E is a structural derivative
of compound C, Table 2) and one GLUTS5 inhibitor. Inhibitor
selectivity was not established for GLUT1, but was determined
at different extents for GLUT4 and GLUTS5 inhibitors. Thus,
compounds C and D (Table 2), seemed selective for GLUT4,
compared to GLUT1, which is impressive given the extensive
amino acid sequence conservation in the substrate binding cavity
between these class I GLUTs. Compound F, did not affect the
glucose transport of GLUT1, 2, 3 or 4, or the fructose transport
of GLUT2, in proteoliposomes, proving to be a GLUT5-specific
inhibitor. Mutagenesis studies on GLUT1, 5 and the bacterial
GLUT homolog GlcPs. confirmed the predicted binding site of
compound F in GLUT5 and identified His 387 of GLUT5 as a
residue important in inhibitor selectivity. Nevertheless, whether
compound F remains GLUTS5-selective, compared to other class
II GLUTS, in particular GLUT?7, which has the equivalent of His
387, remains to be established. Subsequent chemical optimization
has been done only for GLUT4 inhibitors so far. Based on
compound E, Wei et al. performed SAR (structure-activity
relationship) analysis and antagonist synthesis and found that
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compound E analogs decreased proliferation of the plasma cell
malignancy multiple myeloma (Wei et al., 2017).

All the described in silico studies are a promising start for drug
discovery efforts targeting GLUTs. Now that crystal structures
for several human GLUTSs are available, in silico studies for all
GLUTs are possible. Furthermore, for the same GLUTs, inhibitors
for the outward-facing and inward-facing conformations can
be identified. To further establish the selectivity of the new
inhibitors, GLUT-specific assay systems are required.

ASSAYS AND SCREENING SYSTEMS FOR
GLUT ACTIVITY

In silico approaches usually yield a large number of compounds
that need to be evaluated for their effect on hexose transport
by GLUTS to select the best candidates for possible (pre)clinical
trials. Thereby, an ideal assay system should be quick and
inexpensive, but at the same time it must preserve the
transporter’s properties, e.g., in terms of transport kinetics.

In vitro (cell-free) systems offer the advantage of a strictly
defined composition, which minimizes the risk of non-
controllable interferences as often encountered in a complex
cellular context. Thereby, studies of membrane proteins
require the simulation of their native lipid environment.
Different approaches have been tested with purified GLUTs
to fulfill this task. Kraft et al. (2015) succeeded in producing
milligram amounts of rat GLUT4 in mammalian HEK293 cells
and were able to reconstitute correctly folded protein into
detergent micelles, amphipols, nanodiscs and proteoliposomes.
The latter are suitable for transport assays by constituting a
two-compartment (outside/inside) system (Saier et al., 1999;
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TABLE 2 | Leading probes for GLUTs from in silico ligand screening.

Target protein Template PDB Screen Chemical IDs Smiles Synomyms IC50 References
[»] library (M)
A GLUTH 4CGO (XylE) Fragment PubChem CID: C1=CC=C(C=C1)C  8-[hydroxy{phenyl) 0.45 1
Outward Now, 417049 (C2=NC3C(=NC= methyl]-5,9-dihydropurin-6-one
NCI-2007 NC3=0)N2)O
B GLUTH ACGO (XyIE) Fragment ZINC 17003013, clc2c(c(=0)[nH] [1,4]dithiino[2,3-d:5,6-d"|dipyridazine-1,6-dicl  11.8 1
Qutward Now, PubChem CID: n1)Sc3ennH]c(=
NCI-2007 250016, CAS: O)c382
13617-04-4
C GLUT4 1PW4 (GIpT), ZINC ZINC 148974263, COclcecccc1CCC( N-{3-[2-(4-fluorophenyl)ethoxy]benzyl}-3-(2- 18.9 2
Inward 1PV6 (LacY), ChemBridge: =0)N(Cc2cencc?) methoxyphenyl)
2GFP (EmrD) 59900452 Cc3cceo(c3)0OCCe -N-(4-pyridinylmethyl)propanamide
4cec(ccd)F
D GLUT4 1PWA4 (GIpT), ZINC ZINC 11785066,  C[NH-+](Ccloces( N-methyl-1-6-quino linyl)-N-(3-{[1-(1,4,5,6-  10.8 2
Inward 1PV6 (LacY), ChemBridge: c1)OC[C@@H]2C tetrahydrocyclopentalc]pyrazol-3-ylcarbonyl)-
2GFP (EmrD) 27190707 CCN(C2)C(=0)c3 3-piperidinyJmethoxy}lbenzyl)methanamine
c4c(nHIN3)CCC4
JCcheccBeleh)ece
n6
E GLUT4 1PW4 1PVE, ZINC ZINC 12152508,  COclcec(ce1)Ci= N-[[3-[2-(4- 6.67 2
Inward 2GFP ChemBridge: OIN(Cc2cence2)C fluorophenyljethoxy]phenyllmethyl]-4-
55751832 c3ccece(c3)0CCed methoxy-N-(4-pyridy|
cce(ccd)F methyl)benzamide
F GLUTS 4LDS (GlcPgg)  Chem Structure_ID: [SI=0)=0)(C)c1 N-[4-(methylsulfonyl)-2-nitrophenyl]-1,3- 5.8 3
Inward Navigator 32283234, cclcfcc1)Nec2ec3e benzodioxal-5-amine,
Enamine: (cc2)OCO3)[N+]( MSNBA
731191163 =0)[C-]
A c D /_Q E oM
0 O/

JI =

K, A~ %
| e L
N = 0.

§ 50 ok

References: 1. Ung et al. (2016); 2. Mishra et al. (2015); 3. George Thompson et al. (201

Geertsma et al, 2008). By allowing lateral diffusion and the
generation of a membrane curvature, this system best mimics
the native surroundings of GLUTs compared to other in
vitro systems (Kraft et al, 2015). A noteworthy advantage
of proteoliposomes is the fact that parameters like the lipid
composition or the degree of membrane curvature can be varied
systematically. For instance, Hresko et al. (2016) could show
that presence of anionic phospholipids in the proteoliposomes
stabilized reconstituted GLUT3 and GLUT4 while conical

6).

lipids enhanced the transport rate. Besides considerable
advantages, the liposome reconstitution approach also bears
some drawbacks. First, for membrane reconstitution, a sufficient
amount of purified protein is necessary. A general instability of
membrane proteins outside of their native lipid environment
and the shortcomings of most purification methods, concerning
the purity or the yield of the target protein, makes the
heterologous expression and purification of structurally and

functionally stable protein time-, labor- and cost-intensive
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(Geertsma et al., 2008; Kraft et al., 2015).  Furthermore, many
factors have to be taken into account and optimized for a
successful membrane reconstitution, such as the application of
a suitable (mild or harsh) detergent, its concentration as well as
the protein-to-lipid ratio, protein-orientation and the choice for
either synthetic lipids or lipid extracts (Geertsma et al., 2008)
resulting in a complex handling. Nevertheless, progress has been
made in the various fields of protein purification and stability
(Kraft et al., 2015), improving the utility of proteoliposomes for
transport assays. For instance, proteoliposomes were successfully
used to assess the effect of inhibitors of GLUTI (George
Thompson et al., 2015) and GLUT5 (George Thompson et al.,
2015, 2016).

As a complementary approach that avoids laborious protein
purification and reconstitution procedures, different cell-based
systems for assaying GLUTs have been employed.

Functional expression of membrane proteins in Xenopus
laevis oocytes opened the gate for closer molecular
characterization (Hediger et al, 1987). Early experiments
on GLUTI-5 in this expression system already yielded valuable
information about the kinetic properties, substrate selectivity
and effective inhibitors of the transporters (Birnbaum, 1989;
Gould and Lienhard, 1989; Keller et al., 1989; Kayano et al,
1990; Gould et al., 1991). The system was proven to be suitable
for investigating GLUT functions, due to a low endogenous
GLUT expression in frog oocytes (Gould and Lienhard, 1989).
Additionally, the large size of these cells facilitates handling and
allows their application for electrophysiological experiments
(Long et al.,, 2018). However, not all GLUT isoforms integrate
properly into the oocyte plasma membrane and calculating their
abundancy in membrane is not trivial (Gould and Lienhard,
1989; Keller et al., 1989). Furthermore, Xenopus laevis oocytes
might be too instable for the application in high-throughput
screening assays (César-Razquin et al., 2015).

Investigations on GLUTSs can also be performed by expression
in human cell lines such as MCF-7 or Caco-2 cells as it
has been shown for GLUT2 and GLUT5 (Mahraoui et al.,
1994; Zamora-Leon et al., 1996; Lee et al, 2015). In these
systems, parameters such as lipid composition, posttranslational
modifications and protein trafficking are most likely identical to
the native conditions, although some alterations in cultured cells
are, at least principally, possible. However, mammalian cell lines
endogenously express several GLUT isoforms with overlapping
activity, making it difficult to establish unambiguously the GLUT
member(s) targeted by a compound (Lee et al., 2015; Tripp et al.,
2017).

More recently, efforts have concentrated on establishing a
microbial system amenable to high-throughput screening of
GLUT inhibitors. Due to the easy manipulation and short
generation time, the yeast Saccharomyces cerevisiae provides a
time-efficient, low-cost and versatile platform for this purpose
(Tripp etal., 2017; Boles and Oreb, 2018). For exclusive uptake of
hexoses via heterologously expressed GLUTS, all genes encoding
endogenous transporters capable of hexose transport (HXT1-17,
GAL2 as well as the maltose transporter genes AGT1, MPH2, and
MPH3) were deleted in the yeast strain background CEN.PK2-1C
using the loxP-Cre recombinase system (Wieczorke et al,, 1999).
The resulting strain was named EBY.VW4000 and is unable to
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take up and grow on glucose or related hexoses as sole carbon
source. The functional expression of human GLUTs in this hexose
transporter deficient (hxt®) yeast strain restores its ability to grow
on glucose or fructose enabling compound screening for the
particular human GLUT via simple cell growth assays (Wieczorke
etal., 2002). Even though cell growth is the simplest parameter to
determine the functionality of the transporters or potency of the
inhibitors, compound screening is not limited to this method.
For instance, yeast cells can be conveniently used for uptake
assays of radiolabeled sugars, which allows for the determination
of kinetic parameters of the transporters, including inhibitor
constants (Maier et al., 2002; Tripp et al., 2017; Boles and Oreb,
2018).

However, the functional expression of human GLUTs in
yeast cells require additional modifications either within the
transporter or in the genome of the yeast strain. Whereas
wildtype GLUT1, GLUT4 and GLUT5 (Kasahara and Kasahara,
1996, 1997; Wieczorke et al., 2002; Tripp et al., 2017) were
not active in the hxt’ strain, single point mutations in the
transmembrane region 2 of GLUT1 and GLUT5 mediated their
functional expression (Wieczorke et al, 2002; Tripp et al,
2017). Wild-type GLUT1 was active only in the hxt® strain
that additionally acquired the fgyI (for functional expression
of GLUT1 in vyeast) mutation (Wieczorke et al, 2002).
The affected gene encodes the Efr3 protein (Wieczorke and
Boles, personal communication) that was later described as
a scaffold for recruiting the Stt4 phosphatidylinositol-4-kinase
to the plasma membrane and therefore necessary for normal
phosphatidylinositol-4-phosphate levels in this compartment
(Wu et al., 2014). The functional expression of GLUT4 required,
in addition to fgyl, the fgy4 mutation, that was later found
to affect the ERG4 gene (Boles et al., 2004), which encodes
an enzyme involved in the last step of ergosterol biosynthesis.
These observations suggest that the lipid composition of
yeast membranes interferes with the functionality of GLUTs.
Nevertheless, GLUT1, GLUT4 (Wieczorke et al., 2002), and
GLUTS5 (Tripp et al, 2017) expressed in yeast exhibited
transport kinetic parameters comparable to those determined
in liposomes or human cell lines and were responsive to
established inhibitors of these transporters. Therefore, hxt"
strains represent a convenient platform for screening approaches
and characterization of human GLUTs in a high throughput
manner. The discovery of specific effectors for one certain
GLUT, which do not influence homologs of the same protein
family, is challenging due to the high protein sequence similarity
shared by the members of this family (George Thompson et al.,
2015). Among existing screening systems, the microbial, high-
throughput screening system is the most effective method to face
this challenge. Its usage and expansion to other disease-relevant
GLUTs will likely reveal new GLUT-specific effectors which
might be of fundamental importance for clinical applications in
the battle against widespread diseases like cancer or diabetes.
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One sentence summary: A novel method for the kinetic characterization of transporters that avoids the usage of radiolabeled sugars and is safer,
cheaper and faster than the conventional sugar uptake assay.
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ABSTRACT

Glucose uptake assays commonly rely on the isotope-labeled sugar, which is associated with radioactive waste and
exposure of the experimenter to radiation. Here, we show that the rapid decrease of the cytosolic pH after a glucose pulse to
starved Saccharomyces cerevisiae cells is dependent on the rate of sugar uptake and can be used to determine the kinetic
parameters of sugar transporters. The pH-sensitive green fluorescent protein variant pHluorin is employed as a genetically
encoded biosensor to measure the rate of acidification as a proxy of transport velocity in real time. The measurements are
performed in the hexose transporter-deficient (hxt®) strain EBY.VW4000 that has been previcusly used to characterize a
plethora of sugar transporters from various organisms. Therefore, this method provides an isotope-free, fluorometric
approach for kinetic characterization of hexose transporters in a well-established yeast expression system.

Keywords: glucose uptake assay; radiolabeled glucose; Michaelis-Menten constant; pHluorin; hexose transporters; hxt®
yeast

INTRODUCTION on isotope labeling, are cost intensive and necessitate special-
ized laboratories (Walsh et al. 1994a,b; Yamamoto et al. 2011).
Furthermore, these experiments contribute to radioactive waste
accumulation, a threat to human and environmental health that
requires complex waste management strategies of governments
and institutions (PoSkas et al. 2019).

Isotope-free assays have also been described, employing
the non-metabolizable glucose analog 2-deoxyglucose and
externally added fluorogenic (Yamamoto et al. 2011) or biolumi-
nescent (Valley et al. 2016) substrates. By using sugar analogs,

As the entry point of central carbon metabolism, the transfer of
sugars (mainly glucose) across cellular membranes is essential
for cell survival in most life forms. Based on this premise, sugar
transporters are regarded as promising drug targets to combat
serious human diseases, including cancer and diabetes (Schmidl
et al. 2018), or pathogens such as the malaria causative Plasmod-
ium falciparum (Qureshi et al. 2020). Therefore, mechanisms and
kinetics of sugar transporters are an object of intensive research.
Current methods for measuring glucose uptake, mainly relying
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Figure 1. Mechanism of cytosol acidification in yeast cells after a glucose pulse.
Glucose is transported into the cell through a hexose transporter (Hxt) and
immediately phosphorylated by the hexokinase. In this process, one molecule
ATP per molecule glucose is hydrolyzed, releasing one proton and causing the
drop of the pHyy: (see Fig. 2A; Figure S2, Supporting Information). With the
progress of glycolysis, ATP is regenerated, fueling the plasma membrane ATPase
Pma1, which actively transports protons out of the cell and thereby recovers the
PHyt. For simplicity, multiple glycolytic steps between glucose-6-phosphate and
pyruvate are indicated by the dashed arrow and the stoichiometry is neglected.

the latter methods are not suitable for determining the kinetic
parameters of the transporters. Here, we describe an alterna-
tive method, based on the intracellular pH change upon glu-
cose uptake. The acidification of the yeast cytosol in response
to a glucose pulse to glucose-starved cells is a well-known phe-
nomenon (Ramos et al. 1989; Orij et al. 2009). During glucose star-
vation, the cytosolic pH (pHcy) of yeast cells drops to ~6 (Orij,
Brul and Smits 2011). Under these conditions, the lack of glycol-
ysis substrates diminishes ATP production, which leads to lower
activities of the plasma membrane ATPase and the vacuolar V-
ATPase, both of which consume ATP to translocate protons out
of the cytosol (Orij, Brul and Smits 2011). When glucose is pro-
vided, it is transported across the plasma membrane and phos-
phorylated by the hexokinase as the first step of glycolysis. In
this step, one molecule of ATP is hydrolyzed, and one proton
is released (Fig. 1), causing the observed rapid additional acid-
ification shortly after the glucose pulse (Ramos et al. 1989; Orij
et al. 2009). Subsequently, a recovery of the neutral pHey: up to
pre-starvation conditions (pH = 7) (Reifenrath and Boles 2018)
occurs, as glucose metabolism yields sufficient ATP to fuel the
export of protons by the plasma membrane ATPase.

Since the initial acidification is a direct consequence of glu-
cose uptake, we reasoned that kinetics of both processes should
be strongly correlated. For real-time measurements of the fast
changes of pHcyt, we use the pH-sensitive green fluorescent pro-
tein (GFP) variant, the ratiometric pHluorin, which allows accu-
rate and fast measurements in the pH range from 5.5 to 8 that
were derived from emission intensity ratios from two different
excitation wavelengths—390 and 470 nm (Miesenbdck, Ange-
lis and Rothman 1998; Orij et al. 2009). Importantly, overex-
pression of pHluorin in Saccharomyces cerevisiae cells does not
affect the cellular metabolism (Orij et al. 2009) and a tuning
of pHluorin expression levels can be neglected because of its
ratiometric character (Kuhn, Rohrbach and Lanzer 2007), qual-
ifying it as an ideal biosensor for our approach. Fluorescent
dyes like fluorescein (Ramos et al. 1989), 2'7'-bis-2-carboxyethyl-
5- (and -6)-carboxyfluorescein (BCECF) (Ozkan and Mutharasan

2002) or semi-naphthorhodafluor (SNARF) (Blank et al. 1992) are
also often used to estimate intracellular pH but exhibit cer-
tain deficits like leakage of the dyes (Ozkan and Mutharasan
2002), the compartmentalization in particular cell types (Blank
et al. 1992) or a loss of pH sensitivity over time (Weiner and
Hamm 1989), in addition to considerable costs of these dyes.
We developed the pHluorin-based assay in the well-established
EBY.VW4000 hxt° yeast strain, which lacks all endogenous trans-
porters capable of hexose transport (i.e. Gal2, Hxt1-Hxt17, Agt1)
(Wieczorke et al. 1999; Boles and Oreb 2018). Therefore, this
strain is practically free of residual hexose uptake and has
been used to express and characterize heterologous sugar trans-
porters, including human Gluts (Boles and Oreb 2018).

RESULTS

Using pHluorin as a biosensor for time-resolved
measurements of glucose uptake

With ratiometric pHluorin, the decrease of pHy is represented
by a drop in the emission intensities ratio at 512 nm at the two
excitation wavelengths 390 and 470 nm (Rsgg/470) (Orij et al. 2009).
For the purposes described in this study, we consider the time-
dependent Rzgg470 decrease as an adequate kinetic parameter
and its translation to pHey is therefore not necessary. Neverthe-
less, in initial experiments, we generated a calibration curve as
described previously (Reifenrath and Boles 2018) for Rsgg/a70 val-
ues in the range from pH 5 to pH 9 (Figure S1, Supporting Infor-
mation). The formula (indicated within the graph, see Figure
S1, Supporting Information) confirmed the correlation between
the Ragp/470 and pHeye as published in previous studies (Orij et al.
2009; Reifenrath and Boles 2018) under our experimental con-
ditions and it can therefore be used to estimate the pH range
variation in the measurements shown below. We then demon-
strated that the rapid changes of Rsgg470 can be measured in a
time-resolved manner using the high-performance spectroflu-
orometer PTI QuantaMasterTM 8000 (HORIBA Scientific, Kyoto,
Japan). We expressed pHluorin and the endogenous transporter
Hxt5 (each from a separate multicopy plasmid) in the hxt® yeast
system EBY.VW4000 to avoid any interferences of the measure-
ment with other hexose transporters. The use of multicopy plas-
mids for pHluorin expression has been established before (Orij
et al. 2009; Reifenrath and Boles 2018), but expression levels of
both, transporters and pHluorin, might vary under these cir-
cumstances (Lee et al. 2015). To take into account any putative
variances due to expression levels or the physiological condi-
tions of the cells, the average of biological triplicates was calcu-
lated for all experiments. The cells were grown on selective, low
fluorescent maltose medium (see the 'Methods’ section), and
harvested and starved for 3.5 h. One minute after starting the
fluorescence measurement, the cells were pulsed with 10 mM
glucose, leading to the expected cytoplasm acidification. Within
~10 s, a nearly linear decrease of Rag/470 Was observed (Fig. 24),
followed by a slower recovery phase. Moreover, the acidification
rate was dependent on the glucose concentration (Fig. 2B), sup-
porting the idea that it mirrors the velocity of glucose uptake.
To validate the hypothesis that the initial acidification
after the glucose pulse is caused by the hexokinase-catalyzed
phosphorylation of glucose (Ramos et al. 1989) under our experi-
mental conditions, we tested pHluorin-expressing cells of the S.
cerevisiae strain TSY11, which is devoid of all three yeast hexok-
inases (Subtil and Boles 2012). Indeed, the rapid, intense drop of
PHey: after the glucose pulse is absent in these cells but is recov-
ered when HXK2, the predominant yeast hexokinase (Rodriguez

105



Publications

Schmidletal. | 3

(A) o0- (B) g0~
1mM

0.75prmwm .-“P.'P 0.75+ = &hw

: '_// & — 5mM
E = o g \_/-/_// — 10 mM
g 0.70- / g 0.70+ — 20mM
© e — 50 mM

0.65- 0.65- — 100 mM

0.60 T T T 1 0.60 T T T 1

50 100 150 200 60 80 100 120

Time (s) Time (s)

Figure 2. pHluorin-based measurement of acidification rate following a glucose pulse. The arrow indicates the time point of the glucose addition. (A) A fluorometric
measurement of pHcy: changes after a glucose pulse to glucose-starved yeast cells. The change in the emission ratios (512 nm) at the two excitation wavelengths 390
and 470 nm (Rsgg/470) of pHIuorin serves as a proxy for the pHeyr change. The blue lines indicate the acidification phase in which the slope decreases linearly. Values
from this phase were used to calculate the reciprocal Rsgos70 slope as a parameter of velocity. After the acidification phase, the Rsop/470 values rise gradually to the
pre-starving state. The average from biological triplicates (EBY.VW4000 cells harboring the Hxt5 transporter, pulsed with 10 mM glucose) is shown exemplarily. Error
bars are omitted for clarity. According to the calibration curve shown in Figure S1 (Supporting Information), the pHcy: decrease spans the range from 6.6 to 6.4 in these
measurements. (B) The dependence of acidification velocity on glucose concentration. Indicated glucose concentrations were added to glucose-starved hxt® yeast cells,
expressing pHluorin and the transporter of interest (here HxtS). The acidification velocity increases until reaching saturation.
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Figure 3. Glucose transport kinetics determined by the pHluorin-based assay. Michaelis-Menten constants (Ky) of three prominent yeast hexose transporters Hxt1l
(A), Hxt5 (B) and Hxt7 (C) were determined in the hxt? strain background. Reciprocal values of the acidification slopes were plotted against the glucose concentration.
Mean values and standard deviations were calculated from biological triplicates. The lines represent a least-square fit to the Michaelis-Menten equation. Determined

Ky values are indicated within the graphs.

et al. 2001), is reintroduced on a plasmid (Figure S2, Supporting
Information). However, we observed a small residual decrease
of Raggazo for hexokinase devoid cells (hxk?, TSY11; Subtil and
Boles 2012), especially when pulsed with the higher concentra-
tion of 200 mM glucose. The same was also true for the hexose
transporter devoid cells (hxt°, EBY.VW4000; Wieczorke et al.
1999) and even for cells that contain neither transporters nor
kinases (hxt’/hxk®, AFY10; Farwick et al. 2014) (Figure S3A, Sup-
porting Information). Also, the non-metabolizable sugar lactose
induces this residual decrease of R3q0/70 (Figure S3B, Supporting
Information), indicating that neither the sugar metabolism nor
transport-related processes are the cause of this effect. More
likely, the osmotic pressure that increases due to the addition
of a sugar drives water out of the cell affecting the pHey: in a
concentration-dependent manner. Overall, this ‘background’
changes of pHcy were low compared to those caused by glu-
cose transport and—since they were dependent on the sugar
concentration—we corrected the slopes measured in the pres-
ence of hexose transporters by subtracting the values measured
for each glucose concentration in the absence of a transporter
(i.e. the empty vector control) in subsequent analyses.

Suitability of the pHluorin-based method for
determination of kinetic constants of glucose
transporters

To evaluate the method as a tool for kinetic characterization
of transporters, we selected three well-described yeast hexose

transporters with glucose affinities differing within two orders
of magnitude—Hxt1 (Ky = 100 mM; Reifenberger, Boles and Ciri-
acy 1997; Roy et al. 2015), Hxt5 (Ky = 6-10 mM; Diderich et al.
2001; Buziol et al. 2002) and Hxt7 (Ky = 1-2 mM; Reifenberger,
Boles and Ciriacy 1997). All three transporters were expressed
from multicopy plasmids in EBY.VW4000 and the measurements
were performed as described above. The slopes of the first time
points after the pulse (as exemplified in Fig. 2A) at different glu-
cose concentrations were determined, corrected as described
above, and their reciprocal values (to avoid negative values) were
plotted against respective glucose concentrations, revealing sat-
urable kinetics (Fig. 3A-C). Fitting to the Michaelis-Menten equa-
tion produced the following apparent Ky values for the trans-
porters tested: 6.2 mM (Hxt1, Fig. 3A), 3.3 mM (HxtS5, Fig. 3B) and
1.3 mM (Hxt7, Fig. 3C).

For Hxt7, the determined Ky of 1.3 mM with this method
is in agreement with the Ky of 1-2 mM as determined by
Reifenberger, Boles and Ciriacy (1997). However, the discrepancy
between previously published data and the Ky values of Hxt5
and (especially) Hxt1 determined by our method prompted us
to re-determine the kinetics of these transporters using radiola-
beled glucose but under conditions otherwise equal to those of
the pHluorin-based assay (Figure S4A and B, Supporting Infor-
mation). The results for Hxt1l (Ky = 111.3 mM) confirmed those
of Reifenberger, Boles and Ciriacy (1997) (Ky = 100 mM) within
the error range of the measurement. For Hxt5, we determined a
slightly lower Ky of 3.1 mM compared with the published val-
ues of 6.1 mM (Buziol et al. 2002) and 10 mM (Diderich et al.
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Figure 5. Glucose transport kinetics of the yeast hexose transporter Hxtl. The
Michaelis-Menten constant (Ky) was determined by the pHluorin-based assay
with Hxt1 expressed on a low-copy CEN.ARS (pUCPY1) plasmid in the hxt? strain
background, and its value is indicated within the graph. Mean values and stan-
dard deviations of two (for 5, 50 and 100 mM) or three (for 10, 20, 200 and 400 mM)
biological replicates are shown. The line represents a least-square fit to the
Michaelis-Menten equation.

2001). Strikingly, the Ky values determined for Hxt5 with the
pHluorin-based assay were in agreement with our results from
the C'-glucose uptake assay, thereby, like the results for Hxt7,
validating the new method. However, the measured Ky values
for Hxt1 obtained from the two methods still showed severe dis-
crepancies. We, therefore, analyzed the correlation of Vj values
measured by the pHluorin-based versus the radiolabeled glu-
cose assay (Fig. 4).

A linear correlation is observed for both Hxt5 (r = 0.98)
and Hxtl (r = 0.96) up to a threshold at ~0.006 Rsgos70 S™*
and 1.5 nmol min~! mgcpw ! (Fig. 4A and B), which apparently
marks the upper limit of the acidification slope. We reasoned
that the intrinsically high transport capacity of Hxtl (Reifen-
berger, Boles and Ciriacy 1997), in combination with the expres-
sion from a strong promoter and a multicopy plasmid, could
lead to approaching this threshold already at lower glucose con-
centration and, consequently, to an underestimation of the Ky
value. To test this hypothesis, we expressed Hxtl on a low-
copy plasmid (the CEN.ARS plasmid pUCPY1) and repeated the

measurement of its glucose uptake kinetics (Fig. 5). By low-
ering its expression and, consequently, the number of trans-
porters present at the plasma membrane, the transport capac-
ity is diminished, reflected by lower Rsgp/470 s~ values (compare
Figs 3A and 5).

This experiment revealed a Ky of 99.1 mM for the tested
transporter (Fig. 5), matching both the published data (Reifen-
berger, Boles and Ciriacy 1997) and those from our radiolabeled
glucose uptake assay (Figure S4A, Supporting Information) very
well. It demonstrates that a very high Vp,.x value imposes an
upper limit to the pHluorin-based method, likely since other
factors than the transport might become rate-limiting and lead
to underestimating transporter-saturating glucose concentra-
tions. To test if hexokinase activity is a possible limiting factor,
we overexpressed HXK2 along with HXT1 and pHluorin. How-
ever, despite a 3.6-fold increase in hexokinase activity (Figure
SS5A, Supporting Information), the apparent Ky value of Hxtl
expressed from a multicopy plasmid was still underestimated
(Figure S5B and C, Supporting Information). Hence, as the phos-
phorylation of glucose is ATP dependent, rapid ATP depletionis a
likely explanation for our observation. However, we cannot rule
out other bottlenecks, e.g. in the downstream glycolytic reac-
tions.

DISCUSSION

The most commonly used method for determining glucose
uptake in yeast (Boles and Oreb 2018) requires radiolabeled (*4C)
sugar and includes the following steps: (i) incubation of the cells
with the sugar solution; (ii) quenching with an excess of unla-
beled sugar; (iii) collecting the cells by filtering; (iv) washing
(twice) the filter; (v) inserting the filter into a scintillation vial
and (vi) measurement using a scintillation counter. The hands-
on time requirement for steps (i)-(v) is considerable (~2-3 min
per sample), adding up to 60-90 min of work necessary for a typ-
ical determination of the Ky value for each transporter. More-
over, scintillation counting requires 10 min per sample, and
obtaining the raw data for the complete dataset is only possi-
ble after several hours (e.g. 5 h for a typical Ky determination/30
samples). Our new method reduces the handling time and raw
data collection to ~90 min for the same number of samples.
Importantly, signal acquisition can be monitored in real-time,
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enabling data quality control during the measurement, in con-
trast to *C assays that can be evaluated only a posteriori. Also, the
pHluorin assay substantially reduces the costs for consumables,
as no radiochemicals, filters, scintillation liquid and scintilla-
tion vials are necessary. Radiochemicals are not only expensive
themselves, but their handling, storage and disposal requires
specialized laboratories and spaces, associated with substantial
costs and administrative effort. Most importantly, the pHluorin-
based method avoids the exposure of the experimenter to radi-
ation and radioactive waste production.

