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General introduction

CHAPTER 1

Solute carrier (SLC) transporters are a large and diverse class of  relatively understudied 
transmembrane proteins. Due to their critical role in cellular homeostasis, physiological 
processes and disease development, there is a great number of  SLCs that have the potential 
to be viable drug targets for the treatment of  disease. Robust assays are required to identify 
and characterize potential drugs for SLCs, which are often screened in vitro using cell-based 
or cell-free systems. Conventional assays either require the use of  chemical labels, which i) 
can be invasive and compromise a cell’s physiology, ii) are based on end-point measurements, 
iii) use cell preparations and/or iv) do not allow screening of  a large number of  compounds. 
This thesis presents the development and application of  novel label-free assays based on 
electrical impedance that allow the assessment of  functional activity for three human SLCs: 
the dopamine transporter (DAT, SLC6A3), norepinephrine transporter (NET, SLC6A2) 
and excitatory amino acid transporters (EAAT, SLC1 family). With the ability to screen and 
characterize SLC inhibitors, these assays are a new addition to the ever-expanding toolbox 
for SLC transporters and could prove valuable in drug discovery programs for a wide range 
of  diseases. 
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 11.1 – The cell membrane, receptors and transporters

Life exists by the presence of  barriers. Take any organism and its existence is legitimized by 
the encapsulation of  its vital contents with a bilayer of  lipids. This membrane demarcates 
the perimeter of  what we define as a ‘cell’ and it is the true boundary that prevents the 
building blocks of  life – the proteins, enzymes, organelles, genetic material and all else – 
from floating around purposelessly1. As such, the membrane enforces the exact organization 
of  a cell by keeping its contents all in one place, so that the proteins and nucleic acids 
that makes any single cell perform its genetically imprinted function have the opportunity 
to interact with each other and fulfill their role. In addition, it safeguards the cell from 
hostile intrusions by fending off  viruses, bacteria and other micro-organisms. However, the 
membrane is not a mere wall that hermetically shuts off  the outside from the inside. On 
the contrary, what makes cellular membranes truly unique – and in that sense, essential to 
grant the existence of  life – is their ability to embed specific proteins that provide cells with 
a means to take up nutrients, excrete waste and allow selective communication of  the cell 
with its environment and vice versa2. By studying the molecular functions, tertiary structures, 
protein interactions, expression patterns and regulatory mechanisms of  these proteins 
we obtain a better understanding of  their roles in physiology (e.g., metabolism, signaling, 
homeostasis) and pathology (e.g., overactivity, deficiency, disease-related mutations)3. By 
utilizing this knowledge, we can rationally design and develop better drugs and interventions 
that – temporarily or permanently – restore or disrupt the functions of  these proteins, 
thereby treating disease and increasing quality of  life for patients4–6.

Besides forming a barrier between the outside and the inside of  a cell, the lipid bilayer 
membrane also functions to form subcellular compartments such as the nucleus, endoplasmic 
reticulum, lysosomes and mitochondria, each harboring their own cell-specific set of  
proteins. Taking a closer look at these cellular membranes, two main types of  transmembrane 
proteins can be identified: receptors and transporters. In essence, a receptor is any protein 
that can bind a specific ligand (e.g., ions, small molecules, proteins), which either leads to a 
functional effect inside or outside the cell or is idle. Examples of  receptors are G-protein 
coupled receptors (GPCR), receptor tyrosine kinases, immune receptors, enzymes, nuclear 
receptors and cell adhesion molecules7–11. On the other hand, a transporter is a protein that 
facilitates the active or passive movement of  substrates (e.g., water, ions, small molecules, 
peptides) across a membrane. Examples of  transporters are (ligand-gated) ion channels, 
ATP-binding cassette (ABC) transporters and solute carrier (SLC) transporters12–15. 
Together, these protein classes make it possible for a cell to receive extracellular signals 
– from its environment, other cells, or itself  – and respond accordingly. Although cells 
can exploit other mechanisms, such as endocytosis and exocytosis, to exchange small and 
large molecules with its surroundings, the transporters of  the transmembrane protein pools 
constitute the mainline of  a cell’s communication. It is therefore no surprise that deficits in 
transporters contribute substantially to the etiology of  a wide range of  diseases, including 
genetic disorders16,17, cancer18,19, metabolic disease20 and neurological disorders21, making 
them attractive targets for the development of  therapeutic drugs.

Cell membrane, receptors and transporters
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1.2 – Solute carrier (SLC) transporters: an understudied group of  potential 
drug targets

By far the largest fraction of  clinically approved drugs (~30%) exert their therapeutic effect 
primarily or indirectly by modulation of  receptors of  the GPCR superfamily, where GPCRs 
account for 12% of  all approved human drug target genes22. This family has a rich history 
of  successful drug development and continues to receive widespread attention from the 
scientific communities23. However, when looking systematically at the various ‘druggable’ 
protein families versus the number of  publications and the amount of  drug-like compounds 
attributed to them, we learn there is one group in particular sticking out as one that has 
received relatively little attention: the solute carrier (SLC) superfamily of  transporters24,25. 

SLCs comprise the second-largest membrane-bound protein family behind GPCRs, with 
roughly 450 members currently categorized into 66 major subfamilies and several ‘atypical’ 

Figure 1.1 – A brief overview of the different types and subcellular localizations of solute carrier (SLC) 
transporters. This figure incorporates drawings from Servier Medical Art (smart.servier.com).

General introduction
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 1transporters being unclassified12,14,26,27. SLCs do not require the consumption of  adenosine 
triphosphate (ATP) to operate and comprise both facilitative transporters – which are 
equilibrative and transport a substrate down its concentration gradient – and secondary 
active transporters – which can be antiporters or symporters that utilize an electrochemical 
gradient (e.g. Na+) to transport a substrate with or against its concentration gradient (Figure 
1.1)12. SLCs are mainly localized at the plasma membrane and are known to be expressed 
on vesicles, lysosomes, Golgi apparatus and endoplasmic reticulum, with a large subfamily 
(SLC25) exclusively expressed in mitochondria27,28. In addition, the uptake and excretion 
of  many pharmaceutical drugs is mediated via SLCs, which is crucial for drug distribution 
but also facilitates unwanted drug-drug interactions29,30. To bring order to this multitude of  
attributes, the nomenclature of  SLCs has been instated twenty years ago to harmonize the 
members of  this superfamily, naming the genes as “SLC” followed by the family number, 
a letter (usually A) and the member number (e.g., SLC1A1)31. Since many SLCs were first 
characterized prior to this harmonization, the protein names are often related to their 
originally described function and can differ between species (e.g., SLC1A1 is known as 
EAAT3 (human) and EAAC1 (rodents))32. As such, multiple names are often linked to a 
single SLC, making systematic queries confusing and cumbersome.

The division of  SLCs into subfamilies is mainly based on their shared tertiary protein 
structure (‘fold’), substrate specificity, mode of  action and/or subcellular localization. As 
opposed to kinases or GPCRs, which share distinct structural and functional motifs and 
binding sites between family members, SLCs are widely different from each other even 
within subfamilies, which results in a notorious difficulty to develop an all-encompassing, 
one-size-fits-all approach to study these proteins. In part owing to the challenges that have 
impeded the proper characterization of  transporters, the majority of  SLCs have been long 
‘neglected’ from a molecular biological and drug development perspective. In fact, it is 
estimated that roughly 30 percent of  currently identified SLCs is regarded to be ‘orphan’, 
having no verified substrate or function ascribed to them32,33. Moreover, SLCs were found 
to be the protein family with the greatest ‘publication asymmetry’, meaning that the vast 
majority of  papers focused on only a few SLCs (such as the neurotransmitter (SLC6) and 
glucose (SLC2) transporters) and that more than 200 SLCs have less than 15 publications 
attributed to them24. Related to this, inquiries over the past ten years have indicated that 
less than 5% of  SLCs (<20) are targeted by approved drugs for which the mechanism of  
action is primarily attributed to direct modulation of  the SLC, with the majority of  drug 
classes being antidepressants (reuptake inhibitors acting via SLC6 family neurotransmitter 
transporters), antihypertensives (mainly loop diuretics acting via SLC12 family Na+/K+/
Cl– transporters) and, more recently, antidiabetics (inhibitors of  Na+/glucose cotransporter 
2 (SGLT2) of  the SLC5 family)24,25,34,35. While these are communally important and widely 
prescribed drugs, there are immense opportunities for other SLCs that are involved in the 
development of  other diseases. 

Most of  the current SLC-targeting drugs were discovered before there was any knowledge 
on the mechanism of  action or the involvement of  transporters. According to Lin et al., at 
least 84 SLCs are implicated in rare, inheritable monogenic disorders that may form the basis 
for the specific development of  new drugs17. Indeed, new disease areas are being associated 

Solute carrier transporters as potential drug targets
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with SLC malfunction and by a more rational drug design several compounds are currently 
undergoing clinical trials for at least ten SLCs that previously have not been the targets of  
drugs6,25. As a result of  the high disease relevance and druggability potential on the one hand 
and systematic lack of  exploration on the other, there have been community-based efforts 
to ignite the spark and kick-start a wide-spread, full-on frontal approach to characterize 
SLCs in all their facets: functional deorphanization, disease association, biochemical reagent 
generation, structure elucidation, assay development and drug discovery24,36.

1.3 – The RESOLUTE consortium: enabling SLC research

In July 2018, a group of  researchers from academia, including the team which I am part of, 
and members of  the European Federation of  Pharmaceutical Industries and Associations 
(EFPIA) kicked off  the European Innovative Medicines Initiative (IMI) consortium 
RESOLUTE – Research Empowerment on Solute Carriers (www.re-solute.eu)36. The main 
aim of  this consortium is to coordinate major efforts towards the generation of  long-lasting 
research tools to study SLCs, ultimately leading to deorphanization on a large scale: linking 
each SLC to its corresponding substrate(s). To achieve this, RESOLUTE operates with an 
emphasis on publishing open-access data and facilitates the development and generation 
of: 1) plasmids and cell lines, which enable the knock-out or expression of  a single SLC 
for functional assessment; 2) “omics” approaches to identify SLC substrates and protein 
interactions; 3) cell-based and cell-free assays to study SLC function and identify inhibitors 
and modulators; 4) purified protein and SLC-specific antibodies to facilitate structure 
determination and assay development. The data and conclusions presented in this thesis 
fully support the philosophy and overarching ambitions of  RESOLUTE, to the extent that 
it will aid drug development in innovative ways and help propel the SLCs towards the long 
overdue status as one of  the main drug target families.

1.4 – Assays and methodologies to study SLCs in vitro

Each SLC transporter has specific stoichiometries by which it translocates ions and/or 
solutes across the membrane with each transport cycle. In order to understand and measure 
the activity of  a transporter upfront knowledge is required of  the amount and identity 
of  the ions and molecules that are involved. Since it is quite challenging to directly probe 
protein function in live humans or animals, the initial steps in the functional characterization 
of  an SLC are the use of  in vitro assays. These methodologies often use native or engineered 
cell systems that (over)express the SLC of  interest compared to cells that lack this particular 
SLC. Depending on the substrate(s) and stoichiometry of  a transporter and its localization 
in the cell, various methodologies can be employed to acquire information on the transport 
kinetics (activity, defined by the Michaelis-Menten constant Km, and maximal transport 
velocity, defined by Vmax) and, in case of  SLC inhibitors, inhibitory potencies (IC50, inhibitor 
concentration at which 50% of  the substrate uptake/effect is inhibited)25,37,38. SLC assays 
are broadly based on 1) direct detection of  substrate binding, uptake or efflux; 2) secondary 

General introduction



|15

C
ha

pt
er

 1

Assays and methodologies to study SLCs in vitro

Assay Label-
free

Through-
put level

Live 
cells

Real 
time

+ Advantages
Limitations–

Substrate detection – uptake and binding assays

Radioactive 
substrate 
uptake 
(or binding)

No
Low

– 
Medium

Yes Yes

+ Kinetic determination (Km, Vmax)
Versatile readout for many SLCs

–
Requires radiolabeling of substrate
Radioactive handling and waste disposal
Less suitable for compound screening 

Fluorescent 
substrate 
uptake
(or binding)

No High Yes Yes

+ Increased throughput compared to radiolabels
Ease of handling and detection

–
Non-physiological modification of the (endogenous) 
substrate – not feasible for every SLC
Interference with fluorescent or quenching compounds

Biosensors No
Medium 

– 
High

Yes Yes
+

High sensitivity and specificity
Direct measure of substrate concentration
Suitable with intracellular SLCs

– Sensor development is time consuming
Requires modification of the cell to express the sensor

MS-based 
transport 
assay

Yes Low Yes No

+
High sensitivity and specificity
Wide range of substrates, including ions
Measure multiple compounds per run
No labeling of the substrate

–
End-point measurements, indirect kinetics
Complex data output
Expensive equipment and specialist skills

Cellular 
thermal 
shift assay 
(CETSA)

Yes
Low

–
Medium

Yes No

+
Suitable with purified protein, cell lysates and live cells
Direct interaction of compound with SLC
Identification of substrates and inhibitors

–
Not all compounds will stabilize the SLC
Likelihood of false-negative results
End-point measurements

Secondary effects – functional assays

Fluorescent 
dyes No High Yes Yes

+
Ease of handling and detection
Different types of dyes for many types of functionality 
– adaptable to many SLCs

– Often requires SLCs to be electrogenic
Requires step to load dyes into cells

Phenotypic 
assays Yes/No

Medium 
– 

High 
Yes Yes/No

+ Most straightforward readout based on cell viability
Applicable to any SLC, irrespective of localization

– Requires knowledge on genotype-phenotype relation
Substrate redundancy could limit specificity of assay

Electrophysiology

Patch-
clamp Yes Very low Yes Yes

+
Golden standard for channels and electrogenic SLCs
Kinetic determination (Km, Vmax) – high time resolution
Ideal for mechanistic studies

–
Requires SLCs to be electrogenic
Specialist skills and equipment
Single cell throughput – not suited for screening

Solid-
supported 
membranes 
(SSM)

Yes
Low 

– 
Medium

No Yes

+
Kinetic determination (Km, Vmax)
Variation in protein source and membrane composition
Increased throughput compared to patch-clamp

–
Requires electrogenic SLCs or charged substrates
Membrane preparations, lacks physiologic 
environment of the SLC

Table 1.1 – Characteristics, advantages and limitations of previously established in vitro SLC assays
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functional effects upon substrate uptake or efflux; 3) changes in electrical currents elicited 
by substrate transport. A general overview of  these assays is found in Table 1.1.

According to an analysis of  the ChEMBL database, which is manually curated and reports 
protein-specific bioactivity data for drug-like molecules, by far the majority of  substrate 
uptake (>43%) and binding assays (87%) use radiolabeled compounds38. Historically, 
radioligands have been widely used to perform pharmacological experiments due to the 
relative ease of  the detection principle and compound radiolabeling, making the technique 
versatile for many SLCs39. The assay readout is based on the amount of  radioactivity bound 
to the SLC (in the case of  binders/inhibitors) or accumulated in the cells (in the case of  
substrates).

However, a major concern of  the use of  radioactivity is that a specialized infrastructure is 
required for appropriately certified lab space, personnel and waste disposal, which can be 
costly and is not always available. Although it remains the most universal approach to assess 
SLCs, high-throughput screening (HTS) is less suitable with this technique. Improvements 
in this regard have been made using the more high-throughput scintillation proximity assays 
(SPA)40. These assays often require purified and solubilized protein which is challenging to 
achieve for SLCs, although whole-cell SPAs have been reported for some SLCs41,42. 

An alternative to radiolabels is the use of  fluorescent compounds. In contrast to radioactivity, 
fluorescence does not require stringent safety precautions and can be measured with 
most conventional (and HTS) plate readers, which makes the ease of  use of  fluorescent 
techniques a major advantage43. For some SLCs, fluorescent substrate analogs are available 
that mimic transport properties of  endogenous substrates, for example the neurotransmitter 
analog ASP+44 and BODIPY-conjugated fatty acid analogs45. The highly sensitive readouts 
and increased throughput – thanks to high-capacity, robotics-operated readers such as the 
fluorometric imaging plate readers (FLIPR)46,47 – make these assays ideal for screening, 
but come at the cost of  a non-endogenous substrate that could display altered kinetics 
and the potential interference of  autofluorescent and quenching compounds. In addition, 
fluorescent analogs are not readily available for all SLCs, making this approach not universal. 

Other techniques that probe SLC function also rely on the use of  fluorescence as a readout. 
Biosensors and dyes, which are either genetically encoded or loaded into the cell, are proteins 
or complex molecules that contain a moiety that fluoresces or is quenched in the presence 
of  a (SLC) substrate or upon changes in voltage or ionic concentrations. Expression of  
biosensors can be genetically steered towards various subcellular membranes, offering the 
advantage to assess intracellular SLCs. Biosensors are often tailor-made to detect a specific 
substrate48,49, which requires thorough optimization for each application and making them 
less generally applicable, but the advantage is that they can be used in vivo50. Fluorescent dyes, 
such as membrane potential dyes or ion-specific dyes, measure indirect events following 
substrate transport44,51. As such, these dyes are used for functional assays that can be applied 
to a wide range of  SLCs, given that they induce these secondary effects upon substrate 
transport. As is the case with other label-based techniques, the loading of  the fluorescent 
dyes could compromise the cellular physiology, making the system more artificial.

General introduction
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 1The downsides that radioactive or fluorescent labels bring along in SLC assays can be 
overcome by using label-free techniques, which have been gaining more traction in recent 
years. Liquid chromatography (LC) and mass spectrometry (MS) are increasingly employed 
to analyze samples of  substrate-treated SLC-expressing cells – both its intracellular and 
extracellular contents. By quantifying the intracellular accumulation of  a substrate after a 
given amount of  time, this provides a direct measure of  SLC activity, i.e. influx and efflux 
of  substrate are indirectly detected52. Alternatively, LC-MS can be used for targeted and 
untargeted metabolomics, which allow the quantification of  a selected set of  metabolites 
(targeted)53,54 or the identification of  unknown substrates from plasma or medium samples 
(untargeted)55,56 upon perturbation in cells expressing the transporter. These approaches, 
when applied successfully, give insight in the mechanism of  (orphan) transporters and their 
role in metabolism56. However, the highly advanced equipment and complex data output 
might make this approach less suited for screening, although cost-effective improvements 
such as matrix-assisted laser desorption/ionization (MALDI) MS-based approaches rapidly 
follow up each other52. 

When the identification of  SLC binders (i.e., substrates or inhibitors) is of  importance, but 
the determination of  uptake kinetics is not of  interest, then other types of  assays can be 
employed. Thermal shift assays (TSA) are based on the thermostabilization of  a purified 
protein in the presence of  a molecule that binds – and thereby stabilizes – the protein57. 
The cellular thermal shift assay (CETSA) detects chemical engagement between ligands and 
membrane proteins on cell lysates or whole cells, which has been successfully validated for 
SLCs58. In addition, the possibilities to use CETSA for screening purposes are expanding 
with the use of  green fluorescent protein (GFP)-tagged SLCs59. However, in all cases 
CETSA uses end-point measurements and is prone to false-negative hits if  a compound 
does bind, but does not stabilize the protein. At the same time, since not every ligand 
stabilizes a protein upon binding, this makes the assay relatively resistant to false-positive 
hits60. 

A more general approach to assess the role of  a protein in a specific functional outcome 
is a phenotypic assay. Here, any substrate-induced downstream physiological response can 
be used as a readout, such as cell viability, gene expression, adhesion or differentiation. 
While a phenotypic assay is in general less specific and prone to false-positive results – e.g., 
cell death can be induced via multiple pathways – it can usually be performed in a high-
throughput setting, making it more suitable for screening purposes61. For example, these 
approaches can be interesting to identify the uptake of  cytotoxic drugs, by expressing and 
knocking-out one or multiple sets of  SLCs in a model cell line62. In this sense, such assays 
are of  tremendous use in determining the mechanism of  action and in identifying inhibitors 
of  an SLC. Despite its straightforward readout, the assay requires a robust establishment 
of  the relationship between SLC function and the phenotypic response, which will be 
unique for each substrate and SLC. Alternatively, SLCs with undefined substrates could be 
screened for the transport of  specific substrates that elicit a phenotypic response, aiding in 
the deorphanization process.

Assays and methodologies to study SLCs in vitro
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The aforementioned assays are either based on the use of  labels or, if  this is not the case, 
do not permit real-time measurements of  the transport processes. A traditional technique 
to investigate transporters in a label-free setting is the use of  patch-clamp electrophysiology, 
in which the rapid transporter-mediated electrical currents of  a single cell are continuously 
detected in real-time via carefully applied electrodes63. This method provides unmatched 
high-quality data on ions flowing through ion channels or SLCs, and as such is ideal for 
mechanistic studies64. However, the laborious procedure, performed with skilled personnel 
and specialized equipment, makes this approach unsuitable for screening large numbers 
of  compounds. Automated electrophysiology has greatly improved the handling and 
throughput, but the signal-to-noise ratio is too low to detect the small currents which SLC 
transporters usually generate. 

In response to this, the arrival of  the surface electrogenic event reader (SURFE2R) enabled 
cell-free electrophysiology of  proteins in cell membrane fragments, opening up the 
possibility to screen large numbers of  compounds65. The technique is based on the use of  
solid supported membranes (SSM), to which membrane vesicles containing the transporter 
are adsorbed. Electrogenic substrate transport into the vesicles leads to a charge difference 
across the membrane, which generates a capacitive current via gold-plated electrodes that is 
monitored in real-time. Although the SSM-based method has been successfully applied to a 
range of  SLCs66, it requires the SLC to be electrogenic (i.e., net positive or negative charge 
per transport cycle) and is only operable with membrane fractions or artificial liposomes, 
meaning that this assay cannot be performed in live cells with the appropriate, physiologically 
relevant environment. 

This extensive toolbox of  assays that are available for SLCs demonstrates that over the past 
years innovative ways have been found to investigate transport activity, most of  which have 
proven invaluable for the identification of  substrates, inhibitors or modulators. However, 
considering the various methodologies in Table 1.1, it is striking that there is no single 
assay that ticks all of  the boxes. As such, there seems to be an opportunity for a method 
that is both label-free, compatible with high throughput screening, uses live cells and allows 
real-time measurements. By making rational use of  techniques that have been developed 
over the past twenty years, this thesis presents the development and application of  a novel 
method that aims to improve upon the limitations of  the more conventional assays.

General introduction

 Figure 1.2 – Overview of the xCELLigence real-time cell analysis (RTCA) system. The example shows a 
96-well E-plate, which is compatible with a Single Plate (SP) station, but the same principles apply to 16- and 
384-well plates. The wells of the E-plate are covered with gold-plated electrodes. The VIEW strip at the bottom 
of each well allows the user to inspect the E-plate under a light microscope. An electric current is applied to the 
electrodes in the presence of a conductive medium. The presence, adhesion and proliferation of cells on the 
electrodes increases the impedance, which is a form of electrical resistance. Impedance is converted to the 
dimensionless parameter Cell Index, which is plotted in real-time.
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1.5 – Label-free impedance-based biosensors: an opportunity for SLC drug 
discovery

To circumvent the use of  chemical labels for pharmacological studies, several label-free 
techniques have been developed, some of  which have been used to study SLCs and are 
mentioned in the previous section. However, if  we want to interrogate a protein in its 
physiological environment, it is crucial to be able to perform the experiments on live cells 
with a relevant genetic background (e.g., disease-relevant cell lines). Thus, cell-based label-
free assays offer the possibility to study target pharmacology while monitoring live cell 
behavior at physiological temperatures and in appropriate culture conditions.

In such settings, cells and proteins ‘behave’ more closely to how they would in the human body 
and provide a better representation of  their native physiology. As such, cell-based label-free 
assays could aid in the translation of  in vitro data towards in vivo outcomes, which would lead 
to the advancement of  effective therapeutics in an earlier stage of  drug development. Since 
these assays focus on changes in whole cell properties – adhesion, proliferation, migration, 
morphology – they are considered to be phenotypic assays. Techniques that are used to 
detect this live cell behavior mainly use optical or electrical sensors to generate a readout67. 
Optical biosensors use the refractive properties of  light to detect changes in cell shape or 
protein conformation, examples of  which are surface plasmon resonance (SPR), resonant 
waveguide grating (RWG) and dynamic mass redistribution (DMR)68. These techniques will 
not be further discussed, as these were not used in the context of  this thesis. 

Electrical biosensors are mostly based on impedance – a form of  electrical resistance – 
and make use of  highly capacitive (usually gold-plated) electrodes onto which cells can 
grow allowing their behavior to be monitored in real-time69. In a pioneering study from 
1984 Giaever & Keese used electrical cell-substrate impedance-sensing (ECIS) with a single 
electrode to infer the movement of  cultured fibroblasts70. Since then the low throughput 
of  this system prevented it from widespread use in the screening of  compounds, which 
ultimately led to the development of  impedance-based biosensors with increased throughput 
such as CellKey (discontinued) and xCELLigence (Figure 1.2)71. Impedance-based 
biosensors have since been used as a versatile in vitro tool to study cellular properties such 
as adhesion72, viability73, proliferation74, migration74 and contractility75, as well as monitoring 
compound cytotoxicity75,76 and functional activity of  receptor tyrosine kinases77 and, mostly, 
GPCRs78,79. Thanks to its broad range of  possibilities, the xCELLigence was selected for 
the development of  SLC assays and will be the prevalent technology in the chapters of  this 
thesis.

The xCELLigence, which is often referred to as a real-time cell analyzer (RTCA), consists 
of  a central control unit – a laptop that collects and visualizes the processed data in real-
time – connected to an analyzer that receives its input from a recording station, which is a 
device located inside a regular cell culture incubator that holds the microtiter plates – called 
E-plates – onto which the cells are grown (Figure 1.2). Depending on the type of  recording 
station, E-plates can contain 16, 96 or 384 wells, which makes the platform amenable to HTS 
applications80. At the bottom of  each well is an interleaved array of  gold-plated electrodes 
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 1connected to a positive and negative terminal and in the presence of  a conductive fluid 
(e.g., buffer or cell culture medium) a weak electrical signal can be applied. This signal is 
generated by voltages in the mV range with the resulting currents being in the µA range, 
which are non-invasive for cells allowing repeated measurements during an experiment. The 
voltages are applied at three predetermined, midrange frequencies – 10, 25 and 50 kHz, of  
which 10 kHz is the most standard81 and is used for analysis in this thesis – which produce 
transcellular currents that grant the detection of  changes in cell density and morphology82. 
The electrical current allows the measurement of  impedance – that is a combination of  
the electrical resistance of  the solution and the impedance at the electrode surface – which 
can be consecutively measured by the recording station at intervals of  several seconds to 
minutes. The analyzer receives the impedance values and converts it to a unitless parameter 

Label-free impedance-based biosensors

Figure 1.3 – Stimulation of cells with a compound of interest (e.g. a GPCR agonist) results in the engagement 
of secondary messengers (e.g., G proteins) and subsequent changes in cell morphology that are recorded as 
a characteristic change in impedance (i.e., Cell Index) over time. The resulting cellular response is dependent 
on the compound that is used, the subtype of receptor(s) expressed and the cellular background. The bottom-
right illustration demonstrates that a single compound (in this case, norepinephrine) produces four different 
cellular responses over time in four different cell lines. This figure incorporates drawings from Servier Medical 
Art (smart.servier.com).
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called Cell Index (CI) which is then graphed as a function of  time (Figure 1.2). In the 
presence of  cells, the CI at the electrode surface increases as the cells start to settle and 
adhere to the bottom of  the well. When cells start to spread and proliferate, the CI will 
generally increase. When cells start to shrink and detach, the CI will generally decrease. This 
way, the CI is suggestive of  cell number and morphology, which can be used to substantiate 
any hypothesis on cellular functions.

A major application of  impedance-based biosensors is their use as a functional assay for 
GPCRs78,79. A GPCR is a receptor – usually located at the plasma membrane – consisting 
of  seven transmembrane α-helices that upon activation by a ligand (e.g., neurotransmitters, 
hormones, drugs) couples to intracellular G proteins and other secondary messengers 
that trigger cascades of  downstream processes83. Activation of  specific heterotrimeric G 
proteins can generally lead to increased (Gs) or decreased (Gi) production of  cyclic adenosine 
monophosphate (cAMP), increased Ca2+ levels (Gq) and activation of  Rho GTPases (G12/13), 
which can regulate a myriad of  cellular processes including gene transcription, proliferation, 
cell contractility and actin cytoskeleton remodeling84,85. Since each GPCR is favorably linked 
one or more secondary messengers, biochemical assays are used to study each pathway 
individually as a functional measure of  GPCR activation by agonists and/or inhibition by 
antagonists86. However, multiple assays would be needed to capture the entire functional 
profile of  the GPCR, which can be costly and time-consuming. To this end, impedance-
based assays have been employed to detect changes in cell morphology, resulting from 
upstream GPCR activation, as a change in impedance – defined as a cellular response – 
which can be used to assess receptor pharmacology in live cells (Figure 1.3)78,79,87. 

Impedance measurements detect the sum of  all downstream cellular events that follow 
upon GPCR activation, which results in a characteristic change of  the CI over time that is 
dependent on the ligand, receptor subtype, the pool of  intracellular secondary messengers 
and the cellular background85 (for a comprehensive overview of  response profile of  GPCRs 
in impedance assays, see Doijen et al.81). By titrating the amount of  ligand in different wells, 
potency values (EC50, the concentration at which a compounds induces 50% of  the maximal 
effect) can be determined for ligands that engage with a specific receptor, which are often 
comparable to those obtained in other functional assays88–90. To this end, cell lines with 
heterologous overexpression are usually used to ensure receptor specificity, a high number 
of  receptors on the cell surface and – ideally – a better signal-to-noise ratio. However, due to 
the high sensitivity of  the electrical sensor, it is also possible to detect cellular responses in 
cells with endogenous expression of  the GPCR91,92 and in non-adherent cells by using a plate 
coating93, which provides a readout that is more physiologically relevant than heterologous 
expression systems. This vastly expands the potential applications of  xCELLigence and 
offers advantages over other biochemical assays that are less sensitive.

So far, very little studies have made use of  cell-based label-free assays to primarily investigate 
SLC function. There is a single paper that reports an optical DMR assay (using the EPIC 
technology) for the sodium-phosphate cotransporter 2b (NaPi-2b, SLC34A2) where the 
addition of  inorganic phosphate to overexpressing MDCK cells results in an increased 
DMR response, although no mechanistic explanations are provided94. In other instances 
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 1the xCELLigence was used to detect cytotoxicity induced by the uptake of  bacterial 
cyclopeptides via organic anion transporting peptides (OATP1A2, 1B1 and 1B3, SLCO 
family) in pancreatic cancer cells95, as well as cell adhesion which was enhanced in corneal 
endothelial cells overexpressing a sodium-bicarbonate transporter (NaBC1, SLC4A11)96. 
However, the true potential of  xCELLigence as a functional assay for SLCs had thus far 
not been unlocked. 

Recently, a pioneering xCELLigence study by our lab (Vlachdimou et al.) demonstrated 
that cellular responses upon activation of  endogenous adenosine receptors (ARs) in an 
osteosarcoma cell line (U2OS) were diminished in the presence of  the endogenous 
equilibrative nucleoside transporter 1 (ENT1, SLC29A1) – a transporter of  the adenosine 
– on the same cells97. Pharmacological inhibition of  ENT1 restored the activation of  ARs, 
which the authors defined as a measure of  transporter function that could be used as an 
assay to identify binding and kinetics of  ENT1 inhibitors98. Thus, these data demonstrate a 
novel application of  impedance-based biosensors to study SLC activity in live cells without 
the use of  chemical labels. Based on these initial findings, it is expected that this label-free 
assay – which is termed the ‘transport activity through receptor activation’ (TRACT) assay 
in this thesis (Figure 1.4) – is not exclusive to the adenosine system, but is more widely 
applicable to other SLCs as well.

Label-free impedance-based biosensors

Figure 1.4 – Visualization of the ‘transport activity through receptor activation’ (TRACT) assay principle on 
xCELLigence. In cells that express both an SLC and GPCR that recognize the same substrate, addition of this 
substrate to the medium will lead to its uptake via the SLC, resulting in a reduced extracellular concentration 
of substrate at the cell membrane and, simultaneously, reduced activation of the GPCR which is detected as a 
change in impedance (i.e., Cell Index) over time. In the presence of an SLC inhibitor, the substrate will not be 
taken up, resulting in a relatively elevated extracellular concentration of substrate at the cell membrane. As 
a result, a larger fraction of the substrate is available to activate the pool of GPCRs, resulting in more drastic 
changes in cell morphology and Cell Index compared to the cells that did not receive the inhibitor. This figure 
incorporates drawings from Servier Medical Art (smart.servier.com).
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1.6 – Aim and outline of  this thesis

AIM 

The main aim of  this thesis is to explore the possibilities of  the label-free impedance-based 
biosensor xCELLigence to study the pharmacology of  selected SLCs, with the purpose to 
provide novel compound screening tools for drug discovery to the transporter communities 
and beyond. The assay principles that were described in the study by Vlachodimou et al.97 
were used as a starting point for the initial selection of  amenable SLCs: if  an SLC and 
GPCR, which respectively transport and are activated by the same substrate(s), are expressed 
on the plasma membrane of  same cell, then the SLC will directly affect the extracellular 
concentration of  the substrate(s) and thereby affect the magnitude of  GPCR activation 
by the substrate(s). Thus, at the base of  assay development is the identification of  an 
SLC–GPCR ‘pair’. When looking at the number of  known SLCs, GPCRs and endogenous 
substrates, besides the aforementioned couple of  ENT1–ARs and adenosine, there are 
many more of  such ‘pairs’ that play a role in physiology. An extensive overview of  these 
can be found in the Appendix (Table A.1), which will be further discussed in Chapter 8 
of  this thesis. 

General introduction

Figure 1.5 – Visualization of the impedance-based phenotypic assay based on SLC-mediated cell swelling. 
In cells that express an SLC that mediates uptake of a substrate and/or ions, addition of this substrate to 
the medium leads to influx of substrate and ions. Accumulation of these ions in the cytosol generates an 
osmotic gradient over the cell membrane. This causes the influx of water and regulation of the ionic content 
by ion channels and transporters. The resulting increase in cell volume triggers secondary events that lead 
to cell spreading, which increases the electrode coverage and, thus, the impedance (i.e., Cell Index). SLC 
inhibition prevents these cellular responses upon addition of the substrate. This figure incorporates drawings 
from Servier Medical Art (smart.servier.com).
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 1OUTLINE 

In Chapter 2, a short overview is given on the most recently described examples of  SLCs 
that modulate the activation of  GPCRs, which expand upon the traditional dogma of  SLCs 
that remove extracellular substrate from the receptor compartment. 

Chapter 3 describes the development of  a TRACT assay (Figure 1.4) for the human 
dopamine transporter (DAT, SLC6A3) on the xCELLigence, which is an extension of  
the previously described assay for ENT197 and is demonstrated in two cell lines each with 
endogenous expression of  a dopamine-responsive GPCR and heterologous expression of  
DAT. 

Chapter 4 reports a label-free TRACT assay for the human norepinephrine transporter 
(NET, SLC6A2), which expands upon the previous chapter by using various substrates, 
testing the assay suitability with HTS and comparing inhibitors with a fluorescent substrate 
uptake assay. 

Chapter 5 describes the application of  the TRACT assay to test the inhibitory activities 
of  compounds that were predicted by virtual screening to be inhibitors for NET, which 
demonstrates the applicability of  the TRACT assay in a drug discovery setting. 

In Chapter 6, the xCELLigence is used to detect the activity of  excitatory amino acid 
transporters (EAAT, SLC1 family) using a TRACT assay and a novel impedance-based 
phenotypic assay based on EAAT-mediated changes in cell morphology as a result of  cell 
swelling (Figure 1.5). 

Chapter 7 describes the application of  the phenotypic assay to characterize substrate and 
inhibitor responses on ten missense mutants of  EAAT1 that were found in cancer patients 
and rare cases of  episodic ataxia. 

Chapter 8 concludes this thesis with an overall conclusion of  the various impedance-based 
assays that were developed and discusses their advantages and limitations. Moreover, a 
mechanistic substantiation of  the TRACT assays in this thesis is provided by means of  
previously reported models. Ultimately, a call is made to increase the awareness of  the 
primary or confounding roles of  SLCs in physiological and pharmacological studies, with 
an emphasis on GPCR ligands, and perspectives are provided that speculate on the future 
of  label-free assays for SLC drug discovery.

Aim and outline
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CHAPTER 2

Solute carrier transporters (SLCs) limit receptor activation via uptake of  extracellular ligands. 
Novel concepts are emerging that describe the modulation of  intracellular and plasma 
membrane receptors by ligand influx and efflux via SLCs, respectively. In this chapter, 
we evaluate recent insights and provide an outlook for developing potential therapeutic 
strategies.
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2.1 – Solute carrier transporters

SLCs comprise a large superfamily of  over 450 proteins with heterogeneous functions, 
structures and expression patterns. As such, the array of  physiological roles that are fulfilled 
by SLCs make this protein class elusive, illustrated by the high publication asymmetry and 
relatively low number of  drug discovery efforts compared with other protein superfamilies1. 
Nevertheless, historically, there has been a handful of  SLCs that are therapeutically relevant, 
including the monoamine transporters as targets for a range of  antidepressants. In essence, 
these transport proteins facilitate the removal (i.e., uptake) of  the endogenous neurotransmitter 
(e.g., dopamine, norepinephrine, or serotonin) from the target compartments, which contain 
cell surface receptors, such as G protein-coupled receptors (GPCRs) and ligand-gated ion 
channels. Pharmacological inhibition of  monoamine transporters modulates the ligand 
availability for the target receptor, thereby indirectly altering secondary signaling events 
that contribute to a therapeutic outcome. While these have become trivial concepts in the 
understanding of  cell signaling and drug action, the number of  SLCs that modulate ligand 
availability is not limited to the status quo of  the few established SLC drug targets. Over 
the past few years, light has been shed on novel physiological mechanisms through which 
SLCs mediate ligand access to receptors localized at the plasma membrane and intracellular 
compartments (Figure 2.1). In this chapter, we use five recent examples of  SLC–GPCR 
pairings to discuss potential therapeutic implications that lie ahead.

2.2 – Modulation of  ligand availability at the plasma membrane

Most GPCRs are expressed at the plasma membrane, where they are receptive to extracellular 
ligands that, upon binding to the receptor, result in distinct secondary messenger responses. 
In the traditional dogma, ligand transporters (e.g., neurotransmitter transporters) act to 
limit receptor activation via substrate influx (Figure 2.1a), whereas some transporters are 
now recognized to permit receptor activation by ligand efflux, which adds another layer of  
signaling regulation by SLCs.

2.2.1 – Succinate 

During ischemia/reperfusion injury, the tricarboxylic acid cycle intermediate succinate is 
oxidized in the mitochondria to form reactive oxygen species, driving the injury. At the same 
time, a significant portion of  succinate was found to be effluxed into the circulation via the 
proton-coupled monocarboxylate transporter 1 (MCT1, SLC16A1)2. Subsequent activation 
of  the succinate receptor (SUCNR1) on immune cells by excreted succinate induced 
proinflammatory responses that exacerbated the reperfusion injury (Figure 2.1b), although 
the exact contributions of  SUCNR1 to this process remain a subject of  investigation. 
Notably, MCT1 inhibition appeared to reduce infarct size in mice, likely due to limited 
SUCNR1 activation2, which implicates MCT1 as an important mediator of  reperfusion 
injury. Whether targeting succinate transport is an attractive therapeutic venue remains to be 
seen, although recently renewed interest in succinate as a signaling metabolite could provide 
resolution in the near future3.

Modulation of  ligand availability at the plasma membrane
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2.2.2 – Sphingosine-1-phosphate

Sphingosine-1-phosphate (S1P) is a potent polar signaling lipid that invokes prosurvival 
effects via activation of  S1P receptors (S1PRs) in an autocrine or paracrine manner (Figure 
2.1c). Upon intracellular biosynthesis, S1P is transported out of  the cell mainly via spinster 
homolog 2 (SPNS2, SLC63A2) in lymphatic endothelial cells and through major facilitator 
superfamily domain-containing protein 2 (MFSD2A/B, SLC59A1/2) in vascular endothelial 

Solute carriers modulate receptor–ligand interactions

Figure 2.1 – Mechanisms of transporter-mediated modulation of receptor–ligand interactions. (a) Traditional 
dogma of a solute carrier transporter (SLC) that limits activation of a G protein-coupled receptor (GPCR) 
on the plasma membrane through ligand influx (left panel). SLC inhibition elevates the extracellular ligand 
concentration, enhancing GPCR activation (right panel). (b) Succinate is oxidized in the mitochondria and effluxed 
by monocarboxylate transporter 1 (MCT1), after which it is able to activate the succinate receptor (SUCNR1) 
on immune cells. TCA, tricarboxylic acid. (c) Sphingosine-1-phosphate (S1P) is synthesized in endothelial cells 
and effluxed into the (lymphatic) circulation via spinster homolog 2 (SPNS2). S1P activates S1P receptors 
(S1PRs) on circulating immune cells or endothelial cells. (d) Norepinephrine (NE) and epinephrine (EPI) are 
transported into cardiomyocytes via organic cation transporter 3 (OCT3), where both ligands activate beta-1 
adrenergic receptors (β1ARs) in the sarcoplasmic reticulum. Intracellular responses are distinct from β1AR on 
the plasma membrane. (e) Glutamate enters neuronal cells via excitatory amino acid transporter 3 (EAAT3), 
where it activates metabotropic glutamate receptor 5 (mGluR5) on the nuclear membrane. (f) Amphetamine 
(AMPH) is transported into the cell via the dopamine transporter (DAT), where it activates the trace amine-
associated receptor 1 (TAAR1), which leads to internalization of DAT and EAAT3.
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cells. Increasing evidence suggests that SPNS2 has a regulatory role in metastasis, lymphocyte 
trafficking, and angiogenesis4. Mice studies indicated that the absence of  SPNS2 reduces 
metastatic burden, likely as a result of  reduced S1PR engagement, which suggests SPNS2 as 
a target to combat metastasis after surgical tumor resection. Our understanding of  SPNS2 
involvement in disease would be aided by the development of  selective inhibitors of  the 
protein, of  which none are publicly available, denoting a gap in current progress.

2.3 – Modulation of  ligand availability to intracellular receptors

An increasing number of  GPCRs have been found to localize preferably or exclusively to 
membranes of  intracellular compartments such as the endoplasmic reticulum, Golgi, or 
nucleus5. Moreover, it is suggested that spatially distinct localizations of  the same GPCRs 
contribute to distinct signaling responses, which may contribute in unexpected ways to 
disease development5. As such, the question arises how these intracellular receptors gain 
access to their cognate ligands, with possible answers being via on-demand synthesis, passive 
diffusion, or ligand influx via SLCs. 

2.3.1 – (Nor)epinephrine 

Adrenergic signaling is mainly concerted on the plasma membrane via alpha- and beta-
adrenergic receptors, although intracellular localization of  these receptors has been reported. 
It was recently found that organic cation transporter 3 (OCT3, SLC22A3) is required for the 
influx of  (nor)epinephrine to activate beta-1 adrenergic receptor (β1AR) at the sarcoplasmic 
reticulum (SR) of  cardiomyocytes (Figure 2.1d)6. Knockout or inhibition of  OCT3 in mice 
blunted β1AR-mediated cardiac function, indicating that OCT3 is an essential component 
of  (nor)epinephrine-induced myocardial contractility. Thus, regulation of  catecholamine 
uptake could be a therapeutic strategy for cardiovascular conditions. 

2.3.2 – Glutamate

Glutamate transporters rapidly bind, and eventually take up, glutamate upon release in the 
synaptic cleft, thereby buffering the extracellular glutamate concentrations and shaping 
the activation kinetics of  synaptic glutamate receptors7. Recently, the uptake of  glutamate 
via excitatory amino acid transporter 3 (EAAT3/SLC1A1) in neuronal cells of  the spinal 
cord was found to be crucial for activation of  metabotropic glutamate receptor 5 (mGluR5) 
on the nuclear membrane (Figure 2.1e). In an inflammatory pain model in rats, elevated 
intracellular levels of  glutamate were linked to mGluR5-mediated pain responses. Indeed, 
selective inhibition of  neuronal EAAT3, but not glial EAAT1 or EAAT2, produced an 
analgesic effect in rats. This suggests a substantial contribution of  intracellular mGluR5 
to pain development, which defies the notion that only glutamate receptors at the plasma 
membrane are involved. As such, inhibition of  neuronal EAAT or intracellular mGluR5 is 
among the future treatment possibilities for pain disorders8. 

Modulation of  ligand availability to intracellular receptors



36|

2.3.3 – Amphetamines

The interplay between SLCs and GPCRs extends beyond the modulation of  ligand 
availability, because receptor activation can, by itself, affect transporter function and 
localization, indirectly influencing GPCR activation. For example, trace amine-associated 
receptor 1 (TAAR1) is expressed on intracellular compartments of  monoaminergic neurons, 
and its activation by trace amines and monoamines depends on transporter-mediated influx. 
Amphetamines, which are used in the treatment of  attention-deficit hyperactivity disorder, 
enter the cell via the dopamine transporter (DAT/SLC6A3) and activate TAAR1. This leads 
to endocytosis of  DAT and glutamate transporter EAAT3 and subsequent potentiation 
of  excitatory responses in dopaminergic neurons by facilitating cognate receptor–ligand 
interactions (Figure 2.1f)9. This identifies TAAR1 as a critical component of  psychostimulant 
action and underlines the intricacy of  transporter function and regulation in monoaminergic 
disorders.

2.4 – Concluding remarks and future perspectives

The relationship between SLCs and other membrane proteins, such as GPCRs, is becoming 
increasingly appreciated, as illustrated by the examples in this article and by the development 
of  in vitro techniques that use receptors as ‘tools’ to study transporter function10. While 
the main focus of  this chapter is on the translocation of  receptor ligands, many SLCs 
(EAAT3, DAT, and MCT1 in this article) harness the electrochemical gradient of  ions to 
facilitate transport and thereby alter the levels of  these ions in the cytosol and the vicinity 
of  the membrane. Several ions, most prominently Na+, act as allosteric modulators of  many 
GPCRs via distinct and conserved binding sites11, which would imply that ion-coupled SLCs 
beyond the examples in this article can act as indirect receptor modulators. 

A note of  caution is warranted when SLCs, such as those described in this article, are 
to be considered as therapeutic targets. Given that substrates may engage with other 
proteins or serve as metabolic intermediates, preventing their translocation could disrupt 
key cellular processes. If  such secondary effects are detrimental and cannot be mitigated 
despite the specificity of  the intervention, it might be more beneficial to target specific 
downstream proteins. In line with this, modulation of  polyspecific transporters (e.g., MCT1 
also transports lactate) might affect disease-unrelated pathways vital for other substrates. 
Moreover, ubiquitous expression of  an SLC in various tissues could compromise the 
selectivity of  the treatment. As such, the cell-specific expression and localization of  both 
the SLC and GPCR should be evident to ensure selective targeting and prevent adverse 
effects.

