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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 specific manipulation 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, hxt0 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, GLUT2 also transports fructose), class II with GLUT5, 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 GLUT6, 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
GLUTs 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,
GLUT6, GLUT7, GLUT8, GLUT11, and GLUT12, with the fast
proliferation of cancer cells (Rogers et al., 2002; Godoy et al.,
2006; McBrayer et al., 2012); GLUT5 was found in breast cancer
tissue but was absent in normal breast tissue (Zamora-León
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
β-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; Iancu 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.

STRUCTURE-BASED DISCOVERY OF
COMPOUNDS TARGETING GLUTs

GLUTs belong to the sugar porter family of the Major Facilitator
Superfamily (MFS) proteins (Saier et al., 1999; www.tcdb.org),
one of the largest and most ubiquitous protein families. As other
MFS 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; Iancu 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 GLUT1,
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, in 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 GLUT1,
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 20µM 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 PDB ID References

Xylose/H+ symporter Escherichia coli Outward-occluded 4GBY Sun et al., 2012

4GBZ

4GC0

Inward-open 4JA4 Quistgaard et al., 2013

4JA3

Inward-open 4QIQ Wisedchaisri et al., 2014

Glucose/H+ symporter Staphylococcus epidermidis Inward-open 4LDS Iancu et al., 2013

GLUT1 Homo sapiens Inward-open 4PYP Deng et al., 2014

Inward-open 5EQI Kapoor et al., 2016

5EQG

5EGH

GLUT3 Homo sapiens Outward-occluded 4ZW9 Deng et al., 2015

Outward-occluded 4ZWB

Outward-open 4ZWC

Outward-occluded 5C65 Pike et al., 2015

GLUT5 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: GLUT1-expressing CHO
cells, GLUT4-expressing HEK293 cells or multiple myeloma cell
lines, and GLUT5 proteoliposomes. The studies identified eight
GLUT1 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 GLUT5 inhibitor. Inhibitor
selectivity was not established for GLUT1, but was determined
at different extents for GLUT4 and GLUT5 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 GlcPSe 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 GLUT5-selective, compared to other class
II GLUTs, in particular GLUT7, 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

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 GLUTs are available, in silico studies for all
GLUTs are possible. Furthermore, for the sameGLUTs, 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

ID

Screen

library

Chemical IDs Smiles Synomyms IC50

(µM)

References

A GLUT1

Outward

4CGO (XylE) Fragment

Now,

NCI-2007

PubChem CID:

417049

C1=CC=C(C=C1)C

(C2=NC3C(=NC=

NC3=O)N2)O

8-[hydroxy(phenyl)

methyl]-5,9-dihydropurin-6-one

0.45 1

B GLUT1

Outward

4CGO (XylE) Fragment

Now,

NCI-2007

ZINC 17003013,

PubChem CID:

250016, CAS:

13617-04-4

c1c2c(c(=O)[nH]

n1)Sc3cn[nH]c(=

O)c3S2

[1,4]dithiino[2,3-d:5,6-d’]dipyridazine-1,6-diol 11.8 1

C GLUT4

Inward

1PW4 (GlpT),

1PV6 (LacY),

2GFP (EmrD)

ZINC ZINC 14974263,

ChemBridge:

59900452

COc1ccccc1CCC(

=O)N(Cc2ccncc2)

Cc3cccc(c3)OCCc

4ccc(cc4)F

N-{3-[2-(4-fluorophenyl)ethoxy]benzyl}-3-(2-

methoxyphenyl)

-N-(4-pyridinylmethyl)propanamide

18.9 2

D GLUT4

Inward

1PW4 (GlpT),

1PV6 (LacY),

2GFP (EmrD)

ZINC ZINC 11785066,

ChemBridge:

27190707

C[NH+](Cc1cccc(

c1)OC[C@@H]2C

CCN(C2)C(=O)c3

c4c([nH]n3)CCC4

)Cc5ccc6c(c5)ccc

n6

N-methyl-1-(6-quino linyl)-N-(3-{[1-(1,4,5,6-

tetrahydrocyclopenta[c]pyrazol-3-ylcarbonyl)-

3-piperidinyl]methoxy}benzyl)methanamine

10.8 2

E GLUT4

Inward

1PW4 1PV6,

2GFP

ZINC ZINC 12152508,

ChemBridge:

55751832

COc1ccc(cc1)C(=

O)N(Cc2ccncc2)C

c3cccc(c3)OCCc4

ccc(cc4)F

N-[[3-[2-(4-

fluorophenyl)ethoxy]phenyl]methyl]-4-

methoxy-N-(4-pyridyl

methyl)benzamide

6.67 2

F GLUT5

Inward

4LDS (GlcPSe ) Chem

Navigator

Structure_ID:

32283234,

Enamine:

Z31191163

[S](=O)(=O)(C)c1

cc(c(cc1)Nc2cc3c

(cc2)OCO3)[N+](

=O)[O–]

N-[4-(methylsulfonyl)-2-nitrophenyl]-1,3-

benzodioxol-5-amine,

MSNBA

5.8 3

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

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

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

Frontiers in Chemistry | www.frontiersin.org 4 May 2018 | Volume 6 | Article 183

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Schmidl et al. Human GLUTs as Drug Targets

(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 GLUT1 (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 GLUT1-5 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 GLUTs 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-León 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 et al., 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

take up and grow on glucose or related hexoses as sole carbon
source. The functional expression of humanGLUTs in this hexose
transporter deficient (hxt0) yeast strain restores its ability to grow
on glucose or fructose enabling compound screening for the
particular humanGLUT via simple cell growth assays (Wieczorke
et al., 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 hxt0 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 hxt0 strain
that additionally acquired the fgy1 (for functional expression
of GLUT1 in yeast) 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 fgy1, 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
GLUT5 (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, hxt0

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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