It should be noted that the hexokinase-dependence cannot
be regarded as a particular disadvantage of the pHluorin-based
assay; previous work by others has shown that the uptake of
(*#C-labeled) phosphorylatable sugars is dependent on intra-
cellular ATP concentration (Walsh, Smits and van Dam 1994c)
and hexokinase activity (Smits et al. 1996), when the assays
are performed on the 5-s timescale, according to the common
protocol (Boles and Oreb 2018). In fact, hexose phosphoryla-
tion prevents the accumulation of intracellular sugar, which
would—due to the breakdown of the concentration gradient
across the membrane—cause an underestimation of the trans-
port rates, especially for facilitative transporters, as it has been
observed in hexokinase-deficient cells (Smits et al. 1996). The
authors demonstrated that for determination of the ‘true’ ini-
tial velocity of sugar uptake, which is not dependent on the
events downstream of the transport, the assays must be per-
formed on the 200-ms timescale using the so-called quench-
flow technique (Walsh, Smits and van Dam 1994c). Neverthe-
less, the kinetic constants of sugar uptake measured in wild-
type (hexokinase expressing) cells were comparable on both
timescales (Smits et al. 1996), demonstrating that a fairly good
approximation of the transport kinetics can be obtained even
on the 5-s timescale, if the sugar transport does not exceed the
capacity of sugar phosphorylation. This is consistent with our
observation that the upper limit of the accuracy of the pHlu-
orin assay is determined by the capacity (Vmax) of the trans-
porter, since a very high uptake rate leads to a saturation of
the system and underestimation of the Ky value, as shown here
for Hxtl when expressed from a multicopy plasmid. Based on
correlation analyses (Fig. 4), we determined a threshold value
of 0.006 Rsgg/a70 s~ (corresponding to 1.5 nmol min~! mgcpw !
with the radiolabeled glucose uptake assay), after which the
pHluorin-based assay becomes inaccurate for determination of
kinetic constants in EBY.VW4000 cells. By defining the thresh-
old value within the method itself, no a priori knowledge about
the transport capacity for a particular transporter is necessary. If
the upper limitis reached, low copy plasmids (as shown for Hxt1,
Fig. 5), a genomic integration, weak or regulatable promoters can
be applied to reduce the expression and, thereby, allow for an
accurate measurement. However, if the determination of trans-
port rates of, for example, wild-type strains (and not plasmid-
expressed transporters in the hxty strain) is desired, transport
capacities cannot be altered, which restricts the applicability of
our method. Also, the prerequisite of using starved cells pre-
cludes the possibility to measure transport rates in growing
cells. However, in this context it is noteworthy that all avail-
able sugar uptake assays require washing of the cells and storing
them in a sugar-free solution prior to the measurement, which
also likely induces starvation-like changes of cellular physiology.

In starved EBY.VW4000 cells, we have shown for three model
transporters that the Ky values (spanning the range from 1
to 100 mM) can be accurately determined with the pHluorin-
based method. Whereas the Ky value is an intrinsic property
(a kinetic constant) of each transporter, the V. is variable, as
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it depends on the protein abundance (i.e. the expression level)
of the transporter. Nevertheless, in some circumstances, it is
desirable to determine the Vp.x, €.g. for comparative purposes.
Based on the strong correlation shown in Fig. 4, linear regres-
sion (Formula: [nmol min~! mgepw '] = [Ragou70 S~ 1]/0.00466)
can be used to interconvert the values, at least under experi-
mental conditions comparable to those applied here (i.e. regard-
ing strain background, hexokinase levels and preculture con-
ditions). For validation of the assay conditions in other lab-
oratories, we recommend including at least one transporter
plasmid used in this study as a control. While adapting the
expression levels of transporters must be considered due to
the above-mentioned reasons, the signal sensitivity of measure-
ments should not be influenced by the expression level of pHlu-
orin. Due to their ratiometric character, pHluorin-based mea-
surements are independent of the biosensor concentration and
not affected by artefacts such as bleaching (Kuhn, Rohrbach and
Lanzer 2007). In previous studies, a super-folder pHluorin was
expressed in S. cerevisiae cells under the control of the repress-
ible promoter MET25 and pH calibration was performed (as in
this study, see the '"Methods’ section) for cells grown under fully
inducible conditions (no methionine) and partly repressible con-
ditions (0.1 mM methionine) (Reifenrath and Boles 2018). The
sigmoidal-dose response fits of both experiments were in agree-
ment within the error range (Reifenrath and Boles 2018), fur-
ther indicating that the quantity of pHluorin molecules is not
a relevant factor. In summary, the pHluorin-based method pro-
vides a comparably accurate, but simpler, faster, cheaper and
safer alternative to the common *C-based method for mea-
suring uptake of glucose and other phosphorylatable sugars,
which account for the preferred and largest fraction of carbo-
hydrates used by living organisms, including humans and most
human pathogens. In combination with the widely used hxt°
background, this approach can be applied to characterize all
heterologous transporters that can be functionally expressed in
yeast.

METHODS
Strains and media

The construction of S. cerevisiae strains EBY.VW4000 (hxt®), TSY11
(hxk°) and AFY10 (hxt°/hxk%) was reported previously (Wiec-
zorke et al. 1999; Subtil and Boles 2012; Farwick et al. 2014).
Plasmid-free cells were grown in standard YEP-media (1% (w/v)
yeast extract, 2% (w/v) peptone) supplemented with 1% (w/v)
maltose (for EBY.VW4000 cells) or 2% (v/v) ethanol (for TSY11
and AFY10 cells) for maintenance and preparation of compe-
tent cells. Frozen competent cells were prepared and trans-
formed according to Gietz and Schiestl (2007). The transfor-
mants were plated on solid, selective synthetic complete (SC)
medium (Bruder et al. 2016) with 1% (w/v) maltose (SCM) or 2%
(v/v) ethanol (SCEtOH), where leucine, uracil or histidine were
omitted as required for the selection of the plasmids. Filter-
sterilized, low fluorescent, synthetic complete medium (If-SC)
containing 6.9 g/L YNB with ammonium sulfate, without amino
acids, without folic acid and without riboflavin (MP Biomedi-
cals), containing 1% (w/v) maltose or 2% (v/v) ethanol and amino
acids as stated in Bruder et al. (2016), in which the respective
amino acid(s) were omitted, was used for cultivation of cul-
tures for the pHluorin measurements. For subcloning of plas-
mids, E. coli strain DH10B (Gibco BRL, Gaithersburg, MD) was
used.
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Plasmid construction

For plasmid assembly, the vector backbone p425H7 (for pHluo-
rin), p426H7 (for all applied transporters or HXK2), pUCPY1 (to
express Hxtl with lower capacity) and p423H7 (for HXT1 in the
HXK2 overexpression experiment) were linearized with restric-
tion enzymes BamH1 and EcoR1 (New England Biolabs GmbH).
The backbones were transformed together with the correspond-
ing PCR fragment in EBY.VW4000 for homologous recombina-
tion, according to Oldenburg et al. (1997). All genes applied in
this study were under the control of the strong, constitutive,
truncated HXT7~'-*2 promoter and the CYC1 terminator. PCRs
were performed with Phusion polymerase (New England Biolabs
GmbH) and primers listed in Table S1 (Supporting Information).
The plasmids are listed in Table S2 (Supporting Information).

Calibration of pHluorin

EBY.VW4000 cells expressing pHluorin on the multicopy p425H7
plasmid were grown overnight in 15 mL 1f-SC-LEU medium con-
taining maltose (1%, w/v) and harvested the next day in the
exponential growth phase at an ODgyonm of 0.5-1.5. The pel-
lets were resuspended in PBS buffer (137 mM Nacl, 2.7 mM KCl,
10 mM Nay,HPOy, 1.8 mM KH,POy4, pH 7.4) containing 100 pg/mL
digitonin and incubated 10 min on ice to permeabilize the cell
wall as described by Orij et al. (2009). Thereafter, cells were
washed twice and resuspended in PBS. pH calibration was per-
formed as described in Reifenrath and Boles (2018), where the
cells were added (to a final ODggonm = 0.5) to citric acid/Na,HPO,
buffer solutions, with different pH values ranging from 5.0 to
9.0. The cell/buffer suspensions were transferred into a black
polystyrene clear-bottom 96-well microtitre plate (Greiner Bio
One, article Nr. 655 097) and mounted onto the CLARIOstar
microplate reader (BMG LABTECH GmbH) (set at 30°C) to mea-
sure the emission intensities at 512 nm when excited at 390 nm
or 470 nm, respectively, to calculate the ratio Rqp/70. Data from
biological triplicates was analyzed with the sigmoidal dose-
response fit in GraphPad Prism 5.

The pHluorin-based assay and data analysis

To test the response of a sugar-pulse to sugar-starved cells,
15 mL of selective If-SCM (or 1f-SC-EtOH) medium was inoculated
with the transformed cells in biological triplicates, and grown
overnight in 100-mL Erlenmeyer flasks at 30°C and 180 rpm. On
the next day, the cultures were harvested in the exponential
growth phase (at an ODgoonm between 0.5 and 1.5). Cells were
washed twice with double-distilled water and resuspended in
the 1f-SC medium without any carbon source to a final ODgoonm
of 1. These suspensions were incubated at 30°C and 180 rpm in
Erlenmeyer flasks for 3.5-4 h to induce starvation.

To monitor the effect of a sugar pulse to sugar-starved cells
on the intracellular pH, we used a PTI QuantaMaster 8000 Spec-
trofluorometer (Model QM-8075-11-C, HORIBA Scientific). After
starvation, 1800 pL of the cell suspension was transferred into
a macro cell quartz-glass cuvette (type 100-QS, layer thickness
10 mm, volume 3.5 mL, Hellma Analytics) together with a mag-
netic stirring bar (3 mm x 6 mm, Sigma-Aldrich). Cells were kept
in a water bath at 30°C until just before the measurement, and
the temperature in the fluorometer was set to 30°C. The cuvette
was mounted into the sample compartment, and the lid, which
contained a sample port, was closed. The magnetic stirring func-
tion was switched on and adjusted to medium velocity. Integra-
tion time was set to 0.5 s, and slit widths were set to 3 nm. The

measurement was performed by exciting the samples succes-
sively at the two excitation wavelengths 390 and 470 nm and
recording the emission intensity at 512 nm. The ratio of these
intensities (Rsg0/470) Was calculated and plotted on-line during
the measurement, presenting one Rsg470 Value every 2.2 s. After
60 s, 200 pL of the 10x sugar solution was injected through the
port into the cuvette with a Hamilton syringe (500 uL, Sigma-
Aldrich) and the Rsgg470 value was recorded for another 3 min.
After a total time of 4 min, the cuvette was removed from the
device. For the determination of transport kinetics, this mea-
surement was performed in biological triplicates for the fol-
lowing final glucose concentrations: 5, 10, 20, 50, 100, 200 and
400 mM (for Hxt1, for HXK2 overexpression experiments, 400 mM
was omitted); 1, 1.5, 2, 5, 10, 20, 50 and 100 mM (for Hxt5); and
0.5,1, 1.5, 2,5, 10, 20, 50, 100 and 200 mM (for Hxt7).

For each derived data set, the time frame after the glucose
pulse, in which Rsg/470 decreased linearly, was identified. In this
time frame, the slope (ARsq0/470/At) Was calculated and multi-
plied by —1 to obtain positive values (for plotting over glucose
concentrations for Michaelis-Menten analysis). The same was
done with the data sets derived from the empty vector con-
trol (pHluorin-expressing EBY.VW4000 cells without any trans-
porter), pulsed with the corresponding glucose concentration,
and the average from triplicates was calculated. The corre-
sponding empty vector control average values were subtracted
for each glucose concentration from slopes obtained in trans-
porter measurements to correct for the background change of
Rsg0/470 (see Figure S3, Supporting Information). The values were
plotted against glucose concentrations and analyzed by non-
linear regression using GraphPad Prism 5 to calculate the Ky
parameter.

Radiolabeled glucose uptake assay

Kwu values for Hxtl and Hxt5 were also determined by the con-
ventional uptake assay using radiolabeled glucose to compare
the results with the Ky values derived from the pHluorin-based
assay. Precultures expressing pHluorin and concomitantly either
HXT1 or HXTS5 on a multicopy plasmid were grown for 6 h in
30 mL 1f-SCM medium, in which leucine and uracil were omit-
ted, in a 300-mL Erlenmeyer flask. Pre-grown cells were trans-
ferred to pre-warmed If-SCM medium, without leucine or uracil,
to a total volume of 200 mL, in 2-L Erlenmeyer flasks. Despite
the larger volume of the culture, cells were grown overnight
under the same conditions as applied for the pHluorin-based
assay (30°C, 180 rpm) and harvested on the next day in the early
exponential growth phase (at an ODgoonm between 0.5 and 1.5).
Cells were washed twice with double-distilled water and resus-
pended in selective 1f-SC medium without any carbon source to
a final ODgoonm = 1. Cell suspensions were incubated at 30°C and
180 rpm in 1-L Erlenmeyer flasks for 3.5-4 h to induce starvation.
After this time, cells were transferred to 50-mL Falcon tubes, of
which the empty weight has been determined before to later cal-
culate the cell fresh and dry weight, and centrifuged (4000 x g,
5 min, 20°C). Pellets were washed once in ice-cold 0.1 M potas-
sium phosphate buffer (KH,PO4, pH 6.5, adjusted with KOH).
After another centrifugation (4000 x g, 5 min, 4°C), the super-
natant was discarded; the pellet was weighed and resuspended
in 0.1 M potassium phosphate buffer to a wet-weight concentra-
tion of 60 mg/mL. One hundred ten microlitre aliquots of these
cell suspensions were prepared and kept on ice. The volume of
the leftover cell suspension was determined, and cells were cen-
trifuged (4000 x g, 5 min, 4°C). The pellet was frozen at —80°C
overnight or longer to prepare for freeze drying. The procedure
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of the uptake assay, the freeze drying and the calculation of data
have been described previously in detail by Boles and Oreb (Boles
and Oreb 2018). The measured uptake velocity was expressed
as nmol C'* glucose taken up per minute per milligram cell dry
weight (nmol min~ mgepw ~?). The cell suspension-radiolabeled
glucose mixture was incubated for only 5 s before application to
the membrane filter. Uptake was measured at glucose concen-
trations 5, 10, 20, 50, 100, 200 and 400 mM (for Hxt1) and 1, 1.5,
2,5, 10, 20, 50, 100 and 200 mM (for Hxt5).

Calculation of the Ky and the V. was done by nonlinear
regression analysis and global curve fitting in Prism 5 (GraphPad
Software) with values from technical triplicates.

Preparation of protein crude extracts

To produce crude extracts, EBY.VW4000 cells expressing HXK2
on the high-copy p426H7 plasmid as well as EBY.VW4000 and
TSY11 cells containing an empty p426H7 plasmid as controls
were grown overnight in 30 mL SC medium without uracil and
with 1% (w/v) maltose (for EBY.VW4000 cells) or 2% (w/v) galac-
tose (for TSY11 cells). Cells were harvested at the exponential
phase (at an ODggonm between 2 and 3), transferred in 50-mL
Falcon tubes and centrifuged (4000 x g, 10 min, 20°C). Pellets
were washed twice in double-distilled water and transferred
to 2-mL Eppendorf reaction tubes during the second washing
step. The pellets were suspended in 1x pellet volume of 50-
mM HEPES buffer (pH 7.6, adjusted with KOH), containing 1x
Halt Protease Inhibitor Cocktail (Thermo Fisher) and 1 mM PMSF
(Sigma-Aldrich) to prevent proteolytic degradation. The same
volume glass beads (0.25-0.5 mm, Roth) were added, and cells
were disrupted by vortexing on the vibrax for 10 min at 4°C.
After centrifugation (13000 x g, 5 min, 4°C), the supernatant was
transferred to a fresh Eppendorf reaction tube and kept on ice.
Protein concentration was determined by Bradford assay (Brad-
ford 1976).

Enzyme activity assay

Hexokinase activity was assayed, in technical triplicates, based
on the coupled reaction of the hexokinase and the glucose-6-
phosphate dehydrogenase (G6P-DH), releasing NADPH + H'. The
accumulation of NADPH + H* can be quantified photometrically
as an increase of the absorption at 340 nm (Bergmeyer 1974).

The following components of the assay were pre-mixed in
cold 50-mM HEPES buffer (pH 7.6, adjusted with KOH) and stored
on ice: glucose (217 mM), MgCl, (8 mM), NADP (1.027 mM), ATP
(0.71 mM) and G6P-DH (0.11 units/reaction). One hundred ninety
microlitres of the mix was dispensed in a cuvette (UV-Cuvette
micro, Brand) and incubated in the photometer (Ultrospec 2100
pro, Amersham Biosciences), which was pre-warmed to 30°C,
for 2 min. Ten microlitres of the crude extract was added, and
the sample was mixed thoroughly by pipetting up and down.
A continuous measurement of the absorption at OD3sonm Was
started and stopped after ~10 min, when no increase of ODs40nm
was observed anymore. Specific activity was calculated from the
slope (AODssonm/At) (Bergmeyer 1974), taking into account the
determined protein concentration.
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Supplementary Tables

Supplementary Table S1 | Primers used in this study.

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
SSP36 ACAAAAAGTTTTTTTAATTTTAATCAAAAAATGAGTAAAGGAGA | Amplification of pHluorin,
AGAACTTTTCAC overhang to HXT7 promotor,
forward
SSP37 ATGTAAGCGTGACATAACTAATTACATGACTCGAGTTATTTGTA | Amplification of pHluorin,
TAGTTCATCCATGCC overhang to CYCI terminator,
reverse
MOP160 CAAAAAGTTTTTTTAATTTTAATCAAAAAGTTAACATGAATTCA | Amplification of HXT1,
ACTCCCGATCTAATATCTC overhang to HXT7 promotor,
forward
SSP77 GAATGTAAGCGTGACATAACTAATTACATGATTATTTCCTGCTA | Amplification of HXTI,
AACAAACTC overhang to CYC1 terminator,
reverse
MOP161 CAAAAAGTTTTTTTAATTTTAATCAAAAAGTTAACATGTCGGAA | Amplification of HXT5,
CTTGAAAACGCTC overhang to HXT7 promotor,
forward
MOP153 GCGTGACATAACTAATTACATGACTCGAGTTATTTTTCTTTAGT | Amplification of HXTS5,
GAACATCCTTTTAT overhang to CYC1 terminator,
reverse
AFxp07 ATAAACACAAAAACAAAAAGTTTTTTTAATTTTAATCAAAAAAT | Amplification of HXT7,
GTCACAAGACGCTGCTATTG overhang to HXT7 promotor,
forward
AFxp08 GGAGGGCGTGAATGTAAGCGTGACATAACTAATTACATGACTC | Amplification of HXT7,
GAGTTATTTGGTGCTGAACATTCTC overhang to CYC1 terminator,
reverse
MBP67 GGGATCGCCAACAAATACTACC Sequencing primer, reverse,
binds in CEN6/ARS4 region

Supplementary Table S2 | Plasmids used in this study.

Plasmid names

Relevant properties

Reference

p426H7 2u, URA3, Amp’, HXT7p1-3%, CYC1t Hamacher et al., 2002
p425H7 2u, LEU2, Amp’, HXT7p 1392 cycit Hamacher et al., 2002
p423H7 2u, HIS3, Amp’, HXT7p 3%, CYC1t Hamacher et al., 2002
pUCPY1 CENG/ARS4, URA3, Amp", HXT7p 1392, Fernando Garces Daza,
CYCI1t Goethe Universitat
Frankfurt

SSV20 p426H7_Hxtl This study

ssved p426H7_Hxt5 This study

SSV17 p426H7_Hxt7 This study

MOV51 p423H7_Hxtl This study

SSVe8 p426H7_Hxk2 This study

SSVel p425H7_pHluorin This study

SSV73 pUCPY1_Hxtl This study
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Supplementary Figures
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X=7.049-Log10((1.966-0.345) /(Y-0.345)-1)
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Supplementary Figure S1 | pH calibration of pHluorin.

EBY.VW4000 cells expressing pHluorin on a p425H7 plasmid were permeabilized and resuspended in citric
acid/ Na;HPOy buffer solutions ranging from pH 5.0 to 9.0. Raon470 values were determined with the Clariostar
microplate reader (BMG LABTECH GmbH) and analyzed with the sigmoidal dose-response fit in GraphPad
Prism 5. The formula indicated within the graph can be used to convert R3go:470 (v) to pH (x).
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Supplementary Figure S2 | Hexokinase-dependence of the initial acidification after a glucose pulse to
glucose-starved yeast cells, monitored with the pHluorin-based method.

Starved TSY 11 (Axk”) cells transformed either with a HXK2 plasmid or with an empty vector as a negative
control were pulsed (time point indicated by the arrow) with 20 mM or 200 mM glucose.
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Supplementary Figure S3 | Assessment of the unspecific acidification of the yeast cytosol.

Starved TSY 11 (hxk?), EBY.VW4000 (hxt"), and AFY 10 (hxt”/hxk”) cells were pulsed (time point indicated by
the arrow) with 20 mM or 200 mM glucose (A). A residual decrease of Ragg470 also occurs when the non-
metabolizable sugar lactose (here 58.4 mM) is used for the sugar pulse (B).
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Supplementary Figure S4 | Glucose transport kinetics determined with the radiolabeled glucose uptake

assay.
Michaelis Menten constants (Kus) were determined by the conventional radiolabeled glucose uptake assay for

Hxtl (A) and Hxt5 (B), expressed on a 2 plasmid in zxt’ EBY.VW4000 cells in which pHluorin was also
expressed on a separate plasmid.
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Supplementary Figure S5 | Influence of the HXK2 overexpression on the pHluorin based assay.

An enzyme assay was performed with crude protein extracts from hxt” cells overexpressing HXK?2 from a
plasmid (EBY.VW4000 Hxk2) in comparison to Axt’ cells that contain only the native HXK2 copy in their
genome (EBY.VW4000). ixk? (TSY11) cells were used as a negative control (A). The apparent Ky values of
EBY.VW4000 (hxt”) yeast cells expressing XTI and pHluorin and additionally an empty vector (B) or a HXK2
plasmid (C) were determined with the pHluorin-based assay as described in the main manuscript and are
indicated within the graphs.
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'Institute of Molecular Biosciences, Faculty of Biclogical Sciences, Goethe University Frankfurt, Frankfurt am Main, Germany,
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Human GLUT2 and GLUT3, members of the GLUT/SLC2 gene family, facilitate glucose
transport in specific tissues. Their malfunction or misregulation is associated with serious
diseases, including diabetes, metabolic syndrome, and cancer. Despite being promising
drug targets, GLUTs have only a few specific inhibitors. To identify and characterize
potential GLUT2 and GLUT3 ligands, we developed a whole-cell system based on a yeast
strain deficient in hexose uptake, whose growth defect on glucose can be rescued by the
functional expression of human transporters. The simplicity of handling yeast cells makes
this platform convenient for screening potential GLUT2 and GLUTS3 inhibitors in a growth-
based manner, amenable to high-throughput approaches. Moreover, our expression
system is less laborious for detailed kinetic characterization of inhibitors than alternative
methods such as the preparation of proteoliposomes or uptake assays in Xenopus
oocytes. We show that functional expression of GLUT2 in yeast requires the deletion
of the extended extracellular loop connecting transmembrane domains TM1 and TM2,
which appears to negatively affect the trafficking of the transporter in the heteroclogous
expression system. Furthermore, single amino acid substitutions at specific positions of
the transporter sequence appear to positively affect the functionality of both GLUT2 and
GLUT3 in yeast. We show that these variants are sensitive to known inhibitors phloretin
and quercetin, demonstrating the potential of our expression systems to significantly
accelerate the discovery of compounds that modulate the hexose transport activity of
GLUT2 and GLUT3.

Keywords: GLUT2, GLUT3, Glucose transport inhibitor, drug screening system, hxt® yeast strain
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INTRODUCTION

Transport of hexoses across plasma membranes marks the first
and rate-limiting step of energy metabolism in cells of all domains
of life. In humans, 14 glucose transporter family members
(GLUTs, SLC2 gene family), with differing tissue distributions,
mediate the facilitative diffusion of sugar along a concentration
gradient. Despite a high sequence similarity, GLUTs differ in
substrate specificity and affinity (Mueckler and Thorens, 2013),
matching the demands for complex, tissue-dependent hexose
uptake. Abnormal expression, localization or function of
GLUTs are related to the pathogenesis of several diseases
including cancer (Barron et al., 2016), diabetes (Ohtsubo et al,,
2005; Hajiaghaalipour et al., 2015), and other severe metabolic
disorders (Santer et al, 1997; Brockmann, 2009), making these
transporters important drug targets.

GLUT2 is the primary GLUT isoform found in the liver. It
also mediates glucose transport in the kidney, intestine,
pancreatic B-cells and the central nervous system (Fukumoto
et al,, 1988; Thorens, 2015). Tt exhibits a low affinity for glucose
(Kp = ~17 mM (Uldry et al,, 2002)) and even lower for fructose,
galactose, and mannose (K = ~76, ~92, and ~125mM,
respectively (Mueckler and Thorens, 2013)). For glucosamine,
however, GLUT2 shows a very high substrate affinity (K, =
~0.8 mM) (Uldry et al, 2002). Under normal physiological
conditions, the glucose concentration in human blood is
~55mM (Jung et al, 2013); the glucose uptake by GLUT2
would be inefficient, indicating that it is not the primary
function of this transporter. More likely, glucose sensing
(Ohtsubo et al, 2005) and/or signaling (Guillemain et al,
2000) are the main functions of GLUT2, consistent with its
expression in tissues with high glucose fluxes. In murine
pancreatic [-cells, GLUT2 mediates glucose stimulated insulin
secretion, thereby regulating blood glucose levels. The absence of
this function impairs glucose homeostasis leading to diabetes
(Ohtsubo et al., 2005). Furthermore, GLUT2 may also be involved
in mediating transcriptional glucose signaling (Guillemain et al.,
2000). Loss of GLUT2 function causes the Fanconi Bickel
Syndrome (Santer et al, 1997), a rare autosomal disease with
various symptoms like hepatomegaly, tubular nephropathy,
glucose and galactose intolerance, fasting hypoglycemia,
rickets, and retarded growth (Santer et al., 2002).

In contrast to GLUT2, GLUT3 exhibits a high affinity for
glucose (Ky; = 1.4 mM (Colville et al., 1993)). Other substrates of
GLUT3 are mannose, galactose, and xylose (Simpson et al., 2008).
GLUT3 shares a high sequence identity (66%) with GLUT1
(Deng et al, 2015), and together they are predominantly
responsible for glucose uptake in the brain - GLUTI in the
blood-brain barrier and GLUT3 in neurons (Simpson et al,
2007). Accordant with its high affinity for glucose, GLUT3
plays a pivotal role in the glucose uptake of cell types with a
high demand for energy, such as sperm, circulating white blood
cells, and preimplantation embryos (Simpson et al, 2007).
Consistently, as tumor tissues have an increased need for
carbon sources to sustain uncontrolled proliferation, GLUT3 is
upregulated in many cancers, including gliomas, lung, laryngeal
and bladder tumors (Ancey et al., 2018; Barron et al,, 2016). In
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general, high expression of GLUT3 (and GLUT1) is associated
with severe pathogenesis and poor survival in most cancer tissues
(Ancey et al,, 2018). Recently, an association between diverse
diseases and variations of copy numbers of the GLUT3 gene has
been hypothesized (Ziegler et al., 2020). Hence, the discovery of
activating or inhibiting drugs specific for GLUT2 or GLUT3 is
highly desirable.

Both transporters GLUT2 and GLUT3 belong to the Class I
GLUT family, therefore sharing certain structure similarities as,
for example, the position of the glycosylation site in the
extracellular loop between the transmembrane helices (TM) 1
and 2 (Joost and Thorens, 2009). For GLUT2, it has been
proposed that its glycosylation is essential for proper
anchoring of the transporter to the plasma membrane of
B-cells and its stability in these cells (Ohtsubo et al., 2005).
However, the loop itself differs in the two transporters, with
GLUT?2 exhibiting a significantly larger loop size than GLUTS3.
The role of the cytoplasmic and extracellular loops between
transmembrane domains of GLUTs is still dramatically
understudied and putatively underestimated. The C-terminal
intracellular domain of GLUT2 has been implicated in the low
glucose affinity of this transporter (Katagiri et al, 1992).
Furthermore, it has been shown that conformational changes
in facilitators like GLUTSs, during the rocker switch mechanism,
are the primary force for the translocation of sugar (Qureshi et al.,
2020). Therefore, residues distant from the sugar-binding sites
likely influence transport dynamics significantly, including the
role of hydrophilic regions. Investigation of the extra-membrane
domains will further elucidate the origins of the transporter’s
different properties.

The need for a convenient platform to investigate GLUTs has
been recognized, and among different systems (Gould and
Lienhard, 1989; Zamora-Leon et al,, 1996; Kraft et al., 2015),
the yeast cell-based investigation system has many benefits
(Schmidl et al,, 2018). The yeast Saccharomyces cerevisiae is a
widely used GRAS organism and a model organism for diverse
research applications. Cells are easily manipulated and
maintained and exhibit a short generation time. By deleting all
endogenous hexose transporter genes (HXT1-17, GAL2) and the
genes of hexose transporting maltose transporters (AGT1, MPH2,
MPH3) with the loxP-Cre recombinase system in a CEN.PK2-1C
strain background (Entian and Kétter, 2007), a hexose
transporter-deficient (hxt”) strain, incapable of growing on
glucose or related monosaccharides, was constructed and
named EBY.VW4000 (Wieczorke et al., 1999; Solis-Escalante
et al, 2015). The strain is maintained on maltose, a
disaccharide taken up by specialized maltose symporters
(Chow et al, 1989), and cleaved inside the cell into two
glucose molecules. The selective uptake of the respective
monosaccharide by a heterologously expressed transporter can,
therefore, be examined by simple growth tests or uptake assays
with the radiolabeled sugar (Boles and Oreb, 2018; Schmidl et al.,
2018). Moreover, a radiolabel-free assay to determine transport
kinetics in the hxt” yeast system has been recently developed
(Schmidl et al., 2021).

However, the functional, heterologous expression of GLUTSs in
this strain is a challenging task. In previous studies, the
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transformation of EBY.VW4000 cells with native rat GLUTs did
not yield cell growth on glucose (for GLUT1 and GLUT4)
(Kasahara and Kasahara, 1996; Kasahara and Kasahara, 1997)
or fructose (for GLUTS5) (Tripp et al., 2017). Nevertheless, single
point mutations in the TM2 of GLUT1 and GLUTS5 enabled
their activity in EBY.VW4000 (Wieczorke et al., 2002; Tripp
etal, 2017). Also, wild-type GLUT1 was functionally expressed
in a hxt’ strain harboring the additional fgyl (“functional
expression of GLUT1 in yeast”) mutation (Wieczorke et al.,
2002) that affects the scaffold protein Efr3 (Wieczorke and
Boles, personal communication). Efr3 is essential for
recruiting the Stt4 phosphatidylinositol-4-kinase to the
plasma membrane and, consequently, builds a prerequisite
for normal membrane phosphatidylinositol-4-phosphate
levels (Wu et al., 2014). The corresponding strain was named
EBY.S7 (Wieczorke et al.,, 2002). Murine GLUT4 was only active
in a strain named SDY.022 that, besides the fgyI mutation, had a
mutation in the ERG4 gene, coding for the terminal enzyme of
the ergosterol biosynthesis pathway (Boles et al., 2004). The
latter mutation putatively leads to a different sterol composition
in the yeast plasma membrane, which seems beneficial for
GLUT4 activity.

Here, we report the functional expression of human GLUT2
and GLUT3 in the hxt® yeast system. Thereby, we complete the
accessibility of the well-characterized Class I GLUTs (GLUTs1-4,
categorized according to their sequence similarities (Joost and
Thorens, 2009)) in a convenient system that enables detailed
characterizations of these transporters and the screening for small
molecules affecting their activity in a high-throughput manner.
These new platforms facilitate the rapid discovery of drugs
addressing severe diseases associated with these essential
human transporters.