The cases that we discuss in this chapter highlight the efforts made to connect pairs of  
previously characterized SLCs and GPCRs with known substrate specificities and affinities. 
However, based on current knowledge, we estimate that at least 100 unique SLC–GPCR 
pairs are conceivable (see Appendix Table A.1). Nevertheless, ~30% of  SLCs and 15% 
of  GPCRs have an orphan status, meaning that their function and substrate(s)/ligand(s) 

Solute carriers modulate receptor–ligand interactions
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are unknown12,13. Ongoing efforts to deorphanize these proteins could unveil novel SLC–
GPCR pairs, which could spark novel hypotheses with physiological and therapeutic 
implications13. International collaborations and consortia, such as RESOLUTE14, which aim 
at deorphanization, reagent generation, and function elucidation of  all SLCs, substantiate 
the expected relevance of  transporters in physiology and disease and contribute to the 
overall progress of  putting forward SLCs as potential drug targets.
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CHAPTER 3

Members of  the solute carrier (SLC) transporter protein family are increasingly recognized 
as therapeutic drug targets. The majority of  drug screening assays for SLCs are based on 
the uptake of  radiolabeled or fluorescent substrates. Thus, these approaches, often have 
limitations that compromise on throughput or the physiological environment of  the SLC. In 
this chapter, we report a novel application of  an impedance-based biosensor, xCELLigence, 
to investigate dopamine transporter (DAT) activity via substrate-induced activation of  G 
protein-coupled receptors (GPCRs). The resulting assay, which is coined the ‘transporter 
activity through receptor activation’ (TRACT) assay, is based on the hypothesis that DAT-
mediated removal of  extracellular dopamine directly affects the ability of  dopamine to 
activate cognate membrane-bound GPCRs. In two human cell lines with heterologous 
DAT expression, dopamine-induced GPCR signaling was attenuated. Pharmacological 
inhibition or the absence of  DAT restored the apparent potency of  dopamine for GPCR 
activation. The inhibitory potencies for DAT inhibitors GBR12909 (pIC50 = 6.2, 6.6) and 
cocaine (pIC50 = 6.3) were in line with values from reported orthogonal transport assays. 
Conclusively, this chapter demonstrates the novel use of  label-free whole-cell biosensors to 
investigate DAT activity using GPCR activation as a readout. This holds promise for other 
SLCs that share their substrate with a GPCR.
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3.1 – Introduction 

Solute carrier (SLC) transporters are a large superfamily of  membrane-spanning proteins 
that facilitate passive or secondary active transport of  a wide variety of  physiological and 
pharmacological solutes. As such, SLCs constitute important regulators of  a cell’s intra- and 
extracellular environment and signal transduction1. Increasingly, the role of  SLCs in onset 
and progression of  disease is recognized2. This is underlined by the 21 SLCs currently 
targeted by clinically approved drugs and at least 10 other SLCs that have compounds in 
clinical trials3. In addition, several SLCs are known to mediate drug-drug interactions and as 
a result are routinely assessed in drug discovery programs4,5. Despite the ubiquity of  these 
proteins in physiology and pathology only a fraction of  all SLCs have been extensively 
investigated. This necessitates the development of  methods, pharmacological tools and 
reagents to uncover the therapeutic potential of  this relatively understudied class of  
proteins6.

One of  the main challenges in propelling SLC drug discovery is the sparse implementation 
of  high-throughput screening (HTS) strategies for in vitro functional assays3. As outlined in 
Chapter 1 (Table 1.1), conventional transport inhibition assays are based on radiolabeled 
or fluorescent substrate uptake7 and pose limitations due to challenges regarding substrate 
synthesis, real-time measurements, and radiometric safety precautions3. However, cell-based 
assays using fluorescent membrane potential8, pH-sensitive or calcium-sensing dyes, can 
achieve impressive throughput using platforms such as fluorescent imaging plate readers 
(FLIPR)9, but may result in non-specific signals and require thorough signal validation. 
Another approach based on electrophysiological measurements (SURFE2R) can attain 
increased screening capacity10, although these assays require electrogenicity of  the SLC, valid 
for a minority only, and often use liposome or membrane preparations. Taken together, this 
warrants development of  novel assays that circumvent the drawbacks commonly associated 
with label-based or cell-free screening assays.

Label-free cell-based biosensors have been used to study a wide variety of  therapeutic 
membrane-bound proteins including G protein-coupled receptors (GPCRs)11,12, receptor 
tyrosine kinases13 and ion channels14,15. Optical and impedance-based platforms (e.g., Epic 
and xCELLigence, respectively) allow real-time monitoring of  changes in cell morphology, 
adhesion, proliferation and migration without the use of  invasive and/or non-physiological 
labels16,17. Cell-based electrical impedance assays are already used as a complementary 
phenotypic technology for GPCR drug discovery18, being amenable to increased throughput 
screening up to 384 wells per plate19. Due to high sensitivity of  these label-free methods, it 
is possible to detect GPCR activation in endogenous as well as heterologous expression cell 
lines20,21. Recently, a label-free whole-cell assay was reported by our research team in which 
the activity of  the non-electrogenic equilibrative nucleoside transporter 1 (ENT1, also 
known as SLC29A1) was measured via activation of  adenosine GPCRs, for which adenosine 
is a substrate and agonist, respectively22. In that work mammalian bone osteosarcoma 
(U2OS) cells with endogenous expression of  both ENT1 and adenosine receptors were 
assessed using the xCELLigence technology. 

 Introduction



42|

In the current chapter we exploited the capability of  the impedance-based biosensor 
xCELLigence to detect GPCR activation further. We developed a label-free whole-cell assay, 
coined the ‘transporter activity through receptor activation’ (TRACT) assay (Figure 1.4, 
Chapter 1), to detect activity of  the dopamine transporter (DAT, also known as SLC6A3). 
Here, two human cell lines with heterologous expression of  DAT were used to measure DAT 
function via activation of  an endogenous GPCR by the main substrate of  DAT, dopamine. 
DAT, a Na+/Cl–-dependent monoamine transporter23, is a clinical target for treatment of  
attention-deficit/hyperactivity disorder24, narcolepsy25 and potentially stimulant abuse26, 
but is also an important effector in the addictive effects of  psychoactive substances such 
as cocaine and amphetamine27. Due to a wealth of  reported literature and availability of  
tool compounds, DAT was selected as a model transporter to develop this TRACT assay. 
The current observations demonstrate a proof-of-principle that real-time impedance 
measurements are suitable for the detection of  dopamine-induced GPCR signaling in 
the absence or presence of  DAT. Essentially, this allows simultaneous detection of  the 
functional activity of  two membrane-bound proteins via a single converged impedance 
signal. This vastly expands the possibilities for the application of  label-free biosensors in 
SLC and GPCR drug discovery.

3.2 – Results 

3.2.1 – Attenuated D1R-mediated dopamine response in U2OS-DAT cells

To allow functional assessment of  DAT U2OS cells were transiently transfected with DAT 
cDNA (U2OS-DAT) using empty vector (U2OS-mock) as a negative control. In whole-cell 
ELISA assays total expression of  DAT was 2-fold higher compared to mock indicating 
successful transfection of  U2OS cells (Figure 3.1a).

To assess the responsiveness of  transfected U2OS cells to dopamine in the TRACT assay 
U2OS-DAT and U2OS-mock cells were seeded and grown in uncoated E-plates. Cells 
initially adhered strongly to the wells indicated by an increase in CI between 0 and 8 h, 
but showed a gradual decrease in CI after 8 h (Figure 3.1b). This decline in impedance 
likely reflects a small amount of  cell death as a result of  transient transfection, which was 
more outspoken in U2OS-DAT than in U2OS-mock. Subsequent stimulation of  cells with 
increasing concentrations of  dopamine resulted in an initial decrease in impedance that 
reached minimum nCI values after 40 to 60 min and then gradually returned to baseline 
(Figure 3.1c–d). Both cell lines responded to dopamine in a concentration-dependent 
manner (Figure 3.1e). Dopamine was less potent on U2OS-DAT cells (pEC50 = 4.0 ± 0.2) 
compared to U2OS-mock cells (pEC50

 = 5.3 ± 0.2) (Table 3.1), showing that the presence 
of  DAT reduces the apparent potency of  dopamine.

To confirm the observed dopamine response was the result of  GPCR activation U2OS-
DAT cells were pretreated for 1 h with 1 µM antagonist for dopamine, alpha- or beta-
adrenergic receptors prior to stimulation with a submaximal concentration (10 µM) of  
dopamine. Pretreatment with any of  the antagonists had no substantial effect on the 
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Results

Figure 3.1 – Functional characterization of dopamine (DA) response in U2OS-mock and U2OS-DAT cells in a 
TRACT assay. (a) FLAG-tag ELISA shows detection of C-terminal FLAG-tag of DAT, represented as mean ± S.D. of 
two separate experiments each performed in quintuplicate. (b) Representative xCELLigence growth curves after 
cell seeding, antagonist pretreatment and dopamine addition. (c) Representative vehicle-corrected xCELLigence 
traces of U2OS-mock and (d) U2OS-DAT cells after stimulation with increasing concentrations of dopamine. 
Data is normalized prior to agonist addition at time = 0 min. (e) Concentration-effect curves of dopamine on 
U2OS-mock and U2OS-DAT cells are shown as the net AUC of the first 120 min after stimulation normalized to 
the cell response of 31.6 µM dopamine. (f) Cell response of 10 µM dopamine (red bar, set at 100%) on U2OS-
DAT cells pretreated for 1 h with 1 µM of one of following GPCR antagonists: SCH23390 (dopamine D1-like), 
raclopride (dopamine D2-like), doxazosin (alpha-1 adrenergic), yohimbine (alpha-2 adrenergic), propranolol 
(beta adrenergic). Data are shown as mean ± SEM of three to six individual experiments each performed 
in duplicate. Comparison of multiple mean values to vehicle control was done using a one-way ANOVA with 
Dunnett’s post-hoc test. *** p<0.001.
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nCI compared to cells pretreated with vehicle (Supplementary Figure 3.S1a). Only 
SCH23390, a dopamine D1-like receptor antagonist, was able to completely abolish the 
dopamine-induced cell response (Figure 3.1f). In non-transfected U2OS cells, SCH23390, 
but not raclopride, eliminated the dopamine-induced response (Supplementary Figure 
3.S1b). This demonstrates that dopamine acts as an agonist and selectively activates D1R 
endogenously expressed on U2OS cells (Figure 3.1f).

3.2.2 – DAT inhibition by GBR12909 restores the apparent potency of  dopamine in U2OS-
DAT cells

To assess whether pharmacological inhibition of  DAT leads to altered dopamine-induced 
D1R signaling in the TRACT assay U2OS-DAT cells were pretreated for 1 h with 10 µM 
GBR12909, an atypical DAT inhibitor, prior to stimulation with increasing concentrations 
of  dopamine. GBR12909 pretreatment itself  did not substantially affect impedance during 
the 1 h incubation period (Supplementary Figure 3.S2a). In the presence of  GBR12909 
dopamine induced a decrease in nCI in U2OS-DAT cells similar to that in U2OS-mock 
cells (compare Figure 3.2a to 3.1c). Dopamine displayed a 16-fold higher apparent potency 
for D1R activation in U2OS-DAT cells pretreated with 10 µM GBR12909 (pEC50 = 5.2 ± 
0.2) compared to vehicle-pretreated cells (pEC50 = 4.0 ± 0.2) (Figure 3.2b, Table 3.1). 
Of  note, the slope of  the dopamine concentration-effect curve was significantly steeper 
(p < 0.01) in vehicle-treated cells (1.5 ± 0.1) than in cells treated with GBR12909 (0.9 ± 
0.1) as was assessed by a variable slope regression model (Supplementary Table 3.S1, 
Supplementary Figure 3.S3a). Taken together, this suggests DAT inhibition effectively 
prevents uptake of  extracellular dopamine leading to enhanced D1R activation.

A study of  the dopamine transporter using the TRACT assay

Cell line Compound pEC50 ± SEM (µM) pIC50 ± SEM (µM) n
U2OS-mock Dopamine 5.3 ± 0.2 	 (5) – 3

U2OS-DAT
Dopamine 4.0 ± 0.2* 	 (96) – 6
Dopamine + 10 µM GBR12909 5.2 ± 0.2## 	 (6) – 4
GBR12909 + 3.16 µM dopamine – 6.2 ± 0.1 (0.6) 4

JumpIn-DAT –dox Dopamine 5.1 ± 0.1 	 (8) – 7

JumpIn-DAT +dox

Dopamine 4.3 ± 0.0††† 	 (46) – 9
Dopamine + 10 µM GBR12909 4.6 ± 0.2&&& 	 (26) – 4
Dopamine + 10 µM cocaine 4.9 ± 0.1‡‡‡ 	 (13) – 4
GBR12909 + 10 µM dopamine – 6.6 ± 0.1 (0.2) 4
Cocaine + 10 µM dopamine – 6.3 ± 0.2 (0.6) 4

Table 3.1 – Apparent potency values of dopamine (pEC50) and inhibitory potency values of DAT inhibitors (pIC50) 
on U2OS-mock, U2OS-DAT or JumpIn-DAT (±dox) cells in TRACT experiments using a non-linear regression 
analysis model with a fixed pseudo-Hill slope of 1. 

Values are reported as the mean ± SEM of three to nine individual experiments performed in duplicate. 
Significant difference between two mean potency values was determined by unpaired two-tailed Student’s t-test. *p < 0.05 
(compared to U2OS-mock); ## p < 0.01 (compared to U2OS-DAT/dopamine); ††† p < 0.001 (compared to JumpIn-DAT –dox). 
Comparison of multiple mean values to vehicle control was done using a one-way ANOVA with Dunnett’s post-hoc test. 
‡‡‡ p < 0.001 (compared to JumpIn-DAT +dox/dopamine). &&& p < 0.001 (compared to JumpIn-DAT –dox).
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Next, the inhibitory potency of  GBR12909 was determined in the TRACT assay. U2OS-
DAT cells were pretreated for 1 h with increasing concentrations of  GBR12909 and 
subsequently stimulated with a submaximal concentration of  dopamine (3.16 µM) that 
resulted in the largest increase in cell response in cells pretreated with 10 µM GBR12909 
(Figure 3.2b). GBR12909 was able to concentration-dependently augment the dopamine-
induced decrease in impedance compared to vehicle-pretreated cells with a pIC50 of  6.2 ± 
0.1 (Figure 3.2c–d, Table 3.1). This demonstrates that the apparent inhibitory potency of  
DAT inhibitor GBR12909 can be quantified in the TRACT assay.

3.2.3 – DAT expression is higher than D1R in U2OS-DAT cells

To determine the relative amounts of  DAT and D1R protein expressed on U2OS-DAT cells 
radioligand saturation binding experiments were performed. To this end radioligands for 
DAT ([3H]WIN35,428) and D1R ([3H]SCH23390) were used to determine the respective 

Results

Figure 3.2 – Functional characterization of GBR12909 on DAT in U2OS-DAT cells in a TRACT assay. Cells were 
pretreated with vehicle, 10 µM (a,b) or increasing concentrations (c,d) of GBR12909. Representative vehicle-
corrected xCELLigence traces after stimulation with (a) increasing concentrations of dopamine or (c) 3.16 µM 
dopamine. (b) Concentration-effect curves of dopamine in U2OS-DAT cells pretreated with vehicle or 10 µM 
GBR12909 are shown as the net AUC of the first 120 min after stimulation normalized to the cell response 
of 31.6 µM dopamine. (d) Concentration-effect curve of GBR12909 after addition of 3.16 µM dopamine 
normalized to 10 µM GBR12909. Data are shown as mean ± SEM of three to six separate experiments each 
performed in duplicate.



46|

total amount of  binding sites (Bmax) and equilibrium dissociation constants (KD). No specific 
binding of  [3H]WIN35,428 was observed on U2OS-mock membranes (Supplementary 
Figure 3.S4a). On U2OS-DAT membranes saturable binding of  [3H]WIN35,428 was 
observed with a KD value of  28 ± 4 nM and a Bmax value of  1.6 ± 0.2 pmol/mg protein 
(Figure 3.3). The presence of  D1R was assessed on membranes of  non-transfected U2OS 
cells where [3H]SCH23390 showed saturable binding with a KD value of  0.9 ± 0.1 nM 
and a Bmax value of  0.1 ± 0.0 pmol/mg protein (Supplementary Figure 3.S4b). No 
detectable specific binding of  [3H]SCH23390 on U2OS-DAT membranes was observed 
(Supplementary Figure 3.S4c). Thus, these results suggest that (at least) 16-fold more 
DAT is present than D1R on U2OS-DAT cells.

3.2.4 – Inducible DAT expression attenuates dopamine response in JumpIn-DAT cells

To validate and compare the results observed in U2OS-DAT cells a second cell line was 
selected. JumpIn-DAT is a HEK 293 cell line modified for dox-inducible expression of  
DAT. In functional label-free assays JumpIn-DAT cells were seeded and grown with or 
without dox in E-plates for 22–24 h. Although JumpIn-DAT cells are weakly adherent no 
coating was needed to detect robust CI responses. JumpIn-DAT cells attach within 4 h after 
seeding, which leads to a gradual increase in CI and confluence after 24 h. The presence of  
dox did not affect CI of  JumpIn-DAT cells up to 24 h (Figure 3.4a). 

The amount of  dox was varied to modulate levels of  DAT expression. Incubating JumpIn-
DAT cells for 24 h with increasing concentrations of  dox enhanced cell surface expression 
of  DAT in a concentration-dependent manner compared to vehicle-treated cells (Figure 
3.4b, teal diamonds). Consequently, this resulted in a dox concentration-dependent decrease 
in the dopamine-induced cell response (Figure 3.4b, black squares), which is in line with 
the idea that the presence of  DAT removes extracellular dopamine leading to attenuated 
dopamine-induced signaling. Subsequent TRACT assays with JumpIn-DAT cells were 
performed in the presence of  1 µg/ml dox (+dox) or vehicle (‒dox) to ensure maximal and 
consistent DAT expression.

A study of  the dopamine transporter using the TRACT assay

Figure 3.3 – Representative saturation binding curve of [3H]WIN35,428 to DAT on U2OS-DAT membranes. Total 
binding (●) and non-specific binding (○) were determined in the absence or presence of 100 μM GBR12909. 
Specific binding (■) was obtained by linear subtraction of non-specific binding from total binding. Data are 
shown as the mean of a representative graph of three separate experiments each performed in triplicate.
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Results

Figure 3.4 – Functional characterization of dopamine (DA) response in JumpIn-DAT cells. (a) Representative 
xCELLigence growth curves after cell seeding ± 1 µg/ml dox, inhibitor pretreatment and dopamine addition. (b) 
Effect of dox on JumpIn-DAT cell response (TRACT assay) upon stimulation with 10 µM dopamine (set at 100%) 
(■) and effect of dox on cell surface expression of DAT detected by HA-tag ELISA (teal ♦, expressed as fold over 
mock). Data are shown as mean ± SD (HA-tag ELISA) or SEM (TRACT assay) of two or three separate experiments 
performed in quintuplicate or duplicate, respectively. (c) Representative vehicle-corrected xCELLigence traces 
of JumpIn-DAT cells in the absence of dox (–dox) and (d) JumpIn-DAT cells in the presence of 1 µg/ml dox (+dox) 
after stimulation with increasing concentrations of dopamine. Data is normalized prior to agonist addition at 
time = 0 min. (e) Concentration-effect curves of dopamine on JumpIn-DAT cells ±dox are shown as the net AUC 
of the first 30 minutes after stimulation normalized to the cell response of 316 µM dopamine. (f) Cell response 
of 31.6 µM dopamine (red bar, set at 100%) on dox-treated JumpIn-DAT cells pretreated for 1 h with 1 µM of 
one of following GPCR antagonists: SCH23390 (dopamine D1-like), raclopride (dopamine D2-like), doxazosin 
(alpha-1 adrenergic), yohimbine (alpha-2 adrenergic), propranolol (beta adrenergic). Data are shown as mean 
± SEM of three to nine individual experiments each performed in duplicate. Comparison of multiple mean 
values to vehicle control was done using a one-way ANOVA with Dunnett’s post-hoc test. *** p<0.001.



48|

To characterize the dopamine response in JumpIn-DAT cells these were stimulated with 
increasing concentrations of  dopamine. Impedance steadily increased reaching maximum 
nCI values after 10 to 15 min followed by a steady plateau (‒dox) or slight decrease in nCI 
(+dox) after 30 min (Figure 3.4c–d), which is notably different from the negative nCI 
responses observed in U2OS cells (Figure 3.1c–d). Dopamine was significantly less potent 
(p < 0.001) in the TRACT assay on dox-treated cells (pEC50 = 4.3 ± 0.0) than on vehicle-
treated cells (pEC50 = 5.1 ± 0.1) (Figure 3.4e, Table 3.1). This indicates that induced 
expression of  DAT leads to extracellular removal and a decrease in the apparent potency 
of  dopamine.

To verify dopamine-induced signaling was mediated via GPCR activation dox-treated cells 
were pretreated for 1 h in the presence of  1 µM GPCR antagonist prior to stimulation 
with a submaximal concentration (31.6 µM) dopamine. Addition of  antagonists to the cells 
did not affect the nCI compared to cells pretreated with vehicle (Supplementary Figure 
3.S1c). In contrast to U2OS-DAT cells the dopamine response was not affected by the 
dopamine D1-like receptor antagonist SCH23390, but was significantly reduced (p < 0.001) 
in the presence of  alpha-2 adrenergic receptor antagonist yohimbine (Figure 3.4f). This 
suggests that DAT function can be detected in JumpIn-DAT cells albeit through distinct 
receptor activation compared to U2OS-DAT cells.

3.2.5 – Characterization of  DAT inhibitors is possible using JumpIn-DAT cells in a TRACT 
assay 

After characterization of  the dopamine response the inhibitory potencies of  two DAT 
inhibitors were determined in the TRACT assay. In addition to GBR12909 the dopamine-
potentiating effect of  cocaine was assessed. Pretreatment of  dox-treated cells for 1 h 
with 10 µM GBR12909 or cocaine on their own did not substantially affect impedance 
over time (Supplementary Figure 3.S2b). Subsequent stimulation with dopamine led to 
increased nCI values after 10 minutes at concentrations of  dopamine between 1 and 31.6 
µM compared to vehicle-pretreated cells (compare Figure 3.5a to 3.4d). Consequently, 
GBR12909 enhanced the apparent potency of  dopamine 2-fold (pEC50 = 4.6 ± 0.2) 
compared to vehicle-pretreated cells (pEC50 = 4.3 ± 0.0), though this was not significant 
(p = 0.057). Cocaine showed a significant (p < 0.001), 3-fold increase in apparent potency 
of  dopamine (pEC50 = 4.9 ± 0.1) (Figure 3.5b, Table 3.1). Of  note, cocaine was thereby 
able to restore dopamine’s apparent potency to a value close to the one observed in cells 
without DAT (–dox: pEC50 = 5.1 ± 0.1; Table 3.1). Comparable to U2OS-DAT cells the 
slope of  the dopamine concentration-effect curve in dox-treated cells was steeper (1.5 
± 0.1) compared to vehicle-treated cells (0.8 ± 0.1) and dox-treated cells pretreated with 
GBR12909 (0.8 ± 0.1) or cocaine (0.7 ± 0.1) when a variable slope regression model was 
used (Supplementary Table 3.S1, Supplementary Figure 3.S3b).

Following characterization of  DAT inhibition on JumpIn-DAT cells, the inhibitory potency 
of  GBR12909 and cocaine was assessed on dox-treated cells. Different from U2OS-DAT 
cells the biggest difference in dopamine response between vehicle- and dox-treated cells was 
observed at a submaximal concentration (10 µM) of  dopamine (Figure 3.4e), proposing 
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the optimal window to detect DAT inhibition. Both inhibitors showed concentration-
dependent enhancement of  dopamine-induced cell responses with GBR12909 being more 
potent (pIC50 = 6.6 ± 0.1) than cocaine (pIC50 = 6.3 ± 0.2) (Figure 3.5c–d). This provides 
evidence for the suitability of  the TRACT assay to determine DAT inhibitor potencies.

3.3 – Discussion 

Label-free, non-invasive in vitro functional assays for SLC transporters are scarce3. The most 
prevalent strategy to assess SLC function in vitro is still by direct measurement of  labeled 
or modified substrate uptake in recombinant cell lines, animal tissues or SLC-containing 
membrane preparations. Novel label-free systems that detect SLC ligand engagement in 
living cells, such as the cellular thermal shift assay (CETSA)28 and mass spectrometry binding 

Discussion

Figure 3.5 – Functional characterization of GBR12909 and cocaine on DAT in JumpIn-DAT cells in the presence 
of 1 µg/ml dox (+dox) in a TRACT assay. Cells were pretreated with vehicle or 10 µM (a,b) or increasing 
concentrations (c,d) of either GBR12909 or cocaine. (a) Representative vehicle-corrected xCELLigence traces 
after stimulation with increasing concentrations of dopamine or (c) 3.16 µM dopamine. (b) Concentration-
effect curves of dopamine in dox-treated JumpIn-DAT cells pretreated with vehicle or 10 µM GBR12909 or 
cocaine are shown as the net AUC of the first 30 min after stimulation normalized to the cell response of 316 
µM dopamine. (d) Concentration-effect curve of GBR12909 and cocaine after addition of 10 µM dopamine 
normalized to 10 µM inhibitor. Data are shown as mean ± SEM of four to nine separate experiments each 
performed in duplicate.
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assays29, require invasive processing of  cells prior to or after SLC binding events. A recently 
described HTS-compatible label-free cell-based cytotoxicity assay for monocarboxylate 
transporter 1 (SLC16A1) showed promise for inhibitor screening studies30, although this 
method demands that a selective cytotoxic substrate is available for the SLC. Moreover, 
in 2012 Wong et al. reported on the use of  a label-free optical biosensor to characterize 
functional inhibition of  the electrogenic sodium-dependent phosphate transporter 2B 
(SLC34A2), but this was not followed up on31. Previously, a non-invasive assay using 
xCELLigence was described by our research team to detect activity of  non-electrogenic 
ENT1 via adenosine receptor (AR) signaling in U2OS cells, which endogenously express 
both ENT1 and ARs22. Compared to the assay by Vlachodimou et al., the novelty of  the assay 
in this chapter is the use of  two cell lines with distinct endogenous GPCR expression and 
heterologous expression of  DAT. In addition, for the first time we consider the expression 
levels and expression ratio between the receptor and transporter, presenting a more detailed 
look into the mechanism of  the TRACT assay and providing a guideline for its use for other 
SLC-GPCR pairs. 

Two mammalian cell lines were used to confirm the hypothesis that the presence of  DAT 
reduces extracellular dopamine and thereby activation of  cell surface receptors. Primary 
criterion for cell line selection was endogenous expression of  dopamine-responsive GPCRs. 
U2OS cells were chosen as a suitable cell line as RNA-Seq data available from The Human 
Protein Atlas (www.proteinatlas.org)32 indicated expression of  D1R on these cells (The 
Human Protein Atlas: ENSG00000184845-DRD1). Moreover, functional activation of  D1R 
on U2OS cells by dopamine has been reported previously in an impedance-based assay33. 
Expression of  DAT is not reported in U2OS (The Human Protein Atlas: ENSG00000142319-
SLC6A3), which necessitated heterologous expression of  DAT. Although DAT-transfected 
U2OS cells were successfully used to characterize pharmacological DAT inhibition (Figure 
3.2), the transient transfection procedure was deemed time-intensive and unfit for upscaling 
of  experimental throughput. In addition, variation in protein expression levels and quality 
can vary substantially between batches of  transiently transfected cells compared to stable 
expression systems34. Therefore, an additional second cell line, HEK 293 JumpIn-DAT, was 
created with stable and inducible expression of  DAT. Reported transcriptomics data suggest 
that HEK 293 JumpIn cells do not express dopamine receptors (BioSamples database (www.
ebi.ac.uk/biosamples)35: SAMN11893676, SAMN11893683, SAMN11893683), but rather 
express the alpha-2C adrenergic receptor. Dopamine has been reported to exert agonistic 
effects on this receptor36, which was confirmed in the current chapter (Figure 3.4f).

Uptake by DAT is the main process responsible for removal of  extracellular dopamine 
in dopaminergic synapses and extrasynaptic spaces37. In striatal slices of  mice dopamine 
released by electrical stimulation remained in the extracellular space more than 100-
fold longer in DAT knock-out mice compared to wild-type mice with fully functional 
DAT, underlining the importance of  DAT in dopamine clearance, signaling and tone38. 
Analogously, in the TRACT assay expression of  DAT resulted in a lower apparent 
potency of  dopamine compared to mock-transfected or non-induced cells assuming a 
pseudo-Hill slope of  1 (Figure 3.1e and 3.5e). Interestingly, when these data were fitted 
to sigmoidal concentration-effect curves with a variable slope, it was evident that slopes 
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for dopamine concentration-effect curves on U2OS-DAT and dox-treated JumpIn-DAT 
cells were significantly steeper compared to cells lacking DAT (Supplementary Figure 
3.S3, Supplementary Table 3.S1). Pretreatment with GBR12909 or cocaine restored 
the slopes of  the dopamine concentration-effect curves in U2OS-DAT and dox-treated 
JumpIn-DAT cells to values close to mock or vehicle-treated cells. This observation could 
be explained according to concepts described by Kenakin, which postulate that a saturable 
removal process (e.g., dopamine uptake by DAT), of  which the magnitude is dependent 
on the capacity of  the process (Vmax) and the affinity of  the substrate for the process (Km), 
affects the free concentration of  a substrate present in the medium39,40. Thus, if  the removal 
process is saturated within the concentration range of  substrate used in the experiment, the 
presence of  the removal process leads to an increased pseudo-Hill slope and a rightward 
shift of  the substrate concentration-effect curve upon binding to surface receptors (e.g. 
GPCRs). This is the case for the TRACT assay in this chapter, as dopamine Km values for 
DAT have been reported to be between 0.1 and 5 µM in heterologous DAT expression 
systems41, which are in the range of  the tested dopamine concentrations. Therefore, in 
this context increased pseudo-Hill slopes in addition to a rightward shift of  the substrate 
concentration-effect curve may be indicative of  a functional substrate removal process and 
validate the functionality of  the TRACT assay. A more in-depth analysis of  this concept by 
Kenakin is presented in Chapter 8.

One of  the main differences between the current TRACT assay and the previously reported 
label-free assay for ENT122 is the use of  heterologous expression of  the SLC. Thus, a 
major benefit of  this approach is being able to better control the amount of  SLC and/or 
GPCR in the cell line, making the assay less dependent on endogenous expression levels of  
both proteins. In this context we determined the ratio of  SLC and GPCR present on the 
cell surface as an indication to adequately measure SLC function, by performing saturation 
binding experiments on U2OS-DAT cells with radioligands for both DAT and D1R (Figure 
3.3, Supplementary Figure 3.S2). The amount of  D1R on non-transfected U2OS cells 
(Bmax = 0.1 ± 0.0 pmol/mg protein) was approximately 16-fold lower than the amount 
of  DAT on U2OS-DAT cells (Bmax = 1.6 ± 0.2 pmol/mg protein). Of  note, the amount 
of  D1R on U2OS-DAT cells was below the detection limit of  the radioligand binding 
assay (Supplementary Figure 3.S4c), indicating that the transient transfection procedure 
negatively impacts the expression of  D1R on U2OS cells. It has been reported that off-
target effects and changes in cell behavior upon transient transfection can be attributed to 
transfection reagents itself  or the introduction of  foreign DNA into cells42, which could 
explain the apparent reduction in detectable D1R in U2OS-DAT cells. This suggests that 
there is at least 16-fold more DAT than D1R in U2OS-DAT cells, which in more general 
terms could indicate that the SLC should be present in higher concentrations than the 
GPCR. This was most probably also the case in the study by Vlachodimou et al., where 
endogenous ENT1 is abundantly expressed on U2OS cells (Bmax = 31 pmol/mg protein), 
although no saturation or expression data of  adenosine receptors was reported on these 
cells43. Consequently, the transport capacity (Vmax) of  the transporter to remove enough 
exogenous/extracellular substrate is observed as a shift in apparent substrate potency or 
change in pseudo-Hill slope of  the GPCR response 40. The observed differences in the 
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apparent dopamine potency shifts between U2OS-DAT (19-fold compared to U2OS-
mock) and dox-treated JumpIn-DAT (5-fold compared to vehicle-treated) may be due to 
differences in the method of  transfection, post-translational modifications, cell surface 
expression levels of  both DAT and GPCR, or divergent expression patterns of  regulatory 
proteins of  DAT44.

To validate the TRACT assay for DAT, we selected two reference DAT inhibitors 
(GBR12909 and cocaine) which have a 10 to 100-fold difference in affinity for DAT45. Both 
cell lines were successfully used to determine the inhibitory potency of  GBR12909, which 
is a well-known atypical DAT inhibitor with reported low nanomolar affinity for DAT45,46. 
The presence of  GBR12909 in U2OS-DAT or dox-treated JumpIn-DAT cells enhanced the 
response of  these cells to dopamine comparable to cells lacking DAT. The inhibitory potency 
values for GBR12909 obtained in this chapter are in line with reported pIC50 values for a 
fluorescence-based neurotransmitter uptake assay (6.7)47 and 1-methyl-4-phenylpyridinium 
(MPP+)-induced toxicity inhibition (7.0)48, but are slightly lower compared to pIC50 values 
measured in [3H]dopamine uptake experiments, which show a wide range of  values from 6.6 
to 9.045,46,49–51. This could be due to the method used to analyze the Cell Index traces of  the 
dopamine responses (e.g., use peak nCI instead of  AUC, or use different time intervals to 
infer the AUC), which could in turn influence the pIC50 value52. Moreover, the difference in 
potency may be explained by the presence of  high (competing) concentrations of  dopamine 
upon stimulation in the TRACT assay (3.16 – 10 µM), whereas traditional uptake inhibition 
assays are usually performed in the presence of  10–100 nM [3H]dopamine53. The high 
concentrations of  dopamine could potentially mask the high affinity of  compounds for 
DAT, as we have observed for GBR12909, which could lead to the TRACT assay detecting 
only compounds with a high affinity while missing out on inhibitors with low potency. 
However, the inhibitory potency values obtained for cocaine, a classical inhibitor that binds 
to the same central binding site as dopamine54, were in line with previously reported values 
measured in neurotransmitter uptake assays (pIC50 values range from 6.1 to 7.2)45,46,49,50,55, 
indicating that the TRACT assay is sensitive enough to detect DAT inhibitors with varying 
affinities. 

In summary, this chapter reports the first label-free whole-cell bioassay, termed the TRACT 
assay, that allows characterization of  pharmacological DAT inhibition using the impedance-
based xCELLigence technology. Dopamine responses were recorded in real-time in two 
mammalian cell lines, each via activation of  endogenously expressed GPCRs. The presence 
of  DAT in these cells resulted in attenuated dopamine-induced GPCR signaling, which 
was essentially recovered upon pretreatment with DAT inhibitors. This provided an assay 
window to measure inhibitory potencies of  two DAT inhibitors, which were in accordance 
with values from previously reported orthogonal functional assays. The current chapter 
demonstrates the versatility of  impedance-based biosensors to detect signaling events in a 
single cell line, which can be attributed to both GPCR activation and SLC activity. This adds 
SLCs to the increasing list of  protein classes that can be assessed using label-free whole 
cell bioassays with the intended application in drug discovery programs. Consequently, 
this opens up unexplored venues for development of  the TRACT assay as a novel drug 
discovery tool for SLCs that have a shared substrate with GPCRs.

A study of  the dopamine transporter using the TRACT assay
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3.4 – Material and methods

3.4.1 – Chemicals and reagents

Human bone osteosarcoma cells (U2OS) were kindly provided by Mr. Hans den Dulk 
(Leiden Institute of  Chemistry, department of  Molecular Physiology, Leiden University, 
and the Netherlands). Jump In T-REx human embryonic kidney 293 (HEK 293) cells 
modified for doxycycline-inducible overexpression of  the wild-type human dopamine 
transporter (JumpIn-DAT) were provided by CeMM (Research Center for Molecular 
Medicine, Medical University of  Vienna, Austria). Dulbecco’s Modified Eagle’s Medium 
high glucose (DMEM), doxycycline hyclate, dopamine hydrochloride, (±)-propranolol 
hydrochloride and (+)-butaclamol hydrochloride were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). GBR12909 dihydrochloride was purchased from Toronto Research 
Chemicals (North York, Canada). Cocaine hydrochloride was purchased from Duchefa 
Farma (Haarlem, The Netherlands), where Leiden University has been certified for its use 
in pharmacological experiments. SCH23390 hydrochloride and raclopride were purchased 
from Tocris Bioscience (Bristol, United Kingdom). Yohimbine hydrochloride and doxazosin 
mesylate were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Radioligands 
[3H]-2β-carbomethoxy-3β-(4-fluorophenyl)-tropane ([3H]WIN35,428, specific activity of  
82.4 Ci/mmol) and [3H]-(R)-(+)-7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-
1H-3-benzazepine ([3H]SCH23390, specific activity of  83.2 Ci/mmol) were purchased 
from PerkinElmer (Groningen, The Netherlands). xCELLigence PET E-plates 96 (ACEA 
Biosciences, San Diego, CA, USA) were purchased from Bioké (Leiden, The Netherlands). 
All other chemicals were of  analytical grade and obtained from standard commercial sources.

3.4.2 – Stable JumpIn-DAT cell line generation

After thawing Jump In T-REx HEK 293 (JumpIn) cells were split twice a week in 
growth medium containing 200 µg/ml hygromycin B and 5 µg/ml blasticidin. A codon 
optimized ORF (Addgene #132160) for the human dopamine transporter (SLC6A3, ORF: 
NM_001044) was cloned into a Gateway-compatible expression vector which was generated 
by inserting Twin-Strep-tag epitopes followed by the human influenza hemagglutinin 
(HA)-tag downstream of  the AttR2 gateway site in the original pJTI R4 DEST CMV TO 
pA vector. This vector therefore allows expression of  SLC6A3 with a C-terminal Twin-
Strep-HA tag. Of  note, the plasmid contains two tetracycline operator 2 (TO) sites under 
a cytomegalovirus immediate-early (CMV) promotor to allow inducible expression of  the 
gene of  interest in the presence of  doxycycline (dox). JumpIn cells were transfected with 
the expression vector using Lipofectamine in medium without antibiotics according to 
the manufacturer’s protocol (ThermoFisher Scientific). Successfully transfected cells were 
selected in medium containing 2 mg/ml Geneticin (G418) and 5 µg/ml blasticidin for 2 to 
4 weeks. Resistant clones were pooled after selection and used for all further experiments.

3.4.3 – Cell culture

JumpIn-DAT cells were grown as adherent cells in culture medium consisting of  DMEM 
(high glucose) supplemented with 10% (v/v) fetal calf  serum (FCS), 2 mM Glutamax, 100 
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µg/ml streptomycin and 100 IU/ml penicillin at 37°C and 7% CO2. After thawing, recovered 
cells were maintained up to one week in culture medium supplemented with 2 mg/ml G418 
and 5 µg/ml blasticidin to select transfected clones. After this round of  selection, cells were 
switched back to regular culture medium at least 24 h before the next experiment. Cells were 
subcultured twice a week at ratios of  1:8 – 1:16 in 10 cm plates. 

U2OS cells were grown as adherent cells in culture medium consisting of  DMEM (high 
glucose) supplemented with 10% (v/v) newborn calf  serum (NCS), 2 mM Glutamax, 100 
µg/ml streptomycin and 100 IU/ml penicillin at 37°C and 7% CO2. Cells were subcultured 
twice a week at ratios of  1:8 – 1:12 in 10 cm plates. 

3.4.4 – Transient U2OS-DAT cell line generation

For transient transfection of  U2OS cells, empty pcDNA3.1(+) plasmid (mock cDNA), 
as well as cDNA encoding the human DAT (SLC6A3, ORF: NM_001044) containing a 
C-terminal FLAG-tag cloned into a pcDNA3.1(+) plasmid (DAT cDNA) were purchased 
from GenScript (Piscataway, NJ, USA). cDNA was transformed into DH5α competent 
cells (Invitrogen, Carlsbad, CA, USA) in the presence of  100 µg/ml ampicillin and was 
purified using a QIAGEN Plasmid Midi Kit (QIAGEN, Hilden, Germany). Quality and 
concentration of  the cDNA were measured using a NanoDrop 2000 (Thermo Fisher 
Scientific, Waltham, MA, USA).

U2OS cells were transiently transfected using polyethyleneimine (PEI) as a transfection 
vector56. 24 h before transfection, cells were seeded in 10 cm plates to achieve 50–70% 
confluence on the day of  transfection. Prior to transfection, medium was switched to 
culture medium without penicillin/streptomycin. A mix of  15 µg/ml PEI and 5 µg total 
cDNA (mock or DAT) in 1 ml Opti-MEM was incubated at room temperature for 30 min. 
Per 10 cm plate, 1 ml PEI-cDNA complex was added and cells were incubated for 24 h at 
37°C and 7% CO2 before membrane preparation or use in TRACT or ELISA assays. 

3.4.5 – Whole-cell FLAG-tag ELISA

Transiently transfected U2OS cells were detached from 10 cm plates 24 h post-transfection 
using phosphate-buffered saline (PBS)/EDTA. Cells were counted and seeded in a sterile 
96-well flat bottom plate in culture medium at 80,000 cells/well in the presence of  5 mM 
sodium butyrate to enhance DAT expression57 and incubated at 37°C and 7% CO2 for 24 h 
(100 µl total volume). All subsequent handlings were performed at room temperature. After 
incubation, cells were washed with PBS and fixed with 3.7% formaldehyde for 10 min. Cells 
were washed with Tris-buffered saline (TBS) and subsequently blocked with TBS containing 
2% (w/v) bovine serum albumin (BSA) and 0.2% (w/v) saponin for 30 min. Saponin was 
included in all subsequent incubation steps to facilitate membrane permeabilization58 to 
allow the primary and secondary antibodies to reach the intracellular C-terminal FLAG-tag 
of  DAT. After blocking, cells were incubated with 1:2500 mouse anti-FLAG M2 monoclonal 
antibody (Sigma Aldrich) for 2 h. Subsequently, cells were incubated with 1:10,000 rabbit 
anti-mouse horse radish peroxidase (HRP)-conjugated IgG antibody (Sigma Aldrich) for 
1 h. To visualize immunoreactivity, HRP substrate 3,3’,5,5’-tetramethylbenzidine (TMB) 
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was added to cells and incubated for 5 min. The reaction was quenched with 1 M H3PO4. 
Absorbance at 450 nm was measured using a Wallac EnVision multimode plate reader 
(PerkinElmer, Groningen, The Netherlands).

3.4.6 – Whole-cell HA-tag ELISA

JumpIn-DAT cells were grown in culture medium to 80% confluence. Cells were trypsinized, 
counted and seeded in a sterile 96-well flat bottom plate in culture medium at 60,000 cells/
well in the presence of  increasing amounts (1 pg/ml – 1 µg/ml) of  dox (100 µl total 
volume). Cells were incubated at 37°C and 7% CO2 for 24 h. All subsequent handlings were 
performed at room temperature. After incubation, cells were washed with PBS and fixed 
with 3.7% formaldehyde for 10 min. Cells were washed with DMEM and blocked with 
DMEM containing 2% (w/v) BSA and 0.2% (w/v) saponin for 1 h. After blocking, cells 
were incubated with 1:2500 rabbit anti-HA polyclonal antibody (Invitrogen, Carlsbad, CA, 
USA) for 30 min. Subsequently, cells were washed with DMEM containing 25 mM HEPES 
and incubated with 1:3000 goat anti-rabbit HRP-conjugated IgG antibody (Brunschwig 
Chemie, Amsterdam, The Netherlands) for 30 min. Immunoreactivity was visualized and 
measured as described in Section 3.4.5.

3.4.7 – Membrane preparation

Transiently transfected U2OS-DAT cells were treated with 5 mM sodium butyrate 24 h 
post-transfection to enhance protein expression. U2OS-DAT cells were grown to 50–70% 
confluence in 10 cm plates and harvested 48 h post-transfection by scraping in PBS and 
pelleted by centrifugation for 5 min at 1400 x g. Non-transfected U2OS cells were grown 
to 90% confluence prior to scraping in PBS and centrifugation. Pellets were suspended in 
ice-cold Tris buffer (50 mM Tris-HCl, pH 7.4) and homogenized using an Ultra Turrax 
homogenizer (IKA-Werke GmbH & Co.KG, Staufen, Germany). Membranes were 
separated from the cytosolic fraction by centrifugation at 31,000 x g using an Optima LE-
80K Ultracentrifuge (Beckman Coulter, Fullerton, CA, USA) for 20 min at 4°C. Pellets were 
suspended in ice-cold Tris buffer, homogenized and centrifuged once more. Final pellets 
were suspended in ice-cold Tris buffer, aliquoted and stored at –80°C. Protein amount of  
the membranes was determined using a bicinchoninic acid protein determination59.

3.4.8 – [3H]WIN35,428 and [3H]SCH23390 saturation binding assays

U2OS-DAT or non-transfected U2OS membranes (20 µg per well) were incubated in assay 
buffer (50 mM Tris-HCl, pH 7.4, and 100 mM NaCl) containing [3H]WIN35,428 or [3H]
SCH23390, respectively, for 120 min at 25°C to ensure equilibrium binding was reached at 
all tested radioligand concentrations. Total binding (TB) was determined in the presence of  
increasing concentrations of  [3H]WIN35,428 (2–150 nM) or [3H]SCH23390 (0.1–10 nM). 
Non-specific binding (NSB) was determined at three concentrations of  [3H]WIN35,428 (2, 
80, 150 nM) in the presence of  100 µM GBR12909, or [3H]SCH23390 (0.1, 4, 10 nM) in 
the presence of  10 µM (+)-butaclamol. Amounts of  dimethylsulfoxide (DMSO) in all wells 
were kept at 1%. Membrane incubation was terminated by rapid filtration through a 96-well 
GF/B filter plate using a FilterMate 96-well plate harvester (PerkinElmer, Groningen, The 
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Netherlands). Filters were washed 10 times with ice-cold assay buffer and dried completely. 
Filter-bound radioactivity was measured in the presence of  25 µl/well Microscint scintillation 
cocktail using a MicroBeta2 2450 microplate scintillation counter (PerkinElmer, Groningen, 
The Netherlands).

3.4.9 – TRACT assays (xCELLigence)

Label-free whole-cell TRACT assays were performed using the xCELLigence real-time cell 
analyzer (RTCA) system as described in previous publications22,43. In principle, xCELLigence 
RTCA measures the impedance that is generated by cells that adhere to the gold-coated 
electrodes and cover the bottom of  microtiter E-plates. Any change in adhesion, cell number, 
proliferation rate and morphology (e.g., as a result of  pharmacological perturbations) is 
measured as an increase or decrease of  impedance over time. Impedance values, which are 
measured continuously at a frequency of  10 kHz, for each well are converted by the RTCA 
software to the dimensionless parameter Cell Index (CI) using the following formula: 

where Zi is the impedance at any given time point and Z0 is the baseline impedance that is 
measured at the start of  each experiment16. 