MATERIALS AND METHODS

Strains and Media

The construction of the strains CEN.PK2-1C (Entian and Kotter,
2007), EBY.VW4000 (Wieczorke et al, 1999), EBY.S7
(Wieczorke et al.,, 2002) and SDY.022 (Boles et al., 2004) used
in this study was reported previously and their genotypes are
listed in Supplementary Table S1. For maintenance and
preparation of competent cells, plasmid-free cells were grown
in standard YEP-media (1% (w/v) yeast extract, 2% (w/v)
peptone) supplemented with 1% (w/v)
competent cells were prepared and transformed according to
Gietz and Schiestl (Gietz and Schiestl, 2007). The transformants
were plated on solid, selective synthetic complete (SC) medium
with 1% (w/v) maltose (M) in which uracil was omitted (-URA) to
maintain the selection pressure. For experiments with envyGFP
constructs at the microscope, EBY.S7 or CEN.PK2-1C cells were
grown in filter-sterilized, low fluorescent, synthetic complete
medium (If-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 (for
EBY.S7) or 2% (w/v) glucose (for CEN.PK2-1C) and amino acids
as stated in Bruder et al. (Bruder et al., 2016), in which uracil was

maltose. Frozen
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omitted. For subcloning of plasmids, E. coli strain DH10B (Gibco
BRL, Gaithersburg, MD) was used.

PCR and Plasmid Construction

DNA Sequences of GLUT2 and GLUT3 are
Supplementary Table $2. PCRs were performed with Phusion
polymerase (New England Biolabs GmbH) and the respective
primers, according to the intended modifications, which are listed
in Supplementary Table S3. The resulting fragments were
transformed together with the EcoR1/BamHI linearized
p426H7 vector into EBY.VW4000, EBY.S7 or SDY.022 frozen
competent cells, respectively, to allow for plasmid assembly via
homologous recombination (Oldenburg et al., 1997). Cells were
plated on SCM (1% (w/v)) -URA agar plates and incubated for
3 days at 30°C. The grown colonies were then replica plated
onto solid SC -URA medium with 0.2% (w/v) glucose (SCD (0.2%
(w/v))). If growth occurred on glucose medium, single colonies
from these plates were picked, sub-cultivated and plasmids were
recovered by the standard alkaline lysis protocol. If no growth on
glucose was observed, colonies from the maltose plates were
picked and treated accordingly. For propagation and
amplification, plasmids were transformed via electroporation
in E. coli. Plasmid isolation from overnight E. coli cultures was
carried out using a GeneJET Plasmid Miniprep Kit (Thermo
Scientific) according to the manufacturer’s instructions and
sequenced at GATC Biotech (Konstanz, Germany). For
subcloning into a vector with a dominant marker, the
respective transporter sequences were amplified from the
p426H7 plasmids as described, with primers exhibiting
overhangs to the HXT7 promotor or CYCI terminator,
respectively, and PCR products were transformed together
with the linearized pRS62K plasmid, which contains the same
promotor and terminator regions, into EBY.VW4000 cells to

listed in

allow for homologous recombination. To check the in vivo
localization, envyGFP (Slubowski et al., 2015) was fused to the
C-terminus of transporter constructs via homologous
recombination of PCR fragments presenting the specific
overhangs, and the whole construct which was flanked by the
HXT?7 promotor and the CYCI terminator was inserted into the
low-copy CEN6/ARS4 vector pUCPY1. All plasmids used in this
study are listed in Supplementary Table $4.

Growth Tests

For growth tests on solid medium, drop tests were performed on
minimal SC -URA medium, containing the respective sugar, with
cells expressing transporter constructs in the p426H7 vector
backbone. Pre-cultures were grown overnight in 10 ml SCM
(1% (w/v)) -URA medium at 30°C and 180 rpm, centrifuged
(3,000 g, 3 min, 20°C) and washed twice in double-distilled, sterile
water (ddH,0). Cells were resuspended in ddH,0O and ODgpgpm
was adjusted to 1. Dilutions of ODggonm 0.1, 0.01 and 0.001 were
prepared and 4 pl of each dilution was dropped onto the agar
plate. Plates were incubated at 30°C for 5 days.

Cell growth in liquid YEP medium was measured with the Cell
Growth Quantifier (Aquila Biolabs) (Bruder et al, 2016). Pre-
cultures of cells expressing the transporter constructs in the
pRS62K vector backbone were grown overnight in 10 ml
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YEPM (1% (w/v)) medium with 200 pug/ml G418 for plasmid
selection, harvested by centrifugation (3,000 g, 3 min, 20°C) and
washed twice with ddH,0. Washed cells were used to inoculate
30 ml YEP G418 (200 pg/ml) medium with the indicated sugar to
an ODgponm 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 were
performed with the CGQuant software (Aquila Biolabs) as
previously described (Bruder et al,, 2016).

Fluorescence Microscopy

To investigate the in vivo localization of the (modified)
transporters, CEN.PK2-1C and EBY.S7 cells expressing the
envyGFP-tagged constructs on the low-copy CEN.ARS
plasmid pUCPY1 were grown overnight in filter-sterilized, low
fluorescent SC medium in which uracil was omitted (If-SC -URA)
and 1% (w/v) maltose (for EBY.S7 cells) or 2% (w/v) glucose (for
CEN.PK2-1C) was added. 500 pl cell suspension of an ODggpnm
between 1.5 and 3 was mixed with 500 pl If-SC -URA medium
with the respective sugar containing 1.2% (w/v) low melting
agarose (Roth) to reach a suspension with 0.6% (w/v) low melting
agarose for immobilization. Six microliters were applied to an
object plate, sealed with a cover slip and GFP fluorescence was
located with the Confocal Laser Scanning Microscope (Zeiss LSM
780, Jena, Germany).

To confirm the activity of envyGFP-tagged transporter
constructs, EBY.S7 cells expressing the respective construct
were streaked out on solid SC -URA medium with 0.2% (w/v)
glucose and growth was recorded after 5 days of incubation
at 30°C.

Structural Modeling of GLUT2 and GLUT3
The crystal structure of GLUT2 is unknown and only the
outward-facing GLUT3 structures are available. The homology
models of the inward-facing GLUT2 and GLUT3 were generated
with the ‘Homology Model’ function of the program package
Molecular Operating Environment (MOE; Chemical Computing
Group, https://www.chemcomp.com), using as a template the
crystal structure of GLUT1 (PDB ID 4PYP). The homology
models for the outward-facing GLUT2 were generated with
MOE from the crystal structure of GLUT3 (PDB ID 5C65 or
4ZWC). The amino acid sequence identity and similarity between
GLUT2 and GLUT3 are 50% and 68%, between GLUT1 and
GLUT2 are 52% and 68%, and between GLUT1 and GLUT3 are
63% and 78%, respectively, as determined with the alignment
function from MOE. The homology models generated were
scored with GB/VI. The mutations were performed in MOE
Protein  Designing function and subject to energy
minimization with the Forcefield Amber10.

Transport Assay for Inhibition Studies

The culturing of yeast cells was done at 30°C with shaking
(180 rpm). EBY.S7 yeast cells expressing GLUT2a100ps_qassr
were grown for a day in YEPM (1% (w/v)) media containing
200 ug/ml G418. Cells were washed once in YEP media
containing 0.2% (w/v) glucose (YEPG) and 200 pg/ml G418
and transferred in the same media so that ODgyppm ~ 0.5 and

Frontiers in Molecular Biosciences | wwuw.frontiersin.org

Functional GLUT2 & GLUT3 in Yeast

grown further for 1 to 2 days. GLUT3g46y expressed in EBY.S7
were grown for two days in SC-URA with 1% (w/v) maltose, then
washed and transferred in SC-URA with 0.2% (w/v) glucose,
followed by further growth for 1-2 days. For transport activity
assay, cells were centrifuged (1000 g, 5 min), washed once with
PBS solution (10 mM Na,HPOy, 1.8 mM KH,POy, 2.7 mM KClI,
137 mM NaCl, pH 7.4), and resuspended in PBS buffer at an
ODgoonm ~ 10; each assay determination contained 100 pl of this
cell solution. Transport activity assay was started by adding C"*-
glucose (10mM for GLUT2p100ps_qass O 1mM  for
GLUT3g66y). Transport activity assay was halted after 10 min
by adding 3 ml ice-chilled Quench buffer (0.1 M KPi, 0.1 M LiCl,
pH 5.5), followed by filtration through a glass fiber channel
(GC50; Advantec, Tokyo, Japan) under vacuum, and another
two washes with 3 ml Quench buffer and filtration. The filtration
membranes were transferred into scintillation vials with 10 ml of
Scintillation ~ Solution  (BioSafell;  Research  Products
International, Mount Prospect, IL, United States), and
vortexed briefly. The radioactivity was determined with a
scintillation counter (Tri-carb 2900TR, Perkin Elmer,
Waltham, MA, USA). Phloretin and quercetin were dissolved
in DMSO at 20 mM stock concentration, and inhibitor
concentrations used for ICs;, determination were 100x stocks
so that the final concentration of DMSO in the assay was 1%.
Controls for determining the relative transport activity included
1% (v/v) DMSO to account for DMSO presence due to inhibitor,
and the cells transformed with the empty vector. We found that
the background activity with the empty vector was comparable to
the transport activity of the transporters at 200 uM phloretin.
Data were analyzed with the nonlinear fit analysis of GraphPad
Prism (San Diego, CA, United States).

RESULTS

Generation of GLUT Constructs that
Mediate Glucose Uptake into the hxt® Yeast

Strain

A GLUT3 Mutant Shows Enhanced Activity in the hxt°
Yeast System

A plasmid for the expression of GLUT3 in yeast was generated
using either the native human coding sequence or a codon-
optimized sequence for the expression in insect cells.
Amplification of the open reading frame (ORF) with
oligonucleotides having 30-40 base pair overhangs to the
applied promoter (HXT7 1-329) or terminator (CYCI) region,
respectively, and co-transformation with the linearized host
plasmid (p426H7) in EBY.VW4000, EBY.S7, and SDY.022
cells allowed for the plasmid assembly via homologous
recombination (Oldenburg et al., 1997; Boles and Oreb, 2018).
The strong, truncated HXT7 promoter region and the CYCI
terminator were chosen to achieve high expression levels.
Transformants were plated on selective SC -URA medium,
containing 1% (w/v) maltose, and incubated for three days at
30°C, resulting in the growth of approximately 1000 colonies per
plate. Subsequently, cells were replica plated on SC -URA
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medium, containing 0.2% (w/v) glucose, to screen for cells that
regained the ability to use glucose as a carbon source.
EBY.VW4000 transformants did not show any growth on the
solid glucose medium, even after a prolonged incubation of seven
days. Most of the EBY.S7 and SDY.022 transformants grew after
five days of incubation on glucose. To investigate if wild-type
GLUTS3 is active in these strain backgrounds, we isolated and
sequenced plasmids of several colonies with various sizes. In
bigger colonies, one single mutation (S66Y) was found,
located in TM2. However, also unmodified GLUT3
mediated the growth of EBY.S7 and SDY.022 transformants
on glucose. Re-transformation of the native GLUT3 and the
modified GLUT3g46y construct in EBY.S7 cells resulted in
growth on glucose medium, proving that no further
mutations, except for the fgyl mutation, in the yeast strain
were essential for this phenotype. However, while wild-type
GLUT3 was incapable of mediating growth of EBY.VW4000
cells on solid glucose medium, slight growth was observed for
GLUT3gg6y-expressing EBY.VW4000 cells (Supplementary
Figure S7A). Furthermore, the drop test of the EBY.S7 and
SDY.022 cells expressing the different constructs (GLUT3 and
GLUT3g66y) on a plasmid, revealed larger colonies for those
expressing the mutated version (Supplementary Figures
§7B,C), indicating that the S66Y mutation is beneficial for
the functionality of the transporter in the heterologous
system. Growth tests with hxt® cells expressing GLUT3 or
GLUT3g46y were performed in liquid YEP medium with 0.2%
(w/v) glucose, for which the GLUT3 ORFs were transferred to
pRS62K plasmid backbones. Consistent with the results
observed in the drop tests, both constructs enabled the
growth of EBY.S7 cells, but GLUT3-expressing cells showed
a significantly longer lag phase and a 1.8 times lower apparent
maximal growth rate than those expressing GLUT3gs6y
(Figure 1A; Supplementary Table S5). For EBY.VW4000
cells, only GLUT3gsy mediated growth, while the
unmodified GLUT3 did not (Figure 1B). Positive controls
were GLUTI, as a representative of a heterologous transporter
active in EBY.S7 cells (Wieczorke et al., 2002), and Hxtl, an
endogenous low-affinity transporter for glucose and fructose
(Leandro et al., 2009).

Functional GLUT2 & GLUTS in Yeast

Site-Directed Mutagenesis Approaches to Enable
GLUT2 Activity in Yeast

Expression plasmids carrying either the native or a codon-
optimized (for insect cells) human GLUT2 sequence were
generated as described above for GLUT3. However, after replica
plating, EBY.VW4000, EBY.S7, or SDY.022 transformants, of
which more than 1000 colonies grew on solid maltose medium,
showed no growth on glucose-containing agar plates, even after
prolonged incubation at 30°C for one week.

Like the S66Y mutation in GLUT3, previous studies found
single point mutations in the second transmembrane region of
GLUT1 (e.g, V69M) (Wieczorke et al, 2002) and GLUT5 (e.g,
§72Y and S76I) (Tripp et al,, 2017) that enabled or improved the
functional expression of these GLUTS in yeast. Therefore, we focused
on this critical region in GLUT?2 as well. Comparison of the amino
acids 96 - 104 in GLUT2 with the corresponding area in GLUT1,
GLUT3, and GLUT5 (Supplementary Figure S2) revealed that
GLUT2 primary sequence has two consecutive serines at
positions 102-103 vs. hydrophobic amino acids in the other
GLUTS successfully expressed in yeast (Supplementary Figure S2).

Interestingly, in GLUT3 and GLUTS5, a single serine mutation
to a more hydrophobic amino acid enabled or improved the
functional expression of these two transporters in yeast (as shown
in this study and by Tripp et al. (Tripp et al, 2017)). This
observation prompted us to direct mutagenesis to the amino
acids 101-103, including the valine at position 101, considering
the effect of the V69M mutation in GLUT1 (Wieczorke et al.,
2002). By using degenerate primers that allow for the
introduction of different nucleotides at a particular position
(Kwok et al,, 1994) (see Supplementary Table S3), different
codons were inserted to mutate the chosen amino acids. The
following degenerate codons were used to insert the desired range
of substitutions: at position 101, RTK (encoding Ile, Met and Val);
at position 102, RYT (encoding Ala, Ile, Thr and Val); at position
103, ATK (encoding Ile and Met). Considering all permutations, a
library encoding 24 different protein sequence variants of the
critical region resulted from this approach. The sequencing of the
isolated plasmids from random clones confirmed the successful
introduction of the expected range of substitutions. Still,
screening of more than 1000 colonies for growth on glucose-
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FIGURE 1 | Growth of hxt” cells expressing GLUT3 or GLUT3ggsy 0n glucose. Cell growth of EBY.S7 (A) or EBY.VW4000 (B) cells in the YEP medium containing

200 pg/ml G418 and 0.2% (w/v) glucose was recorded with the Cell Growth Quantifier (Aquila Biolabs). The cells were transformed with the empty pRS62K vector,
PRS62K vector or with plasmids encoding the endogenous Hxt1 the endogenous Hxt1 transporter, GLUT1, GLUT3, or GLUT3sgsy. The average of three biological
replicates (continuous lines) and the error (dashed lines) are shown. Apparent maximal growth rates for the growing cells were calculated with the CGQuant
software and are listed together with the duration of lag phases in Supplementary Table S5.
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FIGURE 2| The structural model for GLUT2, GLUT3, and GLUT2 constructs. (A) The structural model was generated in MOE, based on the crystal structure of the
outward-facing conformation of human GLUT3 (PDB ID 4ZWC). The color code represents the sequence homology between GLUT2 and GLUT3, ranging from identical
residues (dark blue) to very dissimilar substitutions (red). Unique to GLUT2 is the extension in the loop between transmembrane helices H1 and H2, in the extracellular
space (shown in red). (B) GLUT2 and GLUT3 sequence alignment in the region flanking the extended extracellular loop of GLUT2 (in red, underlined). The loop
deletion constructs of GLUT2 are: GLUT2,o0p, Which lacks residues 55-89, GLUT2,00ps, Which lacks residues 55-88 and has the mutation A89S, and GLUT2ksas_aicop:
which lacks residues 55-89 and has the mutation K54S. For the two latter constructs, the single substitutions to serine are in analogy to S55 of GLUT3 (black bold
underlined). The red curved line in the constructs shows the loop excision site. For the GLUT2 constructs, the number for both the original (bold black) and post-deletion
(bold red) sequences are shown.

containing agar plates yielded no positive clones. In addition to ~ Modification of the Extended Extracellular Loop of

these mutations in TM2, we mutated the N glycosylation site at
position 62 (GLUT2y42q) within the first extracellular loop, just
in case the glycosylation disturbed the activity of the transporter
in yeast cells. This modification also failed to restore hxt’ yeast
cell growth on glucose.

GLUT2

A conspicuous structural difference between GLUT2 and the
other Class I GLUTS, which are active in yeast, is the extension of
the extracellular loop connecting the TM helices H1 and H2
(Figure 2).
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FIGURE 3 | Growth of hxt° cells expressing GLUT2 variants on hexoses. Cell growth of EBY.S7 (A,C) or EBY.VW4000 (B) cells containing the empty pRS62K
vector, the endogenous Hxt1 transporter (only (A),(B)), GLUT1 (only (A),(B)), GLUT2, GLUT200ps OF GLUT2 z100ps_aassr, Was recorded with the Cell Growth Quantifier
(Aquila Biolabs). The YEP medium was supplemented with 200 ug/ml G418 for plasmid selection and 0.2% (w/v) glucose (A,B) or 2% (w/v) fructose (C). The average of
three biological replicates (continuous lines) and the error (dashed lines) are shown. Apparent maximal growth rates for the growing cells were calculated with the
CGQuant software and are listed together with the duration of lag phases in Supplementary Table S5.
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Since minor sequence modifications have not led to an active
expression of GLUT?2 in hxt” yeast strains, we reasoned that
shortening the extension, thereby introducing a GLUT3-like-
loop, could promote GLUT?2 activity in the heterologous system.

In addition to just deleting the amino acids 55-89
(GLUT24100p), We also constructed one chimera in which those
amino acids were replaced by one serine (GLUT24150ps) and one
in which the lysine preceding the deleted region was mutated to
serine (GLUT2ks4s aloop) (Figure 2B). Compared to GLUT3, the
loop of GLUT2,jaep is one residue shorter, lacking the residue
corresponding to $55 of GLUT3, while that of GLUT2joeps is the
same length and includes a residue in analogy to S55 of GLUT3.
GLUT2ks45_aloop cONtains the mutation corresponding to S55 of
GLUT3 but at the beginning instead of the end of the deleted
loop. The modifications were introduced into the ORFs via PCR
(primers are listed in Supplementary Table S3), and the
individual fragments were transformed together with a
linearized p426H7 vector in EBY.VW4000, EBY.S7, or
SDY.022 cells. Transformants that grew on solid maltose
medium (more than 1000 colonies per plate) were then replica
plated onto glucose containing plates. A substantial number
(approximately 60%) of colonies expressing one of the three
loop-modified constructs, respectively, grew on glucose.
Multiple plasmids from each strain background and loop-
construct combination were isolated and sequenced. Most of
these plasmids did not show mutations other than those
intentionally introduced. Strikingly, in 2 out of 3 sequenced
plasmids harboring the GLUT2j00ps construct that were
isolated from EBY.VW4000 cells, a point mutation led to the
substitution of the amino acid glutamine at position 455 with

Functional GLUT2 & GLUT3 in Yeast

either lysine (Q455K) or arginine (Q455R). Also, Q455R
mutation was found in one out of three GLUT2p10ps
constructs isolated from SDY.022 cells, indicating an
additional beneficial effect of this mutation on the glucose
uptake via GLUT2. The isolated loop constructs GLUT2je0ps
GLUT2ks55_aloops GLUT24100ps, and GLUT2160ps_qassr Were re-
transformed in all three hxt’ strains, and their growth was
analyzed by a drop test on solid glucose medium
(Supplementary Figure $9). The ability to grow on glucose
was regained by EBY.S7 and SDY.022 cells with all loop
constructs, whereas cells expressing GLUT2pj00ps and
especially GLUT2aj100ps_qassr,  respectively, showed bigger
colonies in comparison to GLUT2p100p 0 GLUT2ks55 aloop
expressing cells (Supplementary Figures S9B,C). EBY.VW4000
cells grew significantly only when expressing GLUT2150p5_Qas5R
(Supplementary Figure S9), providing further evidence for a
crucial effect of this additional point mutation, when combined
with the AloopS modification, on GLUT2 activity.

As with GLUT3, the ORFs of different GLUT2 variants were
transferred into the pRS62K vector and tested for growth in liquid
YEP media, using the Cell Growth Quantifier (Aquila Biolabs)
(Bruder et al., 2016). In agreement with the results from the drop
test, only GLUT2Ajo0ps and GLUT2140ps_qassr, but not wild-type
GLUT2, conferred growth of EBY.S7 cells on 0.2% (w/v) glucose
(Figure 3A). For EBY.VW4000 cells, the additional point
mutation in GLUT2pj00ps_qassk Was essential for growth in
this medium (Figure 3B). Interestingly, no growth of EBY.S7
cells expressing either of the loop constructs was observed on
0.2% (w/v) fructose medium, while the positive controls
expressing Hxtl showed normal growth (data not shown).

PMT
GLUT2

GLUT2 yi0ps

GLUT2 5j00p5_aassk

envyGFP

merged

FIGURE 4| Subcellular localization of GLUT2 variants. envyGFP was fused to the C-termini of GLUT2 (wild-type), GLUT2 50008, @and GLUT2 yjoops_qassr. CEN.PK2-
1C cells, expressing the respective envyGFP construct, were grown in low fluorescent SC -URA medium containing 0.2% (w/v) glucose. For immobilization, 0.6% (w/v)
low melt agarose was added to the suspension. Localization was analyzed with the Confocal Laser Scanning Microscope (Zeiss LSM 780, Jena, Germany).
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This is likely due to the very low affinity of GLUT2 for fructose
(Kpr = ~76 mM) (Mueckler and Thorens, 2013). However, on 2%
(w/v) fructose, both loop constructs conferred robust growth
(Figure 3C). Analysis of the apparent maximal growth rates with
the CGQuant Software (Bruder et al., 2016) showed a significantly
faster ~doubling rate for EBY.S7 cells expressing
GLUT2100ps_qQassr compared to GLUT24j00ps-eXpressing cells
on 0.2% (w/v) glucose medium (1.7 times) as well as on 2% (w/v)
fructose medium (1.5 times) (Supplementary Table S5).

Subcellular Localization of Different GLUT2

Variants

One hypothesis to explain the adverse effect of the extended
loop on GLUT?2 activity in yeast is possible interference with
the transporter’s targeting to the plasma membrane. To test if
our loop modifications influence the transporter trafficking,
we fused the strong GFP variant envyGFP (Slubowski et al.,
2015) to the C-terminal ends of the two most active constructs
GLUT24100ps and GLUT24l00ps_qassr, and of the inactive
wild-type GLUT2. The activity of these envyGFP-
tagged transporters was confirmed by the growth of
GLUT2100ps_qassr-envyGFP and GLUT24j00ps-envyGFP-
expressing EBY.S7 cells on solid SC -URA 0.2% (w/v)

Functional GLUT2 & GLUT3 in Yeast

glucose medium (Supplementary Figure S11). Fluorescence
microscopy of CEN.PK2-1C cells indeed revealed significant
differences between the localization of the wild-type GLUT2
and the two truncated constructs. While cells expressing the
latter showed a patchy distribution at the plasma membrane
and partial retention in the endomembrane system,
unmodified GLUT2 does not reach the plasma membrane
and is located in vacuoles (Figure 4), thereby being
destined for degradation.

The same pattern was observed in EBY.S7 cells
(Supplementary Figure S10), demonstrating that the effect of
the loop is not dependent on the strain background. Therefore,
we conclude that the implemented loop modifications rescue the
trafficking defect of GLUT2 in yeast cells. The additional point
mutation appears not to influence the subcellular localization of
the transporter and putatively improves the transporter’s
substrate-gating activity by other effects (see below).

The Yeast Platform is Suitable for Screening
and Characterizing GLUT Inhibitors

Since the best activities of GLUT2 and GLUT3 constructs were
observed in the EBY.S7 cells, this strain background was chosen
to establish a yeast-based platform for screening and
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FIGURE 5 | Effect of phloretin and quercetin on GLUT2,5100ps_aassr @nd GLUT3seey expressed in hxt” EBY.S7 cells. The relative transport activity (expressed as %
of the transport in the absence of the inhibitor) of GLUT2 zi00ps_aassr (A,B) and GLUT3sesy (D,E) as a function of phloretin (A,D) or quercetin (B,E) concentrations at 10
mM (for GLUT2zi00ps_aassr. (A,B)) or 1 mM (for GLUT3sesv, (D,E)) glucose is shown. Error bars represent the standard deviation from three independent
measurements. Growth assays with GLUT2 yi00ps_aassr (C) or GLUT3sgsy (F) expressing EBY.S7 cells on YEP medium supplemented with 0.2% (w/v) glucose and
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Supplementary Table S6.
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FIGURE 6 | Structural models of GLUT2 and GLUT3 variants with functional transporter expression in hxt” cells. Inward-facing (A,C,E) and outward-facing (B,D,F)
conformations of GLUT2 and GLUT3 based on the crystal structures for the corresponding conformations of GLUT1 (PDB ID 4PYP, inward-facing) or GLUT3 (PDB ID
5C65, outward-facing), showing the locations of the single-site mutations that increased the transport activity of GLUT2,,., and GLUT3 expressed in hxt° yeast cells: S66
inH2 of GLUT3 and Q455 in H11 of GLUT2,5.. The transporter N- and C-halves are in magenta and gold, respectively, and the transmembrane helices are labeled

as H1-H12. (C,D) Close-up views of (A,B), respectively, focused on Q455R in GLUT2,.,p,, showing the original side-chain (magenta), and the mutant (yellow). (E,F)
Close-up views of (A,B), respectively, focused on S66Y in GLUT3. The mutant side chain is shown in yellow. The extracellular loop between helices H1 and H2 (residues
35-54, shown in blue) is close to the mutated side chain Y66 in the outward-facing conformation (F). Compared with the inward-facing conformation, in the outward-
facing conformation, the loop spanning residues 35-54 moves at least 1 A in the direction indicated by the red arrow. Figures were drawn using Open-Source PyMol
Version 2.3.0 (The PyMOL Molecular Graphics System, Version 2.3.0 Schrodinger, LLC).

characterizing GLUT inhibitors. Phloretin (Kwon et al., 2007)
and quercetin (Lee et al,, 2015) are well-known inhibitors of
GLUT2 and GLUT3 (Kwon et al., 2007; Augustin, 2010; Lee et al.,
2015), and, therefore, we determined their half maximal
inhibitory concentration (ICs, values) for GLUT2j00ps_qassr
expressed in EBY.S7 (Figures 5A,B).

The values obtained for GLUT2aj00ps_qassr (ICso of 1.07 +
0.11 and 322 + 045uM for phloretin and quercetin,
respectively) indicate a strong inhibition and confirm that
yeast-expressed GLUT2 can be reliably used to identify and

characterize transport inhibitors despite the deletion of the
extended extracellular loop. This is supported by growth tests
in the presence of phloretin. We found that 50 uM phloretin
inhibited  the growth of EBY.S7 cells expressing
GLUT2p100ps_qassr significantly, leading to an extensive long
lag phase of 87.4 hours, a diminished apparent maximal
growth rate (Supplementary Table $6) and a lower maximal
cell density (Figure 5C).

Inhibition of GLUT3g6y with phloretin and quercetin is less
potent than for GLUT2ai00ps_qassk but still effective, as
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FIGURE 7 | Mapping the mutations that render different GLUTS active in hxt° yeast cells. (A,B) The structural model of the outward-facing conformation for GLUT1-3
and GLUT5 showing the single-site mutations that provide or increase transport activity of the respective human GLUT upon expression in hxt® yeast cells, viewed from
the extracellular side. The mutants are generally substitutions to bulkier side chains and fall into two categories. (A) Mutants that disrupt the packing between the N- and
C-domains (colored as cyan and wheat, respectively), such as S721 and S76Y of GLUT5, Q455R of GLUT2, and V69M of GLUT1. (B) Mutants that dislocate the
loop between TM helices TM1 and TM2 (the part of the loop that needs to move to accommodate the mutations is shown in blue), causing it to move away from the
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demonstrated by the ICs, values (22.4 + 1.8 pM for phloretin and
11.6 + 0.6 uM for quercetin) (Figures 5D,E). Moreover, the
phloretin ICs, values are in the same range as those reported
for the related GLUT1 and GLUT4 (Kasahara and Kasahara,
1997). Reflecting the higher ICs, values of phloretin compared to
those measured with GLUT2100ps_qassr, the growth delay of
GLUT3g66y expressing EBY.S7 cells in glucose containing
medium in the presence of 50 uM phloretin is less pronounced
but still significant (Figure 5F; Supplementary Table $6). In
contrast, the apparent maximal growth rates of Hxtl-expressing
EBY.S7 cells do not show significant differences when grown in
the absence or presence of 50 uM phloretin (Supplementary
Table S6). As all tested transporters were expressed under the
control of the truncated Hxt7 promotor, the Hxtl control shows
that the diminished growth phenotypes of GLUT2ai00ps_qassr
and GLUT34¢y-expressing EBY.S7 cells upon phloretin addition
do not arise from lowered expression levels. Together, these data
demonstrate that the yeast system can be conveniently used to
screen large compound libraries for potential inhibitors of
GLUT2 and GLUT3 in a simple, growth-based manner,
amenable to high throughput screening.

Structural Analysis of GLUT2 and GLUT3

Constructs

The prevailing transport mechanism for the Major Facilitator
Superfamily (MES) proteins, including GLUTS, postulates that the
substrate cavity of the transporter is alternately open to either side of
the membrane with the transporter cycling between the so-called
outward- and inward-facing conformations, through a relative
rocking of the transporter N- and C- halves (domains) around
the active site (Abramson et al., 2003; Yan, 2015). The structural
models for GLUTzAloopS’ GLUTZAIOOPS_Q455R’ GLUT3, and
GLUT3gs6y were based on the crystal structures of the inward-
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facing conformation for GLUT1 (PDB ID 4PYP) and the outward-
facing conformation of GLUT3 (PDB ID 5C65 or 4ZWC) (Figure 6).

GLUT2 and GLUTS3 share 50% and 68% amino acid sequence
identity and homology, respectively (determined with MOE,
Chemical Computing Group). Cell growth of GLUT-
expressing EBY.S7 cells showed that additional single
mutations in GLUT24140ps and GLUT3 improved the transport
activities (Figures 1, 3): Q455R in GLUT2j60ps and S66Y in
GLUT3. Q455 of GLUT? is in the outward edge of the TM helix
Hl1, close to the interface between the N- and C-domains
(Figure 6A). Its substitution with arginine is inconsequential
for the outward-facing conformation (Figures 6B,D), but
disruptive for the inward-facing conformation of the
transporter; the bulkier guanidinium moiety can no longer
participate in the hydrogen bond interactions with Q35 of H1
and T94 of H2 (Figure 6C), sterically crowding its vicinity. In
GLUT3, S66 is in the outer periphery of H2, part of a hydrophobic
pocket composed of N-domain residues including, 131, 138, L120,
and L188, close to the soluble loop linking H1 and H2 (Figures
6A,E,F). In the outward-facing conformation of GLUT3, S66
substitution with the larger side-chain of a tyrosine integrates
well, as there is ample space around the loop connecting H1 and
H2 (loop 35-54) (Figure 6F). Conversely, in the inward-facing

TABLE 1 | Mutations that enable the transport activity of human GLUTs expressed
in hxt° cells.

Protein Mutation Reference
GLUTH W65R Wieczorke et al. (2002)
V69IM
GLUT2100ps Q455R This study
GLUT3 S66Y This study
GLUT S72y Tripp et al. (2017)
S76l
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conformation, loop 35-54 packs near H7, and the tyrosine side-
chain is pushed away from the hydrophobic pocket (Figure 6E).

DISCUSSION

The work here completes the generation of GLUT-specific assay
systems for class I GLUTSs in the versatile and simple platform
provided by the engineered yeast cells, hxt’. These systems enable
high-throughput ligand screening for a particular GLUT and
determination of the potency and selectivity of the ligand
candidates relative to closely related GLUTs within class I, and
also class II member, GLUTS5. The co-existence of several GLUT
isoforms within one tissue or cancer cell line complicates efforts to
understand the role of a particular GLUT in the cell pathology or
physiology. Thus, besides their medical importance as potential drugs,
GLUT-selective inhibitors can also serve as investigative tools to
unravel how healthy and abnormal cells adjust their energetic
needs through GLUT expression, regulation or function (Carreno
et al,, 2019). Additionally, GLUT-specific substrate analogs can be
optimized as diagnostic tools, especially in cancer detection (Barron
etal, 2016; George Thompson et al., 2016; Wuest et al., 2018). Finally,
discovery of GLUT-selective activators would be of particular interest
in the case of GLUT4 or GLUT2, as strategies to ameliorate diabetes.

Having a GLUT2 assay system is particularly useful. The low
affinity for glucose and fructose of this transporter makes it difficult to
study its activity when other GLUT isoforms are present, even when
GLUT?2 is overexpressed. Deleting the loop extension between TM1
and TM2 helices was necessary for the functional expression of
GLUT2, and the two transporters showed differences in their
inhibition by phloretin and quercetin, with GLUT2 being
significantly more sensitive than GLUT3 (Figure 5).

Besides their value for GLUT-specific ligand discovery and
characterization, the GLUT expressing yeast systems point to
intriguing clues regarding the regions important for transporters
activity. As shown here for GLUT2 and GLUT3 and previously
reported for GLUT1 (Wieczorke et al., 2002) and GLUTS5 (Tripp
et al., 2017), the functional expression of these transporters is
facilitated or improved by single amino acid substitutions in the
transporter sequence (summarized in Table 1, Figure 7).
Although the elucidation of the underlying mechanism is
complex and not in the scope of this study, structural
modeling can help derive hypotheses to explain the observations.

Wild-type transporters and GLUT2 yjaqps, although localized at the
membrane, could not compensate for the absence of the endogenous
hexose transporters when EBY.VW4000 cells were grown in media
with glucose or fructose as the carbon source. W65R and V69M of
GLUT1 (Wieczorke et al., 2002), S66Y of GLUT3 (this study), $72Y
and S761 of GLUT5 (Lripp et al, 2017) are all residues in the TM?2, near
the loop connecting TM helices 1 and 2, which in turn either packs
closely to TM helices 7 and 11 (in the inward-facing conformation) or
relaxes by moving at least 1 A away from these helices (in the outward-
facing conformation). Intriguingly, Q455R of GLUT2japs is at the
end of TM11, which also approaches the same region: TM1, TM2, and
their connecting loop (residues 35-54) (Figures 6, 7). The convergence
in the location of the mutations that functionalize the transporters
(Figure 7), whether they are part of the Class I GLUTS (like GLUT1-3)
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or Class IT (like GLUTS5), suggests that this region is critical for
transport activity of human GLUTS in the yeast system. Consistent
with the proposed role of the mutations in GLUTS5 (Tripp et al., 2017),
the ones described here for GLUT3 and GLUT24j00ps (566Y and
Q455R, respectively) also seem to destabilize the inward-facing
conformation while leaving the outward-facing one unaffected.
More generally, the substitutions that functionalize GLUTS in yeast
cells favor an open substrate cavity towards the extracellular space
(ie., outward-facing conformation), either by destabilizing the N-
and C-domain interface of the inward-facing conformation
(Figure 7A) or by pushing the TM1-TM2 extracellular loop
away, leading to a more accessible substrate cavity from the
extracellular side (Figure 7B).

Evidently, the lipid composition of the yeast’s plasma
membrane also impacts the heterologous expression of some
human GLUTs (Wieczorke et al., 2002; Schmidl et al., 2018).

In EBY.S7, a strain in which the phosphatidylinositol-4-
phosphate composition is putatively altered due to the fgyI
mutation (Schmidl et al, 2018), wild-type GLUT1 and
GLUT3, and GLUT240ps, are actively expressed without any
further point mutations. Conceivably, the cycling between the
transporter conformations depends on the lipid environment; the
relative stabilization of the outward-facing conformation vs. the
inward-facing one may be a feature of functional expression of
human GLUTs in yeast cells. Activating transport by stabilizing
the outward-facing conformation has been documented for
another classic MFS protein, LacY, for which interaction of
the transporter periplasmic loops with a nanobody against the
outward-facing conformation increased the substrate affinity 50-
fold (Smirnova et al., 2014). Strikingly, the critical role of lipids in
yeast for the functionality of transporters that undergo
conformational changes during the transport cycle has been
recently demonstrated, supporting our hypothesis (van't
Klooster et al., 2020a; van’t Klooster et al., 2020b).

For GLUT?2, introducing point mutations or screening a
combinatorial ~mini-library of 24 possible aminoacid
combinations in the critical TM2 region was not sufficient for
activating the transporter, even in strain backgrounds EBY.S7 and
SDY.022 exhibiting an altered lipid composition. We
demonstrated that truncating the large extension of the second
extracellular loop, which is a distinctive property of GLUT2
compared to other GLUTs functionally expressed in yeast, was
a successful strategy based on a rational approach. As shown by
fluorescence microscopy, this modification promotes the
trafficking of the transporter to the plasma membrane,
whereas the full-length protein is largely retained in the
vacuole. In general, the role of the soluble loops in MEFS
transporters is not well understood, but it is believed that they
might affect the gating and conformational dynamics of the
transporters (Qureshi et al., 2020). Our results suggest that the
GLUT2-specific extension of the second loop is not essential for
glucose transport per se. It might rather have a regulatory
function, which is probably relevant only within its native
environment in the human cells. Similar to our observations,
the soluble loops were dispensable for the function of the human
nucleoside transporters (belonging to the MFS superfamily)
expressed in Xenopus oocytes (Aseervatham et al,, 2015).
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In summary, despite the necessary modifications of their
sequence, our transporter variants retain their native function
in facilitating glucose (GLUT2, GLUT3) and fructose (GLUT2)
uptake. Importantly, they are sensitive to the known inhibitors
phloretin and quercetin, which validates our system as a platform
for screening and characterizing potential transport inhibitors.
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Supplementary Table S1. Strains used in this study

Strain name Relevant genotype Reference

EBY.VW4000 MATa leu2-3,112 ura3-52 trp1- Wieczorke et al., 1999
289 his3-1 MAL2-8¢c SUC2 Ahxt1-
17 Agal2 Astl1 Aagt1 Amph2
Amph3

EBY.S7 MATa leu2-3,112 ura3-52 trp1- Wieczorke et al., 2002
289 his3-A1 MAL2-8C SUC2
Ahxt1-17 Agal2 Aagt1 Astl1 fgy1-1

SDY.022 MATa leu2- 3,112 ura3-52 trp1- Boles et al., 2004
289 his3-A1 MAL2-8C SUC?2
Ahxt1-17 Agal2 Aagt1 Astl1 fgy1-1
erg4::kanMX

CEN.PK2-1C MATa leu2-3,112 ura3-52 trp1- Entian and Kétter, 2007
289 his3-A1 MAL2-8C SUC?2

Supplementary Table S2. DNA sequences of the transporters GLUT2 and GLUT3

Shown are wild-type sequences or codon optimized sequences (opt) for expression in insect cells.

GLUT ORF sequence
transporter
GLUT2 ATGACAGAAGATAAGGTCACTGGGACCCTGGTTTTCACTGTCATCACTGCTGTGCTGGGTTCCTTCCAGTT

TGGATATGACATTGGTGTGATCAATGCACCTCAACAGGTAATAATATCTCACTATAGACATGTTTTGGGTG
TTCCACTGGATGACCGAAAAGCTATCAACAACTATGTTATCAACAGTACAGATGAACTGCCCACAATCTCA
TACTCAATGAACCCAAAACCAACCCCTTGGGCTGAGGAAGAGACTGTGGCAGCTGCTCAACTAATCACCAT
GCTCTGGTCCCTGICTGTATCCAGCTTTGCAGTTGGTGGAATGACTGCATCATTCTTTGGTGGGTGGCTTG
GGGACACACTTGGAAGAATCARAAGCCATGTTAGTAGCAAACATTCTGTCATTAGTTGGAGCTCTCTTGATG
GGGTTTTCAAAATTGGGACCATCTCATATACTTATAATTGCTGGAAGAAGCATATCAGGACTATATTGTGG
GCTAATTTCAGGCCTGGTTCCTATGTATATCGGTGAAATTGCTCCAACCGCTCTCAGGGGAGCACTTGGCA
CTTTTCATCAGCTGGCCATCGTCACGGGCATTCTTATTAGTCAGATTATTGGTCTTGAATTTATCTTGGGC
AATTATGATCTGTGGCACATCCTGCTTGGCCTGTCTGGTGTGCGAGCCATCCTTCAGTCTCTGCTACTCTT
TTTCTGTCCAGAAAGCCCCAGATACCTTTACATCAAGTTAGATGAGGAAGTCAAAGCAAAACARAGCTTGA
AAAGACTCAGAGGATATGATGATGTCACCAAAGATATTAATGAAATGAGAAAAGAAAGAGAAGAAGCATCG
AGTGAGCAGAAAGTCTCTATAATTCAGCTCTTCACCAATTCCAGCTACCGACAGCCTATTCTAGT GGCACT
GATGCTGCATGTGGCTCAGCAATTTTCCGGAATCAATGGCATTTTTTACTACTCAACCAGCATTTTTCAGA
CGGCTGGTATCAGCAAACCTGTTTATGCAACCATTGGAGTTGGCGCTGTAAACATGGTTTTCACTGCTGTC
TCTGTATTCCTTGTGGAGAAGGCAGGGCGACGTTCTCTCTTTCTAATTGGAATGAGTGGGATGTTTGTTTG
TGCCATCTTCATGTCAGTGGGACTTGTGCTGCTGAATAAGTTCTCTTGGATGAGTTATGTGAGCATGATAG
CCATCTTCCTICTTTGTCAGCTTCTTTGAAATTGGGCCAGGCCCGATCCCCTGGTTCATGGTGGCTGAGTTT
TTCAGTCAAGGACCACGTCCTGCTGCTTTAGCAATAGCTGCATTCAGCAATTGGACCTGCAATTTCATTGT
AGCTCTGTGTTTCCAGTACATTGCGGACTTCTGTGGACCTTATGTGTTTTTCCTCTTTGCTGGAGTGCTCC
TGGCCTTTACCCTGTTCACATTTTTTAAAGTTCCAGAAACCAAAGCGAAAGTCTTTTGAGGAAATTGCTGCA
GAATTCCAAAAGAAGAGTGGCTCAGCCCACAGGCCAARAGCTGCTGTAGAAATGAAATTCCTAGGAGCTAC
AGAGACTGTGTAA

opKSLUTZ ATGACCGAAGACAAAGTGACCGGTACTCTGGTGTTCACCGTGATTACCGCTGTTCTGGGTAGCTTCCAGTT
CGGTTATGATATTGGCGTTATCAACGCTCCGCAACAGGTCATCATTAGCCACTATCGCCATGTGCTGGGETG
TTCCACTGGATGATCGTAAAGCCATCAACAACTACGTTATCAACAGCACTGATGAACTGCCGACCATTAGC
TATAGCATGAACCCAAAGCCGACCCCGTGGGCTGAAGAAGAAACTGTTGCCGCTGCCCAGCTGATTACTAT
GCTGTGGAGCCTGAGCGTTAGCAGCTTCGCTGTTGGTGGTATGACCGCCAGCTTCTTCGGTGGTTGGCTGG
GTGATACTCTGGGTCGTATCARAGCCATGCTGGTTGCCAACATCCTGTCTCTGGTTGGTGCTCTGCTGATG
GGTTTCTCTAAACTGGGTCCATCTCACATCCTGATCATCGCTGGTCGTTCTATCTCTGGTCTGTACTGTGG
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TCTGATCTCIGGTCTGGTTCCAATGTACATCGGTGAAATCGCTCCAACCGCTCTGCGTGGTGCTCTGGGTA
CTTTCCACCAGCTGGCTATTGTTACCGGCATTCTGATCTCTCAGATCATTGCTCTGGAATTCATCCTGGGT
AACTACGACCTGTGGCACATCCTGCTGGGTCTGAGCGGTGTTCGTGCTATCCTGCAAAGCCTGCTGCTGTT
CTTCTGCCCGGAAAGCCCGCGTTATCTGTATATCAAACTGGATGAAGAAGTCAAAGCTAAACAGAGCCTGA
AACGTCTGCGTGGTTACGATGACGTCGACCAAAGATATCAACGAAATGCGTARAAGAGCGCGAAGAAGCTAGC
AGCGAGCAGAAGGTTTCTATCATTCAACTGTTCACCAACTCTAGCTACCGCCAGCCGATTCTGGTCGCCCT
GATGCTGCATGTGGCTCAGCAGTTCAGCGGTATTAACGGTATCTTCTATTATAGCACCTCCATTTTCCAGA
CCGCTGGCATCTCTAAACCGGTTTATGCTACCATTGGTGTTGGTGCCGTTAACATGGTGTTCACCGCCGTT
AGCGTTTTCCTIGGTTGAAAAAGCCGGTCGTCGTTCTCTGTTCCTGATCGGTATGTCTGGTATGTTCGTTTG
CGCT
ATCTTCATGTCTGTCGGTCTGGTTCTGCTGAACAAATTCTCTTGGATGAGCTACGTTAGCATGATTGCCAT
CTTCCTGTTCGTTAGCTTCTTCGAGATCGGTCCGGGTCCGATTCCGTGGTTCATGGTGGCTGAGTTCTTCA
GCCAAGGTCCGCGTCCAGCTGCTCTGGCTATTGCTGCTTTCTCCAACTGGACCTGCAACTTCATCGTTGCT
CTGTGTTTCCAATACATTGCTGACTTCTGTGGTCCGTACGTGTTCTTCCTGTTCGCTGGTGTTCTGCTGGC
TTTCACCCTGTTCACCTTCTTCAAGGTTCCAGAGACCAAAGGCAAGAGCTTCGAAGAAATTGCTGCCGAAT
TCCAAAAGAAGAGCGGTTCTGCCCATCGCCCGAAAGCCGCCGTTGAGATGAARATTCCTGGGTGCTACCGAA
ACCGTTTAA

GLUT3 ATGGGGACACAGAAGGTCACCCCAGCTCTGATATTTGCCATCACAGTTGCTACAATCGGCTCTTTCCAATT
TGGCTACAACACTGGGGTCATCAATGCTCCTGAGAAGATCATAAAGGAATTTATCAATAAAACTTTGACGG
ACAAGGGAAATGCCCCACCCTCTGAGGTGCTGCTCACGTCTCTCTGGTCCTTGTCTGTGGCCATATTTTCC
GTCGGGGGTATGATCGGCTCCTTTTCCGTCGGACTCTTCGTCAACCGCTTTGGCAGGCGCAATTCAATGCT
GATTGTCAACCTGTTGGCTGTCACTGGTGGCTGCTTTATGGGACTGTGTAAAGTAGCTAAGTCGGTTGAAA
TGCTGATCCTIGGGTCGCTTGGTTATTGGCCTCTTCTGCGGACTCTGCACAGGTTTTGTGCCCATGTACATT
GGAGAGATCTCGCCTACTGCCCTGCGGGGTGCCTTTGGCACTCTCAACCAGCTGGGCATCGTTGTTGGAAT
TCTGGTGGCCCAGATCTTTGGTCTGGAATTCATCCTTGGGTCTGAAGAGCTATGGCCGCTGCTACTGGGTT
TTACCATCCTTCCTGCTATCCTACAAAGTGCAGCCCTTCCATTTTGCCCTGAAAGTCCCAGATTTTTGCTC
ATTAACAGAAAAGAAGAGGAGAATGCTAAGCAGATCCTCCAGCGGTTGTGGGGCACCCAGGATGTATCCCA
AGACATCCAGGAGATGAAAGATGAGAGTGCAAGGATGTCACAAGAAAAGCAAGTCACCGTGCTAGAGCTCT
TTAGAGTGTCCAGCTACCGACAGCCCATCATCATTTCCATTGTGCTCCAGCTCTCTCAGCAGCTCTCTGGG
ATCAATGCTGTGTTCTATTACTCAACAGGAATCTTCAAGGATGCAGGTGTTCAAGAGCCCATCTATGCCAC
CATCGGCGCGGGTGTGGTTAATACTATCTTCACTGTAGTTTCTCTATTTCTGGTGGAAAGGGCAGGAAGAA
GGACTCTGCATATGATAGGCCTTGGAGGGATGGCTTTTTGTTCCACGCTCATGACTGTTTCTTTGTTATTA
AAGGATAACTATAATGGGATGAGCTTTGTCTGTATTGGGGCTATCTTGGTCTTTGTAGCCTTCTTTGAAAT
TGGACCAGGCCCCATTCCCTGGTTTATTGTGGCCGAACTCTTCAGCCAGGGCCCCCGCCCAGCTGCGATGG
CAGTGGCCGGCTGCTCCAACTGGACCTCCAACTTCCTAGTCGGATTGCTCTTCCCCTCCGCTGCTCACTAT
TTAGGAGCCTACGTTTTTATTATCTTCACCGGCTTCCTCATTACCTTCTTGGCTTTTACCTTCTTCAAAGT
CCCTGAGACCCGTGGCAGGACTTTTGAGGATATCACACGGGCCTTTGAAGGGCAGGCACACGGTGCAGATA
GATCTGGAAAGGACGGCGTCATGGAGATGAACAGCATCGAGCCTGCTAAGGAGACCACCACCAATGTCTAA

opKSLUTS ATGGGTACTCAGAAAGTGACTCCAGCTCTGATCTTCGCCATTACCGTTGCCACCATTGGCTCTTTCCAGTT
CGGTTACAACACTGGTGTTATCAACGCTCCAGAGAAGATCATCAAAGAGTTCATCAACAAAACCCTGACCG
ATAAAGGCAACGCTCCGCCGTCTGAAGTGCTGCTGACCTCTCTGTGGTCTCTGTCCGTTGCCATCTTCTCT
GTCGGTGGCATGATTGGCTCCTTCTCTGTGGGTCTGTTCGTTAACCGCTTCGGTCGTCGCAACAGCATGCT
GATCGTTAACCTGCTGGCTGTTACTGGTGGTTGCTTCATGGGTCTGTGTAAAGTTGCCAAGAGCGTTGAGA
TGCTGATTCIGGGTCGTCTGGTTATCGGTCTGTTCTGTGGTCTGTGCACTGGTTTCGTGCCGATGTATATC
GGTGAGATCTCTCCGACTGCTCTGCGTGGTGCCTTCGGCACCCTGARACCAACTGGGTATCGTGGTTGGCAT
CCTGGTTGCCCAGATCTTCGGTCTGGAGTTCATTCTGGGTAGCGAGGAACTGTGGCCGCTGCTGCTGGGTT
TCACCATTCTGCCAGCTATTCTGCAGTCTGCTGCTCTGCCGTTCTGTCCAGAATCTCCGCGTTTCCTGCTG
ATCAACCGTAAAGAGGAGGAGAACGCCAAACAGATCCTGCAACGTCTGTGGGGTACTCAGGACGTTAGCCA
GGACATCCAGGAAATGAAAGACGAATCTGCTCCGTATGTCTCAGCGAGAAGCAGGTTACCGTTCTGGAACTGT
TCCGTGTGTCCTCTTACCGTCAGCCGATTATCATCTCCATTGTTCTGCAGCTGAGCCAGCAGCTGTCTGGT
ATCAACGCCGTTTTCTACTATTCTACTGGCATCTTCAAAGACGCTGGTGTTCAGGAACCGATTTACGCCAC
CATCGGTGCTGGTGTGGTCAACACCATCTTCACCGTGGTTAGCCTGTTCCTGGTTGAACGTGCTGGTCGTC
GCACTCTGCACATGATTGGTCTGGGTGGTATGGCCTTCTGCTCTACCCTGATGACCGTTTCTCTGCTGCTG
AAAGACAACTACAACGGTATGTCCTTCGTTTGCATCGGTGCCAT CCTGGTGTTCGTTGCCTTCTTCGAGAT
CGGTCCAGGTCCGATTCCGTGGTTCATCGTTGCTGAACTGTTCAGCCAAGGTCCACGTCCAGCTGCCATGG
CTGTGGCTGGCTGTTCCAACTGGACCAGCAACTTCCTGGTGGGTCTGCTGTTCCCGTCTGCTGCTCACTAT
CTGGGTGCCTACGTGTTCATCATCTTCACCGGTTTCCTGATCACCTTCCTGGCCTTCACCTTCTTCAAGGT
TCCAGAAACCCGTGGTCGTACCTTCGAAGACATCACTCGTGCCTTCGAAGGTCAAGCTCACGGTGCTGATC
GCTCTGGCAAAGACGGTGTTATGGAGATGAACAGCATCGAACCAGCCAAAGAAACCACTACCAACGTGTAA
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Supplementary Table S3. Primers used in this study

Primer Sequence 5'-3' Application
name
MOP289 CAAGAACAAACAAGCTCAAC Sequencing primer
forward, binds in HXT7
promotor region
MOP290 ACCTAGACTTCAGGTTGTC Sequencing primer
reverse, binds in CYC1
terminator region
MOP425 CAAARACARAAAGTTTTTTTAATTTTAATCAAAAARTGACAGAAGATAAG | Amplification of GLUT2
GTCACTG constructs, overhang to
HXT7 promotor, forward
MOP426 ATGTAAGCGTGACATAACTAATTACATGACTCGAGTTACACAGTCTCTGT | Amplification of GLUT2
AGCTCCTAG constructs, averhang to
CYC1 terminator, reverse
MOP427 CACARARACAARRAGTTTTTTTAATTTTAATCARRAARTGACCGRRGACA | Amplification of optGLUT2
AAGTG constructs, overhang to
HXT7 promotor, forward
MOP428 GAATGTAAGCGTGACATAACTAATTACATGACTCGAGTTARACGGTTTCG | Amplification of optGLUT2
GTAGC constructs, overhang to
CYC1 terminator, reverse
MOP429 CAAARACAAAAAGTTTTTTTAATTTTAATCRAARRATGGGGACACAGAAG | Amplification of GLUT3
GTCAC constructs, averhang to
HXT7 promotor, forward
MOP430 GAATGTAAGCGTGACATAACTAATTACATGACTCGAGTTAGACATTGGTG | Amplification of GLUT3
GTGGTC constructs, overhang to
CYC1 terminator, reverse
MOP431 ACAARRARCAARAAGTTTTTTTAATTTTAATCAAAAAATGGGTACTCAGEE | Amplification of optGLUT3
AGTGACTC constructs, overhang to
HXT7 promotor, forward
MOP432 GAATGTAAGCGTGACATAACTAATTACATGACTCGAGTTACACGTTGGTA | Amplification of optGLUT3
GTGGTTTC constructs, overhang to
CYC1 terminator, reverse
SSP18 AACTATGTTATCCAAAGTACAGATGAACTGC Introduce mutation of
glycosylation site (N62Q),
forward
SSP17 GCAGTTCATCTGTACTTTGGATAACATAGTT Introduce mutation of
glycosylation site (N62Q),
reverse
SSP1 CACCATGCTCTGGTCCCTGTCTRTKRYTATKTTTGCAGTTGGTGGRAATGA | Degenerated primer to
CTG introduce a range of
mutations in TM2 of
GLUT2, forward
SSp2 CAGTCATTCCACCAACTGCAARMATARYMAYAGACAGGGACCAGAGCATG | Degenerated primer to
GTG introduce a range of
mutations in TM2 of
GLUTZ2, reverse
SSP3 GATTACTATGCTGTGGAGCCTGAGCRTKRYTATKAGCAGCTTCGCTGTTG | Degenerated primer to
GTGGTATGAC introduce a range of
mutations in TM2 of
optGLUT?2, forward
SSP4 GTCATACCACCAACAGCGAAGCTGCTMATARYMAYGCTCAGGCTCCACAG | Degenerated primer to
CATAGTAATC introduce a range of
mutations in TM2 of
optGLUTZ2, reverse
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SSP11 CAGGGACCAGAGCATGGTGATTAGITGAGCTTTTCGGTCATCCAGTGG Introduction of Aloop
modification to GLUTZ2,
reverse

SSP12 GTTTTGGGTGTTCCACTGGATGACCGARAAGCTCEACTAATCACCATGCT | Introduction of Aloop

c modification to GLUT2,
forward

SSP13 CAGGGACCAGAGCATGGTGATTAGTTGAGCAGATCGGTCATCCAGTGG Introduction of
K55S _Aloop modification
to GLUTZ, reverse

SSP14 GTTTTGGGTGTTCCACTGGATGACCGATCTGCTCAACTAATCACCATGCT | Introduction of

c K55S _Aloop modification
to GLUT?2, forward

SSP15 CAGGGACCAGAGCATGGTGATTAGTTGAGCAGATTTTCGGTCATCCAGTG | Introduction of AloopS

G modification to GLUT2,
reverse

SSP16 GTTTTGGGTGTTCCACTGGATGACCGARAATCTGCTCAACTAATCACCAT | Introduction of AloopS

GCTC modification to GLUT2,
forward

SRP306 ACTACACCTGTAAACAATTCCTCGCCTTTAGACATCACAGTCTCTGTAGC | Amplification of GLUT2

TCCTAG constructs, overhang to
envyGFP, reverse

SRP218 ATGTCTARAGGCGAGGRATTG Amplification of envyGFP,
forward

SRP58 TAAGCGTGACATAACTAATTACATGACTCGAG Amplification of envyGFP,

URAS3 overhang, reverse

Supplementary Table S4. Plasmids used in this study

Plasmid names

Relevant properties

Reference

p426H7 2u, URA3, Amp', HXT7p™3%, Mumberg et al., 1995
CYCT1t Hamacher et al., 2002

pRS62K 2u, kanMX, Amp’, HXT7p'-3%, Taxis and Knop, 2006;
CYC1t Farwick et al., 2013

pUCPY1 CENG6/ARS4, URA3, Amp, Fernando Garces Daza,
HXT7p'™3%2 CYCT1t Goethe Universitat Frankfurt

SSV20 p426H7 _Hxt1 This study

SSV16 p426H7_GLUT1 This study

SSV18 p426H7 optGLUT3 This study

SSV19 p426H7_optGLUT 3sesy This study

SSv21 p426H7_GLUT2 This study

SSV23 p426H7 _GLUT 241000 This study

SSV26 p426H7_GLUT 2ks45_aloop This study

SSV43 p426H7 GLUT 240008 This study

SSV28 p426H7 GLUT2a00ps Q455R This study

SSv45 pRS62K Hxt1 This study

SSVv46 pRS62K_ GLUT1 This study

SSv47 pRS62K GLUT2 This study

SSv48 pRS62K_GLUT24i00ps This study

SSV49 pRS62K_GLUT24al00ps_a4s5r This study

SSve7 pRS62K_optGLUT3 This study

SSv8s pRS62K_optGLUT 3sesy This study

SSV89 pUCPY1_GLUTZ2 envyGFP This study

SSVa0 pUCPY1_ GLUTZ24i0ps _envyGFP | This study

SSV9I1 pUCPY1_ GLUT 2ai00ps_o4s5rR This study

_envyGFP
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Supplementary Table S5. Growth rates and lag phases conferred by different constructs
Apparent maximal growth rates (h™), calculated with the CGQuant software (Aquila Biolabs) as
described previously (Bruder et al., 2016) and lag phases (h), determined from growth curves
shown in Figure 1 and Figure 3 are listed. For growth rates, the mean values and standard
deviation of triplicates are shown. The duration of lag phases did not differ within one position
after decimal point between the replicates. The growth rates are significantly different between
GLUT3 and GLUT3s¢sy as well as between GLUT2a100ps GLUT2a100ps 455k (0n both glucose and
fructose). The significance was determined by a two-tailed unpaired #-test, p < 0.05.

Yeast strain Sugar Transporter Max. growth rate (h™") Lag phase (h)
EBY.S7 0.2 % Hxt1 0.169 + 0.036 4.3
glucose GLUT1 0.117 £ 0.017 7.6
GLUT3 0.077 £ 0.010 10.7
GLUT 3sssv 0.137 £ 0.002 8.5
GLUT24100ps 0.049 £ 0.015 13.2
GLUT24100ps_aa55rR 0.084 £ 0.014 12.3
EBY.VW4000 0.2% Hxt1 0.214 £ 0.026 3.4
glucose GLUT 3sesy 0.064 £ 0.002 9.9
GLUT 24l00ps_a4s5R 0.056 + 0.011 8.5
EBY.S7 2% GLUT24i00ps 0.14 £ 0.029 12.8
fructose GLUT24l00ps_a4s5Rr 0.21 £ 0.01 17.9

Supplementary Table S6. Effect of phloretin on growth parameters of cells expressing

different transporter constructs

Apparent maximal growth rates (h™), calculated with the CGQuant software (Aquila Biolabs) as
described previously (Bruder et al., 2016) and lag phases (h), determined from growth curves

shown in Figure 5 (except for Hxt1; not shown) are listed. For growth rates, the mean values and
standard deviation of duplicates were calculated. The duration of lag phases did not differ within
one position after decimal point between the replicates. Both the growth rates and the lag phases

are significantly affected in the presence of phloretin for GLUT2a100ps 04ssr. In the case of
GLUT3se6v, the growth rates are not significantly different, but the lag phases are. For Hxt1
(control), neither of the growth parameters was significantly affected by phloretin. The

significance was determined by a two-tailed unpaired ¢-test, p < 0.05.