All assays were performed at 37°C and 5% CO2 in 96-well E-plates in a total volume of  
100 µl per well. Depending on the amount of  compound additions during an experiment, 
background impedance at the start of  each experiment was measured in 45 µl (1 addition) or 
40 µl (2 additions) culture medium. Cells were seeded manually in the wells in a volume of  
50 µl. Compounds were added in 5 µl per addition using a VIAFLO 96 handheld electronic 
96 channel pipette (INTEGRA Biosciences, Tokyo, Japan).

3.4.9.1 – Cell preparation and monitoring

To demonstrate reproducibility of  the TRACT experiments, cells were used from at least two 
different cell batches. In addition, cells were used at different passage numbers, ranging from 
p2 to p11. U2OS-mock or U2OS-DAT cells grown to 50–70% confluence were detached 
24 h post-transfection from 10 cm plates with PBS/EDTA. Background impedance in 96-
well E-plates was measured using culture medium containing a final concentration of  5 mM 
sodium butyrate. Subsequently, cells were seeded at 40,000 cells/well in culture medium. 
The E-plate was left at room temperature for 30 min and placed in the recording station. 
Impedance was measured overnight every 15 min. Cells were treated 17–19 h after seeding 
based on previous reports12,22. 

JumpIn-DAT cells grown to 70–80% confluence were briefly trypsinized from 10 cm plates 
prior to use in the assay. Baseline impedance was measured using culture medium containing 
dox (1 pg/ml – 1 µg/ml) or vehicle (milliQ water). Subsequently, cells were seeded at 60,000 
cells/well in culture medium. The E-plate was left at room temperature for 30 min and 
placed in the recording station. Impedance was measured overnight every 15 min. Cells 
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were treated 22–24 h after seeding as dox-induced protein expression is optimal after 24 h 
according to the JumpIn cells manufacturer’s protocol (Thermo Fisher Scientific).

3.4.9.2 – Cell pretreatment

In antagonist experiments, cells were pretreated by the addition of  a GPCR antagonist (1 
µM; SCH23390, raclopride, doxazosin, yohimbine, propranolol). In TRACT assays, cells 
were pretreated with a DAT inhibitor (10 µM or increasing concentrations (100 pM – 10 
µM); GBR12909, cocaine) or a vehicle control (0.1% DMSO in PBS). Final amounts of  
DMSO in each well were kept at 0.1%. Impedance was measured every minute after the 
addition for 60 min. 

3.4.9.3 – Cell stimulation

Cells were stimulated by the addition of  dopamine (concentration depending on type of  
assay) or a vehicle control (1 mM ascorbic acid in PBS). Note, ascorbic acid was used in the 
presence of  dopamine to prevent its oxidation in culture medium. In antagonist experiments, 
cells were stimulated with a submaximal (EC80) concentration of  dopamine. In TRACT 
assays to determine the inhibitory potency of  DAT inhibitors, cells were stimulated with a 
submaximal (EC20) concentration of  dopamine. Impedance was measured initially every 15 
seconds after the addition for 25 min, then every minute for 10 min, every 5 minutes for 50 
min and finally every 15 minutes. For U2OS-mock and U2OS-DAT cells, impedance was 
measured for 120 min after stimulation. For JumpIn-DAT cells, impedance was measured 
for 30 min after stimulation. 

3.4.10 – Data analysis

3.4.10.1 – Radioligand saturation binding

To calculate Bmax values, disintegrations per minute (DPM) values of  each data point obtained 
from saturation binding experiments were converted to pmol/mg protein using the specific 
activity of  the radioligand and overall membrane protein concentration. Resulting data were 
analyzed using GraphPad Prism v8.1.1 (GraphPad Software, San Diego, CA, USA). The 
equilibrium dissociation constant (KD) and total amount of  specific binding sites (Bmax) of  
[3H]WIN35,438 and [3H]SCH23390 were determined by fitting the data with non-linear 
regression to an exponential one site – total and non-specific binding equation. Specific 
binding was visualized by subtracting linear non-specific binding from total binding and 
fitting the data with a one site – specific binding equation.

3.4.10.2 – xCELLigence 

Experimental data was recorded using RTCA Software v2.0 or v2.1.1 (ACEA Biosciences). 
CI values were normalized to the first time point prior to cell stimulation to obtain 
normalized CI (nCI) values. Raw nCI data were exported using RTCA Software and all 
subsequent analyses were performed using GraphPad Prism v8.1.1. In all experiments, nCI 
values of  vehicle-only conditions were subtracted from all other data points to correct for 
vehicle-induced, ligand-independent effects. Vehicle-corrected nCI responses were analyzed 
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by taking the absolute net area under the curve (AUC) of  the first 120 min (U2OS-mock, 
U2OS-DAT) or 30 min (JumpIn-DAT) after agonist stimulation to make concentration-
effect curves and bar graphs. Apparent potency values of  dopamine (pEC50) and inhibitory 
potency values of  DAT inhibitors (pIC50) were obtained by fitting the AUC data with non-
linear regression to a sigmoidal concentration-effect curve with a pseudo-Hill slope of  1 or 
a variable pseudo-Hill slope. 

3.4.10.3 – Statistics 

Data are shown as the mean ± standard error of  the mean (SEM) of  at least three separate 
experiments each performed in duplicate, unless stated otherwise. Significant difference 
between two mean potency values was determined by an unpaired two-tailed Student’s 
t-test. Comparison of  multiple mean values to a vehicle control was done using a one-way 
ANOVA with Dunnett’s post-hoc test. Differences were considered statistically significant 
when p-values were below 0.05.
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Supplementary Information
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Supplementary Figure 3.S1 – Representative vehicle-corrected xCELLigence traces of GPCR antagonists 
in three cell lines. (a) Pretreatment of U2OS-DAT cells with 1 µM antagonist for 1 h. (b) Stimulation of non-
transfected U2OS cells with 316 nM dopamine after pretreatment with vehicle, 1 µM SCH23390 or raclopride 
for 1 h. (c) Pretreatment of JumpIn-DAT cells in the presence of 1 µg/ml dox (+dox) with 1 µM antagonist for 1 h. 
Data are shown as the mean of a representative graph of at least three separate experiments each performed 
in duplicate.
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Supplementary Figure 3.S3 – Dose-response curves of dopamine on (a) U2OS-DAT, U2OS-mock and (b) 
JumpIn-DAT cells with or without 1 µg/ml dox (±dox). Data are shown as the net AUC of the first 120 minutes 
(U2OS) or 30 minutes (JumpIn-DAT) after stimulation normalized to the cell response of 31.6 μM (U2OS) or 
316 μM (JumpIn-DAT) dopamine. U2OS-DAT and dox-treated JumpIn-DAT cells were pretreated with 10 µM 
GBR12909, 10 µM cocaine (dox-treated JumpIn-DAT only) or vehicle. Data were fitted with non-linear regression 
to a sigmoidal dose-response curve with a variable slope. Data are shown as mean ± SEM of three to nine 
separate experiments each performed in duplicate.

Supplementary Figure 3.S2 – Representative vehicle-corrected xCELLigence traces of DAT inhibitors in two 
cell lines. (a) Pretreatment of U2OS-DAT cells with 10 µM GBR12909 for 1 h. (b) Pretreatment of JumpIn-DAT 
cells in the presence of 1 µg/ml dox (+dox) with 10 µM GBR12909 or cocaine for 1 h. Data are shown as the 
mean of a representative graph of at least three separate experiments performed with 16 replicates.
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Supplementary Figure 3.S4 – Radioligand binding experiments. (a) Binding of ~10 nM [3H]WIN35,428 to 
40 µg U2OS-mock or U2OS-DAT membranes. Total binding and non-specific binding were determined in the 
absence or presence of 100 μM GBR12909, respectively. (b) Representative saturation binding curve of [3H]
SCH23390 to D1R on non-transfected U2OS membranes. Total binding (●) and non-specific binding (○) were 
determined in the absence or presence of 10 μM (+)-butaclamol, respectively. Specific binding (■) was obtained 
by linear subtraction of non-specific binding from total binding. (c) Binding of ~0.8 nM [3H]SCH23390 to 40 
µg U2OS-DAT or non-transfected U2OS membranes. Total binding and non-specific binding were determined in 
the absence or presence of 10 µM (+)-butaclamol. Data are shown as mean ± SD of two experiments (a,c) or 
as the mean of a representative graph of three separate experiments (b) each performed in triplicate. DPM = 
disintegrations per minute.
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Cell line Compound pEC50 ± SEM slope ± SEM n
U2OS-mock Dopamine 5.4 (5.2, 5.5)a 	 0.9 (1.0, 0.8)a 2

U2OS-DAT
Dopamine 4.7 ± 0.2 1.5 ± 0.1 5
Dopamine + 10 µM GBR12909 5.0 ± 0.4 	 0.9 ± 0.1## 4

JumpIn-DAT –dox Dopamine 5.1 ± 0.1 	 0.8 ± 0.1 7

JumpIn-DAT +dox
Dopamine 4.5 ± 0.0††† 	 1.5 ± 0.1*** 9
Dopamine + 10 µM GBR12909 4.5 ± 0.1	 0.8 ± 0.1&&& 4
Dopamine + 10 µM cocaine 4.7 ± 0.1 0.7 ± 0.1&&& 4

Supplementary Table 3.S1 – Apparent potency values (pEC50) of dopamine and pseudo-Hill slopes of the 
concentration-effect curves on U2OS-mock, U2OS-DAT or JumpIn-DAT (±dox) cells in TRACT assays using a 
non-linear regression analysis model with a variable slope.

a Mean (individual values) of two individual experiments each performed in duplicate
Values are reported as the mean ± SEM of three to nine individual experiments performed in duplicate, unless stated otherwise. 
Significant difference between two mean potency values was determined by unpaired two-tailed Student’s t-test. 
††† p < 0.001 (compared to JumpIn-DAT (–dox)/dopamine); ## p < 0.01 (compared to U2OS-DAT/dopamine); 
*** p < 0.001 (compared to JumpIn-DAT (–dox)/dopamine). 
Comparison of multiple mean values to vehicle control was done using a one-way ANOVA with Dunnett’s post-hoc test. 
&&& p < 0.001 (compared to JumpIn-DAT (+dox)/dopamine).
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CHAPTER 4

The human norepinephrine transporter (NET) is an established drug target for a wide range 
of  psychiatric disorders. Conventional methods that are used to functionally characterize 
NET inhibitors are based on the use of  radiolabeled or fluorescent substrates. These 
methods are highly informative, but pose limitations to either high-throughput screening 
(HTS) adaptation or physiologically accurate representation of  the endogenous uptake 
events. In Chapter 3, we developed a label-free functional assay based on the activation 
of  G protein-coupled receptors by a transported substrate, termed the TRACT assay. 
In the current chapter, the TRACT assay technology was applied to NET expressed in 
a doxycycline-inducible HEK293-JumpIn cell line. Three endogenous substrates of  NET 
– norepinephrine (NE), dopamine (DA) and epinephrine (EP) – were compared in the 
characterization of  the reference NET inhibitor nisoxetine. The resulting assay, using NE 
as a substrate, was validated in a manual HTS set-up with a Z’ = 0.55. The inhibitory 
potencies of  several reported NET inhibitors from the TRACT assay showed positive 
correlation with those from an established fluorescent substrate uptake assay. These findings 
demonstrate the suitability of  the TRACT assay for HTS characterization and screening of  
NET inhibitors and provide a basis for investigation of  other solute carrier transporters 
with label-free biosensors.





|69

C
ha

pt
er

 4

4.1 – Introduction 

The uptake of  neurotransmitters in and around the synaptic cleft by dedicated membrane 
transport proteins is a key process in the regulation of  neurotransmitter signaling1. As 
such, transporter dysfunction and aberrant levels of  synaptic neurotransmitters have been 
linked to the manifestation of  an array of  psychiatric disorders including depression, 
anxiety and attention-deficit hyperactive-disorder2. Monoamine transporters of  the solute 
carrier transporter family 6 (SLC6) mediate the rapid clearance of  released monoamine 
neurotransmitters (e.g., dopamine, norepinephrine, serotonin) and are therefore considered 
major drug targets for the aforementioned psychiatric disorders3,4. 

The norepinephrine transporter (NET, SLC6A2) facilitates sodium- and chloride-
dependent uptake of  norepinephrine, with overlapping substrate specificity for dopamine 
and epinephrine1,5. NET is mainly expressed at synaptic terminals in the nervous system 
where it is a regulator of  noradrenergic signaling, which affects physiological processes such 
as mood, behavior, heart rate and blood pressure6. Currently, NET is a therapeutic target of  
tricyclic antidepressants (TCAs), selective norepinephrine reuptake inhibitors (NRIs) and 
serotonin-norepinephrine reuptake inhibitors (SNRIs) for the treatment of  depression2,3,7. 
In addition, NET is targeted by radiolabeled “theranostics” for imaging and treatment of  
neuroendocrine tumors8,9, as well as drugs of  abuse (e.g., cocaine, amphetamine) which 
are known to inhibit NET3,10. The continuing clinical use of  (S)NRIs to treat anxiety and 
depression as well as the recent developments of  NET inhibitors as potential treatment for 
incontinence11, excessive sleepiness12 and neuropathic pain13,14 still warrant the discovery of  
novel NET inhibitors.

Conventionally, in vitro methods to functionally characterize NET inhibitors are based 
on inhibition of  uptake of  a radiolabeled substrate (e.g., [3H]norepinephrine15,16) or a 
fluorescent substrate17,18. While these methods generally provide reliable IC50 values for 
NET inhibitors, the use of  labeled substrates has practical downsides such as high costs, 
waste management, safety precautions and availability of  suitable (fluorescent) substrates, 
limiting the broad implementation of  these principles for drug screening19. Recently, our 
group developed a novel functional ‘transport activity through receptor activation’ (TRACT) 
assay (Figure 1.4, Chapter 1) based on a label-free impedance-based technology for the 
equilibrative nucleoside transporter 1 (ENT1, SLC29A1)20,21 and the dopamine transporter 
(DAT, SLC6A3, see Chapter 3)22. In this bioassay a transporter that shares its substrate 
(e.g., adenosine, dopamine) with a G protein-coupled receptor (GPCR) is expressed in live 
cells together with a cognate GPCR. Uptake of  substrate by the transporter decreases its 
local extracellular concentration, thereby limiting the ability of  the substrate to activate the 
GPCR. Conversely, pharmacological inhibition of  the transporter augments the substrate-
induced GPCR response, providing an assay window for identification of  transporter 
modulators. So far, the TRACT assay principle has been demonstrated in a low-throughput 
setting, while the screening potential of  the assay has not yet been investigated.

In this chapter, a label-free TRACT assay was developed and validated for the human 
NET using an impedance-based biosensor, xCELLigence23–25. To develop the assay we 

Introduction
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used a modified human embryonic kidney (HEK)-293 cell line with doxycycline-inducible 
overexpression of  NET and endogenous expression of  adrenergic receptors (JumpIn-
NET). Endogenous substrates of  NET (norepinephrine, dopamine and epinephrine) 
were used to explore the substrate specificity of  NET inhibitors and to maximize the 
assay window. Following optimization, the assay was validated in a manual 96-well high-
throughput screening (HTS) set-up, demonstrating an “excellent assay” window, according 
to definition by Zhang26. Several reference NET inhibitors were tested for their inhibitory 
potencies, which showed a strong correlation with potencies from an established fluorescent 
substrate uptake assay18. These results render the TRACT assay suitable for characterization 
of  NET inhibitors and demonstrate that the assay is amenable to HTS. The detailed read-
out, physiological setting and label-free nature of  the method make the TRACT assay a 
meaningful alternative to conventional label-based assays for SLCs.

4.2 – Results 

4.2.1 – Presence of  NET attenuates substrate-induced cellular responses

In order to detect NET function in a label-free TRACT assay, a JumpIn cell line with 
dox-inducible expression of  NET (JumpIn-NET) was generated. Suitable substrates for 
the TRACT assay were selected based on the criteria that the substrate should both be 
transported by NET and activate the cognate GPCR. Besides norepinephrine (NE), which 
is the most common endogenous substrate of  NET, there are at least two other endogenous 
substrates known to be transported by NET and act as GPCR agonists, namely dopamine 
(DA) and epinephrine (EP). To evaluate which substrate was the most applicable for use in 
the TRACT assay for NET, all three substrates were extensively assessed for their ability to 

Label-free assay to identify norepinephrine transporter inhibitors

Substrate Pretreatment pEC50 ± SEMa slope (nH) ± SEMa n

Norepinephrine
(NE)

–dox – 6.4 ± 0.1 0.8 ± 0.1 7
–dox Nisoxetine 6.5 ± 0.0 0.9 ± 0.1 5
+dox – 5.2 ± 0.1*** 2.1 ± 0.2*** 8
+dox Nisoxetine 6.3 ± 0.1### 0.9 ± 0.1### 6

Dopamine
(DA)

–dox – 5.1 ± 0.1 0.8 ± 0.1 3
+dox – 4.7 ± 0.0** 1.5 ± 0.1*** 7
+dox Nisoxetine 4.4 ± 0.1# 0.6 ± 0.0### 4

Epinephrine
(EP)

–dox – 6.4 ± 0.2 0.6 ± 0.0 3
+dox – 5.4 ± 0.1*** 0.8 ± 0.1 6
+dox Nisoxetine 6.3 ± 0.1### 0.6 ± 0.1 3

Table 4.1 – Apparent potency values (pEC50) and pseudo-Hill slopes (nH) of norepinephrine (NE), dopamine 
(DA) and epinephrine (EP) in the absence (–) or presence of 1 µM nisoxetine on JumpIn-NET cells treated with 
vehicle (–dox) or doxycycline (+dox) in TRACT assays.

a Mean ± SEM of three to eight individual experiments performed in duplicate. 
b Significant difference between two mean potency values was determined by an unpaired two-tailed Student’s t-test. 
** p < 0.01, *** p < 0.001, compared to vehicle-treated (–dox) cells in the absence (–) of 1 µM nisoxetine using the same 
substrate. # p < 0.05, ### p < 0.001, compared to doxycycline-treated (+dox) cells in the absence (–) of 1 µM nisoxetine using 
the same substrate.
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induce a cellular response on the JumpIn-NET cells and for their suitability to characterize 
the reference NET inhibitor nisoxetine. In the following sections we describe the results for 
each of  the three substrates separately.

4.2.1.1 – Norepinephrine (NE)

To assess the substrate-induced cellular response in cells without and with NET in the 
TRACT assay, JumpIn-NET cells were cultured for 22–24 h in E-plates in the absence 
(vehicle-treated, ‒dox) or presence (dox-treated, +dox) of  1 μg/ml dox, respectively. Cells 
were pretreated for 1 h with vehicle prior to stimulation with increasing concentrations 
of  substrate. Upon stimulation of  vehicle-treated cells with NE, the vehicle-corrected 
normalized Cell Index (nCI) transiently decreased within the first 2 minutes after stimulation 
followed initially by a rapid ascent of  the nCI to a peak around 5 minutes and then a more 
prolonged increase in nCI leading to a plateau between 20 and 30 minutes (Figure 4.1a). In 
dox-treated cells, NE induced a comparable response in the first 4 minutes after stimulation, 
however, at NE concentrations at or below 10 µM the nCI stabilized or gradually decreased 

Results

Figure 4.1 – Characterization of the norepinephrine (NE) response on JumpIn-NET cells in the TRACT assay. 
(a–c) Representative vehicle-corrected normalized Cell Index traces of vehicle-pretreated JumpIn-NET cells (a) 
in the absence (–dox) or (b) in the presence of 1 µg/ml dox (+dox). (c) Dox-treated cells were pretreated for 1 
h with 1 µM nisoxetine prior to stimulation with NE. (d) Combined concentration-effect curves of NE on vehicle- 
or dox-treated JumpIn-NET cells. Cellular response is expressed as the net AUC of the first 30 minutes after 
stimulation. Data are normalized to the response of 100 µM NE on vehicle-treated (–dox) cells. Data are shown 
as the mean ± SEM of three to eight individual experiments each performed in duplicate.
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back to baseline after 30 minutes (Figure 4.1b). The apparent potency of  NE was 18-fold 
lower and the pseudo-Hill slope was more than 2-fold higher in dox-treated cells (pEC50 = 
5.2 ± 0.1, nH = 2.1 ± 0.2) compared to vehicle-treated cells (pEC50 = 6.4 ± 0.1, nH = 0.8 ± 
0.1), indicating the presence of  NET leads to removal of  extracellular NE (Figure 4.1d; 
Table 4.1).

4.2.1.2 – Dopamine (DA)

Stimulation of  vehicle-treated cells with DA resulted in an initial rapid increase in nCI 
peaking at 5 min followed by a more gradual increase until a plateau was reached between 
15 and 30 minutes (Figure 4.2a). In dox-treated cells, the magnitude and extent of  DA 
responses at concentrations greater than 10 μM was similar to vehicle-treated cells (Figure 
4.2b). However, at DA concentrations of  10 μM and lower the nCI slightly peaked at 5 
min and gradually returned to baseline within 30 minutes. In contrast to NE, the apparent 
potency of  DA was only 2-fold lower with an increased pseudo-Hill slope in dox-treated 
cells (pEC50 = 4.7 ± 0.0, nH = 1.5 ± 0.1) compared to vehicle-treated cells (pEC50 = 5.1 ± 

Label-free assay to identify norepinephrine transporter inhibitors

Figure 4.2 – Characterization of the dopamine (DA) response on JumpIn-NET cells in the TRACT assay.  
(a–c) Representative vehicle-corrected normalized Cell Index traces of vehicle-pretreated JumpIn-NET cells (a) 
in the absence (–dox) or (b) in the presence of 1 µg/ml dox (+dox). (c) Dox-treated cells were pretreated for 1 
h with 1 µM nisoxetine prior to stimulation with DA. (d) Combined concentration-effect curves of DA on vehicle- 
or dox-treated JumpIn-NET cells. Cellular response is expressed as the net AUC of the first 30 minutes after 
stimulation. Data are normalized to the response of 316 µM DA on vehicle-treated (–dox) cells. Data are shown 
as the mean ± SEM of three to seven individual experiments each performed in duplicate.
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0.1, nH = 0.8 ± 0.1) (Figure 4.2d, Table 4.1). This indicates that DA is less potent than NE 
on JumpIn-NET cells and that the presence of  NET leads to a slight potency shift of  DA.

4.2.1.3 – Epinephrine (EP)

Addition of  EP to vehicle-treated JumpIn-NET cells lead to a brief  decrease in nCI in 
the first 2 minutes after stimulation, then a sharp increase in nCI that peaked at 4 minutes 
(Figure 4.3a). The rise in nCI then temporarily halted before gradually surging to a plateau 
within 30 minutes. Cells pretreated with dox demonstrated a similar response to EP within 
the first 4 minutes (Figure 4.3b). At concentrations of  EP lower than 10 μM the nCI 
briefly dropped followed by a plateau or a steady decline back to baseline between 7 and 30 
minutes. The apparent potency of  EP was decreased 10-fold with no change in the pseudo-
Hill slope in dox-treated cells (pEC50 = 5.4 ± 0.1, nH = 0.8 ± 0.1) compared to vehicle-
treated cells (pEC50 = 6.4 ± 0.2, nH = 0.6 ± 0.0) (Figure 4.3d, Table 4.1), indicating that 
extracellular levels of  EP are lowered in the presence of  NET.

Results

Figure 4.3 – Characterization of the epinephrine (EP) response on JumpIn-NET cells in the TRACT assay.  
(a–c) Representative vehicle-corrected normalized Cell Index traces of vehicle-pretreated JumpIn-NET cells (a) 
in the absence (–dox) or (b) in the presence of 1 µg/ml dox (+dox). (c) Dox-treated cells were pretreated for 1 
h with 1 µM nisoxetine prior to stimulation with EP. (d) Combined concentration-effect curves of EP on vehicle- 
or dox-treated JumpIn-NET cells. Cellular response is expressed as the net AUC of the first 30 minutes after 
stimulation. Data are normalized to the response of 100 µM EP on vehicle-treated (–dox) cells. Data are shown 
as the mean ± SEM of three to six individual experiments each performed in duplicate.
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4.2.2 – Substrate-induced responses are mainly caused by alpha-2 receptor activation

To validate whether activation of  GPCRs on JumpIn-NET cells was related to substrate-
induced cellular responses in the TRACT assay, dox-treated cells were pretreated for 1 h 
with two different monoamine GPCR antagonists prior to stimulation with a submaximal 
concentration (EC80) of  substrate (Figure 4.4). Involvement of  alpha-2 adrenergic 
receptors (α2ARs) was assessed in the presence of  1 μM yohimbine, while 1 μM propranolol 
was used as a non-selective beta adrenergic receptor (βAR) antagonist. In the presence of  
yohimbine, the overall NE-induced cellular response significantly decreased (p < 0.001) by 
92% compared to vehicle-pretreated cells (Figure 4.4a,d). The transient decrease in nCI 
2 minutes after NE stimulation was more negative in the presence of  yohimbine, but the 
response kinetics of  this part of  the trace were not altered (Figure 4.4a). However, this 
negative peak did not occur when cells were pretreated with propranolol, suggesting that this 
early-phase response is βAR-mediated. To assess the contribution of  βAR activation to the 
overall NE-induced cellular response, yohimbine and propranolol were used simultaneously. 
Dual antagonist pretreatment prevented the early negative peak response, but did not cause 
a further decrease in the overall cellular response (Figure 4.4a,d).

When dox-treated cells were stimulated with DA, yohimbine was able to significantly reduce 
(p < 0.001) the DA-induced response by 68% compared to vehicle-pretreated cells (Figure 
4.4b,e). Neither propranolol alone nor a combination of  yohimbine and propranolol could 
further reduce the cellular response.

Similar to NE, pretreatment with yohimbine significantly reduced (p < 0.001) the overall 
EP-induced cellular response compared to vehicle-pretreated cells, whereas the rapid nCI 
decrease in the first 2 minutes after stimulation was more negative (Figure 4.4c,f). In the 
presence of  the βAR antagonist the initial negative peak was abolished, but the overall 
cellular response was not affected. Pretreatment with both yohimbine and propranolol 
slightly elevated the cellular response compared to yohimbine alone, albeit not significantly 
(p = 0.203). Overall, these data demonstrate that the substrates used in this chapter mainly 
exert their observed effects in the TRACT assay through activation of  α2ARs.

4.2.2 – Nisoxetine rescues apparent potency of  NE and EP, but not DA

To determine whether pharmacological inhibition of  NET leads to altered substrate 
responsiveness in the TRACT assay, dox-treated JumpIn-NET cells were pretreated for 1 
h with the selective NET inhibitor nisoxetine (1 μM, final concentration) prior to addition 
of  increasing concentrations of  substrate. Addition of  1 μM nisoxetine itself  did not affect 
the nCI during the 1 h pre-treatment (Supplementary Figure 4.S1j). Moreover, nisoxetine 
pretreatment did not change the apparent potency of  NE in vehicle-treated cells (pEC50 = 
6.5 ± 0.0, nH = 0.9 ± 0.1; Table 4.1), which demonstrates that NE signaling is not affected 
by nisoxetine in the absence of  NET. In dox-treated cells, stimulation with NE after 
nisoxetine pretreatment generated nCI traces with a shape comparable to those observed in 
vehicle-treated cells (compare Figure 4.1c and 4.1a, respectively), resulting in a complete 
restoration of  the pseudo-Hill slope and apparent potency of  NE (pEC50 = 6.3 ± 0.1, nH 
= 0.9 ± 0.1; Figure 4.1d, Table 4.1). A similar trend was observed in dox-treated cells 

Label-free assay to identify norepinephrine transporter inhibitors
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Results

Figure 4.4 – Assessment of GPCR involvement in substrate-specific cellular responses on dox-treated JumpIn-
NET cells. Prior to stimulation with substrate, dox-treated cells were pretreated for 1 h with vehicle or 1 µM 
antagonist for α2ARs (yohimbine; purple) or βARs (propranolol; mint green) or a 1:1 mixture of both antagonists 
(light blue). Subsequently, cells were stimulated with an EC80 of either (a,d) norepinephrine (NE, 10 µM; blue 
●), (b,e) dopamine (DA, 100 µM; red ■), or (c,f) epinephrine (EP, 10 µM; green ▲). (a–c) Representative 
vehicle-corrected normalized Cell Index traces of substrate-induced cellular responses. (d–f) Net AUC of the 
first 30 minutes after stimulation. Data are normalized to the response of the respective substrate (100%) in 
vehicle-pretreated cells. Data are shown as mean ± SEM of three to six individual experiments each performed 
in duplicate. Comparison of multiple mean values to vehicle control was done using a one-way ANOVA with 
Dunnett’s post-hoc test. *** p<0.001 compared to substrate only.
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stimulated with EP (compare Figure 4.3c and 4.3a, respectively), for which the apparent 
potency of  EP was significantly (p = 0.0008) enhanced in the presence of  nisoxetine (pEC50 
= 6.3 ± 0.1, nH = 0.6 ± 0.1; Figure 4.3d, Table 4.1) compared to vehicle-pretreated cells. 
Interestingly, pretreatment of  dox-treated cells with nisoxetine enhanced DA responses 
at concentrations of  10 μM or less, but not at higher DA concentrations (Figure 4.2c), 
resulting in a slight decrease in apparent potency of  DA and a decreased pseudo-Hill slope 
(pEC50 = 4.4 ± 0.1, nH = 0.6 ± 0.0; Figure 4.2d, Table 4.1). This suggests the magnitude 
and extent of  the restoration of  substrate-induced cellular responses by pharmacological 
inhibition of  NET depends on the substrate used.

Label-free assay to identify norepinephrine transporter inhibitors

Figure 4.5 – Nisoxetine potentiates substrate-induced cellular response in dox-treated JumpIn-NET cells in 
the TRACT assay. Representative vehicle-corrected normalized Cell Index traces are shown of dox-treated cells 
pretreated for 1 h with increasing concentrations of nisoxetine (orange), stimulated with a submaximal (EC20) 
concentration of (a) norepinephrine (NE, 1 µM; ●), (b) dopamine (DA, 3.16 µM; ■), or (c) epinephrine (EP, 1 
µM; ▲). (d) Combined concentration-inhibition curve of nisoxetine upon stimulation with either NE, DA or EP. 
Cellular response is expressed as the net AUC of the first 30 minutes after stimulation. To demonstrate the 
assay window for each substrate, data are normalized to the response of 1 µM NE in the presence of 1 µM 
nisoxetine (set at 100%) and the vehicle response (set at 0%). Data are shown as mean ± SEM of four to seven 
individual experiments performed in duplicate.
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4.2.4 – NE provides the largest assay window for the determination of  NET inhibitor potency

The main purpose of  the TRACT assay is to identify transporter inhibitors and, subsequently, 
determine their inhibitory potency (IC50) values. After characterization of  the various 
substrate-induced cellular responses in JumpIn-NET cells, we assessed which substrate 
was most suitable to determine the inhibitory potencies of  NET inhibitors in the TRACT 
assay (Figure 4.5). Dox-treated cells were pretreated for 1 h with increasing concentrations 
of  the reference NET inhibitor nisoxetine and subsequently stimulated with a suboptimal 
concentration of  substrate. For each substrate, a submaximal concentration (EC20) was 
selected as this resulted in the largest possible assay window to detect NET inhibition. 

Nisoxetine was able to dose-dependently augment the cellular response for all three substrates 
(Figure 4.5). However, the largest assay window, i.e., the relative difference between the 
vehicle response and the maximum response was obtained with NE as a substrate (Figure 
4.5a,d). Specifically, nisoxetine enhanced the cellular response of  EP to the same maximum 
as when NE was used (Figure 4.5c,d), but since the basal response of  EP in vehicle-
pretreated cells was approximately 60% higher than that of  NE this resulted in a smaller 
assay window compared to NE. With DA as a substrate the maximum enhancement in 
cellular response that was attained within the concentration range of  nisoxetine was roughly 
25% of  the maximum NE response, resulting in the least favorable assay window (Figure 
4.5b,d). The IC50 values for nisoxetine that were determined in the TRACT assay using 
the various substrates (NE: pIC50 = 8.3 ± 0.1, DA: pIC50 = 8.4 ± 0.4, EP: pIC50 = 8.8 ± 
0.3) were not significantly different from each other (p = 0.37), showing that the inhibitory 
potency of  nisoxetine was not dependent on the type of  substrate used.

Results

Table 4.2 – Inhibitory potency (pIC50) values of NET inhibitors determined in the TRACT assay and fluorescent 
substrate uptake assay.

Inhibitor
pIC50 

a

TRACT assay b n Fluorescent substrate 
uptake assay c n

Amitriptyline 6.7 ± 0.1 4 7.2 ± 0.1 5
Atomoxetine 7.7 ± 0.1 4 8.6 ± 0.0 3
Benztropine 6.5 ± 0.1 3 6.1 ± 0.1 3
Bupropion 4.9 ± 0.1 3 5.5 ± 0.0 3
Cocaine 6.2 ± 0.1 4 n.d. d –
Desipramine 8.2 ± 0.1 3 8.6 ± 0.1 5
GBR12909 6.1 ± 0.2 3 6.0 ± 0.1 3
Maprotiline 7.3 ± 0.1 4 7.4 ± 0.1 3
Milnacipran 7.3 ± 0.2 4 7.8 ± 0.0 3
Nisoxetine 8.3 ± 0.1 7 8.4 ± 0.1 5
Nortriptyline 7.4 ± 0.1 5 8.0 ± 0.1 5
Reboxetine 8.3 ± 0.1 5 8.8 ± 0.0 5

a The mean pIC50 values found in the TRACT assay were on average 0.3 log-units lower than in the fluorescent substrate 
uptake assay (p = 0.016, paired two-tailed Student’s t-test). 
b Mean ± SEM of three to seven individual experiments performed in duplicate. 
c Mean ± SEM of three to five individual experiments each performed in quadruplicate. 
d Not determined
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4.3.5 – HTS assay validation and comparison with an orthogonal assay

After defining the optimal assay conditions, the TRACT assay was assessed and validated 
for its high-throughput screening (HTS) compatibility. Reproducibility and robustness of  
the assay window were assessed by running three individual 96 E-plates each day for three 
consecutive days. In this test run E-plates comprised of  wells in an interleaved format 
producing high (1 μM nisoxetine + 1 μM NE), mid (10 nM nisoxetine + 1 μM NE) and low 
(vehicle + 1 μM NE) cellular responses. The test run resulted in a signal window (SW) of  
7.7 ± 1.2 and a Z’ factor (Z’) of  0.55 ± 0.04 (Figure 4.6a). 

Label-free assay to identify norepinephrine transporter inhibitors

Figure 4.6 – TRACT assay HTS validation and characterization of NET inhibitors in the TRACT assay and the 
fluorescent substrate uptake assay. (a) Validation of the reproducibility and robustness of the TRACT assay. 
Representative graph of a 96-well E-plate (row-oriented) with wells producing high (1 μM nisoxetine + 1 μM NE), 
mid (10 nM nisoxetine + 1 μM NE) and low (vehicle + 1 μM NE) cellular responses. Data is presented as the 
net AUC of the raw nCI traces of the first 30 min after NE stimulation. Each data point in the graph represents a 
single well. Signal window (SW) and Z’ factor (Z’) are shown as mean ± S.E.M. and were calculated according to 
the formulas in section 4.4.7.2. (b) Concentration-inhibition curves of NET inhibitors in the TRACT assay. Cells 
are pretreated for 1 h with vehicle or one of six increasing concentrations of inhibitor, then stimulated with 1 
µM NE or vehicle. Data were normalized to the average top and bottom values of the nisoxetine concentration-
effect curve. Data are shown as mean ± SEM of three to seven individual experiments each performed in 
duplicate. (c) Concentration-inhibition curves of NET inhibitors in the fluorescent substrate uptake assay. Cells 
were pretreated for 1 h with vehicle or one of ten increasing concentrations of inhibitor, followed by addition of 
loading dye solution for 1 h. Data were normalized according to the formula in section 4.4.7.3. Data are shown 
as the mean ± SEM of three to five individual experiments each performed in quadruplicate. (d) Correlation plot 
between pIC50 values obtained in the TRACT assay and the fluorescent substrate uptake assay. The Pearson’s 
r coefficient and the corresponding p-value of the linear correlation (solid line) are shown. The dotted line 
represents the 95% confidence interval.
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Next, we determined the inhibitory potency of  several reference NET inhibitors in the 
TRACT assay (Figure 4.6b, Table 4.2) and in an orthogonal fluorescent substrate uptake 
assay (Figure 4.6c, Table 4.2). The inhibitors were selected to represent a wide range 
of  inhibitory potencies on NET. Due to strict local regulations cocaine could only be 
assessed in the TRACT assay; likewise amphetamines could not be tested in either of  the 
two assays. In the TRACT assay the inhibitors generally did not affect the nCI on their 
own during the 1 h pretreatment (Supplementary Figure 4.S1). Upon stimulation with 
1 µM NE, all inhibitors demonstrated dose-dependent enhancement of  the NE response 
indicating inhibition of  NET (Figure 4.6b). Inhibitory potencies of  NET inhibitors in the 
TRACT assay ranged over more than 3 log-units (Table 4.2). Moreover, a strong correlation 
(Pearson’s r = 0.9472, p < 0.0001) was observed when comparing the pIC50 values to a 
more conventional fluorescent substrate uptake assay (Figure 4.6d). Of  note, the TRACT 
assay produced on average 0.3 log-unit lower inhibitory potencies when compared to the 
fluorescent substrate uptake assay, which was found to be significant (p = 0.016, paired two-
tailed Student’s t-test, Table 4.2). Taken together, these results indicate that the TRACT 
assay is a suitable method to characterize and screen potential NET inhibitors.

4.3 – Discussion 

The functional characterization of  inhibitors for neurotransmitter transporters, such as 
NET, is conventionally done by performing radioligand or fluorescent substrate uptake 
assays, which can also be used to derive kinetic parameters (Km, Vmax) of  substrates for a 
specific transporter15,17,18. However, radioligand uptake assays are generally labor-intensive, 
end-point measurements and restricted to low-throughput screening due to practical 
limitations in handling of  radioactive materials15,19. Fluorescent substrate uptake assays, on 
the other hand, overcome these limitations by allowing one-step, real-time measurements in 
live cells and have the potential for high-throughput screens17,18,27. Despite this, a fluorescent 
substrate first needs to be designed, synthesized and thoroughly validated. Moreover, the 
chemical modification of  a substrate in order to generate a fluorescent readout could 
influence the observed response when regarding the native substrate(s) of  the transporter28. 
The TRACT assay presented in this chapter demonstrates that GPCR activation can be used 
as a readout to infer NET transport function, allowing functional characterization of  NET 
inhibitors in live cells using unmodified, endogenous substrates.

The TRACT assay principle assumes that the substrate of  the transporter is able to induce 
a cellular response (e.g., by activation of  a cell surface GPCR), where the transporter 
activity (i.e., uptake of  substrate) indirectly affects the magnitude of  the substrate-induced 
response, as has been shown recently20. Besides its main substrate, NE, NET is known to 
transport the catecholamines DA and EP29,30 as well as other amines and substances such 
as tyramine, phenylethylamine and MPP+6. Since NE, DA and EP are reported endogenous 
agonists for adrenergic and/or dopamine GPCRs31–33, it was hypothesized that these could 
be used as substrates in the TRACT assay. Indeed, all three substrates were able to induce 
concentration-dependent cellular responses in JumpIn-NET cells (Figures 4.1–4.3), which 
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were mainly attributed to the activation of  α2ARs (Figure 4.4). Cellular responses to these 
catecholamines in unmodified HEK293 cells have previously been observed using a label-
free optical biosensor, indicating that adrenergic receptors are commonly expressed in these 
cells34. Notably, a comparable observation was made in the TRACT assay for the dopamine 
transporter (DAT) using a similar JumpIn cell line, in which the substrate DA activated 
α2ARs (Chapter 3)22. 

The suitability of  each substrate to measure NET activity was dependent on the apparent 
potency of  the substrate for the GPCR. In the TRACT assay the apparent potency of  
DA was not significantly increased by nisoxetine in the presence of  NET (Figure 4.2d), 
most likely due to the poor potency of  DA on α2ARs. A possible alternative to increase 
the substrate sensitivity and inhibitory assay window could be to co-express a high affinity 
dopamine receptor (e.g., D1 or D2 dopamine receptor22,35). This could lead to a more leftward-
shifted concentration-response curve in cells lacking NET (–dox) or cells expressing 
NET (+dox) in presence of  a NET inhibitor. In the TRACT assay for DAT (Chapter 
3), U2OS cells with endogenous D1 receptor expression displayed a slightly higher DA 
potency and shift compared to α2AR-expressing JumpIn-DAT cells22, although this might 
be further improved by heterologous expression of  high affinity receptors. This matching 
of  transporter substrate and receptor potency could be optimized for each TRACT assay.

When using NE and EP in the TRACT assay a rapid, transient negative nCI peak was 
observed upon substrate addition, which was likely related to activation of  beta adrenergic 
receptors on the JumpIn cells (Figure 4.4a,c). However, this part of  the substrate response 
was not affected in the presence of  a NET inhibitor nor did it substantially contribute to the 
overall AUC. This indicates that a complex impedance signal comprised of  more than one 
(GPCR) signaling event can be used to define a TRACT assay window36. Although receptor 
activation provides a sensitive readout in this assay, caution is warranted when interpreting 
the data since NET inhibitors could potentially display activity at the same (adrenergic) 
receptors37. If  a compound would be a receptor agonist as well this could be observed 
as an impedance change during pretreatment, whereas a receptor antagonist would lead 
to a reduction rather than enhancement of  the substrate-induced response. In both cases 
receptor-related activity would be observed in both cells lacking (–dox) and expressing 
(+dox) NET, whereas selective NET inhibitors only display activity in NET-expressing cells. 
Most of  the inhibitors that were tested in the TRACT assay did not substantially affect the 
impedance during pretreatment, indicating a lack of  GPCR-related effects of  the inhibitors 
(Supplementary Figure 4.S1). A transient increase in nCI was observed at the highest tested 
concentration (10 µM) of  atomoxetine, benztropine, bupropion, maprotiline and nisoxetine, 
although these impedance changes could not directly be attributed to receptor activation or 
other off-target effects. To correct for any inhibitor-induced impedance changes during the 
pretreatment the CI data was normalized prior to substrate (NE) addition. 

While all three substrates induced GPCR-mediated cellular responses, differences were 
observed between the substrates regarding concentration-effect curves of  non-induced and 
dox-induced cells (Figure 4.1–4.3, Table 4.1). Interestingly, dox-treated cells produced a 
considerable increase in steepness of  the pseudo-Hill slope for NE (nH = 2.1 ± 0.2) and 
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DA (nH = 1.5 ± 0.1), but not for EP (nH = 0.8 ± 0.1), which is in line with the observation 
of  increased slopes of  DA in cells expressing DAT (Chapter 3)22. This finding fits with 
previously reported pharmacological experiments on innervated nictitating membranes 
(expressing NET) of  pithed cats, where it was demonstrated that concentration-effect 
curves of  sympathomimetic amines (e.g., norepinephrine, epinephrine) were steeper 
and right-shifted compared to membranes in the presence of  cocaine or in denervated 
membranes (i.e. lacking NET)38. Specifically, the slopes were dependent on the affinity (Km) 
and maximum uptake rate (Vmax) of  the substrate, whereas the horizontal curve shift was 
related to the potency (EC50) of  the substrate38,39. Whereas these findings may in part explain 
the observed changes in slope and horizontal shift of  concentration-effect curves for NE 
and DA in this chapter, we could not rationalize the lack of  a change in slope for EP. 
Nevertheless, the steep slope for NE provides a rationale that the largest window for NET 
inhibition by nisoxetine is found when NE is used as a substrate. A more detailed analysis 
of  the curve shifts and slope changes in the TRACT assays in this thesis is provided based 
in Chapter 8.

In this chapter, it was demonstrated that the TRACT assay can be used to accurately 
determine inhibitory potency values of  NET inhibitors, as a direct comparison to a 
commercially available fluorescent substrate uptake assay18 resulted in similar values that 
were highly correlated (Figure 4.6d). While the rank order of  potencies for both assays 
were comparable, the pIC50 values were generally found to be lower in the TRACT assay 
than in the fluorescent substrate uptake assay (p = 0.016, Table 4.2). A possible reason for 
this inter-assay discrepancy might be that the assays use a different substrate to determine 
inhibitory potency, which may affect binding affinity or kinetics of  the inhibitor40. Although 
the substrate identity and concentration in the fluorescent substrate uptake assay were not 
disclosed by the supplier, a reasonable explanation could be that the transporter occupancy 
by NE is higher than the fluorescent substrate leading to increased inhibitor competition 
and thus lower pIC50 values in the TRACT assay. Alternatively, the uptake process might be 
rapidly saturated in the TRACT assay in presence of  relatively high concentrations of  NE, 
which could lead to an underestimation of  the potency of  inhibitors41. Although information 
on uptake kinetics could provide a more substantiated explanation to this, a drawback of  
the TRACT assay is that it cannot be used to directly measure the substrate uptake kinetics 
(e.g., Km, Vmax). Nevertheless, the inhibitory potency values of  all tested inhibitors were in 
line with previously reported values from both fluorescent substrate uptake assays17,18,42,43 
and radioligand uptake assays16–18,44–47 indicating that the TRACT assay can be reliably used 
for NET inhibitor characterization. 

The TRACT assay for NET was validated in a manual HTS set-up to assess the assay 
robustness. Over a three day period, an average Z’ of  0.55 ± 0.04 was obtained which 
generally indicates an “excellent assay”26,48. This score is comparable to previous high-
throughput analyses of  fluorescent substrate uptake assays by Jørgensen et al. (Z’ = 0.4318), 
Haunsø et al. (Z’ = 0.64–0.7917) and Wagstaff  et al. (Z’ = 0.61–0.6342). While this Z’ value can 
be considered acceptable, the overall robustness could be further optimized. For example, 
standardization of  cell and compound handling can improve the overall performance and 
decrease intra-plate and inter-plate variability48. Other considerations for optimization of  
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the assay window and robustness are the consistency in confluence and homogeneity of  
cells, cell density, inhibitor pretreatment duration, buffer/medium composition and DMSO 
tolerability (generally <1% final concentration in live cell assays)48–50. In this chapter, three 
E-plates were manually run per day, which would not be considered “high-throughput” 
and as such the work-flow should be optimized if  the TRACT assay is to be used on a 
larger scale51. For instance, impedance measurements could be taken over time for 30 min 
(using the AUC for analysis) or impedance can be measured once 30 min after stimulation, 
effectively making the assay a single-point measurement. With proper automation and plate 
handling systems, the potential throughput per RTCA station would increase from two 
E-plates per hour (measurement over time) to approximately 30 E-plates per hour (single-
point measurement). In the latter case, the amount of  plates that could be run per day 
(360 plates, assuming a 12-hour shift) would compare to the estimated throughput of  a 
FLIPRTETRA system42. Scale-up of  the assay to a multi-plate xCELLigence station that can 
hold up to six 96-well E-plates simultaneously, or 384-well E-plate format is also an option, 
but in all cases adjusting the plate format or data acquisition method would necessitate 
additional optimization of  the assay conditions to ensure a robust assay window.

In summary, this chapter demonstrates the potential of  the recently described TRACT assay 
to be utilized as a high-throughput screening platform for inhibitors of  NET. The inhibitory 
potencies of  several well-known NET inhibitors could be accurately determined and the 
robustness and reproducibility of  the assay was validated. Hence, this work makes a case 
for the TRACT assay as a viable alternative to conventional uptake assays and underpins the 
breadth of  possibilities of  using label-free biosensor technologies in drug discovery.

4.4 – Materials & Methods

4.4.1 – Chemicals and reagents

Jump In T-REx HEK 293 cells modified for doxycycline-inducible overexpression of  the 
wild-type human norepinephrine transporter (JumpIn-NET) were provided by CeMM 
(Research Center for Molecular Medicine, Medical University of  Vienna, Austria). These 
cells were used in the TRACT and the fluorescent substrate uptake assays to allow a good 
comparison. Benztropine mesylate, desipramine hydrochloride, Dulbecco’s Modified 
Eagle’s Medium (DMEM), dopamine hydrochloride, doxycycline hyclate, (–)-epinephrine 
(+)-bitartrate salt, L-(–)-norepinephrine (+)-bitartrate salt monohydrate and (±)-propranolol 
hydrochloride were purchased from Sigma Aldrich (St. Louis, MO, USA). Nisoxetine 
hydrochloride, maprotiline hydrochloride and yohimbine hydrochloride were purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). GBR12909 dihydrochloride and 
reboxetine mesylate were purchased from Toronto Research Chemicals (Toronto, ON, 
Canada). Amitriptyline hydrochloride, atomoxetine hydrochloride, bupropion hydrochloride, 
milnacipran hydrochloride and nortriptyline hydrochloride were purchased from Tebu-Bio 
(Heerhugowaard, The Netherlands). Cocaine hydrochloride was purchased from Duchefa 
Farma (Haarlem, The Netherlands), where Leiden University has been certified for its use  
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in pharmacological experiments. All other chemicals were of  analytical grade and obtained 
from standard commercial sources.

4.4.2 – JumpIn-NET cell line generation

Jump In T-REx HEK 293 (JumpIn) cells were cultured and transfected according to the 
manufacturer’s protocol (ThermoFisher Scientific) and as described previously (see Chapter 
3)22. Cells were split twice a week in growth medium containing 200 µg/ml hygromycin B 
and 5 µg/ml blasticidin. For transfection, a codon optimized ORF (Addgene #131891) 
for the human norepinephrine transporter (SLC6A2, ORF: NM_001043.3) was cloned 
into a Gateway-compatible pJTI R4 DEST CMV TO pA expression vector. This allows 
doxycycline (dox)-inducible expression of  NET in successfully transfected cells. Cells were 
selected in medium containing 2 mg/ml geneticin (G418) and 5 μg/ml blasticidin for 2 to 4 
weeks and resistant clones were pooled for use in all further experiments.

4.4.3 – Cell culture

JumpIn-NET cells were grown as adherent cells in high glucose DMEM supplemented 
with 10% (v/v) fetal calf  serum (FCS), 2 mM Glutamax, 100 IU/ml penicillin and 100 µg/
ml streptomycin (culture medium) at 37°C and 7% CO2. Upon thawing, cells were cultured 
in regular culture medium for 1–2 passages. Then, cells were cultured up to one week in 
culture medium supplemented with 2 mg/ml G418 and 5 µg/ml blasticidin to select only 
the transfected clones. Cells were subsequently switched to regular culture medium, waiting 
at least 24 h before performing an experiment. Cell cultures were split twice a week at ratios 
of  1:8 – 1:16 in 10 cm plates. 

4.4.4 – TRACT assays

Label-free TRACT assays were performed using the xCELLigence real-time cell analysis 
(RTCA) technology as reported previously (see Chapter 3)22. Impedance values, which are 
measured continuously at a frequency of  10 kHz, for each well are converted by the RTCA 
software to the dimensionless parameter Cell Index (CI) using the following formula: 

where Zi is the impedance at any given time point and Z0 is the baseline impedance that is 
measured at the start of  each experiment52.

Assays were performed at 37°C and 5% CO2 in 96-well E-plates in a final volume of  100 μl 
per well. Background impedance was measured in 45 μl (one compound addition) or 40 μl 
(two compound additions) culture medium prior to cell seeding. Compounds were added in 
5 μl per addition using a VIAFLO 96 handheld electronic 96 channel pipette (INTEGRA 
Biosciences, Tokyo, Japan). All conditions were tested in duplicate on each plate.
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4.4.4.1 – Cell preparation and monitoring

JumpIn-NET cells were grown to 70–80% confluence on the day of  the experiment. Baseline 
impedance was measured using culture medium with or without 1 μg/ml doxycycline (dox). 
Cells were seeded in E-plates at 60,000 cells/well in culture medium. Cells were left to 
sink to the bottom for 30 minutes at room temperature before placing the E-plate in the 
recording station at 37°C. Cells were left to grow overnight for 22–24 hr while recording 
impedance every 15 minutes.

4.4.4.2 – Cell pretreatment

In GPCR antagonist experiments, cells were pretreated by the addition of  a single 
concentration (1 μM) of  yohimbine (alpha-2 adrenergic receptor antagonist), propranolol 
(non-selective beta adrenergic receptor antagonist) or a 1:1 mix of  both antagonists in 
DMSO. In TRACT assays, cells were pretreated with either a single concentration (1 μM) 
of  nisoxetine (high affinity NET inhibitor53) or six increasing concentrations of  a NET 
inhibitor. Due to strict local regulations, cocaine could only be tested in the TRACT assay 
and not in the fluorescent substrate uptake assay. For all pretreatments DMSO was kept at 
0.1% per well and impedance was measured for 1 h prior to substrate addition.

4.4.4.3 – Cell stimulation

Cells with or without pretreatment were stimulated by the addition of  either norepinephrine 
(NE), dopamine (DA) or epinephrine (EP) as a substrate dissolved in 1mM ascorbic acid in 
PBS. Note, ascorbic acid was used as an antioxidant for the monoamine neurotransmitter 
substrates54. In antagonist experiments cells were stimulated with a submaximal 
concentration (EC80) of  substrate (i.e. 10 μM NE; 100 μM DA; 10 μM EP). In TRACT 
assays cells were stimulated with seven increasing concentrations of  substrate to determine 
substrate potency. To determine the inhibitory potencies of  NET inhibitors, cells were 
stimulated with a submaximal (EC20) concentration of  substrate (i.e. 1 μM NE; 3.16 μM 
DA; 1 μM EP). For a total of  30 min after stimulation, impedance was measured initially 
every 15 seconds for 25 minutes and then every minute.

4.4.5 – TRACT assay HTS validation

The TRACT assay was assessed for reproducibility, robustness and amenability to high-
throughput screening (HTS) according to methods described previously in assay guidance 
manuals48. Three 96-well E-plates were run consecutively per day on three separate days. 
Cells were induced with 1 µg/ml dox at the start of  each experimental run. After cell 
seeding, E-plates were left at room temperature for 30 min and subsequently placed inside 
an incubator for 22 h. Each E-plate had an alternating interleaved layout consisting of  high, 
mid and low signals for which cells were pretreated with either 1 µM nisoxetine, 10 nM 
nisoxetine or vehicle (DMSO), respectively. After 1 h pretreatment, all wells were stimulated 
with a submaximal (EC20) concentration (1 µM) of  NE. Impedance was recorded for 30 min 
after substrate addition. Immediately after recording the NE response the next E-plate was 
inserted in the RTCA recording station. Compound additions were done using a VIAFLO 
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96 handheld electronic 96 channel pipette. All other handlings were performed manually.

4.4.6 – Fluorescent substrate uptake assay

Fluorescent substrate uptake assays were performed using the Neurotransmitter Transporter 
Uptake Assay Kit (Molecular Devices, San Jose, CA, USA) following the supplier’s protocol. 
JumpIn-NET cells were seeded at 20,000 cells/well in culture medium in presence of  1 μg/
ml dox in clear-bottom, black-walled 384 microtiter plates pre-coated with poly-D-lysine 
(Twin Helix, Milan, Italy) at 37°C and 5% CO2. After 24 h medium was removed and 20 μl/
well of  Standard Tyrode’s buffer (130 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 
mM NaHCO3, 20 mM HEPES, pH 7.4) was added. Cells were pretreated by addition of  10 
μl/well NET inhibitor (increasing concentrations), inhibitor control (30 μM desipramine) or 
vehicle control (buffer only) in Standard Tyrode’s buffer at 0.1% DMSO (final concentration) 
for 1 h. Subsequently, cells were treated with 15 μl/well loading dye solution in Standard 
Tyrode’s buffer. Cells were incubated for 1 h, after which the fluorescence was measured 
for 60 seconds using a FLIPRTETRA plate reader (Molecular Devices, San Jose, CA, USA). 
All conditions were tested in quadruplicate on each plate except the vehicle and inhibitor 
controls, which each had 16 replicates per plate.

4.4.7 – Data analysis

4.4.7.1 – TRACT assay

Experimental data was recorded using RTCA Software v2.0 or v2.1.1 (ACEA Biosciences). 
For analysis of  substrate-induced responses CI values were normalized to the time point 
prior to substrate addition to obtain normalized CI (nCI) values. Data were exported from 
RTCA Software and all subsequent analyses were performed in GraphPad Prism v8.1.1 
(GraphPad Software, San Diego, CA, USA). The nCI values of  vehicle-only controls were 
subtracted from all other data points to baseline-correct for any substrate-independent 
effects. Substrate-induced responses were quantified by taking the net area under the curve 
(AUC) of  the first 30 min after substrate addition. The apparent potency values of  NET 
substrates and the inhibitory potency values of  NET inhibitors were obtained by fitting 
the AUC data with non-linear regression to a sigmoidal concentration-effect curve with a 
variable pseudo-Hill slope.

4.4.7.2 – TRACT assay HTS validation

For intra-plate variability tests, the net AUC of  non-corrected nCI values were used 
to determine the signal window (SW, indicating dynamic range of  the signal) using the 
following formula48: 
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where n is the number of  technical replicates per compound in the intended screening 
assay (e.g., for duplicate measurements n = 2), AVG is the average and SD is the standard 
deviation of  the AUC of  the high or low signal. 

Similarly, the Z’ factor (Z’, indicating separation of  the high and low signals) is calculated 
using the following formula26,48:

 
The reported SW and Z’ are the mean ± SEM of  all nine E-plates. According to Iversen et 
al. 48, the recommended acceptance criterion for an HTS amenable assay is a SW ≥ 2 or Z’ 
≥ 0.4.

4.4.7.3 – Fluorescent substrate uptake assay

Fluorescence data was collected using the FLIPRTETRA plate reader. The fluorescent 
substrate uptake was quantified by taking the AUC over 60 seconds of  the fluorescence 
signals that were recorded 1 h after addition of  the loading dye solution. The AUC values 
were normalized to percentage activity by the following formula: 

where X is the AUC of  the tested condition, VC is the AUC of  the vehicle control (buffer 
only) and IC is the AUC of  the inhibitor control (30 μM desipramine). Here, a negative 
value of  –100% indicates complete inhibition of  NET. The inhibitory potency values of  
NET inhibitors were obtained in Genedata Screener software v16.0.6 (Genedata, Basel, 
Switzerland) by fitting the normalized activity data with non-linear regression to a sigmoidal 
concentration-effect curve with a variable pseudo-Hill slope.

4.4.7.4 – Statistics 

Data are shown as mean ± standard error of  the mean (SEM) of  at least three separate 
experiments each performed in duplicate, unless stated otherwise. Significant difference 
between two mean potency values was determined by an unpaired two-tailed Student’s t-test. 
Significant difference between the mean potencies found in two assays was determined by 
a paired two-tailed Student’s t-test. Comparison of  multiple mean values to each other or a 
vehicle control was done using a one-way ANOVA with Tukey’s post-hoc test or Dunnett’s 
post-hoc test, respectively. Differences were considered statistically significant when 
p-values were below 0.05.
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Figure 4.S1 – Representative vehicle-corrected xCELLigence traces of NET inhibitors in doxycycline-treated 
(+dox) JumpIn-NET cells. (a) amitriptyline, (b) atomoxetine, (c) benztropine, (d) bupropion, (e) cocaine, (f) 
desipramine (g–l are shown on the next page). Graphs show the effect of increasing concentration of the 
inhibitor on the normalized Cell Index (nCI) during the 1 h pretreatment. Data are normalized to the time point 
prior to addition of the inhibitor (= 0 min). Data are shown as the mean of a representative graph of at least 
three separate experiments each performed in duplicate.
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Figure 4.S1 – Representative vehicle-corrected xCELLigence traces of NET inhibitors in doxycycline-treated 
(+dox) JumpIn-NET cells. (a–f are shown on the previous page). (g) GBR12909, (h) maprotiline, (i) milnacipran, 
(j) nisoxetine, (k) nortriptyline, (l) reboxetine. Graphs show the effect of increasing concentration of the inhibitor 
on the normalized Cell Index (nCI) during the 1 h pretreatment. Data are normalized to the time point prior to 
addition of the inhibitor (= 0 min). Data are shown as the mean of a representative graph of at least three 
separate experiments each performed in duplicate.
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CHAPTER 5

Solute carriers (SLCs) are a relatively underexplored protein family compared to other major 
protein families such as kinases and G protein-coupled receptors (GPCRs). However, the 
SLC family and their role in a diverse array of  diseases is known and of  interest. One such 
SLC is the high-affinity norepinephrine transporter (NET/SLC6A2), which in contrast 
to most other SLCs has been relatively well studied, resulting in a large defined chemical 
space. Due to the low diversity of  this chemical space it is challenging to identify ligands 
that are chemically novel. In this chapter, we aimed to find new NET inhibitors using a 
computational modeling screening pipeline. We applied multiple optimization steps during 
dataset creation, including similarity networks and stepwise feature selection, to end up with 
an optimal training set for our model, which was created by using proteochemometrics 
and stacking of  several machine learning techniques. The model was applied to a large 
virtual database of  Enamine, from which 22,000 of  the 600 million predicted compounds 
were clustered to end up with 46 chemically diverse candidates. Of  these candidates, 32 
were synthesized and tested using the impedance-based TRACT assay that was developed 
in Chapter 4. We identified five hit compounds with submicromolar inhibitory potencies 
towards NET, which are promising for follow-up experimental research. This chapter 
demonstrates a comprehensive computational pipeline to predict new potential ligands for 
NET, which could be applied to any protein that has enough interaction data available.
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5.1 – Introduction 

Solute carriers (SLCs) are a divergent class of  transporters and understudied compared to 
some of  the other major receptor families, such as kinases and G protein-coupled receptors 
(GPCRs)1. Yet SLCs can play a critical role in complex diseases and as such several SLCs 
are interesting drug targets2–4. To further characterize SLCs, recently the RESOLUTE 
consortium was founded to develop and distribute biochemical tools and assays for in 
vitro and in vivo study of  these transporters5. SLC subfamilies recognize highly divergent 
natural substrates and their sequence identity is low compared to other superfamilies such 
as kinases or GPCRs6. Hence, from a drug discovery perspective it is challenging to design 
family-wide studies to find new ligands that interact with SLCs. Instead, the focus lies on 
single subfamilies, or even a single SLC, to identify novel compounds. 

The norepinephrine transporter (NET / SLC6A2) is involved in the rapid re-uptake of  the 
neurotransmitter norepinephrine (NE) from the synaptic clefts of  noradrenergic neurons 
in the peripheral and central nervous system7. As one of  the most well characterized 
transporters, NET is an established drug target for depression, chronic pain and narcolepsy, 
with several marketed drugs available. Despite the abundance of  pharmacological data on 
NET ligand binding, there is a need for the development of  novel inhibitors with improved 
affinity and selectivity over other monoamine transporters8. Despite more structures 
becoming available, for NET structure-based work there is still no option for structure-
based design of  ligands due to the absence of  a crystal or cryo-EM structure9,10.

Computational studies such as statistical modeling and ligand docking have increased in 
popularity over the last decades, yet application to SLCs has been limited so far11,12. A 3D 
structure (crystal, cryo-EM or homology modeling based) of  sufficient quality is required 
to perform structure-based drug discovery13. However, crystallization of  SLCs is difficult 
given their membrane bound nature analogous to GPCRs. Hence, only limited amounts of  
structures are available for this family, with the promise of  cryo-EM increasing that amount 
in the near feature. While advances in cryo-EM and machine learning, such as AlphaFold, 
are expected to significantly increase the available structures and alleviate some of  these 
issues, their application in virtual screening has still to be demonstrated14,15.

In the absence of  structural information virtual screening can also be performed ligand-
based using 2D chemical structures or via proteochemometrics (PCM), using ligand and 
protein information16. In both cases machine learning is used to identify correlation 
between bioactivity and structural features. Here, we will use PCM which allows us to 
create a comprehensive model of  ligand structures of  multiple proteins. This allows us 
to not only use the ligand space for NET, but also the most structurally related proteins, 
such as the dopamine and serotonin transporters. We then train these models on publically 
available data from ChEMBL, which contains a large amount of  ligand-receptor interaction 
information for all ligands/proteins17,18. 

In this chapter, we applied PCM modeling to identify new chemotypes for the NET. While 
this transporter has been relatively well characterized compared to other SLCs, there still is 
a need for novel ligands that effectively, efficiently and selectively target NET19,20. We used 

Introduction
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similarity networks as an approach to determine the optimal number of  targets to include in 
our PCM model. After completion of  our PCM model it was applied to the Enamine REAL 
database to identify novel ligands. Interestingly, the REAL database does not consist of  on-
the-shelf  compounds but instead contains over 600 million make-on-demand molecules. 
These molecules can be synthesized via well-validated parallel synthesis protocols using a 
large number of  building blocks. After virtual screening, the activity of  our identified hits 
were validated experimentally with a hit rate of  5 out of  32 (16%).

5.2 – Results 

5.2.1 – Dataset optimization by employing similarity networks and phylogenetic trees

The whole set derived from ChEMBL (All SLCs) was too large for model training, hence 
a selection of  the data was made using sequence-based similarity networks (SNs). These 
SNs were used to highlight clusters with a pBLAST similarity to NET above a given 
threshold (Figure 5.1). Subsequently the clustered sets were used for PCM model training 

Proteochemometric modeling for the norepinephrine transporter

Figure 5.1 – Sequence based similarity networks obtained from SLCs in ChEMBL. Displayed are similarity 
networks wherein each node represents a single protein and each connection a pBLAST similarity above the 
chosen cutoff. Nodes in yellow denote human NET. SN25 resulted into one large cluster of almost all proteins 
and was discarded (left hand). From there, the following thresholds were used for the Similarity networks: 
Similarity network SN100 (34 proteins), including NET and related proteins from several animal species. 
SN350 (33 proteins), showing a smaller network with a section appearing to nearly dissociate. SN550 (15 
proteins), containing the serotonin and dopamine transporters together with NET. SN650 (11 proteins) drops 
the serotonin transporters and the minimum viable similarity network SN850 (and all SNs above this threshold) 
contains solely NET from human and other species.
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to determine the optimal number of  related proteins for our model. A pBLAST threshold 
of  25 (smallest) led to a large network including all proteins (and was discarded), a threshold 
of  850 (largest) led to a network only including NET proteins between several species. 
Between these extremes several networks were obtained at intervals of  100, 350, 550, and 
650, leading to a total of  6 data sets. Identification of  a viable subset was also approached 
using phylogenetic trees calculated from protein sequence similarity.

Related proteins to NET could be identified if  they were found on the same layer of  the 
tree (Figure 5.2). Both the similarity networks and phylogenetic layers would then be 
selected for testing by modelling (up to an including layers 5, 6, and 7). In the phylogenetic 
approach, layer two represented the SN850 network, including three overlapped with the 
SN650 network, and including four represented SN550 network. Hence no separate models 
were trained for these groups (Figure 5.3).

Results

Figure 5.2 – Phylogenetic tree of maximal viable similarity network (SN100) reveals 8 individual layers. 
Displayed is the phylogenetic tree of the proteins (Uniprot codes) analyzed and colored with the various layers 
(defined as splits from the root of the tree defined by NET). This resulted in eight layers (including NET as the 
first layer).
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5.2.2 – Final dataset was chosen from best scoring similarity networks

Both selection methods led to a total of  nine subsets that were empirically tested to find the 
optimal training set. To do this, a random forest model was created and cross-validated to 
assess the R2 and RMSE (Figure 5.3). Subsets Layer 5, 6, 7, SN350, and SN100 all scored 
comparatively with a R2 of  0.71–0.72 and a RMSE of  0.66–0.67. The other sets all scored 
lower with R2 0.58–0.62 and RMSE 0.66–0.75. Out of  these five comparable sets, SN100 
was chosen in the end as this contained the most data and produced top performing models.

Proteochemometric modeling for the norepinephrine transporter

Figure 5.3 – Differences in cross validated R squared (R2) and RMSE from models trained of the different 
subsets. Displayed is a plot of the R2 and RMSE values generated during the dataset selection process. A high 
value for R2 and a low value for RMSE were desired. SN100 was eventually preferred due to this due to its RMSE 
and R2 values. It was preferred over layers 5, 6, 7 and SN350 as SN100 contained more data to model with.

Figure 5.4 – Overview of performance of selected modeling approaches. Displayed are the internal (training, 
cross validation) and external (testing 30% holdout) statistics. Shown are three intermediate models, a Random 
Forest, an optimized Random Forest and Gradient Boosting model, with a final model consisting of a Random 
Forest plus Gradient Boosting ensemble with a stacked Partial Least Squares ensemble as second step. Each 
model improves performance over the last one, with the last being best. This optimization was applied to every 
combination possible, but these are not shown for brevity.
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5.2.3 – Several machine learning techniques were used to create an optimized model

After selection of  the optimal data subset, an optimal choice of  machine learning method 
(ML) was determined. Three different methods were used: Random Forest (RF), Gradient 
Boosting (GB) and Partial Least Squares (PLS). Moreover, these methods were also further 
optimized and tested in an ensemble approach. Optimization was performed by both a 
backwards stepwise feature selection and a parameter optimization using grid search, with 
the best scoring model of  each method continued for further analysis. Performance was 
determined using the R2 and RMSE from a 30% (random based) holdout set of  all NET 
interactions in the dataset. 

Results

Figure 5.5 – Predicted pChEMBL values of temporal split correlated to the observed values. Temporal split 
prediction where all known interactions of ChEMBL of 2010 and before were used as training set (15,106 data 
points) and those of 2011 and later (5,083 data points) were used as the test set. R2 was 0.24 and RMSE was 
1.02.
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Without optimization, PLS (R2: 0.28; RMSE: 0.93) was underperforming compared to RF 
(R2: 0.61; RMSE: 0.70) and GB (R2: 0.65; RMSE: 0.62). Next, stepwise feature selection 
and parameter optimization using a grid search were performed to fine-tune the models. 
Optimization of  both the RF and GB models showed an increase in R2 (0.62; 0.66) and a 
decrease in RMSE (0.67; 0.62) (Figure 5.4). There was another small increase in performance 
when PLS was stacked as a second model after the RF and GB models. The ensemble of  
optimized RF and GB models, of  which predictions became the descriptors for a PLS 
model, performed the best and will be referred to as the NET model from now on.

5.2.4 – External validation shows the robustness of  the NET model

To check whether the created NET model would meet the standards of  a robust model, 
an external validation was performed with ChEMBL data (Figure 5.5). This validation was 
a temporal split, with the training set containing data from literature published before and 
in 2010, and the test set 2011 and later. This resulted in a R2 of  0.24 and a RMSE of  1.02, 
in line with our previous examples of  a temporal split18. Given the challenging nature of  
this approach (different chemotypes that are removed from the training set) and our prior 
experience with expected performance of  models trained on temporal split ChEMBL data, 
it was concluded that the NET model was robust enough to continue forward.

Proteochemometric modeling for the norepinephrine transporter

Figure 5.6 – Distribution of all predictions with affinity above 100 nM. Displayed is a histogram plot of the 
predicted affinities for the NET virtual screening of the Enamine compound database. Only those affinities 
which were predicted to have values lower than 100 nM were included (22.206 compounds).
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5.2.5 – The NET model predicted 46 groups of  compounds as viable candidates

The Enamine database was virtually screened with the NET model to predict the bioactivity 
of  compounds for NET. Subsequently through several filtering steps a final selection was 
made as the initial database contained around 700 million compounds. In the first step only 
compounds with a predicted affinity towards NET better than 100 nM (7.00 log units) were 
considered (Figure 5.6). This threshold resulted in 22,206 compounds remaining, with the 
highest predicted affinity to reach 7.65 log units.

Subsequently compounds were clustered using HDBSCAN and visualized with t-SNE using 
a 1024 bit ECFP_6 fingerprint (Figure 5.7). HBDSCAN produced 46 clusters, with each 

Results

Figure 5.7 – t-SNE of the 22.206 predictions with HDBSCAN designated clusters. The t-SNE displayed was 
created using 1024 bits of FCFP_6. The HDBSCAN shows 46 distinct clusters with different colors. Grey points 
were filtered out as too similar (<90%) or too unsimilar (>50%) by HDBSCAN. The member of each cluster with 
the highest predicted activity was used as representative of that cluster in the prospective validation.
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cluster representing structurally similar compounds. Compounds were first filtered (colored 
grey) by similarity to the training set, removing entries that shared either a 90% or higher 
similarity or a 50% or lower similarity. This was to ensure novelty and to increase the chance 
on NET activity in our final selection, respectively. Then, of  each cluster, the compound 
with the highest predicted affinity was selected for a final suggested list of  potential NET 
inhibitors. Of  the 46 compounds, 32 were purchased and tested for NET activity in a label-
free impedance-based assay.

5.2.6 – Experimental validation

To validate whether the predicted molecules from the NET model showed biological activity 
on NET, we used an impedance-based ‘transport activity through receptor activation’ 
(TRACT) assay as described in Chapter 3 and 421,22. In this assay a HEK293 cell line with 
inducible expression of  NET was used and the activation of  endogenously expressed 
alpha-2 adrenergic receptors by norepinephrine (NE) was measured as a cellular response. 
A compound was considered a NET inhibitor if  the compound was able to significantly 
enhance the NE-induced cellular response in a concentration-dependent manner. A single-
point primary screen was performed with 10 µM test compound, using the reference NET 
inhibitor nisoxetine as a positive control (Figure 5.8a). Five of  the 32 tested compounds 
were able to enhance the NE-induced response to a similar level as nisoxetine, which 
indicated that the compounds inhibited NET with a decent potency. None of  the five 
compounds showed modulation of  the NE response in cells lacking NET (Supplementary 
Figure 5.S1), confirming that the enhanced NE-induced response was specific to NET.

Proteochemometric modeling for the norepinephrine transporter

Figure 5.8 – In vitro functional validation of hits in a label-free impedance-based TRACT assay. (a) Single point 
screen of 32 hit compounds and (b) full-range concentration-inhibition curves of the top five compounds from 
the single point screen. Doxycycline-induced JumpIn-NET cells were pretreated for 1 h with either vehicle or (a) 
10 µM or (b) increasing concentrations of nisoxetine or hit compound. Subsequently, cells were stimulated with 
1 µM norepinephrine (NE) and Cell Index (CI) was measured for 30 min. Cellular responses are expressed as 
the net area under the curve (AUC) of the first 30 minutes after stimulation with NE. Data were normalized to 
the response of NE only (vehicle, 0%) and the response of NE in the presence of 10 µM nisoxetine (100%). Data 
are shown as the mean ± SEM of three separate experiments each performed in duplicate.
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To further characterize the most potent inhibitors, full-range concentration-inhibition 
curves were obtained for the top five compounds and inhibitory potency (pIC50) values 
were determined (Figure 5.8b, Table 5.1). The compounds on their own did not induce 
substantial cellular responses during pretreatment (Supplementary Figure 5.S2). All 
tested compounds showed concentration-dependent enhancement of  the NE response 
with submicromolar inhibitory potencies (Supplementary Figure 5.S3, Figure 5.8b). 
Compounds 3 and 4 showed the highest pIC50 values (7.6 ± 0.1 and 7.5 ± 0.2, respectively), 
which were in the range of  the pIC50 of  nisoxetine (8.0 ± 0.0) (Table 5.1). Taken together, 
these results demonstrate that at least five of  the 32 tested compounds were biologically 
active NET inhibitors in a label-free TRACT assay.

Results

Table 5.1 – Inhibitory potency (pIC50) values of tested compounds as determined in the impedance-based TRACT 
assay. Data are reported as the mean ± SEM of three individual experiments each performed in duplicate.

Compound Molecular structure pIC50 ± SEM

Nisoxetine 8.0 ± 0.0

Compound 1 6.4 ± 0.1

Compound 2 6.9 ± 0.1

Compound 3 7.6 ± 0.1

Compound 4 7.5 ± 0.2

Compound 5 6.1 ± 0.1
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5.3 – Discussion 

Major depressive disorder is one of  the main causes of  disability, and an increasing trend 
in the worldwide incidence and prevalence of  depression has been observed in recent 
years23,24. Selective serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine reuptake 
inhibitors (SNRIs) and selective norepinephrine reuptake inhibitors (sNRIs) are established 
classes of  prescription drugs for the first-line treatment of  depression8. Although these 
drugs improve on the polypharmacological profile of  tricyclic antidepressants, the current 
generation of  reuptake inhibitors suffer from partial or non-responsiveness, relatively low 
remission rates, slow onset of  action, and risk of  adverse effects25. Thus, the identification 
of  novel norepinephrine transporter (NET) inhibitors could improve on the efficacy of  
current antidepressants, as well as provide scaffolds for the development of  (fluorescent) 
probes for in vitro imaging26. In this chapter, we have developed a machine learning model 
for the identification of  novel inhibitors for human NET. After virtual screening of  the 
Enamine database with this predictive model, we filtered out 46 compounds by clustering 
for experimental validation. Using the live-cell, impedance-based TRACT assay that was 
validated in Chapter 4, we identified five novel inhibitors for NET. Here, we will discuss 
the opportunities and limitations of  this approach.

The bioactivity data that was used for training our models was obtained from ChEMBL25. 
However, machine learning models work best using more data and hence complimentary 
data from ExCAPE-DB can be included in future work27. Moreover, we recently released 
a comprehensive dataset called Papyrus that combines several datasets, that is annotated 
and standardized for compatibility28. In future applications of  this pipeline, we would 
switch to this dataset to increase our training set size while still retaining high quality and 
open source data. As said, having more data improves model performance and it is known 
that PCM models often demonstrate better performance than single target models due 
to the inclusion of  more data. Here we have shown that we can empirically determine 
an optimal set of  related proteins to include in a PCM model. This is a relevant finding 
as prior work in the area has primarily focused on small conserved families or very large 
protein superfamilies29,30. We argue that the optimal number of  included similar sequences 
is dependent on the (mean) similarity, the chemical variation, and the amount of  data points 
per sequence and therefore data set dependent. Hence, good practice is to optimize this 
number when creating optimized models. 

We used both phylogenetic trees and similarity networks to identify the optimal selection of  
proteins. Here, similarity networks proved to be a useful tool compared to the phylogenetic 
trees, as optimizing the pBLAST score threshold allowed us to vary the data set size and 
hence model performance. Conversely, while the trees are often used in metabolic pathway 
studies31,32, here they were less useful than the networks due to the inability to tune the 
threshold as is the case with the networks. Similarity networks have also been used in 
comparative research, for example to visualize enzyme function using protein sequence, 
to visualize relationships between protein superfamilies, or to find similarities using gene 
ontology databases33–35. Whereas these studies mainly focused on functional similarity, we  
 

Proteochemometric modeling for the norepinephrine transporter



|105

C
ha

pt
er

 5

used sequence similarity, and thus including this functional similarity used in other work 
to our networks could potentially create a higher quality network that could predict more 
accurately.

When optimizing our prediction models for R2 and RMSE, we concluded that the ensemble-
stacking model containing all three methods (Random Forest, Gradient Boosting and Partial 
Least Squares) performed the best. However, the values for R2 and RMSE between different 
combinations of  these methods were very close, including some single models. We decided 
to use the ensemble-stacking model, since we concluded in earlier work that these models 
tend to work better compared to single models18. Deep learning could likely improve our 
model even further, as was demonstrated in our earlier work, however this was deemed 
outside the scope of  this chapter36.

To perform our clustering we had to trim down from our initial predictions to only include 
compounds that had a predicted affinity of  100 nM or better (resulting in a set of  22,206 
compounds). Lower thresholds resulted in a clustering that was too large and would not 
converge. In follow up work, by increasing the amount of  computational power we should 
be able to include more compounds, which subsequently could reveal new interesting 
clusters. Next, in order to only include novel candidates, we filtered for similarity between 
the set of  22,206 predicted compounds compared to our initial training set. Compounds 
that had higher than 90% similarity were excluded, as they would be too similar to existing 
inhibitors. Compounds that had a similarity of  50% or lower would be discarded as well, to 
increase the confidence in model predictions for the compound. The thresholds were chosen 
arbitrarily and could be subject to another optimization finding, but this was deemed out of  
scope of  the current work. To further limit the amount of  candidates, the minimal amount 
of  points in a cluster was set to 19; so any smaller clusters were not taken further. From each 
cluster the most potent compound was then selected. Finally, as not all 46 candidates could 
be synthesized readily we eventually obtained final set of  32 compounds that were available 
for experimental validation. Note, potentially exploring (analogs of) the 14 cut candidates, 
or centers from the smaller clusters could hence result in more hits.

After clustering, 32 compounds were initially screened for their activity on NET using the 
impedance-based TRACT assay that was developed in Chapter 4. This assay has been used 
previously to characterize well-known inhibitors of  NET, showing a similar rank order 
of  inhibitory potencies compared to a more traditional fluorescent substrate uptake assay. 
In addition, the assay was validated for screening purposes and taking into account our 
experience with this platform we favored the use of  the TRACT assay over traditional 
assays. Eleven out of  the 32 compounds displayed at 10 µM more than 50% enhancement 
of  the NE-induced response, which is substantial considering that these compounds are 
structurally distinct from each other. This was also apparent from the five hit compounds, 
which all display submicromolar potencies towards NET. Although all compounds contain 
structural elements that are key to interacting with the sub-pockets of  the norepinephrine 
binding site, such as a secondary amine and a substituted aromatic moiety, the scaffolds 
vary significantly in the substitution and size of  aliphatic groups or the presence of  an  
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amide moiety (Table 2)37. Thus, these scaffolds could provide a starting point for the design 
and synthesis of  derivatives, quantitative structure-activity relationships and subsequent hit 
optimizations of  novel NET inhibitors.

Here, we have demonstrated an approach to identify novel protein inhibitors using a 
combination of  machine learning techniques. In contrast to prior work which focused on 
a single model created from only NET interaction data, the optimal set of  related targets 
for the PCM model was determined dynamically based on data analysis and subsequent 
modeling, stressing the fact that multiple SLC families were investigated for model inclusion. 
We applied this approach to identify novel NET inhibitors, which were found by virtually 
screening a database containing virtual molecules that were synthesized on demand. The 
complete computational pipeline can be applied to other protein families with relative ease, 
with the same provided data, or potentially be improved on with either larger datasets or 
more in-depth machine learning techniques.

5.4 – Materials and methods 

5.4.1 – Software 

Proteochemometric modeling, data curation, feature extraction, and cluster analysis was 
performed in Pipeline Pilot (version 1838). Machine learning was performed using R 
(version 3.5.2) as integrated in Pipeline Pilot. Similarity network construction was done with 
Cytoscape (version 3.7.139) in RStudio (version 3.6.040). Any seeds used in randomization or 
model creation/prediction was set to ‘12345’.

5.4.2 – Interaction data

Interactions were gathered from the ChEMBL database (version 25.041). Properties 
included were canonical SMILES for the compounds, amino acid sequence for the proteins, 
pChEMBL value representing the affinity (in –log M). If  there was more than one pChEMBL 
unit assigned to a data point (combination of  chemical structure and protein) the highest of  
the following ranked units were chosen: Ki > IC50 > EC50 > Kd. Any duplicate pChEMBL 
values left were averaged so that only a single data point for each interaction remained.

5.4.3 – Compound standardization

Pipeline Pilot was used to convert canonical SMILES to structures. Compounds were 
standardized as in the statistical section of  Burggraaff  et al 42. These steps included removing 
salts, standardizing stereoisomers/charges, and (de)protonation based on a pH 7.0.

5.4.4 – Compound descriptors

Physicochemical properties were calculated using Pipeline Pilot built-in components. 
Several fingerprints were calculated Estate keys/counts, MDL fingerprints, and a selection 
of  extended-connectivity fingerprints43. A full list of  these compound descriptors can 
be found in Supplementary Table 5.S1, and an explanation of  the letter system for the 
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extended-connectivity fingerprints can be found in the related article. All these descriptors 
were used during the feature selection process to sample which ones performed optimally.

5.4.5 – Protein descriptors

Three classes of  protein descriptors were tested. The first set of  protein descriptors was 
generated using the PROFEAT interface44, which are alignment agonistic. Secondly, three 
alignment-based protein descriptors were included as used previously (Z-scales, FASGAI 
and BLOSUM)45. Finally, a third set of  protein descriptors was prepared using an in-
house algorithm that included a selection of  protein descriptor generators and returned an 
autocross correlated (ACC) version46. An overview can be found in Supplementary Table 
5.S1. Like the compound descriptors, these were also used in the feature selection part of  
the process.

5.4.6 – Similarity networks

Similarity networks were created using RStudio and package ‘Rcy3’ in Cytoscape, while 
displayed using ‘yFiles’. 9,131 proteins were extracted from ChEMBL, with 5,142 proteins 
used in the similarity investigations as these had interactions with compounds detailed. 
Proteins were first analyzed using pBLAST, resulting in an all-versus-all similarity matrix. 
Networks were then created using a varying pBLAST threshold, a higher threshold resulting 
in a higher required similarity for inclusion and hence less proteins included for the network. 
Two networks representing the extremes: a maximum viable similarity network (required 
similarity >= 100) representing multiple solute carriers; and a minimum viable similarity 
network (required similarity >= 800) containing only NET homologs.

5.4.7 – Phylogenetic tree formation

Phylogenetic trees were created using R packages ‘msa’, ‘seqinr’ and ‘ape’. Alignment was 
performed using the ‘msa’ implementation of  ClustalW. Phylogenetic tree formation ended 
at the maximum viable similarity network (pBLAST >= 100), as it proved unfeasible to 
create a tree with all 5,142 proteins (pBLAST >= 25) with the available resources. Tree layers 
were created upwards from the minimum viable layer (NET only), with each layer above it 
including the previous layer. Tree creation was stopped when it reached the maximum viable 
similarity network. Modeling performance on the data using selected similarity networks 
as filter was then obtained using a 70/30 target based data split. This split was done with 
PCA assisted K-means, this was to ensure as much homogeneity between the datasets when 
validating. The R2 and Residual Mean Squared Error (RMSE) were then calculated from a 
10-fold cross validation.

5.4.8 – Feature selection

Stepwise feature selection was performed during model optimization. The maximum number 
of  iterations were set at 25 and the number of  iterations without model improvement was 
set to 3. Model improvement was defined as an increase in 5-fold cross validated R2.
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5.4.9 – Parameter optimization

Parameter optimization was performed using a simple full grid search. Model improvement 
was defined as an increase in 5-fold cross validated R2. Parameter grids are separated per 
model as shown in Table 5.2.

5.4.10 – Final validation / clustering

Clustering was used to select a diverse set of  compounds for external validation. As an 
additional step after clustering, an identity filter was applied that removed points that had 
a 90% or higher identity or a 50% or lower identity with compounds found in the training 
data. This was to ensure that compounds were novel compared to existing compounds, 
but did not stray too far from the known interactions. Clustering was performed using R 
package ‘hdbscan’. Clusters were visualized in Pipeline Pilot, including the coloring of  the 
different clusters. Grey points were filtered out automatically as noise, and thus discarded in 
the final selection. Finally, these clusters were ranked based on predicted NET affinity, and 
the top ranked compounds were chosen for further experimental validation.

5.4.11 – Chemicals and reagents

Jump In T-REx HEK 293 cells modified for doxycycline-inducible overexpression of  the 
wild-type human norepinephrine transporter (JumpIn-NET) were provided by CeMM 
(Research Center for Molecular Medicine, Medical University of  Vienna, Austria) and 
generated as described in Chapter 4. Doxycycline hyclate was purchased from Sigma 
Aldrich (St. Louis, MO, USA). Nisoxetine hydrochloride was purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). The 32 selected predicted active molecules were 
synthesized and provided by Enamine. All other chemicals were of  analytical grade and 
obtained from standard commercial sources.

Proteochemometric modeling for the norepinephrine transporter

Table 5.2 – Grids used during the parameter optimization procedure. Models are found on the left hand side 
with their respective R package. Parameter grids are separated per model. 

* D represents number of descriptors.

Model Parameter Grids

Random Forest (ranger)

Number of Trees 100, 250, 500, 1000
Number of Descriptors Sqrt(D)*, Log2(D)*, Fraction: 10%, 50%, 90%
Minimum Node Size 1, 5, 7
Maximum Depth 5, 7, no max

Gradient Boosting (xgboost)

Maximum number of Trees 100, 250, 500, 1000
Learning Rate 0.1, 0.3, 0.5
Gamma 0, 0.3, 0.5
Maximum Depth 5,7
Data Fraction 0.1, 0.5, 1.0
Descriptor Fraction 0.5, 0.7

Partial Least Squares (pls) Number of Variables 100, 200, 300
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5.4.12 – Cell culture

JumpIn-NET cells were grown as adherent cells in culture medium (high glucose Dulbecco’s 
Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal calf  serum (FCS), 
2 mM Glutamax, 100 IU/ml penicillin and 100 µg/ml streptomycin) at 37°C and 7% CO2. 
Cryopreserved cells were thawed and cultured for 1–2 passages in culture medium. Cells 
were then cultured up to one week in culture medium supplemented with 2 mg/ml G418 
and 5 µg/ml blasticidin before switching back to culture medium at least 24 h prior to an 
experiment. Cell cultures were split twice per week at ratios of  1:8 – 1:16 in 10 cm plates.

5.4.13 – TRACT assay

Label-free TRACT assays were performed using the xCELLigence real-time cell analysis 
(RTCA) platform as described in Chapter 4. In short, cells grown on gold-coated electrodes 
of  96-well E-plates impede the electric current that is generated on the electrodes. Impedance 
is measured at 10 kHz and is converted to the dimensionless parameter Cell Index (CI) 
using the following formula:

where Zi is the impedance at any given time and Z0 is the baseline impedance measured at 
the start of  each experiment. 

Assays were performed at 37°C and 5% CO2 in 96-well E-plates in a total volume of  100 
µl. Background impedance was measured in 40 µl culture medium. JumpIn-NET cells 
were seeded in 50 µl at 60,000 cells/well in the presence of  1 µg/ml doxycycline (or no 
doxycycline for the counterscreen). The E-plate was left at room temperature for 30 min 
before placement in the recording station. Cells were grown for 22 hr prior to inhibitor 
pretreatment. All compound additions were done using a VIAFLO 96 handheld electronic 
96 channel pipette (INTEGRA Biosciences, Tokyo, Japan). After 22 h, cells were pretreated 
for 1 h with either a single concentration (single-point primary screen, 10 µM) or increasing 
concentrations (full-range concentration-inhibition curves, ranging from 10 pM to 10 µM) 
of  compound or nisoxetine (positive control). Dilutions of  compounds were first made 
in DMSO, then in phosphate-buffered saline (PBS). Vehicle-pretreated cells received only 
DMSO in PBS. Final amounts of  DMSO were kept at 0.1% per well. After 1 h inhibitor 
pretreatment, cells were stimulated with either vehicle or 1 µM norepinephrine in PBS 
containing 1 mM ascorbic acid (final concentration). Impedance was then measured every 
15 seconds for 30 minutes.

5.4.14 – Data analysis

Raw data from TRACT assays were recorded using RTCA Software v2.0 or v2.1.1 (ACEA 
Biosciences). For analysis of  NE-induced cellular responses CI values were normalized 
to the time point prior to substrate addition to obtain normalized CI (nCI) values. Data 
were exported from RTCA Software and analyzed in GraphPad Prism v8.1.1 (GraphPad 
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Software, San Diego, CA, USA). Per E-plate, nCI values of  vehicle-pretreated and vehicle-
stimulated cells were subtracted from all other data points to correct for any inhibitor and 
substrate-independent effects. NE-induced cellular responses were quantified by taking the 
net area under the curve (AUC) of  the first 30 min after NE stimulation. Inhibitory potency 
(pIC50) values of  compounds are reported as a concentration-dependent enhancement of  
the NE-induced response by fitting the AUC data with non-linear regression to a sigmoidal 
concentration-inhibition curve with a fixed pseudo-Hill slope of  1. Data are shown as mean 
± standard error of  the mean (SEM) of  three separate experiments each performed in 
duplicate.
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Supplementary Figure 5.S1 – Counterscreen of the five hit compounds in a label-free impedance-based 
TRACT assay. JumpIn-NET were not induced with doxycycline and as such did not express NET. Cells were 
pretreated for 1 h with either vehicle or 10 µM of the hit compound. Subsequently, cells were stimulated with 
1 µM norepinephrine (NE) and Cell Index (CI) was measured for 30 min. Cellular responses are expressed as 
the net area under the curve (AUC) of the first 30 minutes after stimulation with NE. Data were normalized to 
the response of NE only (vehicle, 100%). Data are shown as the mean ± SD of two separate experiments each 
performed in duplicate.
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Supplementary Figure 5.S2 – Representative xCELLigence traces of JumpIn-NET cells during inhibitor 
pretreatment in a label-free impedance-based TRACT assay. Cells were pretreated for 1 h with either vehicle or 
increasing concentrations of nisoxetine or hit compound. Cell Index was normalized to the time point prior to 
inhibitor addition (t = 0 min). Data are shown as the mean of a representative experiment.
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Supplementary Figure 5.S3 – Representative xCELLigence traces of JumpIn-NET cells during norepinephrine 
(NE) stimulation in a label-free impedance-based TRACT assay. Cells were pretreated for 1 h with either vehicle 
or increasing concentrations of nisoxetine or hit compound, and subsequently stimulated with vehicle or 1 µM 
NE. Cell Index was normalized to the time point prior to NE addition (t = 0 min). Data are shown as the mean 
of a representative experiment.
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Supplementary Table 5.S1 – Descriptors used throughout the model building process.