Yeast Sugar / phloretin Transporter Max. growth rate (h™) Lag phase (h)
strain
EBY.S7 | 0.2 % No Hxt1 0.169 £ 0.036 4.7
glucose | phloretin
50 pM 0.154 £ 0.012 4.7
phloretin
EBY.S7 | 0.2% No GLUT24100ps_a455R 0.099 £ 0.002 7.1
glucose | phloretin
50 pM 0.049 £ 0.008 87.4
phloretin
EBY.S7 | 0.2% No GLUT 3sssv 0.128 £ 0.016 6.1
glucose | phloretin
50 pM 0.076 £ 0.013 15.6
phloretin
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Supplementary Figure S7. Growth test of GLUT3 and GLU3ss6y expressing cells.
EBY.VW4000 (A), EBY.S7 (B) or SDY.022 (C) cells were grown over night in SC-URA
medium containing 1 % maltose, washed and adjusted to an ODgoonm Of 1 in ddH20. 4 pul of
dilutions of ODsoonm 1, 0.1, 0.01 and 0.001 were dropped onto SC-URA agar plates with 0.2 %
glucose. The plates were incubated at 30°C for 5 days.

GLUT1 (GA) LW S LS VATITF(72)
GLUT3 (62)LWS L SVATIF(70)
GLUTS (7O)LWSVTVSMPF(78)
active LWSLSVATITF
YV Y M I M
T

GLUT2 (96)L WS L SV S S F(104)

Supplementary Figure S8. Sequence comparison of the critical TM2 region. Amino acid
sequence alignment of the TM2 region, in which mutations required for the functional expression
of GLUT1, GLUT3, and GLUTS in EBY.VW4000 cells frequently occurred. The mutated amino
acids (colored) are V69M for GLUT1, S66Y for GLUT3, S72Y or S76I for GLUTS5. A summary
of the amino acids that occurred in at least one active variant at individual positions is shown in
the blue box below the alignment. The most striking difference between GLUT2 and the other
GLUT sequences - two consecutive serine residues that align to hydrophobic amino acids in the
other three GLUTS - is underlined.
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Supplementary Figure S9. Growth test of cells expressing the GLUT2 constructs.
EBY.VW4000 (A), EBY.S7 (B) or SDY.022 (C) cells expressing indicated constructs were
grown over night in SC-URA medium containing 1 % maltose, washed and adjusted to an
ODgoonm of 1 in ddH>0. 4 pl of dilutions of ODgoonm 1, 0.1, 0.01 and 0.001 were dropped onto
SC-URA agar plates with 0.2 % glucose. The plates were incubated at 30°C for 5 days.

envyGFP Merged

Supplementary Figure S10. Subcellular localization of GLUT2, GLUT2a100ps Or
GLUT2a100ps_q4ssr in EBY.S7. envyGFP was fused to the C-termini of the three GLUT2
constructs. EBY.S7 cells, expressing the respective envyGFP construct, were grown in low
fluorescent SC -URA medium containing 1% maltose. For immobilization 0.6 % low melt
agarose was added to the suspension and localization was analyzed with the Confocal Laser
Scanning Microscope (Zeiss LSM 780, Jena, Germany).

GLUT2

GLUTz.\loopS

GLUT2 y00ps qassr
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EBY.S7 cells

A= GLUT2-envyGFP

B = GLUT2)50p5-€nVYyGFP

C= GLUTZA,OOPS_O455R-envyGFP

1% maltose 0.2% glucose

Supplementary Figure S11. Functional expression of the envyGFP-tagged transporter
constructs. The C-terminal ends of GLUT2 (A), GLUT2al00ps (B) and GLUT2at00ps q455r (C)
were fused to envyGFP. EBY.S7 cells expressing the respective envyGFP-tagged transporter
construct on a pUCPY1 (CEN.ARS) plasmid were streaked out on solid SC -URA medium
containing either 1 % maltose or 0.2 % glucose. The plates were incubated at 30°C for 5 days.
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Identification of new
GLUT2-selective inhibitors
through in silico ligand screening
and validation in eukaryotic
expression systems

Sina SchmidI*7, Oleg Ursu®%7, Cristina V. lancu?, Mislav Oreb?, Tudor I. Oprea®**’ &
Jun-yong Choe¥5™

Glucose is an essential energy source for cells. In humans, its passive diffusion through the cell
membrane is facilitated by members of the glucose transporter family (GLUT, SLC2 gene family).
GLUT2 transports both glucose and fructose with low affinity and plays a critical role in glucose
sensing mechanisms. Alterations in the function or expression of GLUT2 are involved in the Fanconi-
Bickel syndrome, diabetes, and cancer. Distinguishing GLUT2 transport in tissues where other GLUTs
coexist is challenging due to the low affinity of GLUT2 for glucose and fructose and the scarcity of
GLUT-specific modulators. By combining in silico ligand screening of an inward-facing confermation
model of GLUT2 and glucose uptake assays in a hexose transporter-deficient yeast strain, in which
the GLUT1-5 can be expressed individually, we identified eleven new GLUT2 inhibitors (ICs, ranging
from 0.61 to 19.3 pM). Among them, nine were GLUT2-selective, one inhibited GLUT1-4 (pan-Class |
GLUT inhibitor), and another inhibited GLUTS5 only. All these inhibitors dock to the substrate cavity
periphery, close to the large cytosolic loop connecting the two transporter halves, outside the
substrate-binding site. The GLUT2 inhibitors described here have various applications; GLUT2-specific
inhibitors can serve as tools to examine the pathophysiological role of GLUT2 relative to other GLUTSs,
the pan-Class | GLUT inhibitor can block glucose entry in cancer cells, and the GLUT2/GLUTS inhibitor
can reduce the intestinal absorption of fructose to combat the harmful effects of a high-fructose diet.

Human glucose transporters (GLUTs), proteins of the SLC2 gene family, facilitate the diffusion of hexoses into
the cell and play a pivotal role in glucose homeostasis'. Important diseases, including cancer? and diabetes*, are
related to the dysfunction or misregulation of these transporters, identifying them as potential drug targets'. The
14 GLUT isoforms present in humans show an amino acid identity of 19-65% (homology of 42-81%)° but differ
in substrate specificity, affinity, and tissue distribution®. According to their sequence similarities, three classes
of GLUTS have been defined” with GLUT1-4 representing Class I, GLUTs 5, 7, 9, and 11 in Class ITand GLUTS
6,8, 10, 12, and 13 forming Class 111°7,

All GLUTS are furthermore part of the large major facilitator superfamily (MFS) and display the MFS-typical
structure of twelve transmembrane helices (TM1-TM12; Supplementary Fig. S1) organized in two halves (N-ter-
minal half: TM1-TM6 and C-terminal half: TM7-TM12) with a central substrate cavity’. Proposed mechanisms
for sugar transport are the alternating access mechanism®, in which the substrate binding site is open to either

lInstitute of Molecular Biosciences, Faculty of Biological Sciences, Goethe University Frankfurt, Frankfurt am Main,
Germany. “Translational Informatics Division, Department of Internal Medicine, The University of New Mexica
School of Medicine, Albuquerque, NM 87131, USA. *Department of Chemistry, East Carolina Diabetes and Obesity
Institute, East Carolina University, Greenville, NC 27834, USA. *UNM Comprehensive Cancer Center, The University
of New Mexico, Albuquerque, NM 87131, USA. *Department of Biochemistry and Molecular Biology, The Chicago
Medical School, Rosalind Franklin University of Medicine and Science, North Chicago, IL 60064, USA. *Present
address: Computational and Structural Chemistry, Merck & Co., Inc., 2000 Galloping Hill Road, Kenilworth,
NJ 07033, USA. "These authors contributed equally: Sina Schmidl and Oleg Ursu. ““email: toprea@salud.unm.edu;
choej18@ecu.edu
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the outside (exofacial, outward-facing) or inside (endofacial, inward-facing) space of the cell, and the fixed-site
transporter with concurrent endo- and exo-facial substrate binding sites™”. A hybrid mechanism that combines
features of both proposed mechanisms, and is consistent with structural, kinetic, and modeling data of GLUT1
suggests that this transporter is an oligomer of allosteric, alternating access transporters'’.

Three-dimensional structure determinations of GLUTs!?"** and their bacterial homologues™'* have provided
important information on the transport mechanisms and paved the way for structure-based drug design'®, as
exemplified by the discovery of a specific GLUTS inhibitor'”. For this, an extensive number of small compounds
are screened in silico for binding to the respective transporter, as a first step'’. Promising candidates can then be
examined in an appropriate assay system'®, and, if successful, be further developed into drugs.

Among GLUTs, GLUT2 is unique in its very low apparent affinity for glucose (Ky = ~ 17 mM)'¥, which sig-
nificantly surpasses fasting blood glucose levels (~ 5.5 mM)", and for the substrates fructose (K, = ~76 mM)®,
galactose (Ky = ~92 mM)*®, and mannose (K= ~ 125 mM)°®. The significance of GLUT2 lies in its regulatory
functions such as glucose sensing’ and signaling?**'. Evidently, GLUT2 plays a crucial role in maintaining glucose
homeostasis in many human tissues, such as the intestine, liver, kidney, and brain®-?,

Inactivating mutations in the GLUT2-encoding gene lead to the rare but severe Fanconi-Bickel syndrome®.
Patients suffering from this autosomal, recessive disease show very diverse symptoms®, and its treatment is chal-
lenging due to the lack of effective drugs”. The wide spectrum of Fanconi-Bickel syndrome symptoms, includ-
ing many atypical ones, also make its diagnosis difficult, and more cases with unusual pathological reports are
still discovered®. Due to its many regulatory functions, a role of GLUT2 in the pathogenesis of diabetes is also
discussed” ", Generally, glucose sensing processes are complex and the full extent of GLUT2 in them is not yet
fully elucidated; therefore, an abnormal function of GLUT2 might be the still undiagnosed cause of more clini-
cal signs. Hence, GLUT2 is an important pharmaceutical target, and specific effectors will allow a more tailored
treatment for GLUT2-involving diseases and expand our knowledge about its physiological role when applied in
relevant studies, Furthermore, identifying GLUT2-specific ligands might provide new ways to explore the basis
of substrate specificity among GLUT members’'.

Several compounds were discovered that effectively inhibit glucose uptake via GLUTS in cell lines®. Glupin
and glutor, for example, are very potent inhibitors for GLUT1 and 3 or GLUT1-3, respectively; 2-deoxy-glu-
cose uptake experiments with human cell lines revealed their high potency with IC,, values in the nanomolar
range™*!, Moreover, in presence of glupin or glutor the growth of several cancer cell lines was attenuated. Simi-
larly, the pan-Class 1 inhibitor DRB18 showed potent anticancer activity™, supporting Class I GLUT inhibitors
as promising anticancer probes. Several flavonoids are known to have an inhibitory effect on GLUT2, including
quercetin, phloretin, isoquercitrin, myricetin, fisetin, apigenin, and tiliroside®**". However, most show little
potency (IC5o>60 uM)*, and the more potent inhibitors quercetin and phloretin (IC5, <4 uM)* inhibit not only
GLUT2 but also other GLUTs™ or, in the case of quercetin, the Vitamin C transporter SVCT1”. Identifying new,
potent, and specific GLUT2 inhibitors is desirable but challenging due to GLUT2 low affinity for glucose and
fructose and a background uptake of these substrates by other GLUT isoforms in human cell lines.

In this study, we used the recently established yeast cell-based system expressing human GLUT2 to screen
163 small compounds that have been selected by in silico ligand screening of a GLUT2 inward-facing conforma-
tion model. Eleven candidates showed a high potency (IC;; <20 uM) for inhibiting glucose uptake via GLUT2.
Further examination of these GLUT2 inhibitors in the yeast cell-based systems expressing GLUT1%, GLUT3*,
GLUT4™, or GLUT5", showed that nine inhibitors were GLUT2-selective, one inhibited all Class I GLUTs but
not GLUT5, and another inhibited GLUT5 but not Class [ GLUTs. These candidates are a valuable addition to
already existing GLUT2 inhibiting compounds. They will promote the development of GLUT-targeting drugs
and a better understanding of GLUT2 biological role in health and disease.

Results
In silico ligand screening against GLUT2 inward-facing conformation structural
model. Depending on which side of the cell membrane the substrate cavity opens to, GLUTs have two major
conformations captured by the crystal structures of some isoforms and GLUT bacterial homologs™'* '*. For Class
I GLUTS, inward-facing conformations have been determined for GLUT1", and outward-facing conformations
for GLUT3"; three-dimensional structures for GLUT2 and GLUT#4 are not available. In silico ligand screen-
ing requires a structural model for the protein target. Even in the absence of crystal structures, the homology
modeling of GLUTs based on the available crystal structures has been used successfully to identify new specific
ligands. For instance, in silico ligand screening with a GLUT5 model in the inward-facing conformation, gener-
ated based on the bacterial GLUT homolog GlcPs,’, produced the first potent and specific GLUTS5 inhibitor!”.
The structural model for the GLUT2 inward-facing conformation (Fig. 1) was modeled based on the crystal
structure of GLUT1 (PDB ID: 4PYP) with the Molecular Operating Environment (MOE) software (https://www.
chemcomp.com/). GLUT1 and GLUT2 share 52% and 68% protein sequence identity and similarity, respec-
tively, as determined with Align function in MOE. The dncking site, containing the substrate cavity without the
substrate binding site, was prepared using OpenEye FRED software (https://www.eyesopen.com/), The Chem-
Navigator library of over 6 million commercially available compounds was prepared for docking using Omega2
and FRED software (https://www.eyesopen.com/). The docking studies were conducted using OpenEye FRED
software. Docked compounds were scored using Chemgauss4 scoring function. The compounds docked in sites
distinct from that of glucose, closer to the substrate cavity entrance (Fig. 1B). Considering commercial avail-
ability and affordability, we purchased 163 out of the top 200 scored compounds for experimental validation.

Screening of the lead candidates in the GLUT2-expressing hxt® yeast system. To test the 163
compounds selected by in silico ligand screening, we utilized the hxt” (hexose transporter-deficient) yeast
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cytoplasm

Figure 1. GLUT2 inward-facing conformation model and selected ligands from the virtual screening.

'The inward-facing conformation of GLUT2 showing the glucose binding site (glucose shown in sphere
representation) and several ligands from the virtual screening (Table 1) bound above the glucose binding site
(ligands shown as stick representation, in different colors). The homology model was generated based on the
GLUT]1 crystal structure (PDB ID: 4PYP). (A) GLUT2 model in ribbon diagram, with the transmembrane
helices color-coded from blue (first transmembrane helix, H1) to red (last transmembrane helix, H12) (see also
Fig. 4L). (B) Central slice through the GLUT?2 isosurface showing the substrate cavity containing the glucose
binding site and docked ligands. The figure was generated with ChimeraX Version 1.2 (https://www.rbvi.ucsf.
edu/chimerax/) and PyMOL Version 2.3.0 (https://pymol.org/).

system that expresses human GLUT2%*. Similar GLUT-specific hxt’ yeast systems are available for all Class I
GLUTs and GLUT5*-%2, providing a convenient assay platform for these transporters’ ligands'®. For GLUT2,
the applied yeast strain EBY.S7 is devoid of all its endogenous hexose transporters (hxt") and carries the fgy1
mutation® in the EFR3 gene, proven to be beneficial for the heterologous expression of human GLUTs'®. The
active expression of the transporter required a GLUT2 version with a truncated loop between transmembrane
regions TM1 and TM2 and an additional point mutation (GLUT2j40ps_qussr)™ GLUT2j60ps_qussr Tecapitu-
lates the functional properties of GLUT2 closely. For example, GLUT2 expressed in Xenopus laevis oocytes had
Ky, Glucose = 17 MM ¥ and Ky pryciose = 66.7 £ 18.3 mM ™, while GLUT2,yjq0p5_qsssk had Ky grucose = 14.1% 1.3 mM and
Ky, Fructose = 87.0 £ 8.2 mM (Supplementary Fig. $2). Also, reported GLUT2 inhibitors, phloretin and quercetin®,
inhibited similarly GLUTZMWPXQ“SK”, confirming this system’s applicability to screening GLUT2 inhibitors.

GLUT? transport activity was determined as previously described*. Pre-grown yeast cells were washed and
resuspended in PBS buffer to an ODjgg,, of ~ 10; 100 ul of this cell suspension constituted the assay mix. Uptake
activity of GLUT2 was determined by adding C'*-hexose (glucose or fructose), quenching after 10 min, filtering
the cells, and measuring the radioactivity with a scintillation counter. Initial compound screening for GLUT2
inhibition was performed at 15 mM glucose concentration (i.e., ~ Ky) and 100 uM of each chemical. While
none of the tested compounds mediated an increase in glucose uptake activity by GLUT2, several diminished it
significantly (Fig. 2A). Among these, 11 compounds decreased GLUT2 activity by at least 60% and were further
examined to determine their respective IC,, value (Fig. 2B). All compounds are effective inhibitors (ICs, <20 pM);
for simplicity, we named them G2i (from GLUT2 inhibitor) A-K in the order of decreasing inhibition potency
(Table 1, Fig. 2). G2iA showed the strongest GLUT2 inhibition with an IC;, of 0.61 uM, almost twice as strong
as phloretin and five times more potent than quercetin®.

Effect of GLUT2 inhibitors on the other Class | GLUTs and GLUTS5.  Establishing the selectivity of
GLUT?2 inhibitors for other GLUT isoforms, particularly its closely related Class I GLUTS, is crucial for future
application of these inhibitors. Often several GLUTS coexist in the same tissue, and being able to modulate
selectively an individual GLUT provides a powerful tool in unraveling its pathophysiological role. Therefore,
to determine the selectivity of the identified GLUT2 inhibitors, we tested them for their effect on the GLUT
homologs GLUT1, 3, 4, and 5. For this, hxt” yeast cells actively expressing the respective transporter**-#? were
incubated with 100 uM of the tested compound, and the transport activity was assayed in the same manner as for
GLUT?2 but at substrate concentrations close to the Ky; in the respective GLUT (i.e., 5 mM glucose for GLUT1*
and GLUT4*, 1.5 mM glucose for GLUT3*, 10 mM fructose for GLUT5*') (Fig. 3A). GLUT2 is more closely
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Figure 2. Effect of compounds identified from in silico ligand screening on GLUT2 transport activity. (A)

GLUT?2 relative

transport activity at 15 mM glucose concentration, in the presence of 100 uM compound

concentration (see “Materials and methods” for details). The compounds (see also Supplementary Table S1)

are identified by

the ChemNavigator structure ID. Eleven compounds (designated as G2iA-K, in red, with

the corresponding structure ID in bold, underlined font) inhibited GLUT2 relative activity by more than 60%
(marked by the dotted line). (B) Dose-response curves for G2iA-G2iK (see also Table 1) inhibition of GLUT2

transport activit

y. Standard deviations for experimental points, represented by error bars, come from at least

three independent measurements.

Scientific Reports|  (2021) 11:13751 |

https://doi.org/10.1038/s41598-021-93063-5 nature portfolio

144



Publications

www.nature.com/scientificreports/

. 4-(5-(4-Fluorophenyl)-1-{[(2-methyl-1H-indol-3-yl)sulfanyl]acetyl}- @ H
GziA 30865539 4,5-dihydro-1H-pyrazol-3-yl)phenyl methyl ether / 0.61£0.09
\ AN
Oy
"o e
(o]
. N-Benzyl-N-(2-{[4-(4-chl henyl)-1-(3,4-dimeth henyl)-1H-imida- =
GaiB 121097081 Z(Mefnsz)I - .‘5 ( e 1-(3,4-dim phenyl)-1H-imida é)( Q 1.89+0.52
o
HN \
O NG
2 o
/O
(o]
o N\O /ﬁ o~
GiC 181278705 2-(S-Cyclopropyl-4-([4-(2—me!hqx)jphenyl)—l-plperazmyl]carbonyl)—lH- 2874034
pyrazol-1-yl)-4-(2-thienyl)pyrimidine g ¢
0O
(\N/ :
. 2-{5-(Methoxymethyl)-4-[(4-phenyl-1-piperazinyl)carbonyl]- 1H 1 b -
G2iD 466119877 1-yl}-6,7-dihydro-5H-benzo(6,7]cyclohepta(1,2-d]pyrimidine o }’N N\) 608152
o
o
l
. 2-(4-(1-Benzothien-3-yl)-2-{[4-(2-pyridinyl)- 1-piperazinylJmethyl}
G2E 181349814 phenoxy)-N-(1,3-thiazol-2-ylmethyl)acetamide @ 6.32£243
o
QO
5-Cycll 1-1-(5,6-dihydrot [h]quinazolin-2-yl)-N-methyl-N-(5- O o
G2iF 182001206 AT ot aberamide Y Y N 7.07+1.84
k) 2l v
AT @
N
O
. N-(4-Isopropylphenyl)-3-{[4-(2-methoxyphenyl)- 1-piperazinyl]carbonyl}- OH —>
GG 34713223 4-0x0-1,4-dihydro-6-quinolinesulfonamide °§s§ o— 102£2.0
ro-" O
H
Gaill 50759467 :—i!ilc-(Z-Chlumphenyl)-Z-(lH-indol-B-yl)ethyl]-Z-(lH-indol-}-yl)ace(a- 5 @ 105440
NH
ool ®
Continued
Scientific Reports|  (2021) 11:13751 | https://doi.org/10.1038/s41598-021-93063-5 nature portfolio

145



Publications

www.nature.com/scientificreports/
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Table 1. Structures and chemical names of potent (IC;; < 20 uM) GLUT2 inhibitors. Structure_ID refers to the
ChemNavigator structure identifier.

related to the other Class I GLUTs (52-65% sequence identity) than GLUTS5 (Class II GLUT, 40% sequence iden-
tity)®. Nevertheless, most GLUT2 inhibitors seem to have only negligible inhibitory effects on the other GLUTs
(Fig. 3A). Thus, only G2iF inhibits GLUTI, 3, and 4, whereas G2il decreased just GLUT5 activity (Fig. 3A).
However, G2iF IC;, values were higher for other GLUTs (33 pM for GLUT1, 19 uM for GLUT3 and 14 pM for
GLUT4) than for GLUT2 (7 uM); the same was found for the IC, of G2il (23 uM for GLUTS5 vs. 13 uM for
GLUT2) (Fig. 3B-E). Importantly, all other tested compounds, including the most potent GLUT2 inhibitor G2iA
appear not to significantly affect the other GLU'Is tested, indicating that these are GLUT2-specific.

Docking sites of GLUT2 inhibitors. The virtual ligand screening showed that all 11 GLUT2 inhibitors
docked to the inward-facing conformation of GLUT?2 in sites distinct from that of glucose, closer to the substrate
cavity entrance (Fig. 1B). The two most potent GLUT2 inhibitors, G2iA and G2iB, showed noncompetitive
inhibition with glucose (Supplementary Fig. $3), consistent with their binding site being distinct from that of
the substrate.

Protein-ligand interactions (Fig. 4 and Supplementary Fig. 54) include hydrogen-bonds with charged residues
from the cytosolic loops or transmembrane (TM) helix ends (D120, R124, E178, R181, R185, R244, K249, E279,
R280, R432), backbone carbonyls (G177, P433) or polar residues from TM helices (5112, Q193); hydrophobic
or Van der Waals interactions (M174, A283, L436); and cation-pi interactions with guanidinium groups (R244,
R280). Among these, the residues that are not conserved in GLUT1-5 are D120, K249, R280, A283, W420, and
L436 (Fig. 4L). G2iA is oriented in its pocket by hydrophobic interactions with M174 and 1436, a hydrogen
bond of its amino indole group with the sidechain of S112, a polar interaction of its phenyl fluorine with the
R280 guanidinium group, as well as a cation-pi interaction of the fluorophenyl group with the R280 sidechain
(Fig. 4A). Hydrophobic interactions with M174 and L436 also contribute to the pockets of G2iB (Fig. 4B), G2iE
(Fig. 4E), G2iH (Fig. 4H), and G2il (Fig. 41). R280 sidechain makes hydrogen bond interactions with oxygens
from the methoxyl group of G2iB (Fig. 4B) or the sulfamide group of G2iG (Fig. 4G), and the sulfurs of the
G2iC thienyl group (Fig. 4C) or of the G2E thiazol group (Fig. 4E). It also has cation-pi interaction with the
G2iC thienyl group and G2iF quinoline moiety. The a-carbon of A283 comes close (3 A) to G2iD (Fig. 4D); this
inhibitor has Van der Waals interactions with the large cytosolic loop. In G2iF, besides the cation-pi interaction
with the quinoline, R244 also makes a hydrogen bond with the ligand’s carbonyl, suggesting that positioning of
R244 is essential for G2iF recognition.

Discussion

GLUT?2 shares characteristic motifs and high similarity with the other Class I representatives GLUTS 1, 3, and
47, In this group, it is the only transporter that also accepts fructose as a substrate®, This prompted us to test the
identified GLUT2-inhibiting compounds against all Class I GLUTs and the Class II member GLUTS5, a fructose-
only transporter, to elucidate their specificity. Except for G2iF, which also inhibits other Class I GLUTs (although
to a lesser extent: IC,; in GLUT2 =7 pM, IC,, in other Class I GLUTs = 14 uM), and G2il which inhibits GLUT5
(IC5,=23 uM) less potently than GLUT2 (IC5, =13 pM), the other nine GLUT2 ligands did not show a significant
effect on the tested transporters (Fig. 3). Although so far unknown effects on other human transporters cannot
be ruled out completely, these data indicate that, for the first time, very potent and specific GLUT2 inhibitors
were identified. For example, similarity search (Tanimoto > =0.9, across the entire database, all the other options
default) in PubChem for G2iA and G2iB returned 60 compounds with 34 bioactivity records and 409 compounds
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Figure 3. Effect of GLUT2 inhibitors on GLUT1, GLUT3, GLUT4, and GLUTS5. (A) Relative transport activity
of GLUT1 (red), GLUTS3 (yellow), GLUT4 (green), and GLUTS5 (blue) in the presence of 100 uM of GLUT2
inhibitors G2iA-G2iK. Dose-response curves for G2iF inhibition in GLUT1 (B), GLUT3 (C), and GLUT4 (D),
and G2il inhibition in GLUTS5 (E). Substrate conditions for relative transport activity were: 1.5 mM glucose

for GLUTS3, 5 mM glucose for GLUT1 and GLUT4, and 10 mM fructose for GLUTS. Error bars show standard
deviation from at least three independent measurements.

with 1 bioactivity record, respectively. The bioactivity records for all similar compounds are labeled as inactive.
Identical searches with the exact similarity cutoffs, when performed on the ChEMBL database (https://www.ebi.
ac.uk/chembl/), found no similar compounds. These results indicate that, based on current knowledge collated in
two of the largest public databases, G2iA and G2iB are potentially selective for GLUT2 and can become valuable
tools for probing and understanding GLUT2 biology.

A possible explanation for the high prevalence of GLUT2-selective inhibitors among the identified GLUT2
inhibitors may be that the inhibitors target the upper portion of the substrate cavity. All 11 inhibitors dock at the
substrate cavity entrance, separately from the glucose binding site (Figs. 1, 4). As noted above, G2iA and G2iB
are noncompetitive with glucose, confirming that the inhibitors bind at a different site than the substrate (Sup-
plementary Fig. S3). The substrate cavity base containing the glucose binding site is made up of residues mostly
conserved in Class I GLUTs (Supplementary Fig. S1A). The cytosolic entrance of the substrate cavity surrounded
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Figure 4. Docking sites of G2iA-G2iK in the inward-facing conformation GLUT2 model. G2iA-G2iK dock in
the superior region of the substrate cavity, distinct from the glucose binding site (see Fig. 1B). Close-up views
for the docked ligands: G2iA (A), G2iB (B), G2iC (C), G2iD (D), G2iE (E), G2iF (F), G2iG (G), G2iH (H), G2il
(I), G2i] (J), and G2iK (K). Residues that are not conserved in GLUT1-5 are in red. (L) GLUT1-5 sequence
alignment for unconserved protein residues interacting with G2iA-G2iK in the GLUT2 model. The color-code
identification of transmembrane (TM) helices is the same as in Fig. 1A.

by soluble loops, especially the large loop connecting the N- and C-domains of the transporter (GLUT2 amino
acid residues 240 -298), has much more variability in the protein sequence (Supplementary Fig. S1). Thus, the
binding site location of the GLUT2 inhibitors is consistent with the GLUT?2 selectivity exhibited by most of these
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ligands and suggests that targeting the entrance of the substrate cavity, whether in the inward- or outward-facing
conformations, for ligand screening may increase the chances of producing GLUT-specific ligands. Also, given
the separation between glucose and such inhibitor sites, bridging the two sites by attaching a glucosyl group to
these types of inhibitors may substantially improve inhibitor potency while maintaining selectivity. Additionally,
such compounds could help to crystallize GLUTs whose structures are yet unknown, including GLUT?2, as the
combination of substrate and inhibitor would greatly stabilize the transporter conformation.

A significant difference in the substrate sites between Class I GLUTs and GLUT5 is W420, 1, (W3886,51),
conserved in Class I GLUTSs but replaced by a smaller residue in Class II GLUTs (e.g., A396 in GLUT5). This
substitution creates more space in the substrate cavity, changing the binding mode of ligands and substrate
specificity’. For instance, GLUT5 396y mutant became a transporter of both glucose and fructose, while the
wild-type can only transport fructose. Therefore, it is likely that GLUT2 inhibitors adopt different binding modes
in GLUTS than those described for GLUT2.

Analysis of the docked GLUT?2 inhibitors from the virtual ligand screening (Fig. 4) suggests that L436, R280,
A283—residues not conserved in other Class I GLUTs or GLUT5—may play a role in the selectivity of GLUT2
inhibitors. The equivalent substitutions of R280 in other GLUTSs (5248111, 524663, K2646 014 D254 1575)
would decrease or abolish this residue’s interactions with G2iA, G2iB, G2iC, G2iE, and G2iG (Fig. 4). A bulkier
side chain in the position of A283 (M2517y, M249¢; 03 L2671 ume E2571urs) could sterically interfere with
the binding of G2iD, G2iG, G2il, G2iJ, and G2iK. L436 (1404, 1, M4026, 15 M420g, 14> F412,15) may be
important in shaping the hydrophobic interactions in the binding pockets for G2iA, G2iB, G2iE, G2iH, and G2il.
The recognition of G2iF, the pan-Class I GLUT inhibitor, relies mostly on R244, a conserved residue in GLUT1-5.
This sidechain has hydrogen bond and cation-pi interactions with G2iF, suggesting that the guanidinium group’s
position is critical. The quinoline nitrogen of G2iF makes a hydrogen bond with K249 (N217 11, N21561 51
1233511 Q2231 47s) and a weak interaction with D120 (N88, 1. N864 s Q1046 yre N9461yrs). The equiva-
lent substitutions in these positions for GLUT1-4 are still able to maintain interactions with G2iF. In GLUT4,
the substitution of D120 with a glutamine residue would result in better interaction with G2iF, consistent with
the lower ICy of this inhibitor for GLUT4, relative to the other Class I GLUTs (Fig. 3).

‘With this study, we present a range of molecules that will serve as valuable tools to investigate the physi-
ological role of GLUT2 in health and disease and may evolve to therapeutic drugs in GLUT2-related diseases.
Given their selectivity against other hexose transporters, we believe these compounds could serve as chemical
probes for the in-depth study of GLUT2. Indeed, GLU'2 may play a role in several important diseases®” 54546,
It is upregulated in several cancer types like pancreatic, hepatic, micropapillary, or colon cancer?. Inhibition
of GLUT2 via the non-specific inhibitor phloretin has been shown to diminish tumor growth in colon cancer®
and hepatocellular carcinoma®’, The Class I GLUTs 1 and 3 are also overexpressed in many cancer types and
related to elevated tumor growth and poor survival®. For cancer treatment, the non-specific inhibitor G2iF
that inhibits Class I GLUTSs but not GLUT5 might join phloretin as a putative drug®. Furthermore, substantial
overexpression of the fructose transporters GLUT2 and GLUTS5 lead to the hypothesis that certain cancer cells
use fructose as a preferential carbon source?”. In these cases, the here presented GLUT2/GLUTS inhibiting com-
pound G2il might be a promising candidate in the combat against cancer and other high-fructose diet-related
diseases’!. Importantly, a potent and GLUT2-specific effector (e.g., G2iA) might further elucidate the particular
role of GLUT2 in tumor pathogenesis and facilitate studies targeting GLUT2, thereby contributing to unravel
complex cancer behavior further.

In healthy individuals, GLUT2 traffics to the apical side of the brush border membrane only after a meal, when
glucose concentrations in the lumen are high, to support SGLT1 and accelerate glucose uptake®. In morbidly
obese humans, a consistent location of GLUT?2 at the apical membrane, even in fasting states, was observed
and related to insulin resistance™. This might result in higher glucose levels in the lumen in fasting states and
an abnormal sugar supply could support bacterial growth which interferes with a healthy gut microbiome™.
Specific inhibition of GLUT2 could mitigate such pathologies. An altered microbiome composition in mice
with intestinal-specific GLUT2 deletion has been detected in previous studies™, supporting the gut microbiome
as a possible field of application tor GLUT?2 inhibitors. Also, Schmitt et al. showed that GLUT?2 deletion in the
murine intestine causes favorable effects like improved glucose tolerance and diminished body weight gain™.
"This suggests that GLUT?2 tailored inhibitors could lead to similar results and might be applied in morbidly obese
patients or type 2 diabetic persons with beneficial health effects.

Interestingly, viral infections affect the expression of GLUT2. While the hepatitis C virus downregulates
GLUT2 expression™, the transmissible gastroenteritis virus upregulates the transporter’s expression, enhancing
intestinal glucose absorption, which premotes viral replication®. Hence, GLUT2 inhibition could assist in the
containment of certain viruses. Clearly, the role of GLUT?2 in the metabolic processes is highly complex and not
fully understood. Therefore, the application of GLUT2-specific inhibitors also bears high risks as it might have
not only beneficial but also adverse effects, and more studies are necessary to increase our level of knowledge.
However, accessibility of specific GLUT2 inhibitors represents a tremendous advantage over less-specific GLUT
inhibitors in developing drugs with a defined effective spectrum and lower side effects.

These compounds are valuable tools in the efforts of answering many open questions concerning GLUT2.
For instance, it is still unclear how GLUT2 is mobilized in response to glucose in various cell types and different
pathologies™. Possible players include the type of membrane lipids®, protein partners®®%, or glycosylation®.
Distinct from other GLUTS, the extraordinary low affinity for glucose and fructose probably assigns special
functions of glucose sensing® and signaling®' to GLUT2, but the detailed molecular functions remain to be
elucidated. Furthermore, the Fanconi-Bickel syndrome due to GLUT2 malfunction® has various symptoms
that indicate yet undiscovered physiological roles for GLUT2, and the transporter’s role in certain cancer types
remains unclear”’, Future studies will benefit from the existence of a range of easily accessible GLUT2-specific
inhibitors with varying affinities.
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Materials and methods
Yeast plasmids and hxt” strains were from Dr. Mislav Oreb and Dr. Eckhard Boles (Goethe University Frankfurt,
Germany). The tested compounds were purchased from MilliporeSigma (St. Louis, MO, USA).

Insilico ligand screening.  GLUT2 homology models were build using Molecular Operating Environment
(MOE) software (www.chemcomp.com). Based on sequence alignment between GLUT1 and GLUT2, with the
crystal structure for GLUT1 inward-facing conformation (PDB ID: 4PYP) as a template, the initial model geom-
etry was generated, followed by refinement of the sidechains and energy minimization with the MMFF94x force
field. The model with the lowest interaction energy and RMSD was selected for docking studies. Molecular
probing of inner cavities was done to identify potential binding sites. Two sites of interest were identified in the
proximity of both ends of the transmembrane regions and used for receptor preparation with OpenEye FRED
software® (https://www.eyesopen.com).

ChemNavigator collection (MilliporeSigma, St. Louis, MO, USA) of commercially available compounds (~ 6
million) was processed for docking studies using the following protocol: (i) remove all compounds that are not
small organic molecules, (ii) remove salts counterions, (iii) normalize charges and select the most likely tautomer
at pH 7, (iv) generate an ensemble of up to 400 molecular conformers for each compound using Omega2 software
(https://www.eyesopen.com).

After completing the preparation steps, the virtual docking screen was performed with OpenEye FRED soft-
ware on a Linux cluster. All conformer ensembles were docked into the selected sites described above, retaining
only the best scoring pose based on the Chemgauss4 score for each compound. The top 200 best scoring com-
pounds were extracted and selected for purchase and experimental validation. Due to availability and affordability
issues, only 163 compounds were sourced and submitted for experimental validation.

Culturing of GLUT-expressing hxt® yeast cells for transport assay. Depending on the plasmid
selection marker, the media for cell culturing was either YEP [1% (w/v) yeast extract and 2% (w/v) peptone] sup-
plemented with 100 pg/ml geneticin (G418) or complete synthetic media without uracil (SC-uracil). Yeast cell
culturing was done at 30 °C with shaking (180-220 rpm). The plasmids containing the functional constructs of
GLUT1-5 (GLUTL, GLUT2 400 qussrs GLUT3g56y GLUT4, GLUT5q;,y) were transformed in the corresponding
hxt” strains (EBY.VW4000 for GLUTS5, EBY.S7 for GLUT1-3, and EBY.S7 Aerg4 for GLUT4)***2 and grown on
2% (wfv) agar plates of the respective media supplemented with 1% (w/v) maltose. An initial culture of ~ 10 ml
was started with a few colonies and grown for 2-3 days if the media was SC-uracil with 1% (w/v) maltose (for
GLUTI, GLUT3, and GLUT4) or 1-2 days if the media was YEP with 1% (w/v) maltose and 100 ug/ml G418 (for
GLUT2 and GLUTS5). Cells were washed once in the corresponding media in which maltose was substituted with
0.1-2% (w/v) hexose substrate for the expressing GLUT (i.e., SC-uracil, 2% (w/v) glucose for GLUT1; SC-uracil,
0.2% (w/v) glucose for GLUT3 and GLUT4; YEP, 0.2% (w/v) glucose, 100 ug/ml G418 for GLUT2; and YEP, 2%
(w/v) fructose, 200 pg/ml G418 for GLUTS5). Then, cells were transferred in the same media to OD g, ~ 0.5 and
grown further for 1-2 days.

GLUT transport assay. Commercial providers for chemicals tested for GLUT2 inhibition are listed in Sup-
plementary Table S1. C'-fructose and -glucose were from Moravek Inc (Brea, CA, USA). For transport activity
assay, cells in the hexose media were centrifuged (1000xg, 5 min, room temperature), washed once with PBS
buffer (10 mM Na,HPO,, 1.8 mM KH,PO,, 2.7 mM KCl, 137 mM NaCl, pH 7.4), and resuspended in PBS buffer
at an ODygy,,, ~ 10; each assay contained 100 pl of this cell solution. The transport activity assay was started
by adding C'*-hexose (5 mM glucose for GLUTL or GLUT4, 1.5 mM glucose for GLUT3, 10 mM glucose for
GLUT?2, and 10 mM fructose for GLUT5). When determining the Ky, for fructose and glucose in GLUT2, sub-
strate concentrations were varied accordingly. Transport activity assay was stopped after 10 min by adding 3 ml
ice-chilled Quench buffer (0.1 M KPi, 0.1 M LiCl, pH 5.5), followed by filtration through a glass fiber channel
(GC50; Advantec, Tokyo, Japan) under vacuum and another wash with 3 ml Quench buffer and filtration. The
filtration membranes were transferred into scintillation vials, combined with 10 ml of Scintillation Solution
(BioSafell; Research Products International, Mount Prospect, IL, USA), and vortexed briefly. The radioactivity
was determined with a scintillation counter (Tri-carb 2900TR, Perkin Elmer, USA). The compounds were dis-
solved in dimethyl sulfoxide (DMSO) at 100x (i.e.,~ 10 mM) the final assay concentration. Controls for deter-
mining the relative transport activity included 1% (v/v) DMSO, representing the normal GLUT?2 activity (100%),
and known inhibitors 200 uM phloretin for GLUT1-4%%, and 100 pM N-[4-(methylsulfonyl)-2-nitrophenyl]-
1,3-benzodioxol-5-amine (MSNBA) for GLUTS5", representing fully inhibited activity. Primary screening was
done at 100 pM compound concentration (see Supplementary Table S1 for a list of all tested compounds). The
IC;, values were further determined for the compounds that diminished the relative transport activity by at least
60%. When determining the inhibition mode for the most potent GLUT2 inhibitors (IC5,<2 pM), G2iA and
G2iB, transport activity at 7, 15, and 30 mM glucose concentrations were determined in the absence or presence
of different inhibitor concentrations (0, 0.66 and 2 uM for G2iA or 0, 1.66, 5 pM for G2iB; Supplementary Fig.
§$3). Data were analyzed with GraphPad Prism (San Diego, CA, USA).

Received: 3 May 2021; Accepted: 14 June 2021
Published online: 02 July 2021

Scientific Reports |

(2021) 12:13751 | https://doi.org/10.1038/s41598-021-93063-5 nature portfolio

150



Publications

www.nature.com/scientificreports/

References

1. Holman, G. D. Structure, function and regulatinn of mammalian glucnse transporters of the SLC2 family. Pﬂugcrs Arch. 472,
1155-1175 (2020).
2. Barron, C. C., Bilan, P. ], Tsakiridis, T. & Tsiani, E. Facilitative glucose transporters: Implications for cancer detection, prognosis
and treatment. Metab. Clin. Exp. 65, 124-139 (2016).

3. Ohtsubo, K. et al. N-Glycosylation modulates the membrane sub-domain distribution and activity of glucose transporter 2 in
pancreatic beta cells. Biochem. Biophys. Res. Commun. 434, 346-351 (2013).

. Hajiaghaalipour, E,, Khalilpourfarshbafi, M. & Arya, A. Modulation of glucose transporter protein by dietary flavonoids in type 2
diabetes mellitus. Int. J. Biol. Sci. 11, 508-524 (2015).

. lancu, C. V., Zamoon, ], Woo, S., Aleshin, A. & Choe, J. Crystal structure of a glucose/H+ symporter and its mechanism of action.
Proc. Natl. Acad. Sci. US.A. 110, 17862-17867 (2013).

. Mueckler, M. & Thorens, B. The SLC2 (GLUT) family of membrane transporters. Mol. Aspects Med. 34, 121-138 (2013).

. Joost, H. G. & Thorens, B. The extended GLU'T-family of sugar/polyol transport facilitators: Nomenclature, sequence characteristics,
and potential function of its novel members. Mol. Membr. Biol 18, 247-256 (2001).

8. Quistgaard, E. M., Low, C., Guettou, E. & Nordlund, P. Understanding transport by the major facilitator superfamily (MFS):
Structures pave the way. Nat. Rev. Mol. Cell Biol. 17, 123-132 (2016).

. Baker, G. F. & Widdas, W. F. The asymmetry of the facilitated transfer system for hexoses in human red cells and the simple kinetics
of a two component model. J. Physiol. 231, 143-165 (1973).

10 Carruthers, A. & Helgerson, A. L. Inhibitions of sugar transport produced by ligands binding at opposite sides of the membrane.
Evidence for simultaneous occupation of the carrier by maltose and cytochalasin B. Biochemistry 30, 3907-3915 (1991).

. Lloyd, K. P, Ojelabi, O. A,, De Zutter, ]. K. & Carruthers, A. Reconciling contradictory findings: Glucose transporter 1 (GLUT1)
functions as an oligomer of allosteric, alternating access transporters. J. Biol. Chem. 292, 21035-21046 (2017).

12. Deng, D. et al. Crystal structure of the human glucose transporter GLUT1. Nature 510, 121-125 (2014).

13. Deng, D. et al. Molecular basis of ligand recognition and transport by glucose transporters. Nature 526, 391-396 (2015).

14. Nomura, N. et al, Structure and mechanism of the mammalian fructose transporter GLUT5. Nature 526, 397-401 (2015).

. Sun, L. et al. Crystal structure of a bacterial homologue of glucose transporters GLUT1-4. Nature 490, 361-366 (2012)

16. Schmidl, S., Iancu, C. V., Choe, ].-Y. & Oreb, M. Ligand screening systems for human glucose transporters as tools in drug discovery.
Front. Chem. 6, 183 (2018).

17. George Thompson, A. M. et al. Discovery of a specific inhibitor of human GLUTS by virtual screening and in vitro transport
evaluation. Sci. Rep. 6, 24240 (2016).

18. Uldry, M., Ibberson, M., Hosokawa, M. & Thorens, B. GLUT2 is a high :Afﬁnihg glucnsamine transporter. FEBS Lett. 524, 199-203
(2002).

19. Jung, J. H.,, Wang, X. D. & Loeken, M. R. Mouse embryonic stem cells established in physiological-glucose media express the high
KM Glut2 glucose transporter expressed by normal embryos. Stem Cells Transl. Med. 2, 929-934 (2013).

20. Stolarczyk, E. ef al. Detection of extracellular glucose by GLUT2 contributes to hypothalamic control of fooad intake. Am. [ Physiol.

Endocrinol. Metab. 298, E1078-1087 (2010).

Guillemain, G., Loizeau, M., Pingon-Raymond, M., Girard, ]. & Leturque, A. The large intracytoplasmic loop of the glucose trans-

porter GLUT2 is involved in glucose signaling in hepatic cells. J. Cell Sci. 113(Pt 5), 841-847 (2000).

22. Kellett, G. L. The facilitated component of intestinal glucose absorption. J. Physiol. 531, 585-595 (2001).

23. Ghezzi, C., Loo, D. D. E. & Wright, E. M. Physiology of renal glucose handling via SGLT1, SGLT2 and GLUT?2. Diabefologia 61,
2087-2097 (2018).

24. Patel, C. et al. Effect of dietary fructose on portal and systemic serum fructose levels in rats and in KHK—/- and GLUT5—/— mice.

Am. J. Physiol. Gastrointest. Liver Physiol. 309, G779-790 (2015).

. Koepsell, H. Glucose transporters in brain in health and disease. Pflugers Arch. 472, 1299-1343 (2020).

26. Santer, R. ef al. The mutation spectrum of the facilitative glucose transporter gene SLC2A2 (GLUT2) in patients with Fanconi-
Bickel syndrome. Hum. Genet. 110, 21-29 (2002).

27 Sharari, 5., Abou-Alloul, M., Hussain, K. & Ahmad Khan, F. Fanconi-Bickel syndrome: A review of the mechanisms that lead to
dysglycaemia. Int. J. Mol. Sci. 21, 6286 (2020).

28. Kellett, G. L. & Brot-Laroche, E. Apical GLUT2: A major pathway of intestinal sugar absorption. Diabetes 54, 3056-3062 (2005).

29. Thorens, B. GLUT2 in pancreatic and extra-pancreatic gluco-detection (review). Mol. Membr. Biol. 18, 265-273 (2001).

30. Eny, K. M., Wolever, T. M. S., Fontaine-Bisson, B. & El-Sohemy, A. Genetic variant in the glucose transporter type 2 is associated

with higher intakes of sugars in two distinct populations. Physiol. Genom. 33, 355-360 (2008).

George Thompson, A. M., Iancu, C. V., Nguyen, T. T. H., Kim, D. & Choe, ].-Y. Inhibition of human GLUT1 and GLUTS by plant

carbohydrate products; insights into transport specificity. Sci. Rep. 5, 12804 (2015).

32. Reckzeh, E. S. & Waldmann, H. Development of glucose transporter (GLUT) inhibitors. Eur. J. Org. Chem. 2020, 2321-2329 (2020).

33. Reckzeh, E. S, et al. Inhibition of glucose transporters and glutaminase synergistically impairs tumor cell growth. Cell Chem. Biol.
26, 1214-1228.e25 (2019).

34. Ceballos, J. et al. Synthesis of indomorphan pscudo-natural product inhibitors of glucose transporters GLUT-1 and -3. Angew.
Chem. Int. Ed. Engl. 58, 17016-17025 (2019).

35. Shriwas, P. et al. A small-molecule pan-class I glucose transporter inhibitor reduces cancer cell proliferation in vitro and tumor
growth in vivo by targeting glucose-based metabolism. Cancer Metab. 9, 14 (2021).

36. Kwon, O. et al. Inhibition of the intestinal glucose transporter GLUT2 by flavonoids. FASEB J. 21, 366-377 (2007).

37. Goto, T. et al. Tiliroside, a glycosidic flavonoid, inhibits carbohydrate digestion and glucose absorption in the gastrointestinal tract.
Mol. Nutr. Food Res. 56, 435-445 (2012).

38. Schmidl, S., Tamayo Rojas, S. A, Iancu, C. V., Choe, J.-Y. & Oreb, M. Functional expression of the human glucose transporters
GLUT?2 and GLUT3 in yeast offers novel screening systems for GLUT-targeting drugs. Front. Mol. Biosci. 7, 598419 (2020).

39. Song, J. et al. Flavonoid inhibition of sodium-dependent vitamin C transporter 1 (SVCT1) and glucose transporter isoform 2
(GLUT?2), intestinal transporters for vitamin C and Glucose. J. Biol. Chem. 277, 15252-15260 (2002).

40. Wieczorke, R., Dlugai, S., Krampe, S. & Boles, E. Characterisation of mammalian GLUT glucose transporters in a heterologous

yeast expression system. Cell. Physiol. Biochem. 13, 123-134 (2003).

Tripp, J. et al. Establishing a yeast-based screening system for discovery of human GLUTS5 inhibitors and activators. Sci. Rep. 7,

6197 (2017).

42. Miiller, G., Dlugai, S., Voss, D. & Boles, E. Use of Saccharomyces cerevisiae Erg4 mutants for the expression of glucose transporters
from mammals. Patent number US8298812B2 (2004)

43. Colville, C. A, Seatter, M. ], Jess, T. J., Gould, G. W. & Thomas, H. M. Kinetic analysis of the liver-type (GLUT2) and brain-type
(GLUTS3) glucose transporters in Xenopus oocytes: Substrate specificities and effects of transport inhibitors. Biochem. J. 290,
701-706 (1993).

44, Kasahara, T. & Kasahara, M. Characterization of rat Glut4 glucose transporter expressed in the yeast Saccharomyces cerevisiae:
Comparison with Glut1 glucose transporter. Biochim. Biophys. Acta 1324, 111-119 (1997).

45. Thorens, B. GLUTZ, glucose sensing and glucose homeostasis. Diabetologia 58, 221-232 (2015).

.

u

o

=3

7

21

=
th

3

=

41.

=

Scientific Reports|  (2021) 11:13751 | https://doi.org/10.1038/s41598-021-93063-5 nature portfolio

151



Publications

www.nature.com/scientificreports/

46. Kim, Y. H. et al. SLC2A2 (GLUT2) as a novel prognostic factor for hepatocellular carcinoma. Oncotarget 8, 68381-68392 (2017).

47. Godoy, A. et al. Differential subcellular distribution of glucose transporters GLUT1-6 and GLUTY in human cancer: Ultrastructural
localization of GLUT1 and GLUTS5 in breast tumor tissues. J. Cell. Physiol 207, 614-627 (2006).

48. Lin, 8.-T. et al. Apple polyphenol phloretin inhibits colorectal cancer cell growth via inhibition of the type 2 glucose transporter
and activation of p53-mediated signaling. /. Agric. Food Chem. 64, 68266837 (2016).

49. Wu, C.-H. et al. In vitro and in vivo study of phloretin-induced apoptosis in human liver cancer cells involving inhibition of type
11 glucose transporter. fnt. J. Cancer 124, 2210-2219 (2009).

50. Ancey, P-B., Contat, C. & Meylan, E. Glucose transporters in cancer—from tumor cells to the tumor microenvironment. FEBS J.
285, 2926-2943 (2018).

51. Tappy, L. & L¢, K.-A. Metabolic effects of fructose and the worldwide increase in obesity. Physiol. Rev. 90, 23-46 (2010).

52. Ait-Omar, A. et al. GLUT2 accumulation in enterocyte apical and intracellular membranes: A study in morbidly obese human

subjects and ob/ob and high fat-fed mice. Diabetes 60, 2598-2607 (2011).

Schmitt, C. C. et al. Intestinal invalidation of the glucose transporter GLUT2 delays tissue distribution of glucose and reveals an

unexpected role in gut homeostasis. Mol. Melab. 6, 61-72 (2017).

54. Matsui, C. et al. Hepatitis C virus infection suppresses GLUT2 gene expression via downregulation of hepatocyte nuclear factor
la. J. Virol. 86, 12903-12911 (2012).

55. Dai, L., Hu, W. W,, Xia, L., Xia, M. & Yang, Q. Transmissible gastroenteritis virus infection enhances SGLT1 and GLUT?2 expression
to increase glucose uptake. PLoS One 11, ¢0165585 (2016).

56. Cohen, M. et al. Live imaging of GLUT2 glucose-dependent trafficking and its inhibition in polarized epithelial cysts. Open Biol.
4, 140091 (2014).

57. Jennemann, R. et al. Gangliosides modulate insulin secretion by pancreatic beta cells under glucose stress. Glycobiology 30, 722-734

(2020).

Rogers, R. C., Burke, S. ], Collier, ]. |, Ritter, $. & Hermann, G. E. Evidence that hindbrain astrocytes in the rat detect low glucose

with a glucose transporter 2-phospholipase C-calcium release mechanism. Am. J. Physiol. Regul. Integr. Comp. Physiol. 318, R38-

R48 (2020).

. Ohtsubo, K. et al. Dietary and genetic control of glucose transporter 2 glycosylation promotes insulin secretion in suppressing

diabetes. Cell 123, 1307-1321 (2005).
60. McGann, M. FRED pose prediction and virtual screening accuracy. J. Chem. Inf. Model 51, 578-596 (2011).

53.

<@

5

o

5

]

Acknowledgements

We thank Andrea Adams, Valerie Riehl, and Drew Neufer for technical support. This work was supported by
NTH Grant R0O1-GM123103 (to M.O., T.O,, ].C.). We thank OpenEye Scientific Software for granting access to
their software under an academic license.

Author contributions
T.O. and ].C. conceived the project. 8.5., O.U, C.V.I, and J.C. performed the experiments. All authors analyzed
the data and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93063-5.

Correspondence and requests for materials should be addressed to T.I.O. or J.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

- Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:13751 | https://doi.org/10.1038/541598-021-93063-5 nature portfolio

152



Publications

SUPPLEMENTARY INFORMATION

Identification of new GLUT2-selective inhibitors through in silico ligand screening and

validation in eukaryotic expression systems

Sina Schmidl'*, Oleg Ursu®**, Cristina V. lancu*, Mislav Oreb',

Tudor Oprea®>“and Jun-yong Choe*®”

Hnstitute of Molecular Biosciences, Faculty of Biological Sciences, Goethe University Frankfurt,
Frankfurt am Main, Germany.

2 Translational Informatics Division, Department of Internal Medicine, The University of New
Mexico School of Medicine, Albuquerque, NM 87131, USA.

3 Present address: Computational and Structural Chemistry, Merck & Co., Inc., 2000 Galloping
Hill Road, Kenilworth, NJ 07033, USA.

4 Department of Chemistry, East Carolina Diabetes and Obesity Institute, East Carolina
University, Greenville, NC 27834 USA.

5 UNM Comprehensive Cancer Center, The University of New Mexico, Albuquerque, NM 87131,
USA.

6 Department of Biochemistry and Molecular Biology, The Chicago Medical School, Rosalind
Franklin University of Medicine and Science, North Chicago, IL 60064 USA.

# These authors contributed equally.

*Corresponding authors: Jun-yong Choe, E-mail: choejl8@ecu.edu
Tudor Oprea, E-mail: toprea@salud.unm.edu

Supplementary Figure S1
Supplementary Figure S2
Supplementary Figure S3
Supplementary Figure S4

Supplementary Table S1

153



Publications

[ _TMhelix12 |

(vm-it_cm

a
Figure S1. GLUT homology for GLUT1-5. (A, B) The homology models were generated in
MOE (https://www.chemcomp.com) based on the crystal structure of GLUT1 (PDB ID: 4PYP),
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with the sequence alignment color-coded; blue regions show sequence conservation, red ones
show the highest sequence variation. GLUT2 is more closely related to GLUT1, 3, and 4 (52-
65% sequence identity) as compared with GLUTS (40% sequence identity); however, the loop
between the two halves of the transporter (highlighted by a red dotted ellipse) shows a higher
variation (the sequence identity among GLUT]I, 2, 3, and 4 is 33-61%, and that between GLUT2
and 5 is 35%). The yellow ellipse labeled G2i shows the approximate location of GLUT2
inhibitors. (A) Homology model showing the sequence conservation (blue) for GLUTI, 2, 3, and
4. (B) Homology model showing the sequence conservation (blue) between GLUT2 and 5. (C)
Amino acid sequence alignment (https://www.ibi.vu.nl/programs/pralinewww/) of GLUT1-5
shows three unconserved areas: 1) between TM helices 1 and 2 in which GLUT2 has extra ~35
amino acid residues compared with the other GLUTs; 2) between TM helices 6 and 7 (the large
cytoplasmic loop highlighted by the red ellipse in A-B); and 3) after TM helix 12.

>
N
o
1

(s )
-
(3]
3

-
(4]
A
-
o
i

n
2

Fructose uptake
(pmol / 108 cells / min)

Glucose uptake
(pmol / 108 cells / min)
=

Ky=1411.3 mM Ky =87.0£8.2 mM

0+ T T T T 0 T T T Y 1
0 20 40 60 80 0 100 200 300 400 500

Glucose concentration (mM) Fructose concentration (mM)

Figure S2. Michaelis-Menten curves for glucose and fructose transport in GLUT2-
expressing hxt’ yeast system. Glucose (A) and fructose (B) transport activity by
GLUT2al00ps qassr in EBY.S7 yeast cells. Transport activity was initiated by the addition of C'*-
hexose (glucose or fructose) to cells in the PBS buffer. After 10 mins, transport activity was
stopped, and the radioactivity accumulated in cells was measured. See Materials and Methods for
details. Error bars represent standard deviation from three independent measurements. Data
analysis for calculating Ky values and the graphs were generated with GraphPad Prism
(https://www.graphpad.com).
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Figure S3. Dixon plots for GLUT2 glucose transport inhibition by G2iA (left) and G2iB
(right). Glucose transport activity by GLUT2a100ps Qa4ssr in EBY.S7 yeast cells was determined at
7, 15, and 30 mM glucose, in the absence or presence of different inhibitor concentrations.
Transport activity was initiated by the addition of C'*- glucose to cells in the PBS buffer. After
10 mins, transport activity was stopped, and the radioactivity accumulated in cells was measured.
See Materials and Methods for details. Data analysis for calculating K; values and the graphs
were generated with GraphPad Prism (https://www.graphpad.com). Error bars represent standard
deviation from three measurements.
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Figure S4. Protein-ligand interactions for docked GLUT?2 inhibitors to the inward-facing
conformation GLUT2 model. The ligand-protein interaction diagrams for G2iA (A), G2iB (B),
G2iC (C), G2iD (D), G2iE (E), G2iF (F), G2iG (G), G2iH (H), G2il (), G2iJ (J), and G2iK (K),
were generated in MOE (www.chemcomp.com) with the program “Ligand Interactions”. (L)

Legend for the type of residues and ligand-protein interactions in (A-K).
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Table S1. In silico ligand screening candidates tested for GLUT2 transport inhibition. The
structure identifier (STRUCTURE _ID), commercial information (SUPPLIER and CATALOG

#), chemical name (CHEM_NAME), SMILES code (SMILES), and the molecular formula (MF)
are indicated for each compound (except for some unavailable chemicals’ names). Identified
potent GLUT?2 inhibitors (G2iA-K) are in bold, red font.