Molecular Descriptors Protein Descriptors
ALogP SCFC 6 Amino Acid Composition ACC c scales
Molecular Weight FPFC 6 Dipeptide Composition ACC DPPS
Number of Hydrogen Donors EPFC 6 Auto Correlation Descriptors ACC E scales
Number of Hydrogen Acceptors LPFC 6 Composition Transition Distribution ACC G scales
Number of Rotatable Bonds SPFC 6 Quasi Sequence Order Descriptors ACC HESH
Number of Bridge Bonds FEFC 6 Pseudo Amino Acid Composition ACC HSEHPCSV

Number of Atoms EEFC 6
Amphiphilic Pseudo Amino Acid 
Composition

ACC Norinder

Number of Rings LEFC 6 Total Amino Acid Properties ACC Kidera
Number of Aromatic Rings SEFC 6 Aligned Z scales Sandberg ACC P scales
Number of Fragments FHFC 6 Aligned FASGAI ACC QCP
N Plus O Count EHFC 6 Aligned BLOSUM ACC Sneath
Molecular Solubility LHFC 6 ACC Z scales Hellberg ACC SVEEVA
Molecular Surface Area SHFC 6 ACC Z scales Jonsson ACC SVHEHS
Molecular Polar Surface Area FCFP 6 ACC Z scales Sandberg ACC SVRG
Molecular Polar Solvent-
Accessible Surface Area (SASA)

ECFP 6 ACC Z scales binary ACC SVWG

Estate Keys LCFP 6 ACC T scales ACC V scales
Estate Counts SCFP 6 ACC ST scales ACC VSGETAWAY
MDLPublicKeys FPFP 6 ACC VHSE ACC VSTPV
MDL2DKeys960 EPFP 6 ACC ISA ECI ACC VSW
MDL2DKeys166 LPFP 6 ACC GRID t-score ACC VTSA
PHFP 2-4 SPFP 6 ACC VSTV ACC SVGER
PHRFP 2-4 FEFP 6 ACC MSWHIM ACC PSM
PHPFP 2-4 EEFP 6 ACC_FASGAI ACC SSIA AM1
PHFC 2-4 LEFP 6 ACC_BLOSUM ACC SSIA PM3
PHPFC 2-4 SEFP 6 ACC_VARIMAX ACC SSIA HF
PHRFC 2-4 FHFP 6 ACC Protein fingerprint numerical ACC SSIA DFT
FCFC 6 EHFP 6 ACC Protein fingerprint hash
ECFC 6 LHFP 6
LCFC 6 SHFP 6
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CHAPTER 6

Excitatory amino acid transporters (EAAT/SLC1) mediate Na+-dependent uptake of  
extracellular glutamate and are potential drug targets for neurological disorders. Conventional 
methods to assess glutamate transport in vitro are based on radiolabels, fluorescent dyes 
or electrophysiology, which potentially compromise the cell’s physiology and are generally 
less suited for primary drug screens. Here, we describe a novel label-free method to assess 
human EAAT function in living cells, i.e. without the use of  chemical modifications to 
the substrate or cellular environment. In adherent HEK293 cells overexpressing EAAT1, 
stimulation with glutamate or aspartate induced cell spreading, which was detected in real-
time using an impedance-based biosensor. This change in cell morphology was prevented 
in the presence of  the Na+/K+-ATPase inhibitor ouabain and EAAT inhibitors, which 
suggests the substrate-induced response was ion-dependent and transporter-specific. A 
mechanistic explanation for the phenotypic response was substantiated by actin cytoskeleton 
remodeling and changes in the intracellular levels of  the osmolyte taurine, which suggests 
that the response involves cell swelling. In addition, substrate-induced cellular responses 
were observed for cells expressing other EAAT subtypes, as well as in a breast cancer cell 
line (MDA-MB-468) with endogenous EAAT1 expression. These findings allowed the 
development of  a label-free high-throughput screening assay, which could be beneficial 
in early drug discovery for EAATs and holds potential for the study of  other transport 
proteins that modulate cell shape.
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6.1 – Introduction 

Glutamate is the main excitatory amino acid in the human central nervous system. Its 
release from neurons is essential for the activation of  ionotropic and metabotropic (mGluR) 
glutamate receptors in the close vicinity of  the release site1. Extracellular concentrations 
of  glutamate are tightly regulated by vesicular release and dedicated solute carrier (SLC) 
transport proteins that are found on neurons and neighboring glia2. The excitatory amino 
acid transporters (EAAT/SLC1) are the main facilitators of  Na+-dependent glutamate 
uptake, with EAAT1 and EAAT2 accounting for roughly 90% of  all glutamate uptake in 
the human central nervous system3. EAAT1 and EAAT2 are mainly expressed on astroglia4, 
whereas neuronal cells express EAAT34, EAAT4 (cerebellar Purkinje cells)5 and EAAT5 
(retina)6. Aberrant function or expression of  glutamate transporters has been linked to an 
extensive list of  neurological and psychological disorders, including Alzheimer’s disease7, 
Parkinson’s disease8, epilepsy9, schizophrenia10 and depression11. Moreover, excessive 
extracellular concentrations of  glutamate are generally linked to excitotoxicity caused by 
overactivation of  glutamate receptors1. 

Under most conditions, pharmacological EAAT inhibition leads to highly elevated and 
detrimental glutamate levels, which refrains this class of  modulators from widespread 
therapeutic applications. As such, most EAAT inhibitors have been mainly developed as 
probes for mechanistic studies and protein structure elucidations12–14. However, in instances 
of  severe ischemic stroke glutamate transport can be reversed as a result of  a disrupted Na+/
K+ balance, effectively increasing the extracellular glutamate levels in which cases EAAT 
inhibition could be a viable therapeutic strategy15,16. Furthermore, a missense mutation of  
EAAT1 (P290R) that was identified in a patient with episodic ataxia type 6 shows a gain-of-
function of  the anion conductivity of  EAAT, which contributes to severe ataxia symptoms 
and cerebellar degeneration17,18. Another EAAT1 variant (E219D) associated with Tourette’s 
syndrome has increased plasma membrane insertion probability and elevated glutamate 
uptake rates19. Thus, EAAT1 inhibition in patients with gain-of-function mutations could 
be an attractive approach to treat disease. Although so far no EAAT inhibitors have made 
it into clinical trials, the search for subtype selective modulators that alter the function 
or expression levels of  EAATs is ongoing20. Indeed, allosteric enhancers of  EAAT2, 
which increase glutamate uptake, were recently discovered using a hybrid structure-based 
approach, and could be a potential treatment for excitotoxicity-related diseases21. Moreover, 
the first truly selective EAAT3 inhibitors were described only recently22, indicating that 
the development of  small molecule tools for EAATs is still ongoing and considered an 
important endeavor.

Several in vitro methods are available to screen for EAAT active molecules in endogenous 
cell lines or cells with heterologous EAAT expression (Chapter 1, Table 1.1). Traditional 
electrophysiology approaches are accurate and present kinetic insight in transporter ion 
fluxes, but are tedious and labor-intensive, which makes them unsuitable for large compound 
screens23. Automated electrophysiology-based methods on solid-supported membranes 
vastly increase throughput and have been used to study EAAT3 function24,25. Another direct 
method, uptake of  radiolabeled substrate by EAAT-expressing cells provides a rapid and 
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sensitive readout of  transporter function and inhibition26, although the use and handling of  
radioactivity may be a drawback to use this method. Alternatively, indirect assays based on 
fluorescent probes and reporters such as membrane potential dyes27, glutamate sensors28 
and intracellular anion sensors29 have proven successful to infer glutamate transport activity, 
although they require the introduction of  non-physiological chemical labels. Previously, 
we reported on a label-free impedance-based method to assess activity and inhibition of  
nucleoside30, dopamine31 (Chapter 3) and norepinephrine transporters32 (Chapter 4) via 
activation of  congruent G protein-coupled receptors (GPCRs) by their endogenous substrate 
in live cells, termed the TRACT assay (Chapter 1, Figure 1.4). Importantly, impedance-
based biosensors have the advantage to record any changes in cellular morphology upon 
cell perturbation, such as receptor activation and acute cytotoxicity33, which opens a broader 
application of  label-free assays to study transport proteins. 

Here, we used an impedance biosensor system, xCELLigence, to study the function of  
EAATs in a HEK293 cell line with inducible heterologous expression of  either one of  
the five human EAAT subtypes. An in-depth analysis of  EAAT1-expressing cells revealed 
two distinct effects: 1) in cells transfected with the metabotropic glutamate receptor type 2 
(mGluR2), EAAT1 reduced the apparent potency of  glutamate on mGluR2, whereas 2) in 
cells lacking mGluR2 glutamate induced EAAT1-mediated, receptor-independent cellular 
responses. Live-cell imaging revealed that the cells spread upon substrate stimulation, most 
likely initiated by EAAT1-mediated cell swelling. Substantial transporter-mediated responses 
were also observed for EAAT2 and EAAT3, but not for EAAT4 and EAAT5, likely due to 
poor expression of  the latter two proteins. In addition, substrate-induced responses could 
be measured in a cell line with endogenous EAAT1 expression, which together indicate that 
this phenotypic assay is highly sensitive and applicable to multiple EAAT subtypes. With 
this method we demonstrate a completely novel approach to study glutamate transporters, 
effectively expanding the toolbox for mechanistic and drug discovery purposes.

Impedance-based phenotypic readout for glutamate transporters

 Figure 6.1 – L-glutamate induces distinct mGluR2- and EAAT1-mediated responses in a TRACT assay. 
(a,b,d,e) Vehicle-corrected normalized Cell Index (nCI) traces of the first 15 min (a,b) or 120 min (d,e) after 
stimulation of cells with vehicle (PBS) or L-glutamate (L-glu) in the absence (–dox) (a,d) or presence (+dox) 
(b,e,) of doxycycline, shown as the mean of a representative experiment performed in duplicate. (c,f) Combined 
concentration-response curves of L-glu on JumpIn-EAAT1-mGluR2 cells (±dox, red) and mock-transfected 
JumpIn-EAAT1 cells (mock) (±dox, grey). (g) Cellular response of 100 µM L-glu on JumpIn-EAAT1-mGluR2 cells 
(±dox) pretreated for 1 h with vehicle (PBS/DMSO) or 1 µM LY341495. (h) Combined concentration-response 
curves of L-glu on JumpIn-EAAT1-mGluR2 cells (±dox) pretreated for 1 h with vehicle (PBS/DMSO) (data derived 
from Figure 6.1e), 10 µM UCPH-101 or 10 µM TFB-TBOA. Cellular response is expressed as the net AUC of the 
first 15 min (c,g,h) or 120 min (f) after L-glu stimulation. Data are normalized to the response of 1 mM (c,f,h) 
or 100 µM (g) L-glu on JumpIn-EAAT1-mGluR2 (–dox) cells. Data are shown as the mean ± SEM of three or four 
individual experiments each performed in duplicate. ns = not significant, * p < 0.05, ** p < 0.01, *** p < 
0.001, **** p < 0.0001; one-way ANOVA with Tukey’s post-hoc test (g) or two-way ANOVA with Šídák’s post-hoc 
test compared to vehicle-treated +dox cells (h).
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6.2 – Results

6.2.1 – L-glutamate induces distinct mGluR2- and EAAT1-mediated responses in a TRACT 
assay

Initial attempts to set up a functional method for EAATs were focused on the use of  an 
impedance-based TRACT assay, i.e., using receptor activation as a measure of  transporter 
activity31,32. To validate this approach we used a modified HEK293 cell line with doxycycline 
(dox)-inducible overexpression of  EAAT1 (JumpIn-EAAT1) that was transiently 
transfected with a plasmid encoding metabotropic glutamate receptor type 2 (mGluR2) 
(JumpIn-EAAT1-mGluR2). In the TRACT assay, the changes in electrical impedance are 
reported as the unitless parameter Cell Index (CI), which increases or decreases as the 
electrode coverage by cells increases or decreases, respectively. In non-induced (–dox) cells 
L-glutamate (L-glu) induced a concentration-dependent increase of  the normalized Cell 
Index (nCI) within 15 min after stimulation (pEC50 = 4.1 ± 0.1) (Figure 6.1a,e, Table 
6.1), where a plateau was maintained for at least 120 min (Figure 6.1c). The early-phase 
L-glu response was attributed to mGluR2 activation, as the response of  a submaximal 
concentration of  L-glu could be significantly blocked (p = 0.0265) by the mGluR2-specific 
antagonist LY341495 (Figure 6.1g). No distinct early-phase response was observed in non-
induced, mock-transfected cells (Figure 6.1e).

In cells with dox-induced EAAT1 expression (+dox) stimulation with L-glu resulted in a 
sharp nCI increase within two minutes followed by a brief  decrease and a subsequent gradual 
increase in nCI in the first 15 minutes (pEC50 < 3.0) reaching a plateau after approximately 
120 min that was 6-fold higher than in non-induced cells (Figure 6.1b,d,e,f, Table 6.1). 
Interestingly, 1 mM L-glu produced a vastly elevated nCI response within the first 15 min 
in dox-induced cells (Figure 6.1b), whereas at concentrations between 10 and 316 µM the 
L-glu response was lower than in non-induced cells (Figure 6.1e), indicating that EAAT1 
lowers the extracellular L-glu concentration leading to reduced mGluR2 activation. In dox-
induced mock-transfected cells the L-glu response over 120 min was in line with JumpIn-
EAAT1-mGluR2 (Figure 6.1e,f), which suggests that the L-glu response was comprised 
of  two distinct phases: an early mGluR2-dependent phase (0–15 min) and a late EAAT1-
mediated phase (0–120 min). 

The role of  EAAT1 in the early-phase mGluR2 response was confirmed using the non-
competitive selective EAAT1 inhibitor UCPH-10114 and competitive non-selective EAAT 
inhibitor TFB-TBOA13 in JumpIn-EAAT1-mGluR2 cells (Figure 6.1h). Of  note, addition 
of  TFB-TBOA on its own resulted in a peak nCI after 15 min in both non-induced and 
dox-induced cells, whereas UCPH-101 induced a response in non-induced cells only 
(Supplementary Figure 6.S1a–d). In dox-induced cells UCPH-101 substantially enhanced 
the apparent potency of  L-glu (pEC50 = 3.7 ± 0.2) compared to vehicle pretreated cells, 
indicating that EAAT1 inhibition potentiates mGluR2 activation (Figure 6.1h, Table 6.1). 
The maximal response of  1 mM L-glu was significantly (p < 0.0001) reduced by 62% in 
the presence of  UCPH-101, confirming that this part of  the response is EAAT1-mediated. 
Strikingly, TFB-TBOA completely blocked 316 µM (p = 0.0769) and 1 mM L-glu (p < 
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0.0001) responses. Since differential effects of  the two EAAT1 inhibitors on the mGluR2 
response complicated data interpretation, which is impractical for a screening assay, we did 
not pursue optimization of  the TRACT assay. Rather, we further explored the late-phase 
EAAT1-mediated L-glu response.

Results

Table 6.1 – List of (–log) potency (pEC50) and inhibitory potency (pIC50) values of EAAT substrates and inhibitors 
on various cell lines in the TRACT and phenotypic assays. Potencies were determined on non-induced (–) or 
doxycycline (dox)-induced (+) cells in the absence (–) or presence of an inhibitor by analyzing the net area under 
the curve (AUC) of the first 120 min after substrate stimulation (unless stated otherwise).

a 10 µM inhibitor; 
b AUC = 0–180 min; 
c stimulated with 1 mM L-glutamate; 
d stimulated with 316 µM L-glutamate
N.D. = not determined

Assay Cell line Dox Substrate Inhibitor pEC50 ± SEM 
pIC50 ± SEM n

TRACT  
assay

Substrate pEC50 ± SEM (AUC = 0–15 min)

JumpIn-EAAT1-mGluR2

–

L-glutamate

– 4.1 ± 0.1 6

+
– < 3.0 7
UCPH-101 a 3.7 ± 0.2 3
TFB-TBOA a N.D. 3

JumpIn-EAAT1-mock
– – N.D. 3
+ – < 3.0 3

Substrate pEC50 ± SEM (AUC = 0–120 min)

JumpIn-EAAT1-mGluR2
–

L-glutamate

– 4.3 ± 0.1 6
+ – 3.3 ± 0.1 7

JumpIn-EAAT1-mock
– – 4.0 ± 0.1 3
+ – 3.5 ± 0.0 3

Phenotypic 
assay

Substrate pEC50 ± SEM

JumpIn-EAAT1

–
L-glutamate

– 4.2 ± 0.3 8

+

– 3.4 ± 0.0 10
D-glutamate – < 3.0 5
L-aspartate – 3.4 ± 0.0 6
D-aspartate – 3.4 ± 0.1 5

JumpIn-EAAT2
–

L-glutamate

– 3.8 ± 0.1 6
+ – 3.6 ± 0.0 6

JumpIn-EAAT3
– – N.D. 6
+ – 3.9 ± 0.0 6

MDA-MB-468 d – – 4.0 ± 0.2 b 3
Inhibitor pIC50 ± SEM (M)

JumpIn-EAAT1
+ L-glutamate

Ouabain 7.2 ± 0.0 c 3
UCPH-101 5.2 ± 0.1 c 7

TFB-TBOA
6.7 ± 0.1 c 6

JumpIn-EAAT2 7.1 ± 0.0 d 3
JumpIn-EAAT3 6.1 ± 0.2 d 3
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6.2.2 – EAAT1-specific L-glutamate-induced cellular responses are blocked by UCPH-101 and 
TFB-TBOA

Receptor-independent cellular responses by L-glu were assessed in non-transfected JumpIn-
EAAT1 cells in the absence (–dox) or presence (+dox) of  doxycycline. Incubation with 
doxycycline did not affect the growth of  the cells prior to pretreatment or stimulation 
(Figure 6.2a). L-glu induced a gradual concentration-dependent increase in nCI in non-
induced cells (pEC50 = 4.2 ± 0.3), whereas in dox-induced cells L-glu produced a drastically 
elevated nCI (pEC50 = 3.4 ± 0.0) reaching a 10-fold higher plateau after 120 min (Table 6.1, 
Figure 6.2b–d). Similar L-glu potencies were measured at 120 min in the TRACT assay on 
both non-induced and dox-induced JumpIn-EAAT1-mGluR2 and JumpIn-EAAT1-mock 
cells (Table 6.1). This indicates that the L-glu-induced cellular response is largely EAAT1-
mediated. Unless stated otherwise, all further experiments were conducted on dox-induced 
cells.

To confirm the specific role of  EAAT1 in the L-glu response we assessed the pharmacological 
properties of  UCPH-101 and TFB-TBOA. No substantial changes in nCI were observed 
during the 1 h pretreatment with 10 µM of  either inhibitor (Supplementary Figure 
6.S1e,f). Both UCPH-101 (pIC50 = 5.2 ± 0.1) and TFB-TBOA (pIC50 = 6.7 ± 0.1) blocked 
the response of  1 mM L-glu in a concentration-dependent manner (Table 6.1, Figure 
6.2e). To assess the reproducibility and robustness of  the inhibitory assay window, a semi-
manual high-throughput screening (HTS) validation was performed using a low (10 µM 
TFB-TBOA), mid (0.2 µM TFB-TBOA) and high (vehicle) signal upon stimulation with 1 
mM L-glu (Supplementary Figure 6.S2a). The assay produced a Z’ of  0.85 ± 0.01 and a 
signal window (SW) of  25.1 ± 1.3, which indicates an “excellent” assay 34,35 that is suitable 
for single-point detection of  EAAT1 inhibition (Supplementary Figure 6.2b).

The mechanism of  inhibition by UCPH-101 and TFB-TBOA was demonstrated by 
pretreating cells with three different concentrations of  inhibitor prior to stimulation with 
increasing concentrations of  L-glu (Figure 6.2f,g). Since not all L-glu concentration-
response curves reached a plateau within the tested concentration range, no formal Schild 
analysis was performed. Nevertheless, UCPH-101 reduced the maximum response of  L-glu 
(Figure 6.2f) without much affecting the potency of  L-glu, whereas the presence of  TFB-

Impedance-based phenotypic readout for glutamate transporters

 Figure 6.2 – L-glutamate induces EAAT1-specific cellular responses on JumpIn-EAAT1 cells. (a) Experimental 
layout of an xCELLigence growth curve, the subsequent assay course and data analysis. Shown are traces of 
two separate wells from a representative experiment. (b,c) Vehicle-corrected nCI traces of cells in the absence 
(–dox) (b) or presence (+dox) (c) of doxycycline stimulated with vehicle (PBS) or L-glutamate (L-glu), shown 
as the mean of a representative experiment performed in duplicate. (d) Combined concentration-response 
curves of L-glu on JumpIn-EAAT1 cells (±dox). (e) Combined concentration-inhibition curves of TFB-TBOA and 
UCPH-101 on +dox cells pretreated for 1 h with vehicle (PBS/DMSO) or increasing concentrations of TFB-TBOA 
or UCPH-101 and subsequently stimulated with a submaximal concentration (1 mM) of L-glu. (f) Combined 
concentration-response curves of L-glu on +dox cells pretreated for 1 h with vehicle (PBS/DMSO), 1 µM, 3.16 
µM or 10 µM UCPH-101. (g) Combined concentration-response curves of L-glu on +dox cells pretreated for 1 h 
with vehicle (PBS/DMSO), 10 nM, 100 nM or 1 µM TFB-TBOA. Cellular response is expressed as the net AUC of 
the first 120 min after L-glu stimulation. Data are normalized to the response of 1 mM L-glu on +dox cells. Data 
are shown as the mean ± SEM of three to ten individual experiments each performed in duplicate.
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TBOA produced an apparent right-ward shift of  the L-glu curve (Figure 6.2g), indicating 
a non-competitive and competitive mode of  inhibition, respectively.

6.2.3 – Substrate-specific uptake via EAAT1 induces Na+/K+-ATPase (NKA)-dependent cell 
spreading

To investigate whether the cellular responses were L-glu specific, three additional EAAT1 
substrates were tested. Similar to L-glu, stimulation of  cells with D-glutamate (D-glu), 
L-aspartate (L-asp) and D-aspartate (D-asp) induced a substantial nCI increase within 120 
min (Figure 6.3a). L-asp and D-asp had potencies (pEC50 = 3.4 ± 0.0 and 3.4 ± 0.1, 
respectively) that were comparable to L-glu, whereas the potency of  D-glu was substantially 
lower (pEC50 < 3.0) (Table 6.1, Figure 6.3b). The maximal responses of  1 mM L-asp (p 
= 0.0005), D-asp (p = 0.0054) and D-glu (p < 0.0001) were significantly lower than L-glu 
(Figure 6.3b), which was attributed to a lower nCI plateau (L-asp) or slower onset of  the 
nCI increase (D-asp, D-glu) (Figure 6.3a). These data suggest that the cellular responses are 
substrate-specific and likely emanate from a shared mechanism.

To assess the role of  Na+/K+-ATPase (NKA) in the L-glu-induced cellular response, cells 
were pretreated for 1 h with increasing concentrations of  the NKA inhibitor ouabain and 
stimulated with 1 mM L-glu (Figure 6.3c). During pretreatment with ouabain the nCI 
gradually decreased in a concentration-dependent manner (Supplementary Figure 6.S1g), 
which was corrected for during substrate stimulation by including vehicle controls for 
each concentration of  ouabain. Upon L-glu stimulation ouabain showed concentration-
dependent inhibition of  the cellular response (pIC50 = 7.2 ± 0.0) (Table 6.1, Figure 6.3d). 
This validates that the Na+ gradient and NKA activity are crucial for proper EAAT1-
mediated L-glu uptake and the subsequent cellular responses.

To determine whether changes in cell morphology underlie the L-glu-induced cellular 
responses, JumpIn-EAAT1 cells were transduced with a LifeAct-GFP actin lentiviral 
plasmid (JumpIn-EAAT1-LifeAct-GFP) and visualized during an L-glu stimulation using 
confocal microscopy (Figure 6.3e). Dox-induced cells did not show substantial changes in 
morphology within 2 h after vehicle stimulation. Strikingly, cells stimulated with 1 mM L-glu 
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 Figure 6.3 – Substrate-dependent uptake via EAAT1 mediates Na+/K+-ATPase (NKA)-dependent cell 
spreading. (a) Vehicle-corrected nCI traces of +dox cells stimulated with vehicle (PBS), 1 mM of L-glutamate 
(L-glu), D-glutamate (D-glu), L-aspartate (L-asp) or D-aspartate (D-asp), shown as the mean of a representative 
experiment performed in duplicate. (b) Combined concentration-response curves of L-glu (derived from Figure 
6.2d), D-glu, L-asp and D-asp on +dox cells. (c) Vehicle (PBS)-corrected nCI traces of +dox cells pretreated for 
1 h with vehicle (PBS/DMSO, black) or increasing concentrations of ouabain and subsequently stimulated 
with 1 mM L-glu, shown as the mean of a representative experiment performed in duplicate. (d) Combined 
concentration-inhibition curves of ouabain in +dox cells. Vehicle (PBS)-induced responses were subtracted 
from L-glu-induced responses for each concentration of ouabain. Cellular response is expressed as the net AUC 
of the first 120 min after substrate stimulation. Data are normalized to the response of 1 mM L-glu. Data are 
shown as the mean ± SEM of three to six individual experiments each performed in duplicate. (e) Representative 
confocal images of JumpIn-EAAT1-LifeAct-GFP (green) cells 0, 30, 60 and 120 min after stimulation with vehicle 
(PBS) or 1 mM L-glu, scale bar = 20 µm. Stills were selected from a representative live imaging movie from 
two independent experiments each performed in triplicate. White arrow indicates representative behavior of a 
single cell, showing increased cell spreading over time.
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appeared to drastically extend their actin cytoskeleton outward within 2 h after stimulation, 
producing protrusions that stretch towards neighboring cells effectively expanding their 
surface area and thus well coverage (Figure 6.3e). When cells were pretreated with 1 µM 
ouabain, stimulation with vehicle or 1 mM L-glu did not induce cell spreading, but rather 
a slight reduction of  the cell surface area (Supplementary Figure 6.S3). Since the onset 
of  cell spreading concurs with the nCI increases that were observed in xCELLigence 
experiments (Figure 6.2c), this implies that these distinct L-glu-induced morphological 
changes are at the basis of  EAAT1-mediated cellular responses.

6.2.4 – EAAT1-mediated uptake of  L-glu and L-asp affect intracellular metabolite levels

Since glutamate and aspartate may be metabolized in the cell upon entering the cytosol via 
EAAT1, we investigated whether changes in intracellular metabolite levels could provide an 
explanation for the observed cellular responses. Non-induced and dox-induced cells were 
stimulated for 2 h with 1 mM L-glu or L-asp in the presence or absence of  10 µM TFB-
TBOA and lysates were subsequently analyzed using targeted metabolomics. Intracellular 
levels of  131 predefined metabolites were screened and visualized in volcano plots to 
highlight significant increases or decreases after 2 h (Supplementary Figure 6.S4). Based 
on these plots, we focused on intracellular metabolites that were significantly increased or 
decreased for both L-glu and L-asp in order to reveal a common mechanism (Figure 6.4). 
Firstly, metabolite levels were generally not affected in non-induced (–dox) cells. Secondly, 
in dox-induced (+dox) cells, stimulation with L-glu and L-asp resulted in a respective 5-fold 
and a 60-fold increases of  glutamate and aspartate, respectively, which confirms that both 
substrates entered the cells via EAAT1. Thirdly, all observed changes in metabolite levels 
(except hydroxyglutamate) were significantly prevented in the presence of  TFB-TBOA 
(Figure 6.4, hatched bars), indicating that these were the result of  EAAT1-mediated 
substrate influx. 

The levels of  glutamine, a product of  glutamate metabolism, were not significantly 
altered by either substrate, indicating that this metabolite is not involved in the cellular 
response. Interestingly, the tricyclic acid (TCA) cycle intermediates (alpha-ketoglutarate, 
dimethyl succinate, hydroxyglutamate, hydroxyglutarate, succinate and aconitate) were 
oppositely increased or decreased for each substrate, which suggests that L-glu and L-asp 
are differentially metabolized in the cell and that the TCA cycle does not contribute to the 
cellular response. Moreover, products of  L-asp metabolism (argininosuccinate, adenosine 
monophosphate (AMP), inosine monophosphate (IMP) and malate) were increased upon 
stimulation with L-asp, but to a lesser extent by L-glu. Strikingly, the organic osmolyte 
taurine, which is not a product of  L-glu or L-asp metabolism and is involved in cell volume 
regulation, was significantly reduced upon stimulation with both L-glu and L-asp, which 
suggests that substrate uptake via EAAT1 may result in taurine efflux. Taken together, these 
data imply that the cellular response in the impedance-based assay is likely not driven by 
substrate metabolism, but is rather associated with changes in cell volume.
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|131

C
ha

pt
er

 6

Results

Figure 6.4 – Changes in intracellular metabolite levels upon substrate stimulation of JumpIn-EAAT1 cells. 
Targeted metabolomics was used to measure the concentrations of several metabolites in the absence  
(–dox) or presence (+dox) of doxycycline. AMP, adenosine monophosphate; cAMP, cyclic AMP; IMP, inosine 
monophosphate. Cells were pretreated for 1 h with vehicle (PBS/DMSO, plain bars) or 10 µM TFB-TBOA 
(hatched bars) prior to stimulation with vehicle (PBS, white bars), 1 mM L-glutamate (red bars) or L-aspartate 
(blue bars). Data are shown as the mean concentration (in µM) ± SD of four replicate experiments. * p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001; one-way ANOVA with Tukey’s post-hoc test. (see next page)
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6.2.5 – MDA-MB-468 cells with endogenous EAAT1 expression show substrate-induced cellular 
responses

To assess whether EAAT1-mediated cellular responses were not exclusive to JumpIn-
EAAT1 cells, we selected two cell lines with high or low endogenous EAAT1 expression. 
Transcriptomics analyses indicated that the human breast cancer cell line MDA-MB-468 
has a high endogenous expression of  EAAT1 (BioSamples database: SAMN11893674, 
SAMN11893681, SAMN11893688), whereas the human astrocytoma cell line (1321N1) 
lacked endogenous EAAT1 expression (BioSamples database: SAMN11893671, 
SAMN11893678, SAMN11893685). In line with the expression data, MDA-MB-468 cells 
showed a gradual and concentration-dependent nCI increase upon stimulation with L-glu 
(pEC50 = 4.0 ± 0.2) that reached a plateau after 180 min (Figure 6.5a,c). In contrast, 

Results

Figure 6.5 – L-glutamate induces cellular responses on MDA-MB-468 cells with endogenous EAAT1 expression. 
(a,b) Vehicle-corrected nCI traces of MDA-MB-468 (a) and 1321N1 (b) cells stimulated with L-glutamate (L-glu), 
shown as the mean of a representative experiment performed in duplicate. (c) Combined concentration-
response curve of L-glu on MDA-MB-468 cells. (d) Cellular response of L-glu or L-aspartate (L-asp) on MDA-
MB-468 and 1321N1 cells. MDA-MB-468 cells were pretreated for 1 h with vehicle (PBS/DMSO), 10 µM TFB-
TBOA, 10 µM UCPH-101 or 1 µM ouabain prior to stimulation with vehicle (PBS), 1 mM L-glu or L-asp. Data 
are shown as the mean ± SEM of three (MDA-MB-468) or SD of two (1321N1) individual experiments each 
performed in duplicate. *** p < 0.001; one-way ANOVA with Dunnett’s post-hoc test.
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1321N1 cells did not show a substantial cellular response upon stimulation with 1 mM 
L-glu within 180 min (Figure 6.5b,d). The response of  1 mM L-glu on MDA-MB-468 
cells was completely blocked in the presence of  10 µM TFB-TBOA and 10 µM UCPH-
101, which suggested that the cellular response was EAAT1-mediated (Figure 6.5d). 
Similar to JumpIn-EAAT1 cells the cellular responses were substrate- and Na+-dependent, 
which was demonstrated by an L-asp response and inhibition of  the L-glu response by 
ouabain, respectively. These data suggest that EAAT1 function can be assessed in cells with 
endogenous EAAT1 expression.

Impedance-based phenotypic readout for glutamate transporters



|135

C
ha

pt
er

 6

6.2.6 – L-glutamate induces cellular responses via EAAT2 and EAAT3, but not EAAT4 
and EAAT5

To investigate whether the phenotypic assay could be used to assess activity of  other 
glutamate transporters, we used JumpIn cell lines with dox-inducible overexpression of  
EAAT2, EAAT3, EAAT4 and EAAT5 (Figure 6.6). Non-induced (–dox) JumpIn-EAAT2 
cells responded to L-glu stimulation in a concentration-dependent manner (pEC50 = 3.8 
± 0.1), whereas no substantial L-glu response was observed in non-induced JumpIn-

Results

Figure 6.6 – L-glutamate-induced cellular responses on JumpIn-EAAT2 and JumpIn-EAAT3 cells. (a–d,g,h) 
Vehicle-corrected nCI traces of JumpIn-EAAT2 (a,b), JumpIn-EAAT3 (c,d), JumpIn-EAAT4 (g) and JumpIn-EAAT5 
(h) cells in the absence (–dox) or presence (+dox) of doxycycline stimulated with vehicle (PBS) or L-glutamate 
(L-glu), shown as the mean of a representative experiment performed in duplicate. (e) Combined concentration-
response curves of L-glu on JumpIn-EAAT2 and JumpIn-EAAT3 cells (±dox). Data are normalized to the response 
of 1 mM L-glu on JumpIn-EAAT1 +dox cells (data is derived from Figure 6.2d and shown as a black dotted 
line). (f) Combined concentration-inhibition curves of TFB-TBOA on +dox JumpIn-EAAT2 and JumpIn-EAAT3 
cells pretreated for 1 h with vehicle (PBS/DMSO) or increasing concentrations of TFB-TBOA and subsequently 
stimulated with a submaximal concentration (316 µM) of L-glu. Data are normalized to the response of 1 
mM L-glu (JumpIn-EAAT1, data is derived from Figure 6.2e and shown as a black dotted line) or 316 µM L-glu 
(JumpIn-EAAT2 and -EAAT3). (I) Cellular response of 1 mM L-glu on –dox and +dox JumpIn cells for all EAAT 
subtypes. Data on JumpIn-EAAT1, -EAAT2 and -EAAT3 cells were derived from Figure 6.2d and Figure 6.6e. 
Cellular response is expressed as the net AUC of the first 120 min after substrate stimulation. Data are shown 
as the mean ± SEM of at least three individual experiments each performed in duplicate. ns = not significant, 
** p < 0.01, **** p < 0.0001; unpaired two-tailed Student’s t-test. 
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EAAT3 cells (Figure 6.6a,c, Table 6.1). Similar to JumpIn-EAAT1 cells, L-glu induced 
concentration-dependent nCI increases reaching a plateau after 120 min on dox-induced 
(+dox) JumpIn-EAAT2 (pEC50 = 3.6 ± 0.0) and JumpIn-EAAT3 cells (pEC50 = 3.9 ± 0.0) 
(Figure 6.6b,d,e, Table 6.1). The responses of  a submaximal concentration (316 µM) of  
L-glu could be inhibited in a concentration-dependent manner by TFB-TBOA in JumpIn-
EAAT2 (pIC50 = 7.1 ± 0.0) and JumpIn-EAAT3 (pIC50 = 6.1 ± 0.2) cells, which indicates 
that the cellular responses were transporter-specific (Figure 6.6f). 

The L-glu-induced responses in dox-induced JumpIn-EAAT4 (Figure 6.6g) and JumpIn-
EAAT5 cells (Figure 6.6h) were substantially lower than for cells overexpressing EAAT1, 
EAAT2 or EAAT3 (Figure 6.6i). L-glu induced a significantly higher response in dox-
induced JumpIn-EAAT5 cells than in non-induced cells (p = 0.0032), whereas in JumpIn-
EAAT4 this difference was not significant (p = 0.093). Immunoblotting of  JumpIn-EAAT 
cell lysates indicates that the relative expression of  EAAT4 and EAAT5 was considerably 
lower than EAAT1, EAAT2 and EAAT3 (Supplementary Figure 6.S5), which indicates 
that the transporter expression level could be related to the magnitude of  the cellular 
response. Taken together, these data confirm that the phenotypic impedance-based assay 
allows pharmacological assessment of  at least three Na+-dependent glutamate transporters.

6.3 – Discussion

In recent years the pleas for invigoration of  fundamental SLC drug research have led 
to an ever-growing wealth of  innovative molecular tools and technologies that enable 
functional investigation of  transport proteins23,36,37. In efforts to expand the SLC toolbox, 
we demonstrate a novel method to detect activity of  glutamate transporters in living cells 
without the use of  labels or biochemical reporters. Impedance-based biosensors can detect 
in real-time the temporal cytoskeleton rearrangements that result from GPCR activation in 
live cells38,39, making this an ideal functional readout. As such, we initially attempted to set up 
a TRACT assay, as previously reported by our lab30–32, for EAAT1 by using a cell line with 
inducible overexpression of  EAAT1 and transient expression of  mGluR2. However, in the 
absence of  mGluR2, we observed that JumpIn-EAAT1 cells start spreading as a result of  
EAAT1-mediated L-glu uptake (Figure 6.3e), which was reflected by the increased cellular 
response in the impedance assay (Figure 6.2). This phenotypic response suggests a very 
different mechanism by which transport activity of  EAAT1 can be assessed.

The interpretation of  cellular impedance data requires an initial mechanistic understanding 
of  the subcellular events that underlie the major changes in cell morphology as a response 
to applied external stimuli40. Since the cellular response in JumpIn-EAAT1 cells did not arise 
from GPCR activation in the absence of  mGluR2, we sought to investigate the possible 
triggers that induced cell spreading. Initially, we hypothesized that increased intracellular 
levels of  L-glu may lead to conversion of  L-glu to glutamine or tricarboxylic acid (TCA) 
cycle intermediates, which could possibly be associated with ATP synthesis and changes 
in cell morphology41. However, in line with initial pharmacological characterizations of  
EAAT14,27, both L- and D-isomers of  glutamate and aspartate induced cellular responses 
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of  comparable magnitude (Figure 6.3a,b). Since these substrates have divergent metabolic 
fates, this suggests that it is unlikely that the cellular response is the result of  intracellular 
substrate metabolism . Indeed, upon stimulation with L-glu or L-asp we observed opposite 
changes in the levels of  the tricarboxylic acid (TCA) cycle intermediates and related 
metabolites, which either increased (L-glu) or decreased (L-asp) (Figure 6.4). This suggests 
that L-glu and L-asp differentially feed into the TCA cycle7 and as such it is unlikely that 
this metabolic route underlies the observed phenotypic response of  both substrates. 
Interestingly, intracellular aspartate was increased 60-fold upon stimulation with L-asp, 
but only 5-fold with L-glu. Pathways that are associated with L-asp metabolism, such as 
purine nucleotide synthesis (AMP, IMP), the urea cycle (AMP, argininosuccinate) and the 
malate-aspartate shuttle (malate) also showed increased metabolite levels42. However, since 
L-asp induces a slightly lower cellular response in the impedance-based assay compared to 
L-glu, it is unlikely that these changes in L-asp metabolite levels explain the changes in cell 
morphology. It should be noted that some metabolite levels (e.g. hydroxyglutamate) could 
have been altered as a consequence of  the presence of  doxycycline rather than the induced 
expression of  the transporter, for these types of  antibiotics have been reported to induce 
mitochondrial stress responses43. Nevertheless, any non-specific metabolite changes upon 
L-glu or L-asp stimulation were identified by the absence of  substrate-specific regulation 
and/or a lack of  inhibition by TFB-TBOA. Although metabolomics provides a wealth 
of  information on the intracellular fates of  transporter-mediated substrate uptake, we 
conclude that substrate metabolism is not the main driver behind the substrate-induced 
cellular responses.

As such, we ascribed the cellular responses to the initial changes in intracellular ionic 
concentrations and cell volume following EAAT-mediated substrate uptake. The continuous 
Na+-driven uptake of  substrate via EAAT leads to an accumulation of  intracellular Na+ 
and substrate with release of  1 K+ with each transport cycle. The Na+ gradient-restoring 
activity of  NKA leads to subsequent elevation of  intracellular K+ 44. The net increase of  
the intracellular positive charges with each transport cycle is compensated by the influx of  
Cl– via the uncoupled anion conductance of  EAAT or other Cl–-coupled transporters45, 
which leads to an increased osmolarity that evokes water flux into the cytosol and causes 
cell swelling46,47. The resulting cell volume increase causes the formation of  membrane 
protrusions that extend towards regions with high extracellular substrate concentrations 
(Figure 6.3e), commencing a transmembrane ionic cycle that drives cell swelling and 
spreading at the leading edges of  the cell membrane similar to a migrating cell48,49. It should 
be noted that we did not measure the actual swelling of  the cells in this chapter, and as 
such the specific contribution of  cell swelling to the observed cellular responses remains 
to be experimentally verified. Nevertheless, our hypothesis is in agreement with previous 
reports of  glutamate- and aspartate-induced cell swelling in astrocytes50–56, which have 
related swelling to EAAT-mediated cytosolic accumulation of  Na+, K+ and Cl– ions. In line 
with this, inhibition of  NKA by ouabain disrupts the Na+ gradient across the membrane 
and prevents substrate uptake and cellular responses via EAAT (Figure 6.3d). However, 
reduced NKA activity does not block, but may rather enhance the Cl– conductance of  
EAAT57. Thus, it is likely that the entry of  large quantities of  Na+ via EAAT upon substrate 
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stimulation, and not primarily the uncoupled Cl– flux, is the major trigger for cell volume 
changes and subsequent cell spreading.

To compensate for increased osmolarity, high intracellular ion levels are eventually 
dissipated via the release of  K+ and Cl– as well as organic osmolytes through volume-
sensitive channels46,58. Indeed, in L-glu- and L-asp-stimulated JumpIn-EAAT1 cells we 
observed a significant decrease of  the intracellular concentration of  taurine (Figure 6.4), 
which is an osmolyte that is released in response to cell swelling to decrease cell volume47,59. 
In addition to increased osmolarity, cell swelling is accompanied by increased cytosolic Ca2+ 
concentrations, which together with mechanical cell stress evoke the release of  adenosine 
triphosphate (ATP) from the cell60,61. Autocrine activation of  metabotropic P2Y purinergic 
receptors by ATP can in turn lead to increased cytosolic cyclic AMP (cAMP) levels, further 
Ca2+ elevations, activation of  Ca2+-dependent K+ and Cl– channels, cytoskeleton remodeling 
and increased efflux of  Cl– and taurine via volume-regulated anion channels (VRAC)53,62–

64. Of  note, we observed significant elevations of  cAMP levels in JumpIn-EAAT1 cells 
upon stimulation with L-glu and L-asp (Figure 6.4), which suggests that GPCR activation 
is involved in the cellular response64. In general, reorganization of  the actin cytoskeleton 
is a common consequence of  cell volume regulation and the mechanisms driving these 

Impedance-based phenotypic readout for glutamate transporters

Figure 6.7 – Proposed mechanism of the phenotypic impedance-based assay. Cells (over)expressing excitatory 
amino acid transporters (e.g., EAAT1) are stimulated with exogenous substrate (e.g., glutamate). The substrate 
is taken up into the cell through EAAT together with 3 Na+ in exchange for 1 K+. Cl– enters the cells via uncoupled 
Cl–-conductivity of EAAT or other Cl– influx mechanisms, counterbalancing the increase in intracellular Na+. The 
Na+/K+-ATPase (NKA) restores the transmembrane Na+ gradient by ATP-dependent efflux of 3 Na+ in exchange 
for 2 K+. Over time, the intracellular concentrations of substrate, Na+, K+ and Cl– ions initially rise, increasing cell 
osmolarity. Subsequent cell swelling, via influx of H2O into the cytosol, triggers cell spreading, which increases 
the surface area of the E-plate that is covered by cells. Regulatory mechanisms lead to dissipation of the high 
intracellular ion concentrations via channels and/or transporters that mediate efflux of Cl–, K+ and osmolytes 
such as taurine, effectively reducing cell volume over time.
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events have been extensively described in literature47,60,62,65–67. Based on our observations, we 
conclude that the phenotypic responses in the impedance assay are likely initiated by EAAT-
mediated cell swelling (Figure 6.7).

The phenotypic assay was used to assess functionality of  various EAAT subtypes in 
overexpressing cells, as well as EAAT1 function in cells endogenously expressing the 
transport protein. Interestingly, the potencies of  L-glu for EAAT1–3 that we found in the 
phenotypic assay were substantially lower than the reported steady-state affinities (Km) of  
L-glu (around 20 µM) for these transporters4,68. It should be noted that the impedance-based 
method does not provide information on uptake kinetics, as it is not a direct measure of  
substrate uptake and as such the potencies found here should be compared to literature with 
caution. Nevertheless, a high transporter density has been shown to affect the buffering 
capacity of  the substrate, resulting in a reduced affinity for the substrate69. Indeed, dox-
induced JumpIn-EAAT1 cells had a lower L-glu potency than MDA-MB-468 cells with 
endogenous EAAT1 expression, likely due to a higher transporter density in the former cell 
line. Of  note, a higher L-glu potency was observed in non-induced JumpIn-EAAT cells, 
which could indicate low levels of  endogenous EAAT or “leaky” heterologous transporter 
expression in the absence of  dox70, although this was not apparent from Western blots 
of  –dox cell lysates (Supplementary Figure 6.S5). Moreover, the differences in L-glu 
potency between EAAT1–3 could be attributed to their dissimilar substrate turnover rate, 
which is 2- to 10-fold higher for EAAT3 than EAAT2 and EAAT1, respectively71. Besides 
discrepancies in L-glu potency, we also observed a difference in the maximal response 
of  L-glu between the various EAAT subtypes (Figure 6.6i). A likely explanation for the 
lack of  a specific L-glu response for EAAT4 and EAAT5 is the poor expression of  these 
subtypes compared to EAAT1–3, although a small fraction of  these transporters appears 
to be expressed (Supplementary Figure 6.S5). Alternatively, the absence of  a substantial 
substrate responses for EAAT4 and EAAT5 may be related to slow turnover rates71 and 
their predominant chloride conductivity function5,72,73. 

One of  the applications of  the phenotypic assay is to screen for potential EAAT modulators. 
We have validated the EAAT specificity of  the substrate-induced cellular response by 
using TFB-TBOA and UPCH-101, which are widely used tool compounds for EAATs13,14. 
Strikingly, the inhibitory potency values that were found in the cell swelling assay were 
roughly 10-fold lower than in radioligand uptake assays13,14,74. Although these assays use 
different readouts, one explanation for this discrepancy might be the high competing 
concentrations of  substrate in the cell swelling assay, which are 100–10,000 times higher 
than in radioligand uptake assays26. Alternatively, dox-induced overexpression of  EAATs 
could create a pool of  “spare” transporters on the plasma membrane that effectively 
buffers the extracellular concentration of  inhibitor, resulting in a rightward shift of  the 
concentration-inhibition curve and a lower apparent inhibitory potency75. Although the 
transporter expression levels and substrate concentrations should be thoroughly considered 
in further assay development, our impedance-based assay showed a robust window for the 
detection of  transporter inhibitors. 
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In summary, this chapter presents a novel application of  a label-free biosensor to study 
function and pharmacology of  a transport protein family. It provides an alternative to existing 
radioactive- or fluorescence-based methods and opens up new venues to study other Na+-
coupled transporters or, in fact, any transporter of  which the activity is intrinsically linked 
to cytoskeletal changes upon perturbation. In addition, we demonstrated that this method is 
sensitive enough to detect EAAT1 activity in an endogenous cell line, which could further 
expand the possibilities to investigate disease-relevant cell lines. Moreover, a semi-manual 
HTS validation demonstrates an “excellent” assay window35, which renders this phenotypic 
assay applicable for drug discovery screens. Ultimately, this methods is a novel addition to 
the continuously expanding drug discovery toolbox for SLC transporters.