STRUCTURE SUPPLIER SUPPLIER_ CHEM_NAME SMILES MF

_ID CATALOG #

448434472 Ark Pharm AK242035 N1(CCN(CC1)c2ncc(cc2)c3ccd| C31H3802N6
n](cc(cdc(c3)C(=0)NCc5¢c(nc(cc
5C)C)o)C)c(C)C)C

403941836 Ark Pharm AK317596 5-(ethyl(tetrahydro-2H-pyran-4- N5(CCOCC5)Cclcec(ccl)c2ec(c( C34H4404N4

yl)amino)-N-((2-hydroxy-4,6- c(c2)C(=0)NCcac(nc(ccaC)C)O)
dimethylpyridin-3-yl)methyl)-4- C)N(C3ccocc3)ce
methyl-4'-(morpholinomethyl)-[1,1'-
biphenyl]-3-carboxamide
407639426 Target T1905 1-cyclopentyl-N-((2-hydroxy-4,6- N6(CCOCC6)Cclcec(ccl)c2ec3| C32H3703N5
Molecule dimethylpyridin-3-yl)methyl)-6-(4- n](nce3c(c2)C(=0)NCc5¢(nc(cc5
Corp. (morpholinomethyl)phenyl)-1H- C)C)ojcacceca
indazole-4-carboxamide
27829088 ChemBridge 5340763  2-(3,5-diphenyl-4,5-dihydro-1H- Fclcec(ccl)c2ne(nc(c2)cbeccce C31H23N4F1
Corporation pyrazol-1-yl)-4-(4-fluorophenyl)-6- 6)N3NC(=CC3c5cccce5)cdceccce
phenylpyrimidine 4
30023243 ChemBridge 5720478  4-(4-benzhydryl-1-piperazinyl)-1- N3(CCN(CC3)cdnc(nc6[n](ncce C33H35N7
Corporation phenyl-6-(1-piperidinyl)-1H- 4)c7cccec7)NSCCCCC5)C(c2cece
pyrazolo[3,4-d]pyrimidine cc2)clcceccl
466119877 ChemBridge 77390155  2-{5-(methoxymethyl)-4-[(4-phenyl- [n]4(ncc(c4COC)C(=0)N5CCN(C  C29H3002N6
Corporation 1-piperazinyl)carbonyl]-1H-pyrazol- C5)cbeececb)clnc2e(cn1)CCCc3
1-yl}-6,7-dihydro-5H- c2ccec3
benzo[6,7]cycloheptall,2-
d]pyrimidine (G2iD)
549939793  ChemBridge 94887258 FC(F)(F)clcc(cccl)OC[C@@H])2  C32H3402N3
Corporation CN(C[C@@H](C2)C(=0)NCCcdc  F3
5c([nH]c4)ccee5)CCe3cccce3
549930126 ChemBridge 26385775 N2(C[C@H](C[C@H](C2)C(=0) C35H4104N3
Corporation NCCc5c6e([nH]c5)cceet)COc3c
c4c(cc3)CCC4)Celec(c(cc1)OC)
oc
347006762 ChemBridge 40266327  (3R,5S)-5-[(2,3-dihydro-1H-inden-5- N3(C[C@H](C[C@H](C3)C(=0) C35H3802N2
Corporation yloxy)methyl]-1-(2-naphthylmethyl)- NCCc6cecec6)COcdecSc(ced)CC
N-(2-phenylethyl)-3- C5)Cclec2c(ccl)eccc2
piperidinecarboxamide
181925102 ChemBridge 18817511  3-(1-benzothien-7-yl)-1- [s]1c2c(ccl)eccc2C3=CC4=C(N( C28H2703N3
Corporation (cyclopropylmethyl)-6-[(4,6-dimethyl-  C3=0)CC6CCH)CCN(C4)C(=0)c5  S1
2-0x0-1,2-dihydro-3- ¢(nc(cc5C)C)0
pyridinyl)carbonyl]-5,6,7,8-
tetrahydro[1,6]naphthyridin-2(1H)-
one
181950723 ChemBridge 42621764  N-benzyl-N,1-dimethyl-5- [n]1(nc(c3c1CCC(C3)NACCCS(C  C30H3401N4
Corporation (spiro[indene-1,4'-piperidin]-1'-yl)- C4)c6e(cceeh)C=C5)C(=0)N(Cc2

4,5,6,7-tetrahydro-1H-indazole-3-
carboxamide
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181921786

181940757

181915466

182070366

181349814

466125339

181305778

181336555

181267787

181971369

181931148

181278705

181284072

181268085

181962616

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

16753878

32425739

12052429

94419756

57791277

87775506

26258872

47200727

11197728

68833669

23777777

15094108

16803568

11381046

56596371

1,8-bis(2-phenylethyl)-3-(3-
pyridinylmethyl)-1,3,8-
triazaspiro[4.5]decane-2,4-dione

8-(2,6-dimethyl-5-heptenyl)-1-(2-
phenylethyl)-3-(3-pyridinylmethyl)-
1,3,8-triazaspiro[4.5]decane-2,4-
dione

1-(4-methoxybenzyl)-4-{[(1R,2R)-2-
phenylcyclopropyl]carbonyl}-6-(3-
pyridinylmethoxy)-1,4-diazepan-2-
one

8-(1H-indol-3-ylmethyl)-3-isobutyl-1-
[2-(4-methoxyphenyl)ethyl]-1,3,8-
triazaspiro[4.5]decane-2,4-dione

2-(4-(1-benzothien-3-yl)-2-{[4-(2-
pyridinyl)-1-
piperazinyllmethyl}phenoxy)-N-(1,3-
thiazol-2-ylmethyl)acetamide (G2iE)

2-(5-cyclopropyl-4-{[4-(2-
ethoxyphenyl)-1-
piperazinyl]carbonyl}-1H-pyrazol-1-
yl)-4-(5-methyl-2-furyl)pyrimidine
(G2i))

methyl 3-[4-{1-[(2-methyl-1H-indol-3-
yl)methyl]-4-piperidinyl}-2-(4-
pyridinyl)-5-pyrimidinyl]phenyl ether

2-[2,5-dioxo-3-phenyl-1-(3-
pyridinylmethyl)-3-pyrrolidinyl]-N-
methyl-N-[2-
(trifluoromethyl)benzyl]acetamide

{4-{[4-(2,5-dimethylphenyl)-1-
piperazinyl]carbonyl}-1-[4-(2-thienyl)-
2-pyrimidinyl]-1H-pyrazol-5-yl}methyl
methyl ether

3-({3-[4-(2-methoxyphenyl)-1-
piperazinyl]-1-piperidinyl}carbonyl)-
4,6-dimethyl-2(1H)-pyridinone

2-(5-cyclopropyl-4-{[4-(2-
methoxyphenyl)-1-
piperazinyl]carbonyl}-1H-pyrazol-1-
yl)-4-(2-thienyl)pyrimidine (G2iC)

6-[(4'-methyl[1,1'-biphenyl]-4-
yl)carbonyl]-1-{[4-(2-pyridinyl)-1-
piperazinyl]carbonyl}-6-
azaspiro[2.5]octane

2-{5-cyclopropyl-4-[(4-phenyl-1-
piperazinyl)carbonyl]-1H-pyrazol-1-
yl}-4-(3-methoxyphenyl)pyrimidine

2-[4-[(4-cyclopentyl-1-
piperazinyl)carbonyl]-5-
(methoxymethyl)-1H-pyrazol-1-yl]-4-
(2,5-dimethyl-3-thienyl)pyrimidine

162

N2(C4(CCN(CC4)CCc5ccece5)C(
=0)N(C2=0)Cc3cncce3)CCelecc
ccl

N2(C4(CCN(CC4)CC(CCC=C(C)C)
C)C(=0)N(C2=0)Cc3cnccc3)CCc
lcceecl

N3(CC(CN(C(=0)C3)Cc5cce(ce5)
0C)OCc4cnccecd)C(=0)[C@H]1[
C@@H](C1)c2cceec

[nH]1c2c(c(c1)CN3CCCA(N(C(=
0)N(C4=0)CC(C)C)CCc5cce(ccs)
0C)CC3)ccec2

[s]1c(ncc1)CNC(=0)COc2c(cc(c
¢2)c5c6¢([s]c5)cccc6)CN3CCN(
CC3)cdnccccd

[s]1c(c(ce1C)e2ne(nce2)[n]3nce
(c3C5CC5)C(=0)N(Ccécc(cccd)
oc)C)c

[n]3(nce(c3C6CCE)C(=0)NACC
N(CC4)c5¢(ccce5)0CC)clnc(cen
1)c2[o]c(cc2)C

N3(CCC(CC3)canc(nccdcbec(cce
6)OC)c5¢cencc5)Celc2e([nH]clC
Jecee2

FC(F)(F)clc(cccc1)CN(C)C(=0)C
C3(CC(=0)N(C3=0)Cc4cncecd)c
2cccec?

[s]1c(ceecl)ec2ne(nece2)[n]3ncc(c
3C0C)C(=0)N4CCN(CC4)c5c(ce
c(c5)C)C

N3(CCN(CC3)c4c(ccecd)0C)C1C
N(CCC1)C(=0)c2¢(nc(cc2C)C)O

[s]1c{cec1)c2nc(nec2)[n]3ncc(c
3C6CC6)C(=0)NACCN(CCA)c5c(
cccc5)0C

N2(CCN(CC2)C(=0)C3C4(CCN(C
C4)C(=0)c5cce(ces5)cbecc(cch)C
)C3)clnccecl

[n]3(nce(c3C6CCEH)C(=0)NACCN
(CC4)c5eccees5)elne(cenl)e2ee(
ccc2)0C

[s]1c(c(cc1C)c2ne(nce2)[n]3ncc
(c3COC)C(=0)N4CCN(CC4a)C5C
CCC5)C

C29H3202N4

C30H4002N4

C29H3104N3

C29H3603N4

C30H2902N5
s2

C26H2702N5

S1

C28H3003N6

C31H3101N5

C27H2403N3
F3

C26H2802N6
S1

C24H3203N4

C26H2602N6
s1

C31H3402N4

C28H2802N6

C25H3202N6
S1
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182001206

181149526

181121814

947315724

258707156

34977075

35943973

63176616

63178386

63178397

40904376

35085263

27659180

27916761

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

ChemBridge
Corporation

Princeton
BioMolecula
r Research,
Inc.

Princeton
BioMolecula
r Research,
Inc.

Princeton
BioMolecula
r Research,
Inc.

Princeton
BioMolecula
r Research,
Inc.

Princeton
BioMolecula
r Research,
Inc.

Princeton
BioMolecula
r Research,
Inc.

Princeton
BioMolecula
r Research,
Inc.

Scientific
Exchange,
Inc.

Specs

Specs

88168217

35941485

24355885

78029423

0SSL_3258
02

0SSL_3923
90

0SSL_5755
65

0SSL_5862
05

0SSL_5870
15

0SSL_5890
46

0OSSL_7682
05

M-033644
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5-cyclopropyl-1-(5,6-
dihydrobenzo[h]quinazolin-2-yl)-N-
methyl-N-(5-quinolinylmethyl)-1H-
pyrazole-4-carboxamide (G2iF)

N-{[3-(1-benzofuran-2-yl)-1-benzyl-
1H-pyrazol-4-yljmethyl}-2-(3,5-
dimethyl-1H-pyrazol-4-yl)-N-
methylethanamine

3-[(3-{3-ox0-3-[4-(2-pyridinyl)-1-
piperazinyl]propyl}-1-
piperidinyl)carbonyl]-1H-indazole

5-(4-methylphenyl)-2-phenyl-7-{4-[2-
(4-pyridinyl)ethyl]-1,4-diazepan-1-
yl}[1,3]oxazolo[4,5-d]pyrimidine

7-[3-(1,3-benzothiazol-2-
ylsulfanyl)propyl]-3-methyl-8-(4-
phenyl-1-piperazinyl)-3,7-dihydro-1H-
purine-2,6-dione

2-(3-[1,1'-biphenyl]-4-yl-1-{[5-(5-
chloro-2-thienyl)-7-
(trifluoromethyl)pyrazolo[1,5-
alpyrimidin-2-yl]carbonyl}-4,5-
dihydro-1H-pyrazol-5-yl)phenol

2-[3,5-bis(2,4-dimethoxyphenyl)-1H-
pyrazol-1-yl]-4-(4-fluorophenyl)-6-
(trifluoromethyl)pyrimidine

2-[3,5-bis(3,4-dimethoxyphenyl)-1H-
pyrazol-1-yl]-4-(4-fluorophenyl)-6-
(trifluoromethyl)pyrimidine

2-{3,5-bis[4-
(difluoromethoxy)phenyl]-1H-pyrazol-
1-yl}-4-phenyl-6-
(trifluoromethyl)pyrimidine

N-benzyl-1-(1H-indol-3-ylmethyl)-N-
(2-phenylethyl)-4-piperidinamine
oxalate

6-amino-3-(1-naphthyl)-4-[4-(1-
naphthylmethoxy)phenyl]-1,4-
dihydropyrano(2,3-c]pyrazole-5-
carbonitrile

2-(3-{2-[3-(4-fluorophenyl)-5-(4-
isopropylphenyl)-2,5-dihydro-1H-
pyrazol-1-yl]-1,3-thiazol-4-yl}phenyl)-
1H-isoindole-1,3(2H)-dione

4-(4-tert-butylphenyl)-2-{[2-ox0-2-
(10H-phenothiazin-10-
yl)ethyl]sulfanyl}-6-
phenylnicotinonitrile
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[n]4(ncc(c4C7CC7)C(=0)N(Cc5¢  C30H2601N6
6¢c(ncceb)cec5)C)clnc2e(cnl)CC
c3c2ccec3

[n]2(nc(c(c2)CN(CCc5¢([nHInc5  C27H2901N5
C)C)C)c3[o]cdc(c3)cccecd)Celece
ccl

N2(CCN(CC2)C(=0)CCC3CN(CC  C25H3002N6
C3)C(=0)c4n[nH]c5c4ccec5)cln
ceeel

[s]1c2c(c(c1)C(=0)N3CCNC(=0) C37H4205N6
[C@@H](NC(=0)[C@@H](N(C(  S1
=0)[C@@H](NC(=0)C3)Cc5cbe
([nH]c5)ccce6)C)C)Cedeccecd)C

ccc2

N2(CCN(CCC2)c3nc(nc5nc([o]c  C30H3001N6
53)c6eecceb)cdece(ccd)C)CCele
cneccl

[s]1c2c(nc1SCCCn]3c4c(nc3N5  C26H2702N7
CCN(CC5)c6eceee)N(C(=0)NCA  S2
=0)C)ccec2

FC(F)(F)C1=CC(=Nc3[n]1nc(c3) C33H2102N5
C(=0)N4NC(=CC4c7c(ccee7)O)c  CIIS1F3
Scce(ce5)ebececeb)e2[s]e(ec2)Cl

FC(F)(F)clnc(nc(cl)c5cec(ec5)F)  C30H2404N4
[n]2nc(cc2cde(cc(ccd)OC)OC)c3  F4
c(ce(ce3)0C)0C

FC(F)(F)c1nc(nc(cl)c5cec(cc5)F)  C30H2404N4
[n]2nc(cc2cdec(c(cc4)OC)OC)c3  F4
cc(c(cc3)0C)0C

FC(F)(F)clnc(nc(cl)cSeecee5)[n C28H1702N4
12n¢(cc2cdecc(ccd)OC(F)F)c3cc F7
c(cc3)OC(F)F

N3(CCC(CC3)N(CCc5ecccc5)Ced  C31H3504N3
cceeed)Cele2e([nH]el)ecece2.0C
(=0)C(=0)0

[nH]1nc(c4c10C(=C(C4c5cec(cc  C34H2402N4
5)0Cc6¢7c(cceh)cccc7)CHN)N)c
2c3c(cce2)ceec3

Fclece(ccl)C2=CC(N(N2)cd[s]cc  C35H2702N4
(n4)c5cc(ccc5)N6C(=0)c7c(ccce S1F1
7)C6=0)c3ccc(ce3)C(C)C

S1c2c(ccecc2)N(cbeleceech)C(=0  C36H2901N3
)CSc3nc(cc(c3CHN)cScec(cc5)C( S2
C)(C)C)cacccecd
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N-(4-chlorobenzyl)-N-(1-naphthyl)-2-
[(2-phenyl-4-
quinazolinyl)sulfanyl]acetamide

2-phenoxyethyl 4-[2-
(benzyloxy)phenyl]-7-(3,4-
dimethoxyphenyl)-2-methyl-5-oxo-
1,4,5,6,7,8-hexahydro-3-
quinolinecarboxylate

N-(4-{2-[3-(4-fluorophenyl)-5-(4-
isopropylphenyl)-2,5-dihydro-1H-
pyrazol-1-yl]-1,3-thiazol-4-yl}phenyl)-
4-methylbenzenesulfonamide

4-(4-methoxyphenyl)-2-(10H-
phenothiazin-10-ylcarbonyl)-6-
phenylthieno[2,3-b]pyridin-3-amine

(8S,8aR,11aS)-10-(2-naphthyl)-9,11-
dioxo-N-[3-(trifluoromethyl)phenyl}-
83,9,10,11,11a,11b-hexahydro-8H-
pyrrolo[3',4":3,4]pyrrolo[2,1-
alisoquinoline-8-carboxamide

3-benzhydryl 1-methyl (1S,2R,3R)-1-
cyano-2-[4-(dimethylamino)phenyl]-
1,2,3,10b-tetrahydropyrrolo[2,1-
alisoquinoline-1,3-dicarboxylate

benzhydryl (85,8aR,11aS)-10-(4-
methoxyphenyl)-9,11-dioxo-
8a,9,10,11,11a,11b-hexahydro-8H-
pyrrolo[3',4':3,4]pyrrolo[2,1-
alisoquinoline-8-carboxylate

ethyl 5-({2-[(4-
benzoylbenzoyl)amino]benzoyl}oxy)-
2-methyl-1-phenyl-1H-indole-3-
carboxylate

4-(5-(4-fluorophenyl)-1-{[(2-methyl-
1H-indol-3-yl)sulfanyl]acetyl}-4,5-
dihydro-1H-pyrazol-3-yl)phenyl
methyl ether (G2iA)

N-{[5-{[2-(3,4-dihydro-1(2H)-
quinolinyl)-2-oxoethyl]sulfanyl}-4-(2-
methoxyphenyl)-4H-1,2,4-triazol-3-
yllmethyl}-4-
[(dimethylamino)sulfonyl]benzamide

3-{[4-(2,5-dimethylphenyl)-1-
piperazinyl]carbonyl}-6-{[4-(4-
fluorophenyl)-1-piperazinyl]sulfonyl}-
4(1H)-quinolinone

N-[3-(1,3-benzothiazol-2-yl)-6-methyl-
4,5,6,7-tetrahydro-1-benzothien-2-
yl]-4-(2,3-dihydro-1H-indol-1-
ylsulfonyl)benzamide

N-(2-benzoyl-4-bromophenyl)-4-[(6-
chloro-4-phenyl-2-
quinazolinyl)amino]benzamide

4-[4-(benzyloxy)phenyl]-3-(2-
hydroxyphenyl)-5-(3-
pyridinylmethyl)-4,5-
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S(CC(=0)N(Ccbeec(cch)Cl)cdc5e
(cced)cece5)elnc(ne3clccee3)c
2cccec2

N1C2=C(C(C(=C1C)C(=0)OCCOc
6ceccch)cde(ceccd)OCc5cccecs)
C(=0)CC(C2)c3cc(c(ce3)0C)0C

Fcleec(cc1)C2=CC(N(N2)c4[s]cc
(n4)c5cee(cc5)N([S](=0)(=0)cbe
cc(ce6)C)ec3cec(ce3)C(C)C

[s]1c2nc(cc(c2¢(c1C(=0)N5cbe(
ccceb)Sc7c5cccc7)N)cdecc(ccd)
0C)c3ceeec3

FC(F)(F)clec(cccl)NC(=0)[C@H
]12N3c([C@@H]5[C@H]2C(=0)
N(C5=0)cbec7c(cch)ccec?)cdc(c
cccd)C=C3

N21[C@H]([C@@H]([C@@](C
2cbce(cceec6)C=C1)(C(=0)0C)Cit
N)cScec(cc5)N(C)C)C(=0)0C(ca
ccceed)c3cccee3

N21[C@@H]([C@H]S[C@@H](
C2c7c(ccec?)C=C1)C(=0)N(C5=
0)cbeee(ce6)0C)C(=0)OC(cdcce
ccd)c3cecee3

[n]2(c3c(c(c2C)C(=0)0CC)cc(cc
3)OC(=0)c4c(cceccd)NC(=0)c5cc
¢(cc5)C(=0)cbeecceb)cleccecl

Fclcee(ccl)C2ZN(NC(=C2)c5cce(
¢c5)0C)C(=0)CSc3cdc([nH]c3C)
ccecd

[S](=0)(=0)(N(C)C)clcec(ccl)C(
=0)NCc2[n](c(nn2)SCC(=0)N4C
CCc5cdcececce5)e3c(cece3)0C

Fclece(cc1)N2CCN(CC2)([S](=0)
(=0)c3ccde(ncc(c40)C(=0)N5C
CN(CC5)c6e(ccc(c6)C)C)cc3

[S](=0)(=0)(N6CCc7cbecec?)cl
cec(ec1)C(=0)Ne2[s]e3c(c2c4(s]
c5c(n4)ccec5)CCC(C3)C

Brelee(c(cc1)NC(=0)c3ccec(ce3)
Necanc5c(c(nd)cbeceeet)cc(ces)
CI)C(=0)c2ceeec2

[nH]1nc(c3c1C(=0)N(C3c5ccc(c
¢5)0Cc6ececch)Cedencecd)c2c(
ccee2)0

C33H2401N3
Cl1s1

C40H3907N1

C34H3102N4
S2F1

C33H2302N3

S2

C32H2203N3
F3

C37H3304N3

C35H2805N2

C39H3006N2

C27H2402N3
S1F1

C30H3205N6
S2

C32H3404N5
S1F1

C31H2703N3
S3

C34H2202N4
Cl1Br1

C30H2403N4
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dihydropyrrolo[3,4-c]pyrazol-6(1H)-
one

4-(bis(3-hydroxy-5-methyl-1H-
pyrazol-4-yl)methyl)phenyl 4-
fluorobenzoate

8-benzoyl-4-(4-bromobenzoyl)-2-(3,5-
dichlorophenyl)-3a,4,9a,9b-
tetrahydro-1H-pyrrolo([3,4-
alindolizine-1,3(2H)-dione

(11beta)-11,17-dihydroxy-3,20-
dioxopregna-1,4-dien-21-yl 4-{[2-(2,2-
dimethyl-4-phenyltetrahydro-2H-
pyran-4-yl)ethyllamino}-4-
oxobutanoate

N-[2-(2-chlorophenyl)-2-(1H-indol-3-
yl)ethyl]-2-(1H-indol-3-yl)acetamide
(G2iH)

5-[1,1'-biphenyl]-4-yl-N-[(4,6-
dimethyl-2-oxo0-1,2-dihydro-3-
pyridinyl)methyl]-2-
thiophenecarboxamide

2-({2-[2,5-dimethyl-1-(2-phenylethyl)-

1H-pyrrol-3-yl]-2-oxoethyl}sulfanyl)-6-

methyl-5-(4-methylphenyl)-3-
phenylthieno[2,3-d]pyrimidin-4(3H)-
one

N-(9-ethyl-9H-carbazol-3-yl)-2-{[5-
(1H-indol-3-yl)-1,3,4-oxadiazol-2-
yllsulfanyl}acetamide

3-(1-{(2E)-3-[2-(4-fluorophenyl)-1,3-
thiazol-4-yl]-2-propenoyl}-1,2,3,6-
tetrahydro-4-pyridinyl)-1H-
pyrrolo[2,3-b]pyridine

N-(2-benzoyl-4-methylphenyl)-4-[(6-
methyl-4-phenyl-2-
quinazolinyl)amino]benzamide

N-(1-isoquinolinylmethyl)-4-[5-(4-
methoxyphenyl)-3-phenyl-4,5-
dihydro-1H-pyrazol-1-yl]-4-
oxobutanamide

3-[1-(3-fluorobenzoyl)-5-(4-
fluorophenyl)-2,5-dihydro-1H-
pyrazol-3-yl]-6-methyl-4-phenyl-2-
quinolinol

3-{1-[(1,3-diphenyl-1H-pyrazol-5-
yl)carbonyl]-1,2,3,6-tetrahydro-4-
pyridinyl}-1H-pyrrolo[2,3-b]pyridine

N-(2-(1-(6-chloro-4-phenylquinazolin-
2-yl)-5-(4-(dimethylamino)phenyl)-
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Fclcee(ce1)C(=0)0c2ccc(cc2)C(  C22H1904N4
c4c([nH]nc40)C)c3c([nH]nc30) F1
C

N3(C(=CC(=0)C(C3=0)C(CC(=0) C31H2807N2
0C)c4[o]c(ccd)c5c(cceces5)C(=0)
0)C)CCclc2c([nH]cl)ccecc2

Brelece(cc1)C(=0)C2N3C(C5C2  C30H1904N2
C(=0)N(C5=0)cbec(cc(ce)Cl)Cl) Cl2Br1
C=C(C=C3)C(=0)cdcccccd

N(CCCH(CC(OCCH)(C)C)cSeccce CAOHS308N1
5)C(=0)CCC(=0)0CC(=0)[CE @
11([C@@]2(C(C3C([C@@]4(C(=
CC(=0)C=C4)CC3)C)[C@H](C2)

0)CC1)C)0

Clcic(ccecl)C(CNC(=0)Cc4c5¢([ C26H2201N3
nH]c4)ccee5)c2c3c([nH]c2)ccce Cl1
3

[s]1c(cec1C(=0)NCcac(nc(cc4C)  C25H2202N2
C)O)c2ccec(ce2)c3ceceee3 S1

[s]1c2e(c(c1C)cbeee(cch)C)C(=0  C36H3302N3
JN(C(=N2)SCC(=0)c4c([n](c(c4) S2
C)CCcheceeces)C)e3ccece3

S(CC(=0)Ncdec5¢e([n](c6e5ecce C26H2102N5
6)CC)ccd)clnnc([o]1)c2c3c([nH  S1
Jc2)ccec3

Fedcec(eel)e2[slee(n2)\C=C\C(= C24H1901N4
0)N3CCC(=CC3)cacsc([nH]ed)n  S1F1
ccc5

N(c4cce(ccd)C(=0)Nc5c(cc(ccs) C36H2802N4
C)C(=0)cbeecect)clnc2e(c(nl)c
3cccee3)ee(cc2)C

N3(NC(=CC3c5ccc(cc5)OC)cdcc  C30H2803N4
cccd)C(=0)CCC(=0)NCclnccc2c
lccec2

Fclec(cecl)C(=0)N2NC(=CC2c6  C32H2302N3
cce(ceb)F)c3c(ncde(c3c5eececs)  F2
cc(ccd)C)O

[s]1c(ccc1C(=0)O)CN(C5CCH(N(  C36H4206N2
CC5)C(=0)0C(C)(C)C)CCccee)C S
(=0)0OCC2c3c(ccce3)cdc2ccecd

[n]2(nc(cc2C(=0)N4CCC(=CCa)c  C28H2301N5
5c6e([nH]c5)nceet)c3ccece3)el
cceecl

[S](=0)(=0)(Nclc(ccec1)C2=CC(  C32H2902N6
N(N2)c4nc5c(c(nd)cbeeecect)ee(  Cl1S1
cc5)Cl)c3cee(ce3)N(C)C)C
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2,5-dihydro-1H-pyrazol-3-
yl)phenyl)methanesulfonamide

2-(1H-indol-3-yl)-2-oxoethyl 3-[(2-
methyl-2,3-dihydro-1H-indol-1-
yl)sulfonyl]benzoate

2-[hexyl(4-phenyl-1,3-thiazol-2-
yl)amino]-2-oxoethyl 6-(1H-1,2,4-
triazol-1-yl)nicotinate

methyl 4-{3-phenyl-1-[(4-
quinazolinylsulfanyl)acetyl]-4,5-
dihydro-1H-pyrazol-5-yl}phenyl ether

2-{[4-(3,4-dimethylphenyl)-1-phenyl-
1H-imidazol-2-yl]sulfanyl}-1-(2-
methyl-1H-indol-3-yl)ethanone

N-(2-benzoyl-4-bromophenyl)-3-[(6-
bromo-4-phenyl-2-
quinazolinyl)amino]benzamide

2-({2-[2,5-dimethyl-1-(2-phenylethyl)-
1H-pyrrol-3-yl]-2-oxoethyl}sulfanyl)-
3,6-diphenylthieno(2,3-d]pyrimidin-
4(3H)-one

6-chloro-2-(5-(4-ethoxyphenyl)-3-(m-
tolyl)-2,5-dihydro-1H-pyrazol-1-yl)-4-
phenylquinazoline

4-(N-(4-cyclohexylbenzyl)-2-
((2,3,4,5,6-pentafluoro-N-
methylphenyl)sulfonamido)acetamid
0)-2-hydroxybenzoic acid

2-[1,1'-biphenyl]-4-yl-2-oxoethyl 2-
[1,1'-biphenyl]-4-yl-6-methyl-4-
quinolinecarboxylate

1,3-dioxo-2-{3-[(3-
phenoxyanilino)carbonyl]phenyl}-N-
(3-phenoxyphenyl)-5-
isoindolinecarboxamide

4,4'-((3-bromo-4-(naphthalen-1-
ylmethoxy)phenyl)methylene)bis(3-
methyl-1H-pyrazol-5-ol)

2-[3,5-bis(3,4-dimethoxyphenyl)-1H-
pyrazol-1-yl]-4-(2-thienyl)-6-
(trifluoromethyl)pyrimidine

2-[3,5-bis(3,4-dimethoxyphenyl)-4-
ethyl-1H-pyrazol-1-yl]-4-(4-
fluorophenyl)-6-
(trifluoromethyl)pyrimidine

2-[3,5-bis(3,4-dimethoxyphenyl)-4-
ethyl-1H-pyrazol-1-yl]-4-phenyl-6-
(trifluoromethyl)pyrimidine

2-[3,5-bis(3,4-dimethoxyphenyl)-4-
methyl-1H-pyrazol-1-yl]-4-(3-
methoxyphenyl)-6-
(trifluoromethyl)pyrimidine
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[S](=0)(=0)(N4C(Cc5cdcccc5)C)
clee(ceel)C(=0)OCC(=0)c2c3¢(
[nH]c2)ceee3

[s]1c(nc(cl)cdcccccd)N(CCCCC
C)C(=0)COC(=0)c2enc(cc2)[n]3
ncne3

Clelee(cecc1)N2CCN(CC2)C(=0)c
3cce(ce3)NedneSc(c(nd)cbeec(c
c6)Cl)ccecs

S(CC(=0)N3NC(=CC3c5ccc(cc5)
0OC)c4cceccd)clnenc2cleecc?