6.4 – Materials & methods

6.4.1 – Chemicals and reagents

Jump In T-REx HEK 293 (JumpIn) overexpressing human EAAT1/2/3/4/5 (see 
section 6.4.2), MDA-MB-468 and 1321N1 cells were kindly provided by the RESOLUTE 
consortium (Research Center for Molecular Medicine, Medical University of  Vienna, Austria). 
L-glutamic acid monosodium salt monohydrate (L-glu), L-aspartic acid monosodium 
salt monohydrate (L-asp), D-glutamic acid (D-glu), D-aspartic acid (D-asp), doxycycline 
hyclate and ouabain octahydrate were purchased from Sigma Aldrich (St. Louis, MO, USA). 
2-amino-4-(4-methoxyphenyl)-7-(naphthalen-1-yl)-5-oxo-5,6,7,8-tetrahydro-4H-chromene-
3-carbonitrile (UCPH-101) was purchased from Santa Cruz Biotechnology (Dallas, TX, 
USA). (2S,3S)-3-[3-[4-(trifluoromethyl)benzoylamino]benzyloxy] aspartate (TFB-TBOA) 
was purchased from Axon Medchem (Groningen, The Netherlands). (2S)-2-amino-2-
[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495) was purchased 
from Cayman Chemical (Ann Arbor, MI, USA). xCELLigence PET E-plates 96 (ACEA 
Biosciences, San Diego, CA, USA) were purchased from Bioké (Leiden, The Netherlands). 
cDNA encoding the human metabotropic glutamate receptor 2 (GRM2, ORF: NM_000839) 
containing an N-terminal FLAG-tag cloned in a pcDNA3.1(+) plasmid (mGluR2 cDNA), 
as well as empty pcDNA3.1(+) plasmid (mock cDNA) were purchased from GenScript 
(Piscataway, NJ, USA). The lentiviral GFP-LifeAct cDNA expression vector was provided 
by Dr. Olivier Pertz (University of  Basel, Basel, Switzerland). Puromycin was purchased 
from Acros Organics/Fisher Scientific (Landsmeer, The Netherlands). PNGaseF was 
purchased from New England Biolabs (Ipswich, MA, USA). Pierce ECL Western blotting 
substrate was purchased from Thermo Fisher Scientific (Waltham, MA, USA). All other 
chemicals were of  analytical grade and obtained from standard commercial sources.

6.4.2 – JumpIn-EAAT cell line generation

JumpIn cells with doxycycline (dox)-inducible transgene overexpression were generated for 
either one of  the five human EAAT subtypes by the RESOLUTE consortium. JumpIn 
cells were cultured and transfected as described previously31,32. In short, cells were cultured 
in culture medium supplemented with 200 µg/ml hygromycin B and 5 µg/ml blasticidin. 
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For transfection, a codon-optimized ORF for either human EAAT1 (SLC1A3, Addgene 
#131889), EAAT2 (SLC1A2, Addgene #131901), EAAT3 (SLC1A1, Addgene #131878), 
EAAT4 (SLC1A6, Addgene #131986) or EAAT5 (SLC1A7, Addgene #131998) was 
cloned into a Gateway-compatible pJTI R4 DEST CMV TO pA expression vector with 
a C-terminal Twin-Strep-tag followed by an HA-tag. Successfully transfected cells were 
selected in culture medium supplemented with 2 mg/ml geneticin (G418) and 5 µg/ml 
blasticidin and were subsequently pooled for use in further experiments. Expression of  the 
transgene was induced by incubating the cells for 24 h in presence of  1 µg/ml dox. 

6.4.3 – Cell culture

JumpIn-EAAT cells were cultured as adherent cells in high glucose Dulbecco’s Modified 
Eagle’s Medium (DMEM) containing 10% (v/v) fetal calf  serum (FCS), 2 mM Glutamax, 
100 IU/ml penicillin and 100 µg/ml streptomycin (culture medium) at 37 °C and 5% CO2. 
Cells were thawed and split for 1–2 passages in culture medium before switching to selection 
medium (culture medium supplemented with 2 mg/ml G418 and 5 µg/ml blasticidin) for 
up to one week. Subsequently, the cells were maintained in culture medium at least 24 h 
prior to performing an experiment. Cells were split twice weekly at 1:8 – 1:16 ratios in 10 
cm culture dishes.

MDA-MB-468 cells were cultured as adherent cells in DMEM containing 10% (v/v) FCS, 
2 mM Glutamax, 100 IU/ml penicillin and 100 µg/ml streptomycin (culture medium) at 
37 °C and 5% CO2. Cells were split twice weekly at 1:3 – 1:4 ratios in 10 cm culture dishes. 

6.4.4 – Transient transfection of  JumpIn-EAAT1 cells

JumpIn-EAAT1 cells were transiently transfected using 25 kDa linear polyethyleneimine 
(PEI) as a transfection reagent76. Cells were split in 10 cm dishes to achieve ~60% 
confluence on the day of  transfection. A mix of  7.5 µg/ml PEI and 2.5 µg total cDNA 
(mock or mGluR2) in 1 ml Opti-MEM was incubated at room temperature for 30 min. 
Subsequently, cells were refreshed in penicillin/streptomycin-free culture medium before 
adding the PEI:DNA mix to each dish. Cells were incubated for 24 h at 37 °C and 5% CO2 
prior to use in the TRACT assay.

6.4.5 – JumpIn-EAAT1-LifeAct-GFP cell line generation

For visualization of  the actin cytoskeleton, JumpIn-EAAT1 cells were transduced with a 
lentiviral GFP-LifeAct cDNA expression vector and were maintained in culture medium 
containing 2 µg/ml puromycin to select for successfully transduced cells.

6.4.6 – xCELLigence assays

6.4.6.1 – General

Label-free whole-cell assays, based on cell-induced changes in impedance, were performed 
using the xCELLigence real-time cell analyzer (RTCA) system (ACEA Biosciences, San 
Diego, CA, USA) as described previously30–32. In short, cells are cultured in medium on gold-
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plated electrodes in microwell E-plates. Per well impedance is continuously measured at 10 
kHz and is converted to the unitless parameter Cell Index (CI) by the following formula:

where Zi is the impedance at any given time point and Z0 is the baseline impedance measured 
at the start of  each experiment40.

Assays were performed at 37 °C and 5% CO2 in 96-well PET E-plates in a total volume 
of  100 µl per well. Prior to cell seeding, the baseline impedance (Z0) was measured in the 
recording station in 40 µl (two compound additions) or 45 µl (one compound addition) 
medium in the presence (+) or absence (–) of  1 µg/ml dox. All compounds were diluted 
in phosphate-buffered saline (PBS) and added in 5 µl per addition using a VIAFLO 96 
handheld electronic 96 channel pipette (INTEGRA Biosciences, Tokyo, Japan). When 
DMSO was used as a solvent for a compound, the final amount of  DMSO was kept at 
0.1% per well and was included in the vehicle (PBS/DMSO). All conditions were tested at 
two technical replicates per plate.

6.4.6.2 – Assay procedures 

On the day of  the experiment, JumpIn-EAAT cells grown to 70–80% confluence were 
trypsinized (0.25% trypsin in PBS/EDTA), counted and seeded in the E-plate in a volume 
of  50 µl at 60,000 cells/well. Transiently transfected JumpIn-EAAT1 cells were detached 
using only PBS/EDTA. The E-plate was left to rest at room temperature for 30 min prior 
to replacement in the recording station at 37 °C and 5% CO2. Cell growth was recorded 
overnight for 22 hr. If  a pretreatment was required for the experiment, the cells were pretreated 
after 22 h with either a concentration of  inhibitor or vehicle (PBS/DMSO) and cells were 
monitored for 60 min. For GPCR antagonist experiments, a maximum concentration of  
LY341495 (1 µM) was used. For EAAT inhibition experiments increasing concentrations 
(1 nM – 10 µM) of  UCPH-101 and TFB-TBOA were used. After the pretreatment, cells 
were stimulated with substrate or vehicle (PBS). For GPCR antagonist and EAAT inhibition 
experiments, cells were stimulated with a submaximal concentration of  L-glu, i.e. 100 µM 
L-glu with mGluR2 antagonist, 1 mM L-glu for EAAT1 inhibition and 316 µM L-glu for 
EAAT2 and EAAT3 inhibition. After stimulation the impedance was measured for at least 
2 h. Following each experiment, the cells were washed from the E-plates using sterile H2O 
and 70% ethanol and the plates were sterilized for 1 h under UV light77,78. Properly washed 
plates were re-used up to two times.

6.4.6.3 – HTS validation

The impedance-based phenotypic assay for JumpIn-EAAT1 cells was assessed for 
reproducibility and robustness in a semi-manual high-throughput screening (HTS) validation 
as described previously32. Briefly, three 96-well E-plates were run consecutively on one day 
for three days in a row. Each plate consisted of  alternating columns of  wells producing a 
high, mid or low signal, which were JumpIn-EAAT1 cells pretreated with either vehicle 
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(PBS/DMSO), 0.2 µM or 10 µM TFB-TBOA, respectively. After 1 h pretreatment, cells 
were stimulated with 1 mM L-glutamate. The assay procedure was the same as for the 
regular xCELLigence assays.

6.4.7 – Automated microscopy

JumpIn-EAAT1-LifeAct-GFP cells were seeded at 20,000 cells/well on a SCREENSTAR 
black-walled clear-bottom 96-well culture plate in 90 µl culture medium and grown for 24 
h at 37 °C and 5% CO2. Cells were pretreated for 1 h with PBS/DMSO and subsequently 
stimulated with vehicle (PBS) or 1 mM L-glutamate upon which cells were immediately 
imaged using automated microscopy. Microscopy was performed on a Nikon Eclipse 
Ti2 C2+ confocal microscope (Nikon, Amsterdam, The Netherlands). This system was 
equipped with a 37 °C incubation chamber, an automated xy-stage, an integrated Perfect 
Focus System (PFS) and 408, 488 and 561 nm lasers. The system was controlled by Nikon’s 
NIS software. All images were acquired using a Plan-Apochromat 20x objective with 0.75 
NA, at a resolution of  512x512 pixels.

6.4.8 – Targeted metabolomics

6.4.8.1 – Metabolite extraction

JumpIn-EAAT1 cells were plated at 150,000 cells/well in 24 well poly-L-lysine coated plates 
in culture medium in the absence (–dox) or presence (+dox) of  1 µg/mL doxycycline and 
grown at 37°C and 5% CO2. After 24 h, the medium was refreshed and cells were pretreated 
with vehicle (PBS/DMSO) or 10 µM TFB-TBOA. After 1 h pretreatment, cells were 
stimulated for 2 h with vehicle (PBS) or 1 mM L-glutamate or L-aspartate. For lysis, cells 
were first gently washed with room temperature bicarbonate buffer (91 mM NH4HCO3, pH 
7.4). Then, cells were transferred to ice where 300 µl/well of  ice-cold 80:20 MeOH:H2O 
containing a mixture of  isotopically labeled internal standards (Metabolite Yeast Extract 
(U-13C, 98%), ISOtopic Solutions, Vienna, Austria) was added to each well. The cells were 
then scraped and transferred to a pre-cooled Eppendorf  tube and immediately snap frozen 
in liquid nitrogen. Samples were thawed on ice before being centrifuged at 16,000 × g for 
10 min at 4°C. The clarified metabolite-containing supernatants were moved into a high-
performance liquid chromatography vial and stored at –80°C until LC-MS/MS analysis.

6.4.8.2 – LC-MS/MS analysis

Cell extracts were dried using a nitrogen evaporator. The dry residue was reconstituted 
in 16 µL H2O and 4 µL of  sample extract was used for LC-MS/MS analysis. A 1290 
Infinity II UHPLC system (Agilent Technologies) coupled to a 6470 triple quadrupole 
mass spectrometer (Agilent Technologies) was used for the LC-MS/MS analysis. The 
chromatographic separation for samples was carried out on a ZORBAX RRHD Extend-C18, 
2.1 × 150 mm, 1.8 µm analytical column (Agilent Technologies). The column was maintained 
at a temperature of  40 °C and 4 µL of  sample was injected per run. The mobile phase A was 
3% MeOH (v/v), 10 mM tributylamine, 15 mM acetic acid in H2O, and mobile phase B was 
10 mM tributylamine, 15 mM acetic acid in MeOH. The gradient elution with a flow rate 
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0.25 mL/min was performed for a total time of  24 min. Afterward, a back flushing of  the 
column using a 6 port 2-position divert valve was carried out for 8 min using acetonitrile, 
followed by 8 min of  column equilibration with 100% mobile phase A. The triple quadrupole 
mass spectrometer was operated in an electrospray ionization negative mode, spray voltage 
2 kV, gas temperature 150 °C, gas flow 1.3 L/min, nebulizer 45 psi, sheath gas temperature 
325 °C, and sheath gas flow 12 L/min. The metabolites of  interest were detected using 
a dynamic Multiple Reaction Monitoring (MRM) mode. The MassHunter 10.0 software 
(Agilent Technologies) was used for the data processing. Ten-point linear calibration curves 
with internal standardization were constructed for the quantification of  metabolites. 

6.4.9 – Western blot analysis

JumpIn-EAAT cells were grown at 1 x 106 cells/well on a 6-well culture plate for 24 h in 
the presence or absence of  1 µg/ml doxycycline at 37 °C and 5% CO2. Cells were lysed in 
lysis buffer (50 mM HEPES (pH 7.4), 250 mM NaCl, 5 mM EDTA, 1% NP-40, 1 tablet 
complete EDTA-free protease inhibitor cocktail (Roche) per 50 ml) for 30 min on ice and 
centrifuged at 20,800 x g, 4 °C for 15 min. Protein concentration was measured using the 
bicinchoninic acid (BCA) protein assay79. Lysates were either treated or not treated with 
PNGaseF overnight at 37 ° and samples were subsequently denatured and separated by 
SDS-PAGE, then transferred to nitrocellulose membranes. The membranes were blocked in 
5% milk + TBS-T for 1 h and cut at 25 kDa. The top membranes (>25 kDa) were incubated 
with horse radish peroxidase (HRP)-conjugated anti-HA-7 (Sigma, H6533, 1:7000) and 
bottom membranes (<25 kDa) with cyclophilin B antibody (Abcam, ab178397, 1:5000) in 
5% milk + TBS-T overnight at 4 °C. The bottom membrane was subsequently incubated 
with HRP-conjugated anti-rabbit IgG (Jackson ImmunoResearch, 111-035-003, 1:5000) in 
5% milk + TBS-T for 1 h at 4 °C. Both membranes were visualized using Pierce ECL 
substrate.

6.4.10 – Data analysis

6.4.10.1 – xCELLigence

Experimental data was recorded using RTCA Software v2.0 or v2.1.1 (ACEA Biosciences). 
In the RTCA Software CI values were normalized to the time point prior to substrate/
agonist stimulation resulting in normalized Cell Index (nCI) values. The nCI data were 
exported and subsequent analyses and data visualizations were done using GraphPad Prism 
v9 (GraphPad Software, San Diego, CA, USA). In all experiments, nCI values of  vehicle-
only conditions were subtracted from all other conditions to correct for vehicle-induced, 
substrate-independent effects. The resulting nCI responses were quantified by taking the net 
area under the curve (AUC) of  the first 120 min after substrate/agonist stimulation, unless 
stated otherwise. The potency values of  substrates and inhibitory potencies of  EAAT 
inhibitors were determined by fitting the net AUC data to a sigmoidal concentration-effect 
curve with a variable slope.
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6.4.10.2 – HTS validation

For intra-plate variability tests, the net AUC of  non-corrected nCI values were used 
to determine the signal window (SW, indicating dynamic range of  the signal) using the 
following formula34: 

where n is the number of  technical replicates per compound in the intended screening 
assay (e.g., for duplicate measurements n = 2), AVG is the average and SD is the standard 
deviation of  the AUC of  the high or low signal. Similarly, the Z’ factor (Z’, indicating 
separation of  the high and low signals) is calculated using the following formula34,35:

The reported SW and Z’ are the mean ± SEM of  all nine E-plates. According to Iversen et 
al. 34, the recommended acceptance criterion for an HTS amenable assay is a SW ≥ 2 or Z’ 
≥ 0.4.

6.4.10.3 – Targeted metabolomics

Volcano plots were generated to visualize the significant up- or downregulation of  
intracellular metabolite concentrations. The log2 fold change upon substrate addition is 
plotted against the –log10 adjusted p-value. A Benjamini-Hochberg correction80 was used 
to reduce the false discovery rate to obtain the adjusted p-value.

6.4.10.4 – Statistics

Data are shown as mean ± standard error of  the mean (SEM) of  at least three separate 
experiments each performed in duplicate, unless stated otherwise. Significant difference 
between two mean potency values was determined by an unpaired two-tailed Student’s 
t-test. Comparison of  multiple mean values to each other or a vehicle control was done 
using a one-way ANOVA with Tukey’s post-hoc test or Dunnett’s post-hoc test, respectively. 
Comparison of  multiple mean values between two data sets was done using a two-way 
ANOVA with Šídák’s post-hoc test. Differences were considered statistically significant 
when p-values were below 0.05.
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Impedance-based phenotypic readout for glutamate transporters

 Supplementary Figure 6.S1 – Vehicle-corrected nCI traces during pretreatment of cells. (a–d) In the 
TRACT assay, JumpIn-EAAT1-mGluR2 cells were pretreated for 1 h with vehicle (PBS/DMSO), 10 µM UCPH-101 
(a) or 10 µM TFB-TBOA (b) in the absence (–dox) (a,b) or presence (+dox) (c,d) of doxycycline. (e,g) In the 
phenotypic assay, JumpIn-EAAT1 +dox cells were pretreated for 1 h with vehicle (PBS/DMSO), 10 µM UCPH-
101 (e), 10 µM TFB-TBOA (f) or increasing concentrations of ouabain (g). Data are shown as the mean of a 
representative experiment performed with four or eight replicates.
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Supplementary Figure 6.S2 – HTS validation of the phenotypic impedance-based assay on JumpIn-EAAT1 
cells. (a) Representative row-oriented graph of a 96-well E-plate contain high (vehicle + 1 mM L-glu), mid (0.2 
µM TFB-TBOA + 1 mM L-glu) and low (10 µM TFB-TBOA + 1 mM L-glu) signal wells. Data is shown as the net 
AUC of the non-corrected nCI traces of the first 120 min after L-glu stimulation. Each data point represents 
a single well. (b) Stability of the Z’ factor (Z’) and signal window (SW) for each of the 96-well E-plates in the 
HTS validation. Three plates were run consecutively per day for three days in a row. Z’ and SW are calculated 
according to the formulas in the STAR methods and presented as the mean ± SEM of all nine plates.

Supplementary Figure 6.S3 – NKA inhibition with ouabain does not increase L-glutamate-induced cell 
spreading. Representative confocal images of JumpIn-EAAT1-LifeAct-GFP (green) cells pretreated for 60 min 
with 1 µM ouabain. Images were taken 0, 30, 60 and 120 min after stimulation with vehicle (PBS) or 1 mM 
L-glu, scale bar = 20 µm. Stills were selected from a representative live imaging movie from two independent 
experiments each performed in triplicate.
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Supplementary Figure 6.S4 – Volcano plots showing the log2 fold change of 131 metabolites plotted against 
the –log10 adjusted p-value. The change in metabolite levels is calculated for (a,b) non-induced (–dox) and (c,d) 
dox-induced (+dox) JumpIn-EAAT1 cells as the difference between vehicle treated cells and (a,c) L-glutamate 
or (b,d) L-aspartate treated cells. In addition, a comparison is made between (e,f) non-induced and dox-
induced cells stimulated with (e) L-glutamate or (f) L-aspartate. Changes in metabolite levels were considered 
substantial and significant when the log2 fold change ≤ –0.5 or ≥ 0.5, and the p-value < 0.05 (–log10 > 1.3).



152|Impedance-based phenotypic readout for glutamate transporters

Supplementary Figure 6.S5 – Western blots of lysed JumpIn cells expressing hemagglutinin (HA)-tagged 
EAAT1–5. Cells were incubated for 24 h in the presence or absence of 1 µg/ml doxycycline (dox) prior to cell lysis. 
Where indicated, cell lysates were treated with PNGase to deglycosylate the protein. The expected molecular 
weights of deglycosylated protein are: EAAT1, ~67 kDa; EAAT2, ~70 kDa; EAAT3, ~65 kDa; EAAT4, ~69 kDa; 
EAAT5, ~68 kDa. Cyclophilin B was used as a protein loading control. Blots are shown as a representative of 
two replicate experiments.
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CHAPTER 7

Glutamate is an essential excitatory neurotransmitter and an intermediate for energy 
metabolism. Depending on the tumor site, cancer cells have increased or decreased 
expression of  excitatory amino acid transporter 1 or 2 (EAAT1/2, SLC1A3/2) to regulate 
glutamate uptake for the benefit of  tumor growth. Thus, EAAT1/2 may be an attractive 
target for therapeutic intervention. Genetic variation of  EAAT1 has been associated with 
rare cases of  episodic ataxia, but the occurrence and functional contribution of  EAAT1 
mutants in other diseases, such as cancer, is poorly understood. In this chapter, we identified 
105 unique somatic EAAT1 mutations in cancer patients from the Genomic Data Commons 
dataset. Using EAAT1 crystal structures and in silico simulations, we selected eight mutations 
based on their close proximity to the orthosteric or allosteric ligand binding sites and 
the predicted change in ligand binding affinity. In vitro functional assessment in the live-
cell, impedance-based phenotypic assay described in Chapter 6 demonstrated that these 
mutants differentially affect L-glutamate and L-aspartate transport, as well as the inhibitory 
potency of  an orthosteric (TFB-TBOA) and allosteric (UCPH-101) inhibitor. Moreover, 
two episodic ataxia-related mutants displayed functional responses that were in line with 
literature, which confirmed the validity of  our assay. We demonstrate the application of  a 
robust in vitro method to functionally characterize EAAT1 variants, which could substantiate 
mechanistic studies and aid drug discovery efforts.
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7.1 – Introduction 

Glutamate is an abundant endogenous amino acid that acts as the major excitatory 
neurotransmitter in the central nervous system and serves as a key metabolite in energy 
homeostasis1. In the synaptic cleft glutamate is transported across the cell membrane via 
excitatory amino acid transporters (EAATs), which belong to subfamily 1 of  the solute carrier 
(SLC) transporters2. Glutamate transport is thermodynamically coupled to the transport of  
three Na+ ions and one proton, and the counter-transport of  one K+ ion, where binding of  
Na+ and/or substrate activates an uncoupled Cl– conductive state3. Deregulated glutamate 
levels have been associated with a plethora of  neurological diseases4,5 and more recently 
with cancer6,7. As a result, pharmacological modulation of  EAATs may be a promising 
therapeutic strategy for conditions that are associated with altered glutamate levels8,9.

Depending on the location of  the tumor, cancerous cells have been shown to exploit the 
uptake, metabolism and signaling properties of  glutamate as well as aspartate as fuel for 
tumor proliferation and a key advantage for expansion. Healthy glia cells abundantly express 
EAAT1 and EAAT2 to mediate the majority of  glutamate clearance2. However, expression 
levels of  EAAT2 are vastly reduced in gliomas, which combined with increased efflux 
via the glutamate/cystine antiporter (xCT, SLC7A11) leads to elevated glutamate levels 
surrounding the glioma that induce cell death and allow further growth of  the tumor10,11. 
Moreover, EAAT1 was found to be overexpressed and cause glutamate efflux in aggressive 
glioblastomas, which indicates selective EAAT1 inhibitors as a potential treatment option 
for glioma12. In several instances of  cancer in peripheral tissues EAAT1 expression has 
been linked to a poor disease prognosis. Under hypoxia or conditions that starve the tumor 
of  glutamine, some cancer cells promote EAAT1 or EAAT2 expression to drive uptake of  
aspartate or glutamate which rescues cancer cell growth13–15. As such, EAAT expression in 
such tumors could be a predictive biomarker and pharmacological modulation of  glutamate 
transporter expression or activity could be of  therapeutic interest.

Despite the clear advantages for tumor cells to regulate EAAT expression, little is known 
about human genetic variations of  these transporters in cancer, although several mutations 
have been associated with other diseases. Thus far, reports have linked seven missense 
mutations in the coding region of  EAAT1 to the etiology of  extremely rare cases of  episodic 
ataxia type 6 (EA6)16. These mutants vary in their degree of  loss- or gain-of-function of  
substrate transport and/or anion conductivity16. Moreover, several other EAAT1 mutations 
and duplications have been associated with other neurological disorders including migraine, 
ADHD, autism, and Tourette’s syndrome17–19. To the best of  our knowledge, there have been 
no reports so far that associate mutations of  EAAT1 to the development and progression 
of  cancer. 

Over the last fifteen years, a growing number of  3D structures have been published for the 
archaeal glutamate transporter orthologues GltPh

20 and GltTk
21, as well as human EAAT122,23, 

EAAT224 and EAAT325, in complex with the endogenous substrate L-aspartate, Na+ ions 
and/or inhibitors. Glutamate transporters assemble in obligate homo-trimers of  which 
the protomers operate independently of  each other. Each protomer consists of  a rigid 
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trimerization or scaffold domain (scaD) and a dynamic transport domain (tranD) that 
engages with the substrate and co-transported Na+ ions22. Structures covering inward-facing, 
intermediate, and outward-facing conformations provide information on the movement of  
individual transmembrane helices (TMs). Specifically, the flexible helical hairpin 2 (HP2) in 
tranD controls the access of  ligands to the substrate binding site and is an essential ‘gate’ that 
upon opening and closing regulates the ‘elevator-like’ translocation of  tranD. Thus, these 
structures may be used to gain mechanistic insight into the effects of  genetic variability on 
transport function, as was previously demonstrated by mapping genetic variants of  glucose 
(GLUT1) and nucleoside (ENT1) transporters to their respective crystal structures26. 

In this chapter, we characterize a series of  EAAT1 somatic mutations that were identified 
from biopsy material of  cancer patients represented in the Genomic Data Commons (GDC) 
dataset27. Using the reported ligand-bound crystal structures of  EAAT122,23, predictions 
were made on which variants would most likely impact binding of  substrates (L-glutamate 
and L-aspartate). To determine whether these mutants would affect the binding of  potential 
pharmacological modulators, we included the ‘orthosteric’ inhibitor TFB-TBOA28 and the 
‘allosteric’ inhibitor UCPH-1019, which have both been co-crystalized in EAAT122. The 
selected eight mutations, together with two EA6-associated mutants (M128R, T318A), were 
tested in vitro for substrate uptake and inhibition using the impedance-based phenotypic 
assay that was developed in Chapter 6. Mutants displayed divergent effects on EAAT1 
function, which was apparent from an altered substrate and/or inhibitor potency. Taken 
together, the results in this work demonstrate 1) the suitability of  the label-free phenotypic 
method to assess functional variation of  EAAT1 mutants and 2) the opportunity of  using 
in silico techniques to rationalize the in vitro phenotype of  disease-relevant mutants.

7.2 – Results 

7.2.1 – Cancer-related mutations are widespread across the EAAT1 structure

Somatic mutations in EAAT1 are found in cancer patients suffering from different cancer 
types. Across all cancer types in the Genomic Data Commons (GDC)27, we identified 105 
unique EAAT1 mutations primarily located in uterine cancer (29 mutations) followed by lung 
cancer and melanoma (21 mutations each) and colon cancer (11 mutations). The frequency 
of  these unique mutations is comparable to natural variance occurrence (1.18% vs. 1.75%, 
respectively), and they are widespread across the EAAT1 structure without any specific 
mutational pattern observed per cancer type (Supplementary Figure 7.S1a,b). However, 
most EAAT1 mutations found in cancer patients are not present in natural variance, and 
some of  them are found in structural domains in which conformational rearrangements 
could lead to transport function impairment. For example, there are mutations located in 
the vicinity of  the binding sites occupied by the substrate and coordinating Na+ ions, as 
well as in the HP2 domain (Supplementary Figure 7.S1a,b). Moreover, certain mutations 
found in cancer patients are located in the binding pockets occupied by orthosteric and 
allosteric EAAT1 inhibitors, which could lead to changes in their binding affinity and 
potency. We shortlisted 12 mutations not present in natural variance that were found in the 
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functional and binding domains mentioned above (Y127C, V247F, C252F, R388K, F389L, 
V390M, P392L, I397V, A446E, A446V, L448Q, and R479W) to characterize their effect 
with a combination of  in silico and in vitro methods (Figure 7.1).

7.2.2 – EAAT1 mutants are predicted to have a local effect on substrate and inhibitor binding 
affinity

The effect on ligand binding affinity of  cancer-related mutants found in the orthosteric 
and allosteric binding sites of  EAAT1 was tested in silico to prioritize mutations for in vitro 
testing. We calculated changes in binding energy ΔΔGbind for two endogenous substrates 
(L-aspartate and L-glutamate), one competitive “orthosteric” inhibitor (TFB-TBOA), 
and one non-competitive “allosteric” inhibitor UCPH-101 (Table 7.1). Since the method 
employed short-range Monte Carlo sampling, we restricted our analysis to mutants in the 
vicinity of  the ligand of  interest and classified the mutants as “orthosteric” (V247F, P392L, 

Results

Figure 7.1 – EAAT1 mutations presented in this study. Structural distribution of cancer- and ataxia-related 
mutants in EAAT1 functionally relevant domains presented in this study. Cancer-related mutations (Y127C, 
V247F, C252F, R388K, F389L, V390M, P392L, I397V, A446E, A446V, L448Q, and R479W) are mapped in 
red onto chain A of the EAAT1 trimer (PDB 7AWM). Ataxia-related mutations (M128R and T318A) are mapped 
in dark blue onto chain A. Chains B and C are represented as surfaces. Protein domains are color-coded as 
follows: tranD domain (orange), scaD domain (cyan), helical hairpin 2 (HP2) domain (red). The co-crystalized 
substrate, L-aspartate, is represented in green sticks in chain A. The three coordinated Na+ ions are represented 
as red spheres in chain A. The allosteric inhibitor UCPH-101 is represented in black sticks.
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A446E, A446V, L448Q, and R479W, Figure 7.2a,b) and “allosteric” (Y127C, V247F, C252F, 
R388K, F389L, V390M, and I397V, Figure 7.2c,d). A positive ΔΔGbind over 1 kcal/mol can 
be interpreted as a significant decrease in binding affinity, while a negative ΔΔGbind below –1 
kcal/mol can be interpreted as a significant increase in binding affinity (Table 7.1)29.

Within the orthosteric mutants, we observed a substantial increase in ΔΔGbind values in 
mutant R479W for both endogenous substrates and especially for the inhibitor TFB-
TBOA, which indicates highly unfavorable binding of  these ligands. V247F and P392L did 
not show significant changes as these residues are further away from the substrate’s binding 
site, but an incipient increased binding affinity towards TFB-TBOA was observed. A446V 
and L448Q, and to a lesser extent A446E, showed an increased binding affinity towards 
L-glutamate. Interestingly, while both A446 mutants displayed a reduced TFB-TBOA 
affinity, A446E and A446V showed a different profile for the two endogenous substrates. 
A substantial loss of  binding affinity towards L-aspartate was observed in A446E, but not 
A446V. Within the allosteric mutants, Y127C and F389L showed a significant decrease in 
binding affinity towards UCPH-101. V390M showed the biggest increase in binding affinity, 
although this change in ΔΔGbind was not significant..

Based on these results, we selected five orthosteric (P392L, A446E, A446V, L448Q, and 
R479W) and two allosteric mutants (Y127C and V390M) for in vitro testing based on their 
differential ΔΔGbind profiles. Moreover, we included V247F in the selection since it was 
considered to be at the interface of  both binding pockets. Of  the selected residues, Y127, 
V390, P392, A446, L448 and R479 are fully conserved in mammalian EAATs, as well as the 
archaeal glutamate transporter homolog GltPh (except V390 and L448), which suggests the 
relative importance of  these residues in protein function (Supplementary Figure 7.S2). 
To validate the in vitro assay, we selected two additional EA6-associated EAAT1 mutations 
that have been reported to either completely abolish glutamate transport (M128R) or 
have unaltered transport (T318A). Neither of  these two residues are conserved in other 

Molecular insights into disease-associated glutamate transporter variants

Table 7.1 – Binding energy changes (ΔΔGbind) predicted in ICM-Pro for EAAT1 orthosteric and allosteric mutants.

a ΔΔGbind was calculated for the endogenous substrates L-aspartate and L-glutamate and for the competitive inhibitor 
TFB-TBOA for orthosteric EAAT1 mutants. The systems used were chain A of PDB 5LLU (with L-aspartate co-crystalized and 
L-glutamate docked), and chain A of PDB 5MJU (with TFB-TBOA co-crystalized).  
b For the allosteric mutants, ΔΔGbind was calculated for the allosteric inhibitor UCPH-101 in Chain A of PDB 5MJU. 
c V247F is situated between the orthosteric and allosteric site

Orthosteric mutants Allosteric mutants
ΔΔGbind (kcal/mol)a ΔΔGbind (kcal/mol)b

L-aspartate L-glutamate TFB-TBOA UCPH-101
V247F c 0.52 0.08 –0.70 Y127C 5.82
P392L 0.04 –0.01 –0.70 V247F c 0.68
A446E 6.39 –0.90 1.86 C252F –0.49
A446V 0.58 –1.73 2.23 R388K –0.05
L448Q –0.35 –1.88 1.79 F389L 3.83
R479W 7.13 6.42 42.19 V390M –0.76

I397V –0.62
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glutamate transporters (Supplementary Figure 7.S2). M128 is adjacent to Y127 and in 
close proximity to the binding site of  UCPH-101, whereas T318 is not in the vicinity of  
ligand binding sites (Figure 7.2).

Results

Figure 7.2 – EAAT1 disease-related mutations in the orthosteric and allosteric binding sites. Mutations are 
mapped onto chain A of PDB 7AWM. Thermostabilizing mutations C252V and T318M were reverted in 7AWM 
for ΔΔGbind calculation and visualization purposes. For spatial reference, the helical hairpin 2 (HP2) domain 
helices are colored salmon. The three coordinated Na+ ions are represented as red spheres. (a) Wild-type 
residues where mutations have been found in cancer in the orthosteric binding site of EAAT1. Ataxia-related 
reference mutation T318A is visualized in light green. The co-crystalized substrate, L-aspartate, is represented 
as green sticks. The docked substrate, L-glutamate, is represented in magenta. The competitive inhibitor TFB-
TBOA is represented as black sticks and superimposed to the 7AWM structure from its position in PDB 5MJU. 
Polar contacts between the substrate and EAAT1 are represented as dashed yellow lines. (b) Mutated residues 
in the orthosteric binding site of EAAT1. (c) Wild-type residues where mutations have been found in cancer 
in the allosteric binding site of EAAT1. Ataxia-related reference mutation M128R is visualized in red. The co-
crystalized allosteric inhibitor UCPH-101 is represented as black sticks. (d) Mutated residues in the allosteric 
binding site of EAAT1. 
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7.2.3 – EAAT1 mutants respond differentially to substrates in a phenotypic assay

To assess the selected mutants for their function in vitro, we generated a series of  HEK293 
JumpIn cell lines that were modified to stably express either wild-type (EAAT1WT) or mutant 
EAAT1 upon induction with 1 µg/ml doxycycline for 24 h. None of  the ten mutants 
showed either a decreased or increased expression of  the HA-tagged EAAT1 compared 
to EAAT1WT after doxycycline treatment, indicating that the mutations did not affect 
translation of  the transgene (Supplementary Figure 7.S3).

To assess whether the EAAT1 mutants affect transporter functionality, we used the 
impedance-based phenotypic assay that was developed in Chapter 6. In this set-up, adherent 
cells (over)expressing EAAT1 are cultured on gold-plated electrodes in a 96-well E-plate. 
Upon stimulation with high concentrations (10 µM – 1 mM) of  substrate (i.e., L-glutamate 
or L-aspartate) the cells started spreading as a result of  Na+-dependent substrate uptake 
via EAAT1 and subsequent cell swelling. The expanded electrode coverage by the cells 
generated an increase in impedance over time, which was expressed as Cell Index (CI) 
and interpreted as a readout of  EAAT1 function (Figure 7.3a). Growth curves were 
recorded prior to inhibitor pretreatment and substrate stimulation and all mutants displayed 
similar CI traces compared to EAAT1WT, which suggested that the presence of  mutant 
EAAT1 did not substantially affect cell adhesion or proliferation during the experiments 
(Supplementary Figure 7.S4).

L-glutamate induced a concentration-dependent cellular response in EAAT1WT (pEC50 = 
3.5 ± 0.0), which was reflected by a gradual increase of  the normalized Cell Index (nCI) 
in the first 120 min after substrate stimulation (Figure 7.3a–d, Table 7.2). A comparable 
L-glutamate potency was observed for the EA6 mutant T318A (pEC50 = 3.3 ± 0.0) with a 
slightly increased maximal response (Emax), whereas the L-glutamate response was completely 
abolished for M128R (Figure 7.3b,d). The allosteric site mutants V247F (pEC50 = 3.8 ± 
0.0) and V390M (pEC50 = 3.5 ± 0.0) produced similar L-glutamate potencies compared to 
EAAT1WT, where V247F has a 62% reduced Emax (Figure 7.3b). The potency of  L-glutamate 
on Y127C was enhanced (pEC50 = 4.1 ± 0.1), but displayed a substantial drop (94%) in Emax 
(Figure 7.3b). The orthosteric site mutants P392L (pEC50 = 3.8 ± 0.0) and L448Q (pEC50 = 
3.3 ± 0.1) showed no significant change in L-glutamate potency, although the concentration-
effect curve for L448Q appeared more linear and shifted rightward and did not appear to 
reach a maximum within the tested concentration range (Figure 7.3c). Both A446E and 
A446V produced glutamate responses with a strongly reduced Emax, but with significantly 
enhanced L-glutamate potency (pEC50 = 4.4 ± 0.3 and 4.3 ± 0.2, respectively), whereas no 
concentration-dependent L-glutamate response was observed for R479W (Figure 7.3c,d).

Next, we assessed the responsiveness of  the EAAT1 mutants to the endogenous substrate 
L-aspartate. L-aspartate induced a concentration-dependent cellular response in EAAT1WT 
(pEC50 = 3.6 ± 0.1) similar to L-glutamate (Figure 7.3e). The potency of  L-aspartate was 
comparable in the EA6 mutant T318A (pEC50 = 3.5 ± 0.0) with an elevated Emax, whereas 
in M128R no L-aspartate response was observed at 1 mM (Figure 7.3e). The response 
of  L-aspartate in V390M (pEC50 = 3.6 ± 0.0) was identical to EAAT1WT (Figure 7.3e). 

Molecular insights into disease-associated glutamate transporter variants
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Results

Figure 7.3 – Cellular responses of L-glutamate and L-aspartate in an impedance-based phenotypic assay on 
EAAT1WT and mutant cells. (a) Illustrative graph of the assay and analysis procedure. EAAT1WT cells are seeded 
and grown for 24 h in the presence of 1 µg/ml doxycycline to induce EAAT1 expression. Cells are pretreated 
with vehicle (PBS/DMSO) or inhibitor (TFB-TBOA or UCPH-101, only in Figure 7.4) for 60 min and subsequently 
stimulated with vehicle (PBS) or substrate (L-glutamate or L-aspartate) for 120 min. The Cell Index (CI) is 
normalized prior to substrate stimulation and the cellular response is quantified by analyzing the net area 
under the curve (AUC). (b–g) Concentration-response curves of (b–d) L-glutamate and (e–g) L-aspartate on 
EAAT1WT cells and (b,e) ataxia and allosteric site mutants and (c,f) orthosteric site mutants. (d,g) Zoom-in on 
mutants with low maximal cellular responses. Cellular response is expressed as the net AUC of the first 120 
min after L-glutamate or L-aspartate stimulation. Graphs are normalized to the response of 1 mM L-glutamate 
or L-aspartate on EAAT1WT cells. Data are shown as the mean ± SEM of three to seven individual experiments 
each performed in duplicate.
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The mutants V247F (pEC50 = 3.8 ± 0.0), P392L (pEC50 = 3.9 ± 0.0) and L448Q (pEC50 = 
3.7 ± 0.1) produced similar L-aspartate potencies, but a substantially lowered Emax (~60%) 
compared to EAAT1WT (Figure 7.3e,f). For Y127C, A446E and A446V a much reduced 
L-aspartate response was observed which dropped at high concentrations, resulting in a bell-
shaped concentration-effect curve (Figure 7.3e–g). Similar to L-glutamate, no L-aspartate 
response was observed for R479W (Figure 7.3f,g). Collectively, these data demonstrate 
that the selected EAAT1 mutants impact L-glutamate and L-aspartate transport.

7.2.3 – EAAT1 mutants respond differentially to substrates in a phenotypic assay

To assess whether the selected mutants modulated the effects of  the competitive 
(‘orthosteric’) inhibitor TFB-TBOA and the non-competitive (‘allosteric’) inhibitor UCPH-
101, we pretreated the cells for 1 h with increasing concentrations of  inhibitor prior to 
stimulation with 1 mM L-glutamate. In EAAT1WT, inhibitor pretreatment itself  did not 
result in substantial changes in the nCI (Supplementary Figure 7.S5c–f). Strikingly, the 
M128R pretreatment with TFB-TBOA resulted in a concentration-dependent sharp nCI 
increase which peaked after 10–30 min, whereas pretreatment with UCPH-101 induced a 
more gradual nCI increase that plateaued after 60 min (Supplementary Figure 7.S5a,b). 
These inhibitor responses were not observed in any of  the other mutants, although V247F, 
A446E and A446V showed concentration-dependent decreases of  the nCI upon TFB-
TBOA pretreatment, which were substantially lower in magnitude compared to M128R 
(Supplementary Figure 7.S5d,f). This suggests that M128R displays a distinct physiological 
phenotype compared to EAAT1WT and other mutants.

Molecular insights into disease-associated glutamate transporter variants

Table 7.2 – Potencies (pEC50) of L-glutamate and L-aspartate and inhibitory potencies (pIC50) of TFB-TBOA and 
UCPH-101 on JumpIn-EAAT1WT and mutant cells in an impedance-based phenotypic assay. 

a Maximal responses (Emax) are normalized to the cellular response of 1 mM L-glutamate or L-aspartate (100%) on JumpIn-
EAAT1WT cells. 
Data are presented as the mean ± SEM of three to seven individual experiments each performed in duplicate. Significant 
differences between potencies of WT and mutant cells were determined using a one-way ANOVA with Dunnett’s post-hoc test. 
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, N.D. = not determined.

L-glutamate L-aspartate TFB-TBOA UCPH-101
pEC50 Emax (%) a pEC50 Emax (%) a pIC50 pIC50

WT 3.5 ± 0.0 117 ± 5 3.6 ± 0.1 108 ± 9 6.7 ± 0.1 5.4 ± 0.0
Y127C 4.1 ± 0.1 *** 23 ± 3 N.D. N.D. 6.2 ± 0.0 * N.D.
M128R N.D. N.D. N.D. N.D. N.D. N.D.
V247F 3.8 ± 0.0 55 ± 9 3.8 ± 0.0 49 ± 1 5.7 ± 0.1 **** 5.3 ± 0.0
T318A 3.3 ± 0.0 156 ± 4 3.5 ± 0.0 158 ± 18 6.9 ± 0.1 5.4 ± 0.0
V390M 3.5 ± 0.0 132 ± 6 3.6 ± 0.0 112 ± 3 6.7 ± 0.0 5.4 ± 0.0
P392L 3.8 ± 0.0 71 ± 4 3.9 ± 0.0 46 ± 3 6.5 ± 0.1 N.D.
A446E 4.4 ± 0.3 **** 8 ± 2 N.D. N.D. 7.4 ± 0.2 ** 5.9 ± 0.2 
A446V 4.3 ± 0.2 **** 16 ± 4 N.D. N.D. N.D. N.D.
L448Q 3.3 ± 0.1 116 ± 25 3.7 ± 0.1 47 ± 13 7.9 ± 0.0 **** 5.9 ± 0.1 **

R479W N.D. N.D. N.D. N.D. N.D. N.D.
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To elucidate a potential mechanism behind the M128R response to both inhibitors, 
we assessed whether the inhibitors displayed any interaction with each other or the 
substrate L-glutamate. Indeed, cells pretreated with TFB-TBOA were responsive to a 
subsequent stimulation with UCPH-101 and vice versa, indicating that the cellular responses 
elicited by either inhibitor are additive and are constituted by independent mechanisms 
(Supplementary Figure 7.S6a,b). Interestingly, the response caused by TFB-TBOA 
pretreatment was completely blocked after stimulation with 1 mM L-glutamate and a TFB-
TBOA response was prevented when cells were pretreated with L-glutamate, indicating 
that the TFB-TBOA response is transient and originates from interactions at the substrate 
binding site (Supplementary Figure 7.S6a,c). In contrast, L-glutamate stimulation 
after UCPH-101 pretreatment does not reduce the nCI. The UCPH-101 response after 
L-glutamate pretreatment has a comparable magnitude to the UCPH-101 pretreatment on 
its own, suggesting that L-glutamate and UCPH-101 do not compete for the same binding 
site (Supplementary Figure 7.6b,c). In addition, the Na+/K+-ATPase (NKA) inhibitor 
ouabain prevented any inhibitor- or substrate-induced cellular responses in M128R cells, 
which indicates that TFB-TBOA and UCPH-101 responses are likely dependent on ion 
influx (Supplementary Figure 7.6d).

7.2.5 – EAAT1 mutants alter TFB-TBOA and UCPH-101 inhibition

For EAAT1WT and all other mutants, except M128R, we assessed the inhibitory potencies 
of  TFB-TBOA and UCPH-101 by analyzing the response of  1 mM L-glutamate after 
60 min pretreatment with increasing inhibitor concentrations. In EAAT1WT, TFB-TBOA 
inhibited the L-glutamate response in a concentration-dependent manner (pIC50 = 6.7 ± 
0.1) (Figure 7.4a,b, Table 7.2). The EA6 mutant T318A (pIC50 = 6.9 ± 0.1), allosteric site 
mutant V390M (pIC50 = 6.7 ± 0.0) and orthosteric site mutant P392L (pIC50 = 6.5 ± 0.1) 
did not affect the inhibitory potency of  TFB-TBOA (Figure 7.4a,b). Both Y127C (pIC50 
= 6.2 ± 0.0) and V247F (pIC50 = 5.7 ± 0.1) significantly decreased the potency, whereas 
L448Q (pIC50 = 7.9 ± 0.0) significantly enhanced the inhibitory potency of  TFB-TBOA 
(Figure 7.4a,b). Interestingly, A446E was susceptible to TFB-TBOA inhibition, showing 
an increased inhibitory potency (pIC50 = 7.4 ± 0.2), whereas A446V as well as R479W 
did not display any sigmoidal concentration-dependent inhibition by TFB-TBOA (Figure 
7.4b,c). 

The effects of  EAAT1 mutants on UCPH-101 inhibition were different from TFB-TBOA. 
In EAAT1WT, UCPH-101 could inhibit the response of  L-glutamate in a concentration-
dependent manner (pIC50 = 5.4 ± 0.0) (Figure 7.4d,e, Table 7.2). V247F (pIC50 = 
5.3 ± 0.0), T318A (pIC50 = 5.4 ± 0.0) and V390M (pIC50 = 5.4 ± 0.0) did not affect 
L-glutamate response inhibition by UCPH-101 (Figure 7.4d). In Y127C, P932L, A446V 
and R479W UCPH-101 was unable to inhibit the L-glutamate response at any of  the tested 
concentrations, indicating a loss of  the UCPH-101 interaction (Figure 7.4d–f). Similar to 
TFB-TBOA, both L448Q (pIC50 = 5.9 ± 0.1) and A446E (pIC50 = 5.9 ± 0.2) enhanced 
the inhibitory potency of  UCPH-101, although this was not significant for A446E (p = 
0.0919) (Figure 7.4e,f). Taken together, these data imply that the selected EAAT1 mutants 
differentially modulate both substrate and EAAT1 inhibitor interactions.