S(CC(=0)cac5c¢([nH]c4C)cceceS)c
1[n](cc(n1)e3cce(c(ce3)C)C)c2cc
ccc2

Brelec(c(ccl)NC(=0)c3cc(cee3)
Ncdnc5c(c(nd)cbeceeeb)cc(ces)
Br)C(=0)c2cccec2

[s]1c2c(cclebeceect)C(=0)N(C(
=N2)SCC(=0)c4c([n](c(c4)C)CCc
Scceec5)C)e3cccee3

Clelec2c(nc(nc2cbeeccc6)N3NC
(=CC3c5¢cee(ce5)0CC)cacc(cecd
)C)ecl

Felc(el(c(c(c1F)F)[S)(=0){=0)N(
CC(=0)N(Cc3ccc(cc3)caccccca
)e2ce(c(cc2)C(=0)0)0)C)F)F

nlc2c(c(ccle5eec(cc5)ebeceech
)C(=0)O0CC(=0)c3ccc(ce3)cdece
ccd)ec(cc2)C

N4(C(=0)c5¢(cce(cS)C(=0)Ncbe
¢(cceb)Oc7ccccc?)C4=0)clec(c
cc1)C(=0)Nc2cc(cec2)Oc3cccee
3

Breclc(cec(c1)C(c5¢([nH]nc5C)0
)cdc([nH]nc4C)0)OCc2c3c(ccc2
Jccee3

FC(F)(F)clnc(nc(cl)c5[s]cees)[n
]2nc(cc2cace(c(cc4)0C)OC)c3cc
(c(cc3)OC)0C

FC(F)(F)c1nc(nc(cl)c5cec(ccS)F)
[n]2nc(c(c2cdcc(c(cc4)OC)0C)C
C)c3ec(c(cec3)0C)0C

FC(F)(F)c1nc(nc(c1)c5cecees)[n
]2n¢(c(c2cdcc(c(cc4)0C)OC)CC)
c3ce(c(ce3)0C)0C

FC(F)(F)c1lnc(nc(cl)c5ce(cec5)0
C)[n]2nc(c(c2cdcc(c(ccd)0C)0C
)C)c3ce(c(cec3)0C)0C

C26H2205N2
S1

C25H2603N6
S

C31H2501N5
cl2

C26H2202N4
S1

C28H2501N3
S1

C34H2202N4
Br2

C34H2902N3
S2

C32H2701N4
cli

C29H2706N2
S1F5

C37H2703N1

C40H2706N3

C26H2303N4
Brl

C28H2304N4
S1F3

C32H2804N4
F4

C32H2904N4
F3

C32H2905N4
F3
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STK038146

STK053875

STK392050

STK043440

STLO52698

STK636849

STK681999

STK686647

STK782131

STK528173

STK717513

STK526378

STK528432

STK532121

STK597215

N-benzyl-N-(4,5-diphenyl-1,3-thiazol-
2-yl)-2-[(4-hydroxy-6-phenyl-2-
pyrimidinyl)sulfanyl]acetamide

2-(4-tert-butylphenoxy)-N-(2-{[(4-
tert-
butylphenoxy)acetyl]anilino}ethyl)-N-
phenylacetamide

1-(9H-fluoren-2-yl)-2-{[5-(2-furyl)-4-
phenyl-4H-1,2,4-triazol-3-
yl]sulfanyl}ethanone

N-[1-(4-methoxybenzoyl)-2-methyl-
1,2,3,4-tetrahydro-4-quinolinyl]-4-
pentyl-N-phenylbenzamide

9a-((E)-2-{4-[3-(3-chloro-4-
methoxyphenyl)-1-phenyl-1H-pyrazol-
4-yllphenyl}ethenyl)-9,9-dimethyl-
9,9a-dihydro-1H-imidazo[1,2-a]indol-
2(3H)-one

N-{2-[5-(benzyloxy)-1H-indol-3-
yllethyl}-3-(4-pyridinyl)-1,2,4-
oxadiazole-5-carboxamide

2-{[4-(1-adamantyl)-1-
piperazinyl]carbonyl}-5,7-
diphenylpyrazolo[1,5-a]pyrimidine

4-(4-chlorophenyl)-1-(4-
isopropylphenyl)-N-(3-
methoxyphenyl)-5,6,7,8-tetrahydro-
2a,4a-diazacyclopenta[cd]azulene-2-
carboxamide

4-(3,4-dimethylphenyl)-N-(4-
methoxyphenyl)-1-(4-methylphenyl)-
5,6,7,8-tetrahydro-2a,4a-
diazacyclopenta[cd]azulene-2-
carboxamide

ethyl 3-{[(1-[(1,3-dioxo-1,3-dihydro-
2H-isoindol-2-yl)methyl]-3,4-dihydro-
2(1H)-isoquinolinyl)acetyl]Jamino}-5-
methoxy-1H-indole-2-carboxylate

4-ethyl-2-[4-(4-methyl-1,3-thiazol-2-
yl)-1H-pyrazol-3-yl]-5-(1-
naphthylmethoxy)phenol

ethyl 6-amino-2-({[4-(4-
chlorophenyl)-3-cyano-6-(2-thienyl)-
2-pyridinyl]sulfanyl}methyl)-5-cyano-
4-(3-pyridinyl)-4H-pyran-3-
carboxylate

N-(4-fluorobenzyl)-N'-(1-naphthyl)-N-
[4-(9H-thioxanthen-9-yl)phenyl]urea

4-(3-methoxyphenyl)-1-
(phenethylthio)-4H-
spiro[benzo[h][1,2,4]triazolo[4,3-
alquinazoline-6,1'-cyclohexan]-5(7H)-
one

4-(3,4-dimethylphenyl)-1-(4-
ethylphenyl)-N-(3-methylphenyl)-
5,6,7,8-tetrahydro-2a,4a-
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[s]1c(nc(clcbeeceeb)c5eccecs) C34H2602N4
N(Ccdcccecd)C(=0)CSc2nc(ce(n S2
2)c3cccec3)0

N(CCN(c4cccecd)C(=0)COc3ccc  C38HA4404N2
(cc3)C(C)(C)C)(c2cccec2)C(=0)C
Oclcec(cel)C(C)(C)C

S(CC(=0)c4dcc5c(ccd)cbe(ccech) C27H1902N3
C5)c1[n](c(nn1)c3[o]ccc3)c2ccc  S1
cc2

N2(C(CC(c5c2ccec5)N(cdcccced  C36H3803N2
)C(=0)c3cce(cc3)CCCCC)C)C(=0
)clcec(cecl)OC

Clclc(cec(cl)c2n[n](cc2cdcec(c C36H3102N4
c4)\C=C\C65N(CC(=0)N6)c7c(c  Cl1
ccc7)C5(C)C)e3cecce3)0C

[nH]1c2c(c(c1)CCNC(=0)cdnc(n  C25H2103N5
[0]4)c5cence5)cc(cc2)0Cc3ccce
c3

[n]21nc(cc2N=C(C=C1lc8ccccc8) C33H3501N5
c7ccecc7)C(=0)N3CCN(CC3)C5
4CC6CC(C5)CC(C4)Co

Clclcec(cc1)C2=C[n]3cdc(c(c3C  C33H3202N3
(=0)Nc6ec(cce6)OC)cS5ccc(cc5) cl1
C(C)C)CCCCNA42

[n]21c3c(c(c2C(=0)Ncbecc(cc6)  C33H3302N3
0C)c5cce(cc5)C)CCCCN3C(=C1)
c4cc(c(ccd)C)C

[nH]1c2¢(c(c1C(=0)OCC)NC(=0  C32H3006N4
JCN3CCc4c(ccccd)C3CNSC(=0)c
6¢(ccce6)C5=0)cc(cc2)0C

[s]1c(nc(cl)C)c2c[nH]nc2c3c(cc  C26H2302N3
(c(c3)CC)OCc4c5c(cced)ccec5)0 S1

[s]1c(ccel)e2nce(c(c(c2)cSeec(cc C31H2203N5
5)CI)C#N)SCC3=C(C(C(=C(O3)N)  Cl1S2
C#N)c4cncccd)C(=0)0CC

Fclcec(ccl)CN(cdccc(ccd)C5¢6c C37H2701N2
(cceeb6)Sc7c5cccc7)C(=0)Nc2e3 S1F1
c(ccc2)ccec3

S(CCc7cccec7)cl[n]2¢(nnl)N(C( C33H3202N4
=0)C4=C2c5c¢c(ccec5)CC64CCCC ST
C6)c3cc(cee3)0C

[n]21c3c(c(c2C(=0O)Nc6ec(cce6)  C34H3501N3
C)c5cce(ce5)CC)CCCCN3C(=C1)
cdcc(c(ccs)C)C
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diazacyclopenta[cd]azulene-2-
carboxamide

4-[bis(5-hydroxy-3-methyl-1H-
pyrazol-4-yl)methyl]-2-ethoxyphenyl
2-chlorobenzoate

N-{2-methyl-1-[(2-
naphthyloxy)acetyl]-1,2,3,4-
tetrahydro-4-quinolinyl}-2-(2-
naphthyloxy)-N-phenylacetamide

N-[3-(1,3-benzothiazol-2-yl)phenyl]-3-
[(5-phenyl[1,3]thiazolo[2,3-
c][1,2,4]triazol-3-
yl)sulfanyl]propanamide

1-[1-(2,5-dimethylbenzyl)-1H-
benzimidazol-2-yl]-N-[2-(1H-indol-3-
yl)ethyl]-4-piperidinecarboxamide

4-({[3-(4-methoxybenzyl)-3H-
imidazo[4,5-c]pyridin-2-
yllsulfanyl}methyl)-N-(4-
methylbenzyl)benzamide

3-[4-(2,3-dihydro-1H-indol-1-
ylcarbonyl)benzyl]-2-[(4-
methylbenzyl)sulfanyl]-3H-
imidazo[4,5-c]pyridine

1-[5-{3-[4-(5-chloro-2-methylphenyl)-
1-piperazinyl]-2-hydroxypropoxy}-2-
methyl-1-(4-methylphenyl)-1H-indol-
3-yllethanone

2-(5-{[4-(2-methoxyphenyl)-1-
piperazinyl]sulfonyl}-6-methyl-4-
oxothieno[2,3-d]pyrimidin-3(4H)-yl)-
N-methyl-N-[2-(2-
pyridinyl)ethyllacetamide

1-(5-{2-[(4-ethoxyanilino)methyl]-1H-
pyrrol-1-yl}-1,3,4-thiadiazol-2-yl)-N-
[2-(1H-indol-3-yl)ethyl]-4-
piperidinecarboxamide

4-({2-[(4-chlorobenzyl)sulfanyl]-3H-
imidazo[4,5-c]pyridin-3-yl}methyl)-N-
cyclooctylbenzamide

4-({2-[(2-chloro-4-
fluorobenzyl)sulfanyl]-3H-
imidazo[4,5-c]pyridin-3-yl}methyl)-N-
cyclooctylbenzamide

4-chlorobenzyl 3-[4-(2,3-dihydro-1H-
indol-1-ylcarbonyl)benzyl]-3H-
imidazo[4,5-c]pyridin-2-yl sulfide

4-({2-[(3-chlorobenzyl)sulfanyl]-3H-
imidazo[4,5-c]pyridin-3-yl}methyl)-N-
(2,4-dimethylphenyl)benzamide

N-(2-methylbenzyl)-4-[(2-{[3-
(trifluoromethyl)benzyl]sulfanyl}-3H-
imidazo[4,5-c]pyridin-3-
yl)methyl]benzamide
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Clclc(ccecl)C(=0)0c2c(cc(cc2)
C(c4c([nH]nc4C)0)c3c([nH]nc3
C)O)occ

N3(C(CC(c7c3cccc?)N(cbeccech
)C(=0)COc4cc5e(ccd)ccee5)C)C(
=0)COclcc2c(ccl)ccec2

S1c2[n](c(nn2)SCCC(=0)Ncdce(
cccd)c5[s]cbe(n5)cceceb)C(=Cl)c
3cceec3

N4(CCC(CC4)C(=0)NCCc5cbe([n
H]c5)ceeeb)cl[n]{c3c(n1)ccce3)
Cc2c(cec(c2)C)C

S(Ccdccc(ccd)C(=0)NCc5cec(ce
5)C)c1[n](c3c(nl)cenc3)Ce2eec(
cc2)0C

S(Ccbecee(ceb)C)el[n](c5e(nl)cc
nc5)Ce2ccc(ce2)C(=0)N3CCcdc
3ceecd

Clclec(c(ccl)C)N2CCN(CC2)CC(
0)COc3ccdc([n](c(c4C(=0)C)C)c
Scec(ec5)C)ee3

[S](=0)(=0)(N4CCN(CC4)c5c(cc
cc5)0C)clc2c([s]c1C)N=CN(C2=
0)CC(=0)N(CCc3nccee3)C

[s]1c(nnc1N4CCC(CC4)C(=0)NC
Cc5c6e([nH]e5)cecet)[n]2e(cce
2)CNc3cec(ce3)0cc

S(Cc5cce(ce5)Cl)el[n](c4e(nl)c
cncd)Ce2cec(cc2)C(=0)NC3CCC
Ccccec3

Felee(c(cc1)CSc2[n](c5¢(n2)cen
c5)Ce3cec(cc3)C(=0)NCacccee
cca)al

S(CcBeee(ceh)Cl)cl[n](c5c(nl)c
cnc5)Ce2cec(cc2)C(=0)N3CCc4
c3ccecd

S(Cc5ccf(cec5)Cl)cl[n](c4c(nl)c
cncd)Ce2cec(cec2)C(=0)Nc3c(ce(
cc3)C)C

FC(F)(F)clec(ceecl)CSc2[n](c5e(
n2)cenc5)Ce3cce(cec3)C(=0)NCe
4c(ccecd)C

C24H2305N4
cn

C40H3404N2

C26H1901N5
S3

C32H3501N5

C30H2802N4
S1

C30H2601N4
S1

C32H3603N3
c

C28H3205N6
S2

C31H3502N7
Sl

C29H3101N4
cl1s1

C29H3001N4
Cl1S1F1

C29H2301N4
Clis1

C29H2501N4
Cl1s1

C30H2501N4
S1F3
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121116441
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F228-0561

G435-0034

G435-0553

L390-0507

L483-0680

V005-9064

V007-0482

V003-6571

V007-7958

(1-(2-(3,4-
dimethylphenyl)pyrazolo[1,5-
alpyrazin-4-yl)piperidin-3-yl)(4-
phenylpiperazin-1-yl)methanone

3-(4-(tert-butyl)benzamido)-N-(3-
chlorobenzyl)-4-(8-oxo0-1,5,6,8-
tetrahydro-2H-1,5-
methanopyrido[1,2-a][1,5]diazocin-
3(4H)-yl)benzamide

ethyl 4-(4-(8-oxo-1,5,6,8-tetrahydro-
2H-1,5-methanopyrido[1,2-
al[1,5]diazocin-3(4H)-yl)-3-(3-
(trifluoromethyl)benzamido)benzami
do)piperidine-1-carboxylate

N-(5-(4-benzylpiperidine-1-carbonyl)-
2-(8-0x0-1,5,6,8-tetrahydro-2H-1,5-
methanopyrido[1,2-a][1,5]diazocin-
3(4H)-yl)phenyl)-3-
(trifluoromethyl)benzamide

N-(4-isopropylphenyl)-3-{[4-(2-
methoxyphenyl)-1-
piperazinyl]carbonyl}-4-oxo-1,4-
dihydro-6-quinolinesulfonamide
(G2iG)

1-(5,6-dimethylfuro[2,3-d]pyrimidin-
4-yl)-N-[2-(5-methyl-1H-indol-3-
yl)ethyl]-3-piperidinecarboxamide
(G2iK)

(4-(2,5-dimethylphenyl)piperazin-1-
yl)(1-(2-phenylpyrazolo[1,5-a]pyrazin-
4-yl)piperidin-4-yl)methanone

(1-(2-(2,4-
dimethylphenyl)pyrazolo[1,5-
alpyrazin-4-yl)piperidin-4-yl)(4-(2-
methoxyphenyl)piperazin-1-
yl)methanone

N-(2-(1H-indol-3-yl)ethyl)-7-(3,4-
dimethylphenyl)pyrazolo[1,5-
a]pyrimidine-3-carboxamide

4-(4-(4-benzylpiperidine-1-
carbonyl)piperidin-1-yl)-6-
ethoxyquinoline-3-carbonitrile

6-methoxy-2-[4-
(trifluoromethoxy)benzoyl]-1-{5-[2-
(trifluoromethyl)phenyl]-2-furyl}-
2,3,4,9-tetrahydro-1H-beta-carboline

8-(4-{[(2-tert-

butylphenyl)sulfanyllmethyl}benzoyl)-

3-(2-isopropylphenoxy)-8-
azabicyclo[3.2.1]octane

4-fluoro-N-isobutyl-N-[2-oxo0-2-({4-
phenyl-1-[4-(trifluoromethyl)phenyl]-
1H-imidazol-2-
yl}amino)ethyl]lbenzamide

6-benzyl-4-{4-[(4-tert-
butylphenyl)sulfonyl]-1-piperazinyl}-
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[n]21nc(cc2C(=NC=C1)N4CC(CC  C30H3401N6
C4)C(=0)N5CCN(CC5)cbecccch)
c3ce(c(ce3)C)C

Clclec(ceccl)CNC(=0)c2cc(c(cc2  C36H3703N4
JN4CC5CN6C(=CC=CC6=0)C(C4  CI1
JC5)NC(=0)c3ccc(cc3)C(C)(C)C

FC(F)(F)clcc(cecl)C(=0)Nc2c(c C34H3605N5
cc(c2)C(=0)NC6CCN(CC6)C(=0)  F3
OCC)N3CC4CN5C(=CC=CC5=0)

c(c3)ca

FC(F)(F)clcc(cecl)C(=0)Nc2c(c C38H3703N4
cc(c2)C(=0)N6CCC(CCh)Cc7cce F3
cc7)N3CC4CN5C(=CC=CC5=0)C

(C3)C4

[S]1(=0)(=0)(Nc5cce(cc5)C(C)C)  C30H3205N4
clcc2c(ncc(c20)C(=0)N3CCN(C  S1
C3)cdc(ccccd)OC)ccl

N3(CC(CCC3)C(=0)NCCcac5c([ C25H2902N5
nH]c4)ccc(c5)C)clnenc2[o]c(c(
c21)C)C

[n]21nc(cc2C(=NC=C1)N4CCC(C  C30H3401N6
C4)C(=0)N5CCN(CC5)cbe(cec(c
6)C)C)c3ccece3

[n]21nc(ec2C(=NC=C1)N4ACCC(C  C31H3602N6
C4)C(=0)N5CCN(CC5)cbe(ccceo
)OC)e3c(cc(ce3)C)C

[n]21ncc(c2N=CC=C1c5¢cc(c(cc5  C25H2301N5
)C)C)C(=0)NCCc3cac([nH]c3)cc
ccd

N3(CCC(CC3)C(=0)N4CCC(CC4)  C30H3402N4
Cc5cecee5)ele2e(nec1CHN)eec(
c2)occ

FC(F)(F)Oclcce(ccl)C(=0)N2CC  C31H2204N2
c3cdc([nH]c3C2c5[0]c(cc5)cbe( F6
cceeb)C(F)(F)F)cee(c4)OC

S(Cc2ccc(cc2)C(=0)N3C4CCC3C  C34H4102N1
C(C4)0c5¢(ccec5)C(C)C)cle(ccc S1
c1)c(C)(C)C

FC(F)(F)clccc(ccl)[n]2¢c(nc(c2)c  C29H2602N4
4cecccd)NC(=0)CN(CC(C)C)C(= F4
0O)c3ccc(cc3)F

[S](=0)(=0)(N2CCN(CC2)c3nc(n  C32H3302N6
c5[n](ncc53)cbec(cccb)Cl)Cedce CI1S1
cced)clece(cel)C(C)(C)C
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V026-6880

V027-0500
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1-(3-chlorophenyl)-1H-pyrazolo[3,4-
d]pyrimidine

N,3-bis(4-fluorobenzyl)-8-
(trifluoromethyl)-2,3,4,4a,5,6-
hexahydro-1H-pyrazino[1,2-
alquinoline-5-carboxamide

N-(4-tert-butylbenzyl)-2-[(4-
chlorobenzyl)(cyclopropyl)amino]-N-
[2-(1H-indol-3-yl)ethyl]acetamide

2-{[(4-tert-butylbenzyl)(3,3-
diphenylpropyl)amino]methyl}-N-(2-
furylmethyl)-1,3-thiazole-4-
carboxamide

1-({1-[3',5'"-bis(trifluoromethyl)[1,1'-
biphenyl]-4-yl]-1H-imidazol-5-
yl}carbonyl)-4-(4-tert-
butylbenzyl)piperidine

2-[[3-(benzyloxy)-2-
hydroxypropyl](butyl)amino]-N-(4-
tert-butylbenzyl)-N-[2-(1H-indol-3-
yl)ethyl]acetamide

2-methyl-N-(2-{[1-(4-methylphenyl)-
4-phenyl-1H-imidazol-2-ylJamino}-2-
oxoethyl)-N-[2-(4-
morpholinyl)ethyl]benzamide

1-benzhydryl-4-{[1-(2,5-
dimethylphenyl)-3-(3-
methoxyphenyl)-1H-pyrazol-5-
yllcarbonyl}piperazine

(4-(2-fluorophenyl)piperazin-1-yl)(4-
((5-isopropyl-4-p-tolyl-4H-1,2,4-
triazol-3-
ylthio)methyl)phenyl)methanone

4-fluoro-N-isobutyl-N-({1-[3-
(trifluoromethyl)benzyl]-4-[3-
(trifluoromethyl)phenyl]-3-
pyrrolidinyl}methyl)benzamide

3-({4-[(4-fluorophenyl)acetyl]-1-
piperazinyl}methyl)-6-(3-
methylphenyl)-2-phenylimidazo[1,2-
a]pyridine

N-benzyl-N-(2-{[4-(4-chlorophenyl)-
1-(3,4-dimethoxyphenyl)-1H-
imidazol-2-yl]Jamino}-2-oxoethyl)-4-
methylbenzamide (G2iB)

2-[(4-{[2-(4-chlorophenyl)-6-(3-
methylphenyl)imidazo[1,2-a]pyridin-
3-yllmethyl}-1-
piperazinyl)sulfonyl]benzonitrile

2-(4-methylphenyl)-3-({4-[4-
(trifluoromethyl)benzoyl]-1-
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7 Deutsche Zusammenfassung

Menschliche Glukosetransporter (GLUTS) sind eine Familie von spezialisierten
Membranproteinen die den Transport von Hexosen uber Membranen, entlang
eines Konzentrationsgefalles, ermdglichen. Die Aminosauresequenzen der 14
Isoformen weisen hohe Ahnlichkeiten auf, doch unterscheiden sich die Proteine in
ihrer Substratspezifitat und -affinitdt und sind in verschiedenen Geweben
unterschiedlich stark vertreten. Anhand ihrer Strukturdhnlichkeiten werden GLUTS
in drei Klassen unterteilt, wobei die am besten untersuchten Isoformen GLUTs1-4
zur Klasse 1 zahlen. 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 GLUTSs interagieren. Diese kdonnten als
Hilfsmittel in Studien eingesetzt werden, die anstreben die genauen Funktionen
der einzelnen GLUTs weiter aufzuklaren und haben das Potenzial, als

pharmazeutisch aktive Substanzen eingesetzt zu werden.

In dem Hexose Transporter-freiem (,hxt%) Hefestamm EBY.VW4000 wurden
samtliche endogene Hexose Transporter Gene (HXT1-16 und GAL2) und einige
Maltose Transporter Gene (AGT1, MPH2 und MPH3) deletiert, was dazu flhrte,
dass dieser Stamm nicht mehr auf Glukose oder einer ahnlichen Hexose wachsen
kann. Wachstum kann jedoch auf Maltose-haltigem Medium erreicht werden, da
dieses Disaccharid immer noch Uber spezialisierte Maltose Symporter der Malx1
Familie aufgenommen werden kann. Dieser Stamm eignet sich sehr gut fur die
Untersuchung von heterologen Transportern, wie bereits durch verschiedene
Studien, mit Transportern aus unterschiedlichen Organismen, gezeigt werden
konnte. Die funktionelle Expression von GLUTSs in der Hefe ist jedoch nicht ohne
bestimmte Modifikationen mdglich, die entweder den Transporter selbst betreffen,
oder den hxt® Hefestamm, in dem dieser exprimiert werden soll. Einzelne
Punktmutationen in GLUT1 und GLUT5 fuhrten zu deren funktioneller Expression
im EBY.VW4000 Stamm und der unveranderte GLUT1 Transporter ist aktiv im hxt®
Stamm EBY.S7, der die fgyl Mutation in seinem Genom tragt. Diese Mutation
bewirkt eine C-terminale Verklrzung des Efr3 Proteins, welches, Gber C-terminale

Interaktionen, die Rekrutierung der Phosphatidylinositol-4-phosphat (PI14P) 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 hxt® Stamm
SDY.022 aktiv exprimiert werden, der ebenfalls die fgyl Mutation besitzt und in
dem aullerdem ERG4 deletiert wurde. Erg4 ist eines der letzten Enzyme des
Ergosterol Synthesewegs, weswegen eine veranderte Sterol Zusammensetzung
in der Membran von SDY.022 angenommen wird.

Ziel dieser Arbeit war die funktionelle Expression von GLUT2 und GLUT3 in einem
hxt® Hefestamm, um so ein geeignetes System fiir das Screening von Molekilen
zu erschaffen, die die Aktivitat dieser Transporter beeinflussen. Ein, durch PCR
entstandener, Aminosaureaustausch in der zweiten Transmembranregion von
GLUT3 (S66Y) fuhrte zu seiner funktionellen Expression im EBY.VW4000 Stamm,
wahrend das unveranderte GLUT3 Protein auch im EBY.S7 Stamm aktiv war. Die
Funktionalitat von GLUT2 in Hefe konnte durch rationales Design erreicht werden.
Der extrazellulare Bereich (Loop), der die Transmembranregionen 1 und 2
verbindet, ist in GLUT2 signifikant langer, im Vergleich zu den anderen GLUTs der
Klasse 1. Durch eine gezielte Kiirzung dieses Loops um 34 Aminosauren und den
Austausch eines Alanins gegen ein Serin wurde ein GLUT3-ahnlicher Loop in das
GLUT2 Protein eingebaut. Durch Fluoreszenzmikroskopie konnte gezeigt werden,
dass dieses Konstrukt mit verktirztem Loop (GLUT2aio0ps), Nicht jedoch das GLUT2
Protein in voller Lange, korrekt an der Plasmamembran lokalisiert. Dies deutet
darauf hin, dass der auffallend grof3e Loop das Protein Trafficking verhindert.
Dieses Konstrukt (GLUT2aicops) war bereits aktivim EBY.S7 Stamm. Eine weitere
Mutation in der Transmembranregion 11, die zuféllig durch PCR-Amplifikation
eingebaut wurde, ermdglichte schlieBlich auch die Funktionalitdt wvon
GLUT2a00ps_a4s55R  in EBY.VW4000. Es wurde vermutet, dass die beiden
Mutationen, die fur 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 auf3en gerichtete Konformation
beglnstigt. Dadurch kénnte die Substratbindestelle flir Substrate auf3erhalb der
Zelle besser zuganglich werden, was eine maogliche Erklarung fur die gesteigerte
Aktivitdt der Mutationen-tragenden Transporter in der Hefe ist. Die jeweilige
Zugabe der bekannten GLUT Inhibitoren phloretin und quercetin erzeugte eine
verminderte Transport Aktivitat fir die GLUT2 und GLUT3 Konstrukte im
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Hefesystem, was durch Aufnahme- und Wachstumstests gezeigt werden konnte.
Dies bestatigte, dass die beiden Systeme fiir Screening Experimente geeignet

sind.

Das GLUT2 Hefesystem wurde im Anschluss auch fur diesen Zweck verwendet.
Eine Auswahl an Substraten, die zuvor durch in silico Screening selektiert worden
waren, wurden auf ihren Einfluss auf die GLUT2 Aktivitat im Hefesystem getestet.
Dadurch konnten elf wirkungsvolle GLUT2 Inhibitoren identifiziert werden, die I1Cso
Werte im Bereich von 0.61 und 19.3 pM aufwiesen, und mit absteigender
Wirkstarke als G2iA- G2iK bezeichnet wurden. Durch den Einsatz der anderen
GLUT Hefesysteme wurde untersucht ob diese Komponenten ebenfalls Einfluss
auf die Aktivitat von GLUT1, GLUT3, GLUT4 oder GLUT5 haben. Diese
Untersuchungen zeigten, dass neun Liganden spezifisch auf GLUT2 wirkten,
wahrend einer sdmtliche 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 aufl3erdem,
dass die identifizierten Inhibitoren an den &ufReren Rand der Substrat Aushdhlung
des GLUT2 Proteins binden. An dieser Stelle ist die hohe Sequenzahnlichkeit, die
zwischen GLUTZ2 und anderen Klasse 1 GLUTSs herrscht, weniger ausgepragt als
an der zentralen Glukosebindestelle, was vermutlich die hohe Spezifizitat der neun
GLUT2-spezifischen Inhibitoren ermdglicht. Die Liganden stellen nutzliche
Werkzeuge fur Studien dar, die eine weitere Aufklarung der metabolischen Rolle
von GLUT2 im menschlichen Organismus anstreben. Aul3erdem sind sie
potenzielle Substrate fUr die Therapie von GLUT2-asoziierten Krankheiten, wie

das Fanconi-Bickel Syndrom, Diabetes oder bestimmte Tumore.

Der positive Effekt der vermutlich veranderten Sterol Zusammensetzung (durch
Deletion von ERG4) in der Membran von SDY.022 auf die funktionelle Expression
von GLUT4, fihrte zu der Hypothese, dass die Anwesenheit des menschlichen
Hauptsterols Cholesterol oder Cholesterol-ahnlicher Sterole, ebenfalls vorteilhaft
fur die Funktionalitat von GLUTs in Hefe sein kdnnte. Daher wurde im Rahmen
dieser Arbeit die Erzeugung von hxt® Stammen angestrebt, die diese Sterole
synthetisieren, indem Modifikationen am  Ergosterol Biosyntheseweg
vorgenommen wurden. Durch diese Experimente entstanden mehrere hxtO

Stamme die vermutlich verschiedene Hauptsterole in ihrer Membran enthalten.
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Tropftests auf Glukose Medium mit diesen Stammen die GLUT1 oder GLUT4
exprimierten zeigten, dass die Deletion von ERGS6 fir 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 eingeflgt und durch Erg4 reduziert) einen negativen Effekt auf die Aktivitat
von GLUT1 hat. Der Effekt der ERG6 Deletion war jedoch weniger ausgepragt als
der putativ reduzierte Gehalt von PI4P in der Membran vom EBY.S7 Stamm. Das
Membranprotein Sfkl vermittelt, &hnlich wie Efr3 tGber C-terminale Interaktionen,
eine korrekte Lokalisation von Stt4 an der Plasmamembran. Wie in dieser Arbeit
gezeigt, fiihrte eine Uberexpression von Sfkl, nicht jedoch von einem Sfki
Konstrukt mit verkirztem C-Terminus, in EBY.S7 zu einer verminderten Aktivitat
von GLUTL. Diese Ergebnisse unterstiitzen die Annahme, dass ein verminderter
P14P Gehalt vorteilhaft fur die funktionelle Expression einiger GLUTSs in der Hefe
ist. Eine weitergehende Regulation der Phospholipid Zusammensetzung in der
Plasmamembran konnte demnach ein vielversprechender Ansatz sein, um hxt°

Stamme zu konstruieren, in denen (weitere) GLUTSs aktiv sind.

Des Weiteren wurde in dieser Arbeit eine neue Methode entwickelt, um Glukose
Transportraten von, im hxt® Hefesystem exprimierten, Transportern zu bestimmen
und somit deren kinetische Charakterisierung zu erleichtern. Hierfur wurde die pH-
sensitive GFP (green fluorescent protein) Variante pHIluorin als Biosensor
verwendet. Mit diesem Sensor kann der zytosolische pH-Wert der Zelle (pHcyt)
bestimmt werden, indem das Verhaltnis der Emissionsintensitaten bei 512 nm bei
zwei verschiedenen Anregungswellenlangen (390 und 470 nm) ermittelt wird
(Rago/a70). Zellen, denen die Zuckerzufuhr fiir einige Stunden entzogen wird, weisen
einen leicht sauren pHcyt auf, da die ATP Produktion nachlasst und somit die
Aktivitat von ATP-abhangigen Protonenpumpen reduziert wird. Wenn Zucker, wie
z.B. Glukose, wieder zugefiihrt 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 pHecyt jedoch zunéchst
rapide weiter. Dies ist durch den ersten Schritt der Glykolyse zu erklaren, 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 ansduert. Es wurde entdeckt, dass die Geschwindigkeit dieser anfanglichen
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Ansauerung, unter bestimmten Voraussetzungen, direkt proportional zur Glukose
Aufnahmerate des jeweils getesteten Transporters ist. Der lineare Abfall des pHeyt
wurde infolgedessen als Parameter fir die Zuckeraufnahmegeschwindigkeit
benutzt und fur die Michaelis Menten Gleichung verwendet. Somit konnten
verlasslich die Km Werte von ausgewahlten Transportern bestimmt werden. Diese
Methode bietet einen klaren Vorteil gegentber dem klassischen C'4-Glukose
Aufnahmetest, da sie auf den Einsatz von radioaktiv markierter Glukose verzichtet.
Ihre Anwendung ist dadurch kostenglnstiger, da die Beschaffung und die
Entsorgung von radioaktiven Substanzen teuer sind, und birgt ein geringeres
gesundheitliches Risiko fir den Anwender. Neben der kinetischen
Charakterisierung der Transporter, konnten pHIluorin-basierte Tests auch flr
qualitative Aktivitatsmessungen eingesetzt werden, z.B. zur Uberprifung der
Aktivitat eines heterologen Glukosetransporters im hxt® Hefesystem oder zum
Screening von potenziellen Inhibitoren. Als konzeptioneller Beweis daftr, wurde in
dieser Arbeit anhand von Messungen mit GLUT1 exprimierenden hxt® 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 nétig ist, kommen
diese Experimente auch mit der langsameren Datenerfassung eines Mikroplatten
Lesegerats aus, wodurch eine Voraussetzung fur ein Hochdurchsatzscreening

gegeben ist.

Zusammenfassend konnte das hxt® 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. Aul3erdem 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 Ergdnzung zu bestehenden Methoden und wird die Forschung an

Zuckertransportern bedeutend unterstitzen.
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