Results
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Figure 7.4 – Inhibition of L-glutamate responses by TFB-TBOA and UCPH-101 in an impedance-based phenotypic 
assay on EAAT1WT and mutant cells. (a–f) Concentration-inhibition curves of (a–c) TFB-TBOA and (d–f) UCPH-
101 on EAAT1WT cells and (a,d) ataxia and allosteric site mutants, and (b,e) orthosteric site mutants. (c,f) 
Zoom-in on mutants with low maximal cellular responses. Cells were pretreated with TFB-TBOA, UCPH-101 or 
vehicle (PBS/DMSO) for 60 min and stimulated with a submaximal concentration (EC80) of 1 mM L-glutamate or 
vehicle (PBS) for 120 min. Cellular response is expressed as the net AUC of the first 120 min after L-glutamate 
stimulation and graphs are normalized to the response of 1 mM L-glutamate on EAAT1WT cells. Data are shown 
as the mean ± SEM of three individual experiments each performed in duplicate.



|167

C
ha

pt
er

 7

7.3 – Discussion

The role of  glutamate and aspartate in cancer is increasingly appreciated30. Indeed, the 
regulation of  intra- and extracellular levels of  these amino acids by EAATs and other 
transporters, in respect to the tumor microenvironment, is the subject of  ongoing 
investigations. So far, altered function of  EAAT1 as a result of  single missense mutations has 
been linked to several extremely rare cases of  episodic ataxia type 6 (EA6)16. However, there 
have been no reports on the contribution of  genetic variants of  EAATs to the development 
of  cancer, and it remains a question to what degree loss- or gain-of-function mutations in 
these transporters are relevant for disease progression. In this study we identified 105 unique 
somatic mutations in cancer patients, none of  which occurred as natural variants. Although 
we could not associate the genotype to disease etiology, we observed distinctive cellular 
responses of  eight cancer-associated and two reference EA6-related EAAT1 missense 
mutants in a label-free phenotypic assay, which together with structural insights provides an 
initial understanding of  altered transporter function and cell behavior.

All EAAT1 mutants were expressed at similar relative levels compared to EAAT1WT, 
which suggests that the introduced mutations did not affect the translation of  the protein 
(Supplementary Figure 7.S3). Interestingly, in previous studies several EAAT1 mutants 
displayed attenuated or increased glutamate uptake activity as a result of  reduced (P290R, 
M128R16,31) or enhanced (E219D, T318A16,17) surface membrane density, respectively. 
Indeed, in our functional assay T318A showed a considerable increase in substrate Emax 
(Figure 7.3b,e, Table 7.2), which may be attributed to an enhanced membrane insertion 
of  EAAT116. Most other mutants displayed a substantial decrease in substrate Emax, with 
the maximal response being generally lower for L-aspartate than L-glutamate. To address 
the contribution of  amino acid substitutions to their predicted effect on ligand binding 
affinity (Table 7.1) and the observed changes in substrate and/or inhibitor potency (Figure 
7.3–7.4, Table 7.2), we will discuss each mutant individually.

Tyr at position 127 is located in TM3 and is conserved in all human EAATs and the archaeal 
GltPh (Supplementary Figure 7.S2), where the backbone carboxylate of  Tyr is part of  the 
third Na+ binding site (Na3)23,25,32. Substitution of  Y127 to Cys does not affect the ability 
of  EAAT1 to translocate substrate, as we observed a concentration-dependent cellular 
response of  L-glutamate in Y127C cells, albeit with a substantially reduced Emax (Figure 
7.3b). In addition to forming Na3, Y127 forms a hydrogen bond with the carbonitrile 
group of  UCPH-10122. This bond likely cannot form in Y127C, which results in a loss of  
UCPH-101 inhibition (Figure 7.4d). In line with this, mutation of  Y127 to Phe, Leu, Ile or 
Arg showed a significant drop in pIC50 of  UCPH-101 in a [3H]-D-aspartate uptake assay33. 
The slight reduction of  TFB-TBOA potency suggests that Y127C stabilizes a transporter 
conformation that affects the binding of  the bulky inhibitor, but not the substrate.

M128 is adjacent to Y127 and is exposed to membrane lipids. The M128R mutation was 
found in an EA6 patient and patch clamp experiments demonstrated that M128R shows 
a complete loss of  glutamate uptake as well as abolished anion currents that could not be 
explained by slightly reduced surface expression levels16. Indeed, we did not detect any 
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L-glutamate or L-aspartate responses in M128R (Figure 7.3b,e), which suggests that this 
mutant is likely transport incompetent. Surprisingly, we observed substantial concentration-
dependent positive cellular responses when M128R cells were treated with TFB-TBOA 
or UCPH-101, which were not observed in EAAT1WT or other mutants (Supplementary 
Figure 7.S5). A recent study demonstrated that mutation of  M128 to Arg may inflict two 
potential disruptions to EAAT134. The positively charged Arg could flip towards the ‘inside’ 
of  the protein and disrupt the binding of  Na+ to Na3. Occupation of  this site by Na+ is 
crucial to initiate substrate binding and translocation35, which may explain the absence of  
glutamate transport in M128R. Secondly, the Arg in M128R could flip ‘outward’ towards the 
lipid bilayer. Molecular dynamics (MD) simulations revealed a local membrane deformation 
resulting from attraction of  polar lipid head groups to the Arg, which recruited a density 
of  water molecules halfway into the bilayer34. This may provide a pathway for Na+ ions that 
enter the Na3 site to leak into the cytosol, which could result in cell volume increase and 
subsequent morphological changes, as we have shown in Chapter 6. Thus, we hypothesize 
that binding of  TFB-TBOA or UCPH-101 to EAAT1 M128R stabilizes an Arg ‘outward’ 
conformation that allows uncoupled Na+ influx, which results in a phenotypic response in 
the absence of  substrate (Supplementary Figure 7.S5–7.S6). To our knowledge, this is 
the first report of  inhibitor-induced functional responses in glutamate transporters, which 
warrants further investigation and could hold promise for future therapeutic strategies.

The Val at position 247 is located in TM4c at the scaD–tranD interface, which contains 
mostly hydrophobic residues conferring the selectivity of  UCPH-101 towards EAAT122. 
Mutation to Phe did not alter L-glutamate and L-aspartate responses (Figure 7.3), which 
indicates that V247F conserves substrate translocation. Moreover, UCPH-101 inhibition 
was unaffected in V247F (Figure 7.4d) which suggests that V247 is not crucial to inhibitor 
binding at the allosteric site. Interestingly, the inhibitory potency of  TFB-TBOA was 
significantly reduced in V247F (Table 7.2), contrary to in silico predictions showing a slightly 
enhanced TFB-TBOA binding affinity, if  at all (Table 7.1). Increasing the bulkiness of  the 
residue may indirectly compromise the size of  the hydrophobic cavity that accommodates 
the trifluoromethyl moiety of  TFB-TBOA. This would result in a less favorable orientation 
of  the inhibitor and a reduced affinity for the substrate binding site.

T318A was identified in a patient with episodic ataxia, although there is no evidence that 
this mutation is pathogenic34,36. Located in TM6 of  the tranD, the Thr in EAAT1WT is not 
involved with substrate or Na+ binding sites or subdomain movements. Mutation to Ala 
increased glutamate uptake and anion currents as a result of  increased surface expression of  
the transporter16,34. Besides an increased substrate Emax, we did not observe any significant 
changes in substrate and inhibitor potency, which suggests that T318A does not alter the 
function of  EAAT1.

V390 is located in TM7a of  tranD and is adjacent to F389 and V393, which both make 
hydrophobic interactions with the chromene scaffold of  UCPH-10122. Substrate responses 
and inhibition by UCPH-101 and TFB-TBOA in V390M were nearly identical to EAAT1WT, 
which indicates that the introduction of  a Met in this position is conservative and does not 
alter transport function.

Molecular insights into disease-associated glutamate transporter variants
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The Pro at position 392 is located in TM7a near V390 and is completely conserved 
throughout the SLC1 family and GltPh

22. P392 is part of  the scaD–tranD interface that 
lines the hydrophobic cavity of  the chloride conductive pathway37,38. Mutation of  P392 to 
small hydrophobic residues (Ala, Val) resulted in slightly increased substrate affinities and 
anion conductances39, which may be reflected by a small increase in pEC50 for L-glutamate 
and L-aspartate in P392L (Table 7.2). Strikingly, while TFB-TBOA binding is unaffected, 
P392L causes a complete loss of  UCPH-101’s inhibition of  the L-glutamate response 
(Figure 7.4b,e, Table 7.2). P392 neighbors F389 and V393, which create hydrophobic 
interactions with the chromene skeleton of  UCPH-10122. Mutation to a slightly bulkier Leu 
might correct the disruption in the helical turn caused by Pro in TM7a and promote an 
increase in helix rigidity that displaces the location of  the nonpolar residues in this region, 
which substantially reduces the affinity of  UCPH-101 for this site.

Three mutations (A446E, A446V and L448Q) are located in HP2, which is an important 
structural element that regulates the access of  Na+ and substrate to their binding sites20,22. 
In the HP2-closed conformation, the backbone amine of  A446 hydrogen bonds with the 
sidechain carboxylate of  L-aspartate 22. In our phenotypic assay both A446E and A446V 
displayed vastly reduced maximal substrate responses but significantly increased affinities 
(Table 7.2), which could be the result of  low surface expression or a reduced turnover rate40. 
Notably, mutation to Val at this position abrogates L-glutamate response inhibition, whereas 
a Glu substitution results in a significantly enhanced potency of  TFB-TBOA (Figure 
7.4c,f, Table 7.2). We hypothesize that a bulkier Val sterically clashes with the benzoxyl 
moiety of  TFB-TBOA, which destabilizes the interaction of  the inhibitor with HP2 that 
results in a more flexible ‘open’ conformation of  HP2 and reduced binding affinity of  the 
inhibitor22. Contrarily, a negatively charged Glu might engage in electrostatic interactions 
with the amide of  the benzoylamine moiety of  TFB-TBOA, which could stabilize a more 
favorable ‘open’ HP2 conformation. 

The adjacent HP2 residue L448 is involved in HP2 backbone flexibility, which is essential 
for K+-dependent re-translocation of  the tranD during the transport cycle41. Strikingly, the 
pIC50 for both TFB-TBOA and UCPH-101 are markedly increased in L448Q. In a previous 
study, mutation of  L448 to Cys reduced L-glutamate affinity and maximal transport rate, but 
it significantly enhanced the inhibitory potency of  the competitive inhibitor DL-TBOA42. 
Similar to A446E, it is likely that the introduction of  a polar residue in HP2 may stabilize an 
‘open’ TFB-TBOA-bound conformation, but to a lesser extent a ‘closed’ substrate-bound 
conformation. Moreover, the enhanced pIC50 for both UCPH-101 and TFB-TBOA may be 
the result of  a reduced affinity of  L-glutamate in the orthosteric site, which could augment 
the apparent inhibitory potency.

The Arg at position 479 confers substrate selectivity and is conserved among glutamate/
aspartate transporters. The guanidinium group of  R479 forms a hydrogen bond with the 
sidechain carboxylate of  the substrate during translocation22. Moreover, R479 forms a 
salt bridge with E406 in TM7 during K+ re-translocation, which sterically hinders closure 
of  HP2 and substrate binding23,41. Neutralization of  R479 (i.e., mutation to Ala) renders 
EAAT1 K+-independent and results in drastically reduced glutamate/aspartate affinity41, 
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which was also observed in GltPh upon mutation of  Arg to Cys43. Although R479W may still 
be able to form a hydrogen bond with the substrate carboxylate, the bulkiness of  the indole 
moiety likely disrupts the electrostatic interactions in the binding site, which leads to a loss 
of  substrate activity (Figure 7.2b). This was evident from the relatively high ΔΔGbind values 
for R479W compared to other mutated residues (Table 7.1), which indicate a substantially 
reduced ligand binding affinity.

Taken together, we provide functional assessments of  eight EAAT1 mutations that were 
found in cancer patients, as well as two EA6-associated mutations. We observed divergent 
effects of  EAAT1 variants on substrate-induced cellular responses, as well as orthosteric and 
allosteric inhibition, in an impedance-based phenotypic assay. These results warrant follow-
up experiments that investigate alterations in anion conductivity and substrate transport 
kinetics, which could help to explain our functional observations. Moreover, while mutations 
in a ligand binding site may disrupt or stabilize ligand interactions, they could potentially 
lead to ‘allosteric’ effects via disruption of  conserved interaction networks44. Although we 
have provided hypotheses on the effects of  genetic variants based on literature and available 
3D structures, we currently lack information on transporter dynamics to substantiate 
allosteric effects of  these EAAT1 mutants. Ongoing MD simulations on substrate-, Na+- 
and inhibitor-bound EAAT1 structures may provide insight into the effects of  mutated 
residues on subdomain dynamics. Importantly, in order to allocate these missense variants 
to a substantial involvement in cancer development and progression we require translational 
studies that link genotype to phenotype. Thus, the methods presented in this chapter may 
aid in the identification of  pathogenic transporter variants, which may have implications for 
the development of  selective and efficacious therapeutics.

7.4 – Materials & methods

7.4.1 – Materials

Modified Jump In T-REx HEK 293 (JumpIn) cells overexpressing human wild-type 
(EAAT1WT) or mutant EAAT1 (see section 7.4.6–7.4.9) were kindly provided by the 
RESOLUTE consortium (Research Center for Molecular Medicine, Medical University 
of  Vienna, Austria). L-glutamic acid monosodium salt monohydrate, L-aspartic acid 
monosodium salt monohydrate, doxycycline hyclate, Dulbecco’s modified Eagle’s medium 
(DMEM) and Dulbecco’s phosphate-buffered saline (PBS) were purchased from Sigma 
Aldrich (St. Louis, MO, USA). 2-amino-4-(4-methoxyphenyl)-7-(naphthalen-1-yl)-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (UCPH-101) was purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA). (2S,3S)-3-[3-[4-(trifluoromethyl)benzoylamino]
benzyloxy] aspartate (TFB-TBOA) was purchased from Axon Medchem (Groningen, 
The Netherlands). Lipofectamine 3000, P3000 buffer, Gateway LR Clonase II enzyme 
mix and Proteinase K solution were purchased from ThermoFischer (Waltham, MA, 
USA). QuikChange II kit was purchased from Agilent Technologies (Santa Clara, CA, 
USA). QIAprep Spin Miniprep Kit was purchased from QIAGEN (Hilden, Germany). 
xCELLigence PET E-plates 96 (Agilent Technologies, Santa Clara, CA, USA) were 
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purchased from Bioké (Leiden, The Netherlands). All other chemicals were of  analytical 
grade and obtained from standard commercial sources.

7.4.2 – Selection of  cancer-related mutations

Cancer-related mutations were obtained from the Genomic Data Commons27 version 
22.0 released on January 16th 2020, as re-compiled by Bongers et al.45 Somatic missense 
mutations were retrieved for gene SLC1A3 (EAAT1) in all cancer types. The 105 unique 
mutations found were mapped onto the 3D structure of  EAAT1 (PDB 5LLU, 5MJU22 and 
7AWM23), with particular attention to the functional motifs and binding sites defined by 
Canul-Tec et al.22,23 Two sets of  mutations of  interest were defined by visual inspection in the 
proximity (i.e., 5 Å from co-crystalized ligands) of  the orthosteric binding site – occupied 
by the substrate L-aspartate – and allosteric binding site – occupied by allosteric inhibitor 
UCPH-101. The “orthosteric” set of  mutations included P392L, A446E, A446V, L448Q, 
and R479W. The “allosteric” set of  mutations included Y127C, C252F, R388K, F389L, 
V390M, and I397V. Additionally, mutation V247F is located at the interface of  the two sites 
and was therefore included in both sets. 

As reference, we retrieved SLC1A3 (EAAT1) mutations found in natural variance in the 
1000 Genomes dataset46. This dataset was obtained from the Uniprot variance database in 
October 202047. For the purpose of  comparison, we calculated the percentage of  mutations 
in EAAT1 found in cancer patients and natural variance by dividing the number of  mutations 
in EAAT1 by the number of  patients in each dataset (10,179 and 3,202, respectively) and 
multiplying it by 100%.

7.4.3 – System preparation and molecular docking

The monomeric EAAT1 systems for binding affinity change predictions were prepared 
from chain A in PDB codes 5LLU and 5MJU22 in ICM-Pro version 3.9-2c (Molsoft 
LLC, San Diego)48,49. The systems were prepared by optimizing the protonation states 
and orientation of  histidine and cysteine residues, and the orientation of  glutamine and 
asparagine residues. Moreover, the position of  hydrogen atoms was sampled and optimized. 
Stabilizing mutations in residues selected for further analysis were reverted (i.e., C252V, 
T318M). We subsequently prepared L-glutamate by adding hydrogen atoms and assigning 
atomic charges and docked it into the orthosteric binding site of  PDB 5LLU, originally 
occupied by L-aspartate. Upon removal of  L-aspartate from the binding site, docking was 
performed with default settings and 10 poses stored by defining the residues surrounding 
L-aspartate as the binding site. We analyzed the poses in light of  the experimental data 
available, docking scores, and interaction patterns. The pose with the highest docking score 
was selected for further analysis. 

7.4.4 – Binding affinity change predictions

To prioritize mutations for in vitro testing, we predicted changes in EAAT1 binding affinity 
to endogenous substrates L-aspartate and L-glutamate, and the inhibitors TFB-TBOA 
(competitive) and UCPH-101 (allosteric) caused by point mutations. We performed this 
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analysis in ICM-Pro as follows. The difference in binding energy (ΔΔGbind, in kcal/mol) is 
calculated as the difference between the Gibbs binding energy (ΔGbind, in kcal/mol) in the 
mutant and the wild-type. ΔGbind is calculated for fixed backbone and Monte Carlo-sampled 
flexible side chains in the vicinity of  the mutated residue as the energy of  the protein-ligand 
complex minus the energy of  the protein and ligand separately. 

For the cancer-related mutations found in the orthosteric binding site (P392L, A446E, 
A446V, L448Q, and R479W), we calculated ΔΔGbind for endogenous ligands L-aspartate and 
L-glutamate (previously docked) in system 5LLU. Moreover, we calculated ΔΔGbind for the 
competitive inhibitor TFB-TBOA in system 5MJU. For the cancer-related mutations found 
in the allosteric binding site (Y127C, C252F, R388K, F389L, V390M, and I397V), ΔΔGbind 
was calculated for the allosteric inhibitor UCPH-101 in system 5MJU. For V247F, which 
is at the interface of  both ligand binding sites, ΔΔGbind was calculated for L-glutamate, 
L-aspartate, TFB-TBOA and UCPH-101 as described above.

7.4.5 – Structural visualization

All visualizations of  EAAT1 structures were generated in PyMOL version 1.3 (Schrödinger 
LTD) using PDB 7AWM. Where TFB-TBOA was visualized, PDB 5MJU was superimposed 
on 7AWM.

7.4.6 – Mutagenesis

DNA primers for EAAT1 mutants were designed with a single or double base pair 
substitution for the resultant amino acid using the QuikChange Primer Design Program 
and synthesized by Integrated DNA Technologies (IDT, Leuven, Belgium) (Table 7.3). 
Site-directed mutagenesis was performed using a QuikChange II kit. In brief, per mutant 50 
ng template DNA (codon-optimized ORF for EAAT1 (SLC1A3) in a pDONR221 vector 
(pDONR221-SLC1A3, Addgene #131889)) together with 10 µM forward and reverse 
primer, 1 µl dNTP mix, 2.5 µl 10x reaction buffer and 2.5 U DNA polymerase were run 
in a PCR thermal cycler for 22 cycles (each cycle consisted of  30 s 95°C, 1 min 55°C, 10 
min 68°C). Non-mutated DNA was removed by addition of  5 U DpnI restriction enzyme 
for 2 h at 37°C. Mutant DNA was transformed into XL1-Blue competent cells in the 
presence of  50 µg/ml kanamycin for selection. Plasmid was isolated using a QIAprep Spin 
Miniprep Kit verified by Sanger sequencing (Leiden Genome Technology Center, Leiden, 
The Netherlands).

7.4.7 – Gateway cloning

To allow stable transfection into JumpIn cells, the wild-type (WT) and mutant pDONR221-
SLC1A3 plasmids were cloned into a pJTI R4 DEST CMV TO pA expression vector 
with a C-terminal Twin-Strep-tag and a hemagglutinin (HA)-tag using Gateway cloning. 
The expression vector contains a tet-operon (TO) that allows doxycycline (dox)-inducible 
expression of  the transgene. In brief, 150 ng pDONR221-SLC1A3 plasmid and 150 ng 
pJTI R4 DEST CMV TO pA in TE buffer (10 mM Tris, 1 mM EDTA) were incubated 
with Gateway LR Clonase II enzyme mix at 25°C for 1 h. To remove endogenous nucleases, 
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the mixture was incubated with a Proteinase K solution for 10 min at 37°C. The resulting 
vectors (WT or mutant pJTI-SLC1A3) were transformed into XL1-Blue competent cells in 
the presence of  100 µg/ml ampicillin for selection. Plasmid was isolated and sequenced as 
described in the previous section.

7.4.8 – Cell culture

JumpIn-EAAT1 cells were split twice per week to 10 cm dishes in culture medium (high 
glucose DMEM containing 10% fetal calf  serum, 2 mM Glutamax, 100 IU/ml penicillin 
and 100 µg/ml streptomycin) at 37°C and 5% CO2. After thawing and recovery, cells were 
grown for 3–5 days in culture medium with 5 µg/ml blasticidin and 2 mg/ml G418 before 
switching to culture medium.

7.4.9 – Generation of  stably transfected WT and mutant JumpIn-EAAT1 cells

JumpIn cells were seeded at 90,000 cells/well in culture medium onto a 24-well culture plate 
and grown within 24 h to 60–70% confluence. Per mutant or WT, a mix of  1.8 µl P3000 
buffer, 450 µg pJTI R4 Integrase plasmid and 450 µg pJTI-SLC1A3 plasmid in Opti-MEM 
was added to a mix of  2.1 µl Lipofectamine 3000 in Opti-MEM (90 µl total per condition) 
and incubated for 5 min at RT. As a control for antibiotic selection, one dish of  cells was 
incubated with sterile water instead of  pJTI-SLC1A3. Cells were transfected with 60 µl 
of  the total mix. On the next day the transfection medium was replaced by fresh culture 
medium. After 24 h cells were trypsinized and seeded onto 6 cm culture dishes at 200,000 
cells/well to grow for 3–4 days. When 70% confluence was reached medium was replaced 
with selection medium (culture medium with 1 mg/ml G418) to select for successfully 
transfected cells. Selection medium was refreshed every 2–3 days for 2 weeks until non-
transfected cells were all dead and colonies had grown in the transfected dishes. Colonies 
were resuspended in selection medium and grown to confluence before cryofreezing pools 
of  transfected cells. Prior to use in experiments, cells were cultured in regular culture 
medium for at least 24 h. 

Materials and methods

Table 7.3 – DNA primers (forward and reverse) that were used to generate eight cancer-related and two ataxia-
related EAAT1 mutants. Mutated bases are bolded.

Mutant Forward primer (5’) Reverse primer (5’)
Y127C GAGAGCCGTGGTGTACTGTATGACCACAACCATCA TGATGGTTGTGGTCATACAGTACACCACGGCTCTC

M128R TGAGAGCCGTGGTGTACTATAGGACCACAACCAT ATGGTTGTGGTCCTATAGTACACCACGGCTCTCA

V247F AATGCCCTGGGCCTGTTCGTGTTCAGCATGTGC GCACATGCTGAACACGAACAGGCCCAGGGCATT

T318A CAGCTGGCCATGTACGCCGTGACAGTGATCG CGATCACTGTCACGGCGTACATGGCCAGCTG

V390M GACAAGCGGGTGACCAGATTTATGCTGCCAGTG CACTGGCAGCATAAATCTGGTCACCCGCTTGTC

P392L CAGATTTGTGCTGCTAGTGGGCGCCACCA TGGTGGCGCCCACTAGCAGCACAAATCTG

A446E CAGGCATCCCACAGGAAGGCCTGGTGACCATG CATGGTCACCAGGCCTTCCTGTGGGATGCCTG

A446V GCATCCCACAGGTCGGCCTGGTGAC GTCACCAGGCCGACCTGTGGGATGC

L448Q CACAGGCCGGCCAGGTGACCATGGT ACCATGGTCACCTGGCCGGCCTGTG

R479W GGTTTCTGGATAGGCTGTGGACAACCACAAACGTGCT AGCACGTTTGTGGTTGTCCACAGCCTATCCAGAAACC
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7.4.10 – Whole-cell HA-tag ELISA

To determine the relative amount of  C-terminal HA-tagged protein expressed in doxycycline 
(dox)-induced JumpIn-EAAT1 WT and mutant cells, an enzyme-linked immunosorbent 
assay (ELISA) was performed on whole, permeabilized cells. Each condition was tested in 
quintuplicate per experiment. Cells were seeded in culture medium onto a 96-well culture 
plate coated with 0.1 mg/ml poly-D-lysine at 60,000 cells/well in the presence or absence of  
1 µg/ml dox (100 µl total volume) and were grown for 22–24 h at 37°C and 5% CO2. Cells 
were washed with PBS and fixed with 4% formaldehyde for 10 min, then washed with Tris-
buffered saline (TBS). To allow access of  the antibodies to the intracellular HA-tag, cells were 
incubated with permeabilization buffer (TBS + 0.5% Tween-20 (TBST), 2% bovine serum 
albumin (BSA) and 0.2% saponin) for 60 min at RT. After blocking and permeabilization, 
cells were incubated with 1:2500 rabbit anti-HA polyclonal antibody (Invitrogen, Carlsbad, 
CA, USA) for 60 min at RT and washed with TBST. Subsequently, cells were incubated 
for with 1:3000 goat anti-rabbit horse radish peroxidase (HRP)-conjugated IgG antibody 
(Brunschwig Chemie, Amsterdam, The Netherlands) for 30 min at RT and washed with 
TBS. Immunoreactivity was visualized by addition of  3,3’,5,5’-tetramethylbenzidine (TMB) 
for 2.5 min at RT and subsequent quenching with 1 M H3PO4. Absorbance was measured 
at 450 nm using a Wallac EnVision multimode plate reader (PerkinElmer, Groningen, The 
Netherlands).

7.4.11 – Impedance-based phenotypic assay

To measure functional substrate responses and substrate inhibition on WT and mutant 
JumpIn-EAAT1 cells, we employed the label-free impedance-based phenotypic assay as 
described previously in Chapter 6. We used an xCELLigence real-time cell analyzer (RTCA) 
system (Agilent Technologies, Santa Clara, CA, USA) to record real-time changes in cell 
morphology. The assay principle is that EAAT1-mediated, Na+-dependent substrate influx 
induces cell swelling, which leads to cell spreading. This results in an increased cellular 
impedance over time and as such is a readout of  transporter function. For the assay, 
JumpIn-EAAT1 cells are cultured in medium onto gold-plated electrodes of  a 96-well 
E-plate and for each well the impedance is measured on predefined time intervals at 10 
kHz. The impedance is converted to the unitless parameter Cell Index (CI), which can be 
plotted over time:

where Zi is the impedance at any given time point and Z0 is the baseline impedance measured 
at the start of  each experiment50.

Assays were performed at 37°C and 5% CO2 in a final volume of  100 µl/well. Baseline 
impedance was measured in 40 µl culture medium prior to cell seeding. Cells grown to 
70–80% confluence were seeded in 50 µl at 60,000 cells/well in the presence of  1 µg/ml dox 
to induce EAAT1 expression and left at RT for 30 min prior to placement of  the E-plate 
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in the RTCA recording station. After 22 h, cells were pretreated with 5 µl vehicle (PBS/
DMSO) or, in inhibitor experiments, 1 nM – 10 µM of  TFB-TBOA or UCPH-101 or 1 µM 
ouabain, and impedance was recorded for 60 min. Subsequently, cells were stimulated with 
5 µl vehicle (PBS), 10 µM – 1 mM L-glutamate (submaximal concentration [EC80, 1 mM] 
in inhibitor experiments) or L-aspartate, 200 nM TFB-TBOA (EC50) or 6.3 µM UCPH-101 
(EC50), and impedance was recorded for 120 min. Each condition was tested in duplicate 
per experiment and levels of  DMSO were kept constant at 0.1% for all assays and wells.

7.4.12 – Data analysis and statistics

7.4.12.1 – Whole-cell HA-tag ELISA

In each experiment, the mean absorbance for each condition was divided over the mean 
absorbance of  non-induced (–dox) JumpIn-EAAT1WT cells to obtain fold expression over 
–dox cells. To assess whether total protein expression of  dox-induced (+dox) JumpIn-
EAAT1 mutant cells was significantly different from +dox JumpIn-EAAT1WT cells, a one-
way ANOVA with Dunnett’s post-hoc test was done for cells that were tested on the same 
ELISA plate.

7.4.12.2 – Impedance-based phenotypic assay

Data was recorded using RTCA Software v2.0 or v2.1.1 (ACEA Biosciences). Depending 
on the part that was used for analysis, the CI values were normalized to the time of  inhibitor 
pretreatment or substrate stimulation yielding normalized CI (nCI) values for all subsequent 
data points. The nCI values were exported and analyzed in GraphPad Prism v9 (GraphPad 
Software, San Diego, CA, USA). Vehicle-only conditions were subtracted from all other 
conditions to correct for vehicle-induced, ligand-independent effects. The remaining nCI 
curves were quantified by analyzing the net area under the curve (AUC) of  the first 120 min 
after substrate stimulation. The AUC values, which are expressed as the cellular response, 
were fitted to a sigmoidal concentration-effect curve with a variable slope to determine 
the potencies of  the EAAT1 substrates and inhibitors. Data are shown as the mean ± 
standard error of  the mean (SEM) of  at least three separate experiments each performed 
in duplicate, unless stated otherwise. Comparison of  multiple mean values to a control (i.e., 
EAAT1WT) was done using a one-way ANOVA with Dunnett’s post-hoc test. Differences 
were considered statistically significant when p-values were below 0.05.

Materials and methods
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Supplementary Information
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Supplementary Figure 7.S1 – Structural distribution of cancer-related mutants per cancer type. Mutations 
from the Genomic Data Commons mapped onto the biological assembly of EAAT1 (PDB 7AWM). Chain A is 
represented as a grey cartoon, while chains B and C are represented as grey surfaces. The co-crystalized 
substrate, L-aspartate, is represented as green sticks in chain A. The three coordinated Na+ ions are represented 
as red spheres in chain A. Residues that have been observed mutated in cancer patients are colored by cancer 
primary site following the colors in the key. (a) Frontal view, as aligned with cellular membrane. (b) Top view, as 
seen from the extracellular side. 
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Supplementary Figure 7.S2 – Conservation of selected cancer-related mutants in EAAT family. Multiple 
sequence alignment of human EAATs (EAAT1–5) and Pyrococcus horikoshii homolog GltPh computed in Clustal-
Omega. Colored, the positions of the cancer-related mutants analyzed in vitro: Y127C (pink), V247F (orange), 
V390M (dark blue), P392L (purple), A446V/E (blue), L448Q (yellow), R479W (brown). For reference, ataxia-
related reference mutants are also colored: M128R (red) and T318A (green).
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Supplementary Figure 7.S3 – Whole-cell HA-tag ELISA on EAAT1WT and mutant cells. Cells were grown for 24 
h in the absence (–dox, WT only) or presence (+dox, WT and mutants) of 1 µg/ml doxycycline. Presence of 
total HA-tagged protein (plasma membrane and cytosolic) was determined in permeabilized cells. Absorbance 
for each condition is expressed as fold expression over WT (–dox). Data are shown as the mean ± SEM of 
twelve (WT), six (M128R) or three (rest) individual experiments each performed in quintuplicate. Significant 
differences between EAAT1WT and mutant cells were determined using one-way ANOVA with Dunnett’s post-hoc 
test. ns = not significant for all mutants.

Supplementary Figure 7.S4 – Representative growth curves of EAAT1WT and EAAT1 mutant cells in an 
impedance-based phenotypic assay. Data are shown as the mean ± SD of eight replicates from a representative 
experiment.
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Supplementary Figure 7.S5 – Cellular responses of TFB-TBOA and UCPH-101 during pretreatment in an 
impedance-based phenotypic assay on EAATWT and mutant cells. (a,b) Vehicle-corrected normalized Cell Index 
traces of M128R cells pretreated with (a) TFB-TBOA or (b) UCPH-101 from a representative experiment. (c) 
Concentration-response curves of TFB-TBOA on M128R cells and (d) zoom-in on EAAT1WT and other mutant 
cells. (e) Concentration-response curves of UCPH-101 on M128R cells and (f) zoom-in on EAAT1WT and other 
mutant cells. Cellular response is expressed as the net AUC of the first 60 min after inhibitor pretreatment. 
Data are shown as the mean ± SEM of three individual experiments each performed in duplicate.
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Supplementary Figure 7.S6 – Modulation of cellular responses by L-glutamate and inhibitors in an impedance-
based phenotypic assay on M128R cells. (a) Pretreatment with EC50 (200 nM) TFB-TBOA and stimulation with 
vehicle, 1 mM L-glutamate or EC50 (6.3 µM) UCPH-101. (b) Pretreatment with 6.3 µM UCPH-101 and stimulation 
with vehicle, 1 mM L-glutamate or 200 nM TFB-TBOA. (c) Pretreatment with 1 mM L-glutamate and stimulation 
with vehicle, 6.3 µM UCPH-101 or 200 nM TFB-TBOA. (d) Pretreatment with 1 µM ouabain (Na+/K+-ATPase 
inhibitor) and stimulation with vehicle, 1 mM L-glutamate, 6.3 µM UCPH-101 or 200 nM TFB-TBOA. Data 
show vehicle-corrected normalized Cell Index traces of M128R cells pretreated for 60 min and subsequently 
stimulated for 120 min. Traces were normalized at the time point prior to pretreatment. Cells pretreated and 
stimulated with vehicle (PBS/DMSO) were used for vehicle-correction.





General discussion, conclusions  
and future perspectives

CHAPTER 8

The ubiquitous presence of  solute carrier (SLC) transporters makes them indispensable in 
many physiological processes. When these transport proteins are dysfunctional, however, 
they can cause or contribute to the development of  diseases. In the search towards effective 
therapeutics that directly or indirectly modulate the function of  SLCs, it is crucial to have 
access to robust and reliable in vitro assays that can help identify substrates, inhibitors and 
modulators. The chapters in this thesis describe the exploration, development, validation 
and application of  two novel types of  transporter assays, which are based on the use of  a 
label-free, impedance-based technology. The main results and conclusions of  these studies 
will be summarized and discussed in the following sections. The findings will be put in 
perspective of  traditional concepts and the future of  label-free assays in SLC research will be 
speculated on. Ultimately, this thesis advocates the impedance-based label-free technology 
as the ‘new kid on the block’ of  SLC assays and marks the advent of  a novel method to 
investigate this protein family.
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General discussion and conclusions

In order to check whether a molecule possesses any biological activity that may alleviate a 
patient’s symptoms or prevent disease phenotypes, we need assays that mimic a biological 
system in which the molecule may be active. Prior to testing any molecule in live organisms 
– be it zebrafish or humans – we would need to know upfront whether that molecule can 
engage the intended target (e.g., receptor or transporter) and evokes the intended response 
(i.e., activation or inhibition), preferably with good pharmacokinetic properties and limited 
off-target toxicity. Computational models, such as the ones described in Chapter 4, have 
become increasingly powerful tools in the prediction of  a molecule’s activity at any biological 
target, which can be used to conceive previously unimagined molecular scaffolds and select 
candidate molecules for in vitro testing in an early stage of  drug discovery1,2. Although these 
computational approaches can help to cut the amount of  labor-intensive wet-lab tests, the 
predicted molecules still need to be tested for their activity on the physical target of  interest. 

8.1 – The added value of  cell-based label-free assays

Numerous in vitro model systems have been developed to test molecules and address a 
wide range of  pharmacological research questions in various stages of  the drug discovery 
process, being based on the use of  cells (e.g., heterologous bacteria/yeast/mammalian cells, 
primary cells, organoids, ‘organ-on-a-chip’3–5) or cell-free preparations (e.g., cell extracts, 
membranes, purified or engineered protein6,7). Where some systems allow a detailed 
detection and/or visualization of  physiological events upon treatment, there is always a 
trade-off  in terms of  throughput (i.e., the number of  molecules that can be tested within 
a specified time), running costs per sample, complexity of  data analysis/interpretation 
and physiological relevance. In Chapter 1, the advantages and limitations of  established 
techniques and model systems for solute carrier (SLC) transporters are summarized with 
regard to their trade-offs (Table 1.1). The main conclusion of  this summary is that the 
current SLC assays are either label-based, low in throughput, incompatible with live cells 
and/or unable to perform real-time measurements. If  high-throughput screening (HTS) of  
molecules in a closer-to-physiology setting is to the benefit of  successful translational drug 
discovery, then there is a need for alternative assay strategies to aid in this process. Thus, 
cell-based label-free assays are an attractive approach to assess target pharmacology in live 
cells without the use of  cell-intrusive and non-physiological chemical labels.

Cell-based label-free assays offer an advantage over conventional biochemical assays – in 
addition to offering increased physiological relevance8 – in that they are able to capture 
the sum of  events that follow a perturbation of  the cell (e.g., receptor activation or the 
uptake of  cytotoxic compounds) in real-time, instead of  focusing on a single pathway 
downstream of  this perturbation (e.g., cAMP production, protein phosphorylation or 
apoptosis markers) at a fixed point in time9,10. It is this characteristic of  cell-based label-free 
assays that is at the basis of  the assays that are described in the chapters of  this thesis. The 
impedance-based biosensor xCELLigence has previously been used to detect changes in 
cells’ morphology as a result of  the activation of  G protein-coupled receptors (GPCRs) 
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that are expressed on these cells11,12. The intracellular signaling events that are triggered 
upon GPCR activation lead to ordered and dynamic rearrangement of  the cytoskeleton 
and redistribution of  proteins and organelles, which can be interpreted as the functional 
or phenotypic effect of  receptor activation12,13. For example, adenosine receptors (ARs) 
are activated by their endogenous ligand, adenosine, and several studies demonstrate that 
activation of  subtypes of  these receptors (A1AR14, A2AAR15, A2BAR16) by adenosine or other 
agonists leads to temporary contraction, spreading or shrinkage of  the cells, which can be 
deduced from the real-time changes in electrical impedance – expressed as the Cell Index 
(CI) – that are recorded by the xCELLigence. Thus, the xCELLigence is able to ‘sense’ the 
presence of  a ligand (i.e., agonist) by using cells that express a receptor that is specific to 
this ligand. Moreover, the sensors are highly sensitive, meaning that they can pick up signals 
even in conditions where the expression levels of  the protein are very low (e.g., in cells with 
endogenous receptor expression)17,18 or the adhesion of  the cells to the E-plate is poor19. By 
exploiting this sensitivity, the xCELLigence can be used to detect minute changes in agonist 
concentration.

8.2 – Transporters can affect the concentration of  agonists at the receptor 
compartment

The extracellular concentration of  an agonist is dictated by distinct (non-)physiological 
processes including enzymatic degradation or biosynthesis of  the ligand20, adsorption of  
the ligand to biological membranes or plastics (i.e., non-specific binding21), excretion or 
efflux of  the ligand from cells or uptake of  the ligand into cells via transporters22. While it 
is common to mitigate processes that influence the ligand concentration – e.g., by inhibition 
or expression of  enzymes or transporters – to benefit proper assessment of  receptor 
pharmacology, until recently there had been no reports that exploited the activation of  
membrane receptors to primarily investigate such processes. 

Prior to the conception of  the projects that are described in this thesis, it was demonstrated 
by colleagues that the presence of  the equilibrative nucleoside transporter 1 (ENT1/
SLC29A1) – a bidirectional transporter of  adenosine – on an osteosarcoma cell line (U2OS) 
resulted in an attenuated activation of  the endogenously expressed A2BAR by adenosine, 
which was measured using xCELLigence23. This attenuation was likely the result of  partial 
removal of  the added adenosine from the extracellular compartment by ENT1. Indeed, 
when cells were pretreated with inhibitors of  ENT1 (e.g. dipyridamole, NBTI) the apparent 
potency of  adenosine for A2BAR was increased (i.e., shifted leftward) up to ten-fold, which 
suggested that adenosine uptake skewed the pharmacology of  the endogenous agonist 
causing an underestimation of  its potency. In this regard the cells are able to detect the 
reduced agonist availability at the receptor compartment, which can be interpreted as a direct 
causality of  ENT1 function. As such, the xCELLigence is ‘sensing transport’, which offers 
the possibility to assess the pharmacology of  molecules that modulate the transporter. For 
the purpose of  naming simplification, we have termed the resulting method based on this 
concept the ‘transport activity through receptor activation’ (TRACT) assay (Chapter 
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3), which in this thesis refers to the xCELLigence-based assays but could more generally 
refer to any assay that uses receptor activation as a readout to determine transporter activity 
(e.g., Ca2+ mobilization, GTPγS, cAMP or β-arrestin assays24).

ENT1 is certainly not the only transporter that modulates agonist availability for membrane 
receptors (Chapter 2). In fact, a thorough assessment of  the literature and pharmacology 
databases suggest that there are at least 100 unique human SLCs that are involved in 
the translocation of  a substrate that is also a receptor agonist (Appendix, Table A.1). 
The majority of  these SLCs are located at the plasma membrane, although some (mainly 
vesicular neurotransmitter transporters) are located at intracellular compartments. A few 
of  these SLCs are well-known modulators of  agonist levels and are common therapeutic 
targets – e.g., monoamine transporters (DAT, NET, SERT) decrease synaptic levels of  
monoamine neurotransmitters, where antidepressants primarily inhibit reuptake to enhance 
neurotransmitter levels, potentiate stimulatory receptor signaling and alleviate depression25–27. 
Although these SLCs mostly operate to reduce extracellular agonist levels, in Chapter 2 
we advocate SLCs that have been recently demonstrated to increase extracellular levels of  
agonist via efflux, such as the sphingosine-1-phosphate transporter (SPNS2/SLC63A2)28 
and succinate efflux via the monocarboxylate transporter 1 (MCT1/SLC16A1)29. In addition, 
SLCs may provide GPCRs located at intracellular membranes with their cognate ligands via 
influx, adding another layer of  activation control by transporters. As is exemplified by the 
extensive Table A.1, there are many SLCs that can be ‘linked’ to a receptor via its substrate(s), 
which provides ample opportunities for label-free assay development (see section 8.9). 
Thus, we commenced by investigating which SLCs – other than ENT1 – would be suitable 
for functional assessment using the xCELLigence.

8.3 – Development of  the TRACT assay for DAT, NET and EAAT

In this thesis, we focus on human SLCs that upon exogenous substrate application mediate 
substrate influx, i.e. remove the agonist from the receptor compartment. To start the 
validation of  the impedance-based assay for other transporters, we initially selected SLCs 
that are well-studied and clinically relevant, have known substrate(s) ascribed to them and 
for which several validated small molecule inhibitors are available. We then identified an 
SLC and GPCR ‘pair’ that shared the same substrate. An important factor to consider 
was that the SLC and GPCR should be expressed on the same cell to facilitate sufficient 
removal of  the substrate from the proximity of  receptor compartment, similar to the study 
by Vlachodimou et al. in which cells were used with endogenous expression of  both ENT1 
and ARs23. This, however, will not always be the case and in such instances where only the 
SLC or GPCR is expressed by the cell – or, if  both are lacking – it is necessary to induce 
heterologous expression of  the ‘missing’ protein(s) via transient or stable transfection of  the 
transgene. Based on these prerequisites, three SLCs with GPCR-activating substrates were 
selected as ‘model’ SLCs for proof-of-concept validations of  the impedance-based assay: 
the dopamine transporter (DAT/SLC6A2), norepinephrine transporter (NET/SLC6A2) 
and the excitatory amino acid transporter 1 (EAAT1/SLC1A3).

Development of  the TRACT assay for DAT, NET and EAAT
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The functionality of  human DAT was the first to be assessed on xCELLigence (Chapter 
3). DAT is a well-established target of  psychostimulants such as amphetamines and cocaine, 
as well as drugs for the treatment of  depression, ADHD, narcolepsy and stimulant abuse26. 
Thus, we selected DAT as a model SLC to validate our assay hypothesis. To this end, the 
human osteosarcoma U2OS cell line was selected as a model system as they are adherent 
– which is important for proper detection of  impedance changes30 – and endogenously 
express the dopamine receptor D1 (D1R). Since these cells did not express DAT, we 
transiently transfected the U2OS cells with SLC6A3 or mock DNA prior to treatment of  
the cells with the endogenous substrate dopamine. As expected, the apparent potency of  
dopamine at D1R was decreased in the presence of  DAT and was potentiated when cells 
were pretreated with the DAT inhibitor GBR12909, which indicated that dopamine was 
efficiently removed from the extracellular compartment by DAT31. These findings were 
in line with the previously mentioned adenosine/ENT1 experiments and allowed for the 
determination of  the inhibitory potency of  GBR12909.

Although the TRACT assay principle was demonstrated in U2OS cells, the transient 
transfection procedure was deemed unsuitable for screening purposes and could be subject 
to inter-experimental variability of  transporter expression levels. To attain stable transporter 
expression levels throughout experiments, we introduced the use of  an engineered human 
embryonic kidney 293 (HEK293) cell line with stable site-specific integration of  the 
transporter gene into the cell’s genome, which allows for doxycycline-inducible expression 
of  the transporter under a tetracycline repressor32. Since non-induced cells display little to no 
transporter expression, these cells can act as negative control to the induced, overexpressing 
cells. A major advantage of  this so-called JumpIn system is the homogenous, consistent 
and high expression levels of  the gene, which leads to more reproducible data across labs 
and experiments33. In addition, the time required to generate JumpIn pools (~3 weeks) is 
considerably shorter and less error-prone than that to isolate stable monoclonal cells (~3 
months), which facilitates the rapid generation of  multiple JumpIn cell lines with different 
transporters or with genetic variants of  the transporters (as is shown for EAAT1 mutants in 
Chapter 7). Thus, JumpIn cells were used for nearly all subsequent experiments and proved 
to be a valuable and easy-to-use tool for the set-up and validation of  impedance-based 
transporter assays.

To demonstrate the compatibility of  JumpIn cells, we used the TRACT assay in U2OS-DAT 
cells as a starting point for similar experiments on JumpIn cells expressing DAT (JumpIn-

General discussion, conclusions and future perspectives

 Figure 8.1 – Proposed workflow for TRACT assay development. Top: a ‘toolbox’ should be assembled, 
consisting of: an SLC–GPCR pair; substrate(s) and inhibitors; a cell line that expresses both SLC and GPCR; a 
control cell line that lacks the SLC. Middle: cell seeding density and assay conditions (e.g., buffer composition, 
incubation time) should be optimized to maximize the response window. This is followed by determination of 
the substrate potency in the presence and absence of the SLC, and a pharmacological validation of the GPCR 
or pathway that is involved in the substrate response. Bottom: the substrate response is determined in the 
presence of an SLC inhibitor, which provides an assay window to determine the inhibitory potency. The resulting 
assay should be validated to adhere to high-throughput screening (HTS) criteria, after which it can be used for 
compound screening.
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DAT) (Chapter 3). Although the JumpIn cells did not express endogenous dopamine 
receptors, we observed dopamine induced concentration-dependent cellular responses that 
were attributed to the activation of  alpha-2 adrenergic receptors (α2R). Upon induction of  
DAT expression, the apparent potency of  dopamine was significantly reduced, which was 
rescued by both GBR12909 and cocaine with the inhibitory potency of  GBR12909 being 
comparable between U2OS and JumpIn cells. This indicated that receptors with differential 
intracellular G protein-coupling (Gαs for D1R, Gαi for α2R) and similar agonist potencies 
were both affected by the presence of  an agonist uptake process.

In Chapter 4, we extended the TRACT assay principle to study NET, which is a drug target 
for depression and ADHD, and has an overlapping pharmacology with DAT26. We used 
JumpIn cells with inducible expression of  NET (JumpIn-NET), which were responsive to 
norepinephrine via activation of  endogenous α2R. Dopamine and epinephrine, which are 
both NET substrates, also induced α2R-mediated cellular responses. The apparent potency 
of  all three substrates was decreased in the presence of  NET, with the shift being largest for 
norepinephrine (16-fold) and smallest for dopamine (3-fold). Moreover, the responses of  all 
substrates were restored equipotently by NET inhibitor nisoxetine, where norepinephrine 
displayed the largest assay window (i.e., signal-to-noise ratio). The inhibitory potencies of  
twelve well-known NET inhibitors were in good correlation with a conventional fluorescent 
substrate uptake assay over a wide range of  potencies, suggesting that the TRACT assay can 
be used to accurately characterize inhibitors. The Z’ factor – which is a parameter of  assay 
robustness and reproducibility used in HTS34 – for this assay was 0.55, which is sufficient to 
deem the assay suitable for compound screening.

In Chapter 6, we attempted to set-up a TRACT assay for EAAT1, which mediates uptake 
of  glutamate in astrocytes of  the central nervous system and shows promise as a drug 
target for neurological disorders that involve glutamate homeostasis, such as epilepsy, ataxia 
and schizophrenia35. As JumpIn cells do not express glutamate receptors, we performed 
experiments with JumpIn-EAAT1 cells transiently transfected with the metabotropic 
glutamate receptor 2 (mGluR2), as we had in-house experience with mGluR2 functional 
assays on xCELLigence36. In non-induced cells, L-glutamate induced an mGluR2-mediated 
response within 15 minutes, although the potency was substantially lower (pEC50 = 4.1) 
than previously reported for human mGluR2 expressed heterologously in Chinese hamster 
ovary (CHO) cells on xCELLigence (pEC50 = 5.3)37, which could be due to the transfection 
method (transient versus stable)38 or cellular background (i.e., system bias)39. Nevertheless, 
induced EAAT1 expression attenuated the L-glutamate response at mGluR2, causing a 
rightward shift of  the concentration-effect curve. The allosteric EAAT1 inhibitor UCPH-
101 restored the apparent potency of  L-glutamate on mGluR2, but the more potent 
competitive inhibitor TFB-TBOA prevented all L-glutamate-induced responses. As a result, 
we were unable to reliably determine inhibitory potencies in the TRACT assay using this 
particular set-up. Interestingly, at high L-glutamate concentrations (>100 µM) a substantial 
mGluR2-independent cellular response was observed that was attributed to cell swelling and 
spreading, providing an alternative assay window which we will discuss further in section 
8.6.
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Taken together, we demonstrated the TRACT assay principle for three human SLCs in a 
versatile JumpIn cell line, of  which Gateway-compatible expression vectors are commercially 
available via Addgene (http://www.addgene.org/depositor-collections/re-solute/). In 
theory, any SLC–GPCR ‘pair’ that recognizes the same substrate is amenable for a TRACT 
assay. We have provided a visual workflow based on the assay development in Chapter 3, 4 
and 6, which can be used as a guideline to set-up the TRACT assay for other SLCs (Figure 
8.1). In the following section, we attempt to provide a rationale for a successful TRACT 
assay based on properties of  the transporter and the receptor.

8.4 – A mechanistic understanding of  the TRACT assay

In order to rationally approach the design of  TRACT assays for new SLCs we would need 
to identify the key parameters that should match between the SLC and GPCR in order 
to ensure that the substrate uptake sufficiently affects the receptor occupancy. From a 
physiological perspective, it can be rationalized that saturable uptake processes are essential 
to remove excessive amounts of  agonist from the receptor compartment to control the 
level of  receptor activation. The initial recognition of  these concepts originates from early 
denervation experiments in which removal of  nerves from cholinergic or adrenergic tissue 
in humans or animals caused an increased responsiveness or sensitivity of  the tissue to the 
corresponding neurotransmitter. In 1939, this was formulated by Walter Bradford Cannon 
as the ‘Law of  Denervation’: “When in a series of  efferent neurons a unit is destroyed, an increased 
irritability to chemical agents develops in the isolated structure or structures, the effect being maximal in 
the part directly denervated.”40. This phenomenon was termed ‘supersensitivity’ and could be 
attained either by denervation of  the tissue or pharmacological treatment with substances 
that enhance neurotransmitter sensitivity, such as cocaine41. In essence, the nerves were 
found to be responsible for the timely removal (i.e., uptake) of  released neurotransmitters, 
which lowered the availability of  the neurotransmitter to the postsynaptic tissue. It was 
not until the early 1960’s that researchers identified active uptake mechanisms that were 
saturable and adhered to Michaelis-Menten kinetics42–44, suggesting the involvement of  
high-affinity (i.e., uptake1, now known as neuronal NET, DAT and SERT26) and low-affinity 
carriers (uptake2, identified as the non-neuronal organic cation transporters [OCT1–3, 
SLC22A1–3]45, and the plasma membrane monoamine transporter [PMAT, SLC29A4]46) 
for the removal of  released neurotransmitters.

It was soon found that uptake processes could lead to an underestimation of  the true 
potency of  an agonist and that action should be taken to prevent substantial influence 
of  uptake on receptor activation. For example, by blocking uptake1 cocaine sensitizes the 
activation of  adrenergic receptors, ‘revealing’ the potency of  norepinephrine22,47. Likewise, 
the ENT1 inhibitor NBMPR (or NBTI) was used to prevent uptake of  adenosine, which 
enhanced the potency of  adenosine at AR subtypes in a cAMP assay48. In another scenario, 
uptake of  endogenous ligand is desired so that it does not disturb the pharmacological 
characterization of  compounds at that ligand’s receptor. Since glutamate is present in 
cell culture medium and is continuously produced by cells36,49, some experimental set-ups 
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warrant the co-expression of  EAATs on mGluR-expressing cells to deplete the endogenous 
glutamate so it does not interfere with mGluR activation by exogenous agonists50. These 
findings are at the basis of  the TRACT assay principle that is described in this thesis.

If  the aforementioned uptake processes are able to remove sufficient amounts of  substrate 
from the receptor compartment, is there a general ‘rule of  thumb’ that allows us to predict 
which SLC can be assessed via activation of  a specific GPCR? We investigated whether an 
existing model could be used to explain the apparent potency shifts observed in the TRACT 
assays in this thesis and comparable assays from literature. In essence, the apparent potency 
shift of  an agonist in the presence of  an uptake process is the result of  a discrepancy between 
the amount of  substrate that is added to the cells and the actual substrate concentration at 
the receptor compartment due to the removal of  the agonist. Two previously reported 
models describe the substrate concentration at the receptor compartment as a function of  
the added substrate concentration, the affinity of  the substrate for the uptake process and a 
factor that represents the capacity or magnitude of  the uptake process51,52.

Before we discuss the two models, we should first describe the kinetics of  a saturable uptake 
mechanism, of  which the capacity/rate of  uptake (V) is defined by the Michaelis-Menten 
equation:

where Vmax is the maximal capacity or rate of  uptake at which the substrate can be transported 
in that system (usually in pmol/mg protein/min), Km is the Michaelis-Menten constant, 
which is the concentration of  substrate at which 50% of  Vmax is achieved (sometimes referred 
to as substrate affinity or substrate activity), and [S]a is the substrate concentration that was 
added to the medium. The ratio Vmax/Km is often used to express the transport efficiency 
of  the system and compares the uptake of  multiple substrates in the same assay system and 
efficiency between different transporter systems. The higher the transport efficiency, the 
more volume of  substrate is ‘cleared’ from the medium per time unit45.

8.4.1 – Langer & Trendelenburg model

In 1969, Langer and Trendelenburg formulated a model which states that the presence of  
a saturable uptake process shifts the concentration-effect curve of  a transported agonist if  
its affinity for the uptake process is in a similar range as its potency towards the receptor51. 
According to this model, the substrate concentration at the receptor compartment is 
described, after rearrangement of  the original formula, as:

where [S]r is the substrate concentration at the receptor compartment, [S]a is the added 
substrate concentration, Km is the Michaelis-Menten constant and α is the maximal 
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Figure 8.2 – Two models describing the effect of a saturable uptake mechanism on the concentration 
and concentration-effect curves of G protein-coupled receptor (GPCR) agonists. (a,b) Model by Langer 
& Trendelenburg51, (c,d) model by Kenakin52. (a,c) Simulated curves of the logarithmic rate of uptake (left 
y-axis, circles, 100% = Vmax) and the relative substrate concentration at the receptor compartment ([S]r, 
right y-axis, squares) plotted against the added substrate concentration ([S]a). Rate of uptake is simulated 
using the Michaelis-Menten equation (log Km = –5.5). The relative [S]r is simulated using the equations of (a) 
Langer & Trendelenburg, or (c) Kenakin (log Km = –5.5), then shown as ([S]r/[S]a)x100%. The ratio along each 
curve signifies [S]r/[S]a when [S]a<<Km, with the value of (a) the maximal substrate fraction at the receptor 
compartment (α, unitless) or (c) the maximal capacity of the substrate removal process (Ω, in µM) in brackets. 
(b,d) Non-linear fits of simulated concentration-effect curves of five theoretical transported GPCR agonists 
(A–E) each with 10-fold difference in potency (log EC50 = –8, –7, –6, –5, –4) and the same Km, using the model 
of (b) Langer & Trendelenburg (Figure 8.3i, α = 0.1, log Km = –5.5, slope = 1), or (d) Kenakin (Figure 8.4i, log 
Ω = –4.5, log Km = –5.5, slope = 1). Solid and dashed curves describe agonist responses in the absence or 
presence of the uptake process, respectively. (a,b) In Region I, [S]a<<Km and the curve shift is proportional to 
the value of α; in Region II (grey area), [S]a nears Km and curves show increased slopes and diminished shifts 
as the EC50 increases; in Region III, [S]a>>Km and no curve shift is observed. (c,d) In Region A, [S]a<Km and 
the curve shift is proportional to the value of Ω; in Region B (grey area), [S]a>Km and curves show increased 
slopes, with the magnitude of the shift dependent on Ω. Transport efficiency (i.e., Vmax/Km) is related to α and Ω 
and indicates the maximal degree of curve shift. The assay window indicates the maximal difference between 
the agonist response ± uptake process. The graphical representation of the curves is based on Langer & 
Trendelenburg51. Data were simulated and visualized using GraphPad Prism v9.
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hypothetical fraction of  the added substrate that is present at the receptor compartment 
when [S]a<<Km (e.g., if  10% of  added substrate is at the receptor compartment, then α = 
0.1) (Figure 8.2a). In the original article, the value of  α was set at 0.1 and represented a 
10-fold sensitization of  the innervated tissue to norepinephrine in the presence of  cocaine 
(i.e., uptake inhibition), although the authors stated that sensitizations up to 100-fold (i.e., α 
= 0.01) were observed in vivo. Implicitly, α is dependent on the transport efficiency. [S]r can 
be introduced into the Hill equation – which describes the concentration-effect relationship 
of  a receptor–agonist complex53:

where Bottom and Top indicate the minimal and maximal response, respectively, EC50 is 
the agonist potency (i.e., substrate concentration at which 50% of  the maximal response is 
achieved) and n is the Hill coefficient defining the slope of  the curve. In the presence of  
the uptake process, Langer and Trendelenburg define three substrate concentration regions 
in which the agonist response at the receptor is affected (Figure 8.2a,b): 

-	 in Region I, when [S]a<<Km , the uptake rate is linear with the substrate 
concentration since the uptake rate becomes V = (Vmax/Km)[S]a and [S]r is at a 
constant fraction of  [S]a (defined by α). Here, the agonist curve shifts to the right 
with a magnitude dependent on α (e.g., α = 0.1 indicates a 10-fold shift); 

-	 in Region II, when [S]a≈Km, uptake is gradually less linear and nears saturation, 
during which [S]r increases and gets closer to [S]a. Here, two phenomena are expected 
to occur: 1) the rightward shift of  the curves will diminish as the agonist potency 
(EC50) increases, and 2) the slope of  the curve will increase as [S]a approaches Km; 

-	 in Region III, when [S]a>>Km, the uptake rate equals Vmax and [S]r equals  
[S]a. Here, no shift is observed as the agonist curve overlaps with the curve in the 
absence of  uptake.

From this model, it is apparent that in Region I the agonist curve shift is dependent on the 
degree of  transport efficiency. However, in Region II and III the transport efficiency is less 
important in determining [S]r and instead [S]r is driven by the Km of  the agonist. This means 
that even with a low value for α (i.e., a high transport efficiency) the predicted curve shifts in 
these regions will not increase in magnitude, despite the larger transport capacity. 

To determine whether the Langer & Trendelenburg model could be used to describe the 
TRACT assay data in this thesis, we simulated the models using the EC50 and slope of  
the substrate response for the GPCR in the absence of  uptake, the average Km that is 
reported for the respective SLC in Appendix Table A.1 (as the Km was not determined 
in the current studies) and an arbitrary value for α of  0.01. The resulting simulated data 
points were fitted using non-linear regression with a variable slope (i.e., the Hill equation) 
and compared to fits that were directly derived from the substrate response curves ± SLC 
of  TRACT assays in the chapters of  this thesis (Figure 8.3). In addition, we compared the 
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Figure 8.3 – Non-linear fits of TRACT assays reported in this thesis or in literature and simulated concentration-
response curve using the Langer & Trendelenburg model. The data is presented as the relative agonist-induced 
response on the GPCR in the absence (black solid curve) or presence (red dashed curve) of an SLC, which 
were generated using EC50 values from the respective sources. Numbers next to the curves indicate the slope. 
The blue dashed curve is a simulation of the Langer & Trendelenburg model (i), using the log EC50 (in M, 
stated next to the receptor subtype) and slope in the absence of uptake (n) from the source, the average Km 
reported in Appendix Table A.1 for each substrate–SLC couple, and α = 0.01 (signifying a 100-fold maximal 
curve shift; further decreasing this value did not substantially the magnitude of the curve shift). Grey area 
indicates Region II of uptake (check Figure 8.2a,b). (a) Dopamine, alpha-2 adrenergic receptor (α2, log EC50 = 
–5.2), norepinephrine transporter (NET, log Km = –6.3) (Chapter 4). (b) Dopamine, dopamine receptor D1 (D1, 
log EC50 = –5.4), dopamine transporter (DAT, log Km = –5.7) (Chapter 3). (c) Dopamine, α2 (log EC50 = –5.1), 
DAT (log Km = –5.7) (Chapter 3). (d) Norepinephrine, α2 (log EC50 = –6.4), NET (log Km = –6.3) (Chapter 4). (e) 
L-glutamate, metabotropic glutamate receptor 2 (mGluR2, log EC50 = –4.1), excitatory amino acid transporter 
1 (EAAT1, log Km = –4.3) (Chapter 6). (f) Adenosine, adenosine A2B receptor (A2B, + 1 µM dipyridamole (ENT1 
inhibitor), log EC50 = –5.2), equilibrative nucleoside transporter 1 (ENT1, log Km = –4.3) (Vlachodimou et al.)23. 
(g) Epinephrine, α2 (log EC50 = –6.4), NET (log Km = –5.5) (Chapter 4). (h) PGE2, prostaglandin receptor EP1 
(EP1, log EC50 = –7.9), prostaglandin transporter (PGT, log Km = –6.7) (Chi et al.)54. Data were simulated and 
visualized using GraphPad Prism v9.
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model to concentration-effect curves derived from two other publications: the label-free 
cellular response of  adenosine on U2OS cells expressing A2BAR and ENT1 in the presence 
or absence of  the ENT1 inhibitor dipyridamole (Figure 8.3f)23, and the Ca2+ response 
of  prostaglandin PGE2 on HEK293 cells expressing prostaglandin receptor EP1 in the 
presence or absence of  the prostaglandin transporter (PGT, SLCO1A2) (Figure 8.3h)54.

In Figure 8.3, the black curve indicates the substrate-induced cellular response in the 
absence or inhibition of  uptake, whereas the rightward-shifted red curve is the cellular 
response in the presence of  the uptake process. In the absence of  uptake, the EC50 value 
(the concentration needed for half-maximal effect) for all substrates lies within Region II 
or III of  the uptake process, which depends on the Km of  the substrate. When imposing 
the simulated curves from the model (Figure 8.3i) into each respective graph (blue dashed 
curves), it is evident that the model is unable to completely describe the rightward shift of  
the response curve in the presence of  uptake – i.e., the simulated curves do not overlap 
with the actual data (red curves). For example, the rightward shift of  the norepinephrine 
response in the presence of  NET is 16-fold compared to cells lacking NET, whereas the 
simulated curve only predicts a fraction of  this shift (Figure 8.3d). When the EC50 nears 
Region I, as is the case with PGE2 (Figure 8.3h), the simulated curve is closer to the 
response in the absence of  uptake, although the slope of  this curve is not in line with the 
actual data. Increasing the ‘transport efficiency’ in the model (i.e., α → 0) did not result in a 
larger rightward shift of  the predicted response curve, which indicates there is a limit to this 
model and it does not accurately describe the observed curve shifts of  the TRACT assay.

8.4.2 – Kenakin model

A second model was postulated by Kenakin in his book ‘A Pharmacology Primer’, in which 
he describes a saturable adsorption site that acts as a sink claiming a portion of  the ligand 
added to the medium52. Foremost, this adsorption site refers to any surface in an in vitro 
experiment (e.g., the plastic of  a cell culture plate) to which the ligand under investigation 
can bind, leading to a reduction of  the free concentration and an overestimation of  the 
true concentration (and, thus, potency) of  the ligand at the receptor compartment. More 
generally, this model can describe any process that reduces the free ligand concentration, 
such as enzymatic degradation or uptake of  the ligand. Thus, Kenakin defines the free ligand 
concentration ([S]r) as the total ligand concentration ([S]a) minus the ligand concentration 
at the adsorption site, which can be described according to the mass action equation and 
results in the following quadratic formula:

where [S]r is the substrate concentration at the receptor compartment, [S]a is the added 
substrate concentration, Km is the Michaelis-Menten constant (defined in the original 
model as the equilibrium dissociation constant of  the ligand at the adsorption site) and Ω 
is the maximal capacity of  the substrate removal process (defined in the original model as 
the maximal number of  adsorption sites) (Figure 8.2c). It should be noted that all four 
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A mechanistic understanding of  the TRACT assay

Figure 8.4 – Non-linear fits of TRACT assays in this thesis or in literature and simulated concentration-response 
curve using the Kenakin model. The data is presented as the relative agonist-induced response on the GPCR 
in the absence (black solid curve) or presence (red dashed curve) of an SLC, which were generated using EC50 
values from the respective sources and are identical to Figure 8.3. Numbers next to the curves indicate the 
slope. The purple dashed curve is a simulation of the Kenakin model (i), using the log EC50 (in M, stated next 
to the receptor subtype) and slope in the absence of uptake (n) from the source, the average Km reported in 
Appendix Table A.1 for each substrate–SLC couple, and a manually selected value for Ω (by trial-and-error) 
that caused the simulation to overlap with the red curve. Grey area indicates Region B of uptake (check Figure 
8.2c,d). (a) Dopamine, alpha-2 adrenergic receptor (α2, log EC50 = –5.2), norepinephrine transporter (NET, log 
Km = –6.3), log Ω = –4.9 (Chapter 4). (b) Dopamine, dopamine receptor D1 (D1, log EC50 = –5.4), dopamine 
transporter (DAT, log Km = –5.7), log Ω = –4.6 (Chapter 3). (c) Dopamine, α2 (log EC50 = –5.1), DAT (log Km = 
–5.7), log Ω = –4.5 (Chapter 3). (d) Norepinephrine, α2 (log EC50 = –6.4), NET (log Km = –6.3), log Ω = –4.8 
(Chapter 4). (e) L-glutamate, metabotropic glutamate receptor 2 (mGluR2, log EC50 = –4.1), excitatory amino 
acid transporter 1 (EAAT1, log Km = –4.3), log Ω = –3.5 (Chapter 6). (f) Adenosine, adenosine A2B receptor (A2B, 
+ 1 µM dipyridamole (ENT1 inhibitor), log EC50 = –5.2), equilibrative nucleoside transporter 1 (ENT1, log Km = 
–4.3), log Ω = –3.3 (Vlachodimou et al.)23. (g) Epinephrine, α2 (log EC50 = –6.4), NET (log Km = –5.5), log Ω = 
–4.5 (Chapter 4). (h) PGE2, prostaglandin receptor EP1 (EP1, log EC50 = –7.9), prostaglandin transporter (PGT, 
log Km = –6.7), log Ω = –6.0 (Chi et al.)54. Data were simulated and visualized using GraphPad Prism v9.
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parameters are in the same unit of  concentration (i.e., µM), indicating that Ω cannot be 
substituted for the maximal transport capacity (Vmax) of  the uptake process. The actual 
value of  Ω comprises various aspects and takes into account the Vmax, but also other factors 
such as the diffusion rate of  the substrate into and from the receptor compartment. When 
[S]r is introduced into the Hill equation, similar to the Langer & Trendelenburg model, we 
can define two major substrate concentration regions in which the agonist response at the 
receptor is affected (Figure 8.2c,d): 

-	 in Region A, when [S]a≤Km , the uptake rate is either linear with the substrate 
concentration (V = (Vmax/Km)[S]a when [S]a<<Km) or becomes gradually less linear 
as [S]a approaches Km. In this region, [S]r is at a constant fraction of  [S]a and the 
agonist curve shifts to the right with a magnitude dependent on the ratio between 
Ω and Km; 

-	 in Region B, when [S]a≥Km, the uptake rate gradually nears saturation, during 
which [S]r increases and gets closer to [S]a. Here, two phenomena are expected to 
occur when Ω remains constant: 1) the rightward shift of  the curves will diminish 
as the agonist potency (EC50) increases, and 2) the slope of  the curve will increase 
as [S]r → [S]a. The end of  Region A and start of  Region B lie to the left when Ω 
decreases, and to the right when Ω increases; 

In this model, the magnitude of  the shift of  the concentration-response curves is dependent 
on the transport efficiency (i.e., Vmax/Km) at all substrate concentrations, in contrast to the 
Langer & Trendelenburg model where only the curve shift in Region I was mainly governed 
by the transport efficiency. This means that in Region B, even when [S]a>>Km, a curve shift 
and slope change may be observed when the value for Ω is sufficiently large.

The Kenakin model was used to describe the TRACT assay data in this thesis and other 
publications by simulation of  concentration-response curves using the same EC50, slope 
and Km for the substrate as in Figure 8.3. The value for Ω was manually selected for each 
simulation based on the coordinates of  the final curve in relation to the real data (i.e., when 
both curves overlap) (Figure 8.4). The black and red curves (i.e., substrate-induced cellular 
response in the absence or presence of  uptake, respectively) in Figure 8.4 are identical to 
Figure 8.3. When imposing the simulated curves from the model (Figure 8.4i) into each 
respective graph (purple dashed curves), we observe that the model is able to describe both 
the rightward shift as well as the change in slope of  the response curve for all TRACT 
assays – i.e., the simulated curves overlap with the actual data (red curves). For example, the 
response curves for dopamine and norepinephrine on α2R in the presence of  NET have 
increased slopes, whereas the slope is not substantially increased for epinephrine (Figure 
8.4a,d,g). According to the model, the shallow curve of  epinephrine could be explained 
by the higher values for Km and Ω, resulting in a parallel curve shift in Region A. Indeed, 
it is expected that dopamine and norepinephrine have lower Km values than epinephrine, 
but the latter two substrates should have equal Vmax values55. Moreover, it is evident that a 
higher Km value of  a substrate for an SLC (e.g., L-glutamate, adenosine) requires a higher 
value for Ω to accompany the removal of  sufficient substrate quantities in order to explain 
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the observed curve shifts (Figure 8.4e,f). It should be noted that number of  variables in 
the Trendelenburg and Kenakin models are equal, with the only differences being the α/Ω 
factors and the form of  the [S]r equations. Tuning the value of  Ω had a profound effect on 
the shift and slope of  the resulting simulated curve, whereas a limit was reached for these 
properties in the simulation with the Trendelenburg model when the value of  α was further 
reduced. Although this may denote Ω as a ‘fudge factor’, here it illustrates that the observed 
curve shifts are dependent on both the substrate Km and the Vmax. Altogether, the Kenakin 
simulations illustrate that the TRACT assay should work for any SLC for which the substrate 
capacity, and thus the transport efficiency, is high enough in relation to the potency of  that 
substrate on the GPCR. Since most SLCs have no reported transport efficiencies, we advise 
to select a GPCR for which the substrate EC50 is lower than 30 × the substrate Km for the 
SLC (see Appendix Table A.1 for an overview of  substrate affinity and potency values).

8.5 – Factors of  influence in the TRACT assay

It is challenging to predict upfront whether a specific SLC–GPCR pair is amenable to 
assessment in the TRACT assay. Although the Kenakin model is able to describe the agonist 
response curve shifts that were observed in TRACT assays, there are factors and limitations 
to the substrate, SLC and GPCR that should be considered when selecting any SLC–GPCR 
pair for assessment (Figure 8.5). 

The Km of  a substrate is a constant for a specific SLC and generally varies less across 
experiments, although it may be slightly higher in heterologous expression systems versus 
native tissue. For example, the Km of  dopamine for DAT (various species) is 0.03–0.5 µM 
in the brain compared to 0.1–5 µM in cells overexpressing DAT56. In contrast, the Vmax is 
considerably more prone to variation, as it is dependent on the turnover number – kcat, also 
known as the turnover rate, which is the number of  complete transport cycles a transporter 
makes on average per unit of  time57 – and the total number of  transporters expressed on 
the cell ([ET]), according to: 

Within one cellular system, the [ET] is more or less constant for all substrates. However, the 
transporter density can vary greatly between endogenous cell lines and heterologous (over)
expression systems, which can result in widely different Vmax values between experiments. 
For example, the Vmax of  dopamine for DAT was shown to range between 0.004–1925 
pmol/min/mg protein depending on the DAT species and cell line origin56. In this thesis, 
Km and Vmax values were not determined for the respective SLC cell lines, thus no definitive 
conclusions can be drawn regarding the contribution of  Vmax to the value of  Ω and the 
optimal transport efficiency. Future investigations would certainly benefit from such kinetic 
characterizations, which could aid in the development of  better predictive models and 
assays. For instance, if  we know which value of  Vmax corresponds to the value of  Ω, we 
could predict the agonist curve shift of  a substrate using the Kenakin model and Vmax/Km 
values that were measured in-house.
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Vmax is influenced by both kcat and [ET]. The kcat is specific to the substrate and defines 
the sum of  multiple micro-rate constants that characterize a transport cycle, including 
substrate association to (kon) and dissociation from (koff) the transporter, binding of  co-
substrate(s), the conformational change of  the transporter from an outward- to an inward-
facing position, the unbinding of  the (co-)substrate(s) from the transporter, and the 
relocation of  the transporter from an inward-facing to an substrate-accessible outward-
facing conformation (Figure 8.5)58,59. Hence, the kcat is influenced by factors such as the 
type of  substrate, concentration gradients of  co-substrates (e.g., ions), membrane potential, 
temperature, post-translational modifications to the transporter and the presence of  
regulatory proteins57,60. The true value of  kcat is difficult to determine in vitro and is often 
inaccessible, although significant advancements have been made to predict micro-rate 
constants using systems biology simulations58,61,62. In general, for ion channels – which allow 
free but selective diffusion of  ions – the turnover number is in the range of  107–109 s–1, 
whereas SLC transporters have much slower rates (10–1–103 s–1) which often makes it difficult 
to detect transporter-mediated currents for large-scale electrophysiological assessments61. 
For example, the turnover of  neurotransmitters by NET, DAT and SERT is relatively slow 
(0.1–2 s–1)63–66, nucleoside transport by ENT1 is 100-fold faster (200 s–1)67 and turnover of  
glutamate by EAATs is highly dependent on the subtype (EAAT1, 16 s–1; EAAT2, 14–41 
s–1, EAAT3, 90–110 s–1; EAAT4, <3 s–1; EAAT5, <1 s–1)68. Thus, transporters with a slow 
kcat would require a relatively higher [ET] to attain a comparable Vmax. 

As the kcat is a constant for each substrate, manipulation of  the [ET] (e.g., via overexpression 
of  the transporter) is experimentally the most straightforward method to change the Vmax 
and increase the specific signal-to-noise ratio of  an uptake system (Figure 8.5). However, 
there is a physical limit to the amount of  membrane proteins a cell can harbor at any 
moment, which can pose constraints on the maximal value of  Vmax for any SLC in a specific 
cell type

62,69. For example, Belo do Nascimento et al. have demonstrated that the maximal 
uptake rate of  glutamate in a HEK293 cell line with inducible expression of  EAAT2 – 
i.e., the same JumpIn system as the cells in this thesis – does not increase linearly with 
increased EAAT2 expression, but rather shows saturation of  the uptake capacity (Vmax) at 
higher levels of  the transporter in addition to a slightly increased Km value70. In addition, 
higher transporter levels resulted in a decreased apparent potency of  the EAAT2 inhibitor 
WAY-213,613, which was attributed to an increased number of  binding sites. Similar 
observations were made for the serotonin (SERT, SLC6A4)71 and dopamine (DAT, 
SLC6A3)72 transporters, suggesting that alterations of  ligand potency as a result of  limiting 
transporter density might be common for most transporters. Altogether, this may indicate 
that not all transporters of  the total transporter pool at the cell membrane are contributing 
to the maximal uptake activity, which could indicate a ‘transporter reserve’ analogous to 
the ‘receptor reserve’ concept that applies to GPCRs (Figure 8.5) – i.e., the occupancy of  
only a small fraction of  the total receptors is required to produce the maximal functional 
response52. Interestingly, in the TRACT assays for DAT and NET (Chapter 3 and 4), as 
well as the phenotypic assay for EAAT1 (Chapter 6), we observed that inhibitory potency 
(IC50) values of  the respective SLC inhibitors were in general up to 10-fold higher compared 
to literature values. One cause of  this may be that higher competing concentrations of  
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substrate were used in the TRACT assay compared to conventional assays (e.g., radioligand 
uptake), which could lead to increased competition with the SLC inhibitor and a rightward 
shift in potency. An additional explanation might be the presence of  a transporter reserve 
in these inducible overexpression cell lines that could alter transporter kinetics and result in 
a slight underestimation of  the true inhibitory potency. This should be considered when the 
TRACT assay is employed for pharmacological characterizations.

In a typical in vitro experiment, the volume of  the extracellular compartment (i.e., the culture 
medium or buffer) – 100 µl in our TRACT assays – is large compared to the accessible 
monolayer of  cells that are attached at the bottom of  the microtiter plates. In the absence 
of  a saturable uptake process, the substrate can freely diffuse to the cell membrane resulting 
in an equal concentration at the cell surface and in the bulk solution of  the extracellular 
compartment. However, there is a thin unstirred water layer (µm range) coating adherent 
cell monolayers where free diffusion of  substrate is slower than in ‘stirred’ bodies of  
water52,73,74. In essence, this unstirred layer is directly accessible to the cell membrane and 
can be compared to the receptor compartment or ‘biophase’ (Figure 8.5). Especially in 
96- or 384-well culture formats, this layer is larger than in perfused tissues as it is not 
possible to stir or constantly homogenize the extracellular medium. If  there is a process 
that removes the substrate from this unstirred water layer, e.g., uptake via an SLC, then the 
substrate concentration in this layer depends on the uptake rate and the diffusion rate of  the 
substrate from the bulk solution to the unstirred water layer75. The substrate concentration 
in this layer will be lower than the bulk solution as long as the uptake is not saturated, even 

Factors of  influence in the TRACT assay

Figure 8.5 – Factors that influence the substrate-induced cellular response on cells expressing GPCRs and/
or SLCs for that substrate. 
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in the presence of  a vast excess of  substrate in the bulk solution. Thus, the presence of  
the unstirred water layer in a microtiter format may in part explain the magnitudes of  the 
agonist curve shifts in TRACT assays.

The readout of  a TRACT assay is constituted by the activation of  a GPCR by the SLC 
substrate, which leads to recruitment of  signaling partners and subsequent changes in cell 
morphology that are measured as a change in impedance76. As is evident from the Langer 
& Trendelenburg and Kenakin models described in the previous section, the apparent 
potency (EC50) of  the substrate on the GPCR – in relation to the Km and capacity of  the 
SLC – determines the extent of  the response curve shift in the presence of  the SLC. In 
general, if  the SLC transport efficiency is sufficient, a higher substrate potency (i.e., lower 
EC50 value) results in a larger curve shift (Figure 8.2b,d). There are several factors that 
can influence the EC50 of  a substrate towards a receptor (Figure 8.5). The total number 
of  receptors (Bmax) on a cell can affect the maximal response (Emax) and EC50, as higher 
receptor densities increase the Emax and enhance the ligand potency52. The receptor density, 
just like the total number of  transporters ([ET]), is the most straightforward to control 
experimentally by using recombinant expression systems, which we used in Chapter 6 for 
the transient expression of  mGluR2. It should be noted that the maximal receptor-mediated 
response of  a substrate is limited by the availability, subtype and kinetics of  intracellular 
signaling partners (i.e., G proteins, β-arrestins, etc.), as there is a finite number of  signal 
amplification reactions that can occur within each cell per time unit13,77. Moreover, more 
comprehensive GPCR concepts, such as receptor desensitization, internalization, allosteric 
modulation and biased agonism could all have a profound effect on the substrate EC50 in 
an impedance-based assay78,79. Thus, selecting the appropriate GPCR to generate a cellular 
response is crucial when setting up a TRACT assay.

8.6 – GPCR-independent phenotypic SLC assays using impedance

In essence, the xCELLigence provides a phenotypic readout of  a cell’s function, as it is able 
to capture any change in cellular properties upon perturbation with a ligand; the ‘phenotype’ 
that is observed (i.e., a characteristic increase or decrease of  impedance) depends on which 
pathway is triggered. Besides GPCR-mediated contributions to the cellular response, there 
may be receptor-independent mechanisms that have an effect on the magnitude of  the 
overall response in the presence of  an SLC. 

In Chapter 6 and 7, we observed that in JumpIn cells overexpressing EAAT1 – but not 
mGluR2 – the addition of  glutamate or aspartate results in a strong increase of  the Cell 
Index that peaked after two hours, which was at least six-fold greater in amplitude compared 
to rapid (15 min) mGluR2-mediated responses. These responses were completely mediated 
by EAAT1, as both EAAT1 inhibitors UCPH-101 and TFB-TBOA inhibited the response 
of  1 mM glutamate/aspartate in a concentration-dependent manner. Since no GPCR was 
involved in this part of  the response, we investigated the putative mechanism behind the 
EAAT1-mediated cellular response by live-cell imaging and targeted metabolomics. In actin-
GFP-tagged cells, upon addition of  glutamate JumpIn-EAAT1 cells started to spread on the 
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culture plate surface, which provides a visual explanation for the drastically increased Cell 
Index on xCELLigence. Glutamate uptake has previously been shown to induce cell swelling, 
as glutamate enters the cell with 3 Na+ and 1 H+ in exchange for 1 K+ which increases the 
cell’s osmolarity causing an influx of  water80–82. This rapid uptake and increased cell volume 
may elicit intracellular Ca2+ elevations, ATP release and autocrine receptor activation, 
which results in the formation of  protrusions at the cell’s edges, effectively altering the cell 
morphology83,84. The involvement of  a cell swelling process in the EAAT1 cellular response 
was confirmed by reduced levels of  intracellular taurine (i.e., an osmolyte that is released 
from the cell upon cell volume changes85) and inhibition of  the response by ouabain (i.e., an 
inhibitor of  Na+/K+-ATPase, which restores the Na+ gradient and is crucial for glutamate 
uptake86). The glutamate-induced cellular response was highly reproducible and robust, as 
reflected by an excellent Z’ factor of  0.85, which indicates that this assay can be used to 
screen for EAAT1 inhibitors. Moreover, these results demonstrate that SLC function can be 
assessed in a phenotypic assay in the absence of  a substrate-activated GPCR.

8.7 – Application of  impedance-based assays in SLC drug discovery:  
computational methods and compound screening 

The use of  computational techniques based on machine learning to design, generate and 
predict biological activity of  new molecules for drug targets has increased in recent years87–89. 
Computer-aided drug design for SLCs has been mostly aimed at ligand-based approaches 
such as quantitative structure-activity relationship (QSAR) or pharmacophore modeling90. 
However, as a result of  the increasing number of  SLC crystal structures in the last ten 
years, structure-based methods such as ligand docking, free energy perturbations and 
molecular dynamics (MD) simulations are also aiding the rational design of  SLC targeting 
drugs91. Nevertheless, in the absence of  structural information ligand-based models can 
be highly informative and new models are being developed to speed up the drug discovery 
process. For example, proteochemometric (PCM) modeling can be seen as an extension 
of  the more conventional QSAR studies, and has been successfully used to design novel, 
selective compounds based on molecular descriptors that describe the similarity between 
ligands and the target protein1,92. So far, PCM models have been used to accurately predict 
clinically relevant drug–transporter interactions93 as well as the activity of  inhibitors for 
organic anion transporting polypeptide 1B1 and 1B3 (OATP1B1/3, SLCO1B1/3)94 and the 
sodium-glucose cotransporter 2 (SGLT2, SLC5A2)2. 

In Chapter 5 we used a PCM model to perform virtual screening of  a large database of  
synthesizable compounds (~700 million structures) to identify novel inhibitors of  NET. 
Although several studies employed structure-based drug design – based on homology 
models of  human SERT or Drosophila DAT – for the identification of  prescription drugs 
or novel molecules that inhibit NET27,95, this is the first time a large database is screened 
for NET using a PCM model. Using the model, which was trained on reported NET 
interaction data from the ChEMBL database, over 22,000 compounds were predicted to 
be active at NET. After similarity filtering, 32 of  these compounds were synthesized and 

Application of  impedance-based assays in SLC drug discovery
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screened at 10 µM in the TRACT assay that was described in Chapter 4. Interestingly, five 
of  these compounds, which were structurally diverse, were identified as hits, with inhibitory 
potencies in the mid-to-low nanomolar range. The chemical space around one of  these 
hits is currently being investigated in our lab, which might lead to the discovery of  novel, 
potent NET inhibitors with distinct pharmacological properties. On the one hand, this 
study demonstrates the power of  identifying new active molecular scaffolds with PCM 
modeling, which could become a more common approach in computer-aided drug design 
for SLCs. On the other hand, we demonstrate the screening potential of  the TRACT assay, 
which shows that this assay could be used for primary and follow-up screens in SLC drug 
discovery programs.

8.8 – Application of  impedance-based assays in SLC drug discovery:  
functional assessment of  genetic variants

Proper functioning of  SLCs is key to maintain homeostasis and warrant cell signaling. 
Mutations in SLC genes, causing either a loss- or gain-of-function, have been associated 
with faltering drug efficacy, distribution and toxicity, in addition to population-specific 
monogenic (inheritable) diseases96,97. Genetic variability of  SLCs is common in humans, 
as it is estimated that each individual genome contains 30 SLC variants that alter the 
transporter function96. Functional characterization of  SLC variants is important as it aids 
the association of  disease phenotype with genotype, which could be the basis for the 
design of  new therapeutic strategies. A notable example is the development and approval 
of  sodium-glucose cotransporter 2 (SGLT2, SLC5A2) inhibitors (i.e., gliflozins) for the 
treatment of  hyperglycemia in type 2 diabetes patients, as mutations in the SLC5A2 gene 
were initially associated with familial renal glucosuria98. Other metabolic disorders, such as 
non-alcoholic fatty liver disease, obesity and insulin resistance are linked to polymorphisms 
in UCP1 (SLC25A7), NaCT (SLC13A5) and MCT11 (SLC16A11)99. Although the clinical 
tyrosine kinase inhibitor linifanib has been identified as a potent UCP1 inducer – reactivating 
thermogenesis, for the potential treatment of  obesity100 –, there are no specific compounds 
yet that target these transporters, providing an immense opportunity for drug discovery. 
Over the last two decades, another major class of  SLCs, the neurotransmitter transporters, 
has been largely associated with missense mutations that cause functional deficits and 
protein misfolding, which implicates transporters with various neurological diseases such 
as ataxia, Parkinson’s disease, epilepsy and mental disorders101. The main hurdle towards a 
basic understanding of  the clinical consequences of  these genetic SLC variants has been 
the shortage of  functional studies, which was mostly hampered by the lack of  proper assay 
platforms or the absence of  structural information of  the protein. Thus, with the rapid 
increase in the number of  crystal and cryo-EM structures of  human SLCs102–104, as well as 
the development of  novel functional assays105 – such as the ones described in this thesis 
– we are more than ever equipped with the right tools to characterize and mechanistically 
interpret SLC variants in the light of  disease and drug discovery.
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As another demonstration of  the versatility of  cell-based label-free assays, we employed 
the xCELLigence to investigate the functional consequences of  SLC variants. We selected 
EAAT1 (SLC1A3) as a model transporter since we had already developed an assay for 
this transporter (Chapter 6) and disease-related mutants had been reported in literature. 
SLC1A3 variants have been associated with the etiology of  very rare cases of  episodic 
ataxia type 6 (EA6), which has been functionally attributed to altered chloride conductivity 
and/or glutamate transport106. In Chapter 7, we identified several missense mutations of  
SLC1A3 in cancer patients from the Genomic Data Commons (GDC) database of  the 
National Cancer Institute. Since 3D structures of  human EAAT1 – bound to Na+ ions, 
substrates and/or inhibitors – are available107,108, we rationally selected eight mutants from 
the GDC database based on their proximity to substrate and/or inhibitor binding sites, in 
addition to two EA6-related mutants (M128R, T318A) that had been reported to lose or 
retain glutamate transport function106. Using the functional assay from Chapter 6, we were 
able to measure glutamate- and aspartate-induced cellular responses, as well as inhibitory 
potencies of  TFB-TBOA and UCPH-101 for all mutants. Mutants showed diverse substrate 
responses, either a decrease in the maximal response or alteration in the substrate potency. 
Interestingly, while most mutants showed reduced or unaltered inhibitory potency of  the 
EAAT1 inhibitors, two mutants (A446E, L448Q) enhanced the IC50 of  both TFB-TBOA 
and UCPH-101. Ongoing experiments using MD simulations – which have previously been 
used to characterize K+ coupling, the Cl– permeation pathway and M128R mutation of  
EAAT1109–111 – could provide an additional substantiation of  the in vitro data by investigating 
the conformational changes of  mutant EAAT1 subdomains. These results demonstrate 
that xCELLigence can be used to functionally assess EAAT1 mutants, which could prove 
exemplary for other SLC variants that may be investigated on this platform in the future.

8.9 – Future perspectives – Label-free assays and opportunities for SLC drug 
discovery: where to next?

The ultimate purpose of  any in vitro assay is to measure the activity of  a molecule towards its 
intended target, which is exactly the rationale in early drug discovery: finding the right drug, 
for the right target, ideally as time- and cost-effectively as possible. The advantage of  cell-
based assays, as compared to purified protein or membrane fractions, is that activation or 
inhibition of  the target of  interest occurs in an environment that more closely mimics that of  
the cells in vivo5. The use of  label-free assays, as opposed to assays based on radioactivity or 
fluorescence, may reduce the occurrence of  artefacts and facilitates a more ‘physiologically 
relevant’ environment of  the cell9. Phenotypic assays can be used as an ‘unbiased’ approach 
to find molecules with a desired biological effect, and by integration of  phenotypic methods 
with target-based approaches (e.g., cells overexpressing the target of  interest) the outcome 
can help understand complex mechanisms of  action that may be more predictive of  the 
clinical outcome of  a drug treatment112. Thus, with a cellular background that is appropriate 
for the research question or the disease under investigation, label-free phenotypic assays can 
inform on both the potency of  a molecule and its potential adverse effects8,113. This may 
lead to an overall better prediction of  a molecule’s in vivo efficacy and reduce the chance 
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of  clinical failure of  drug candidates, as poor efficacy is still a major cause of  failed clinical 
trials and drug attrition114. The cell-based, label-free, impedance-based phenotypic assays 
that are described in this thesis are an attractive alternative to traditional SLC assays (see 
Table 1.1, Chapter 1) and may be implemented in drug discovery programs in the years to 
come.

The use of  label-free impedance-based platforms in pharmacological research and life 
sciences in general has increased over the last few years. Besides their common use to 
monitor cell proliferation and viability115, the applications of  these technologies extend 
well beyond cell-based functional assays for GPCRs and SLCs. xCELLigence Cardio 
systems are routinely used to test the effect of  compounds on cardiac contractility in 
(induced pluripotent stem cell-derived) cardiomyocytes, which offers fast, high-throughput 
screening of  cardiotoxicity for drug safety assessment116. Moreover, real-time cell analysis is 
increasingly used as a platform to measure T cell-mediated killing of  adherent cells117 and 
has become the most common method to evaluate cytotoxicity of  chimeric antigen receptor 
(CAR)-T cells, a highly promising immunotherapy for solid tumors118,119. In the wake of  the 
recent COVID-19 pandemic, the xCELLigence has been used for rapid (<5 min) detection 
of  severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibodies in serum 
samples on spike protein-coated E-plates, demonstrating the applicability of  impedance 
measurements with cell-free approaches120. Although the possibilities with impedance-
based biosensors are broad, a potential concern is that they offer a ‘black box’ readout, 
which would indicate that the mechanism by which a compound elicits a cellular response is 
unclear judging from the impedance changes alone12. However, just as with other functional 
assays a conventional solution to address this concern is to use appropriate controls, such 
as cell lines with and without the target of  interest, the use of  orthogonal assays, receptor 
antagonists or pathway-specific inhibitors (as shown in Chapter 3, 4 and 6) to deconvolute 
the signal and attribute parts of  the response that are of  interest to the research question. 
Thus, since impedance measurements can be used to detect a wide range of  cellular behavior 
and are not limited to assessment of  a single pathway, it is expected that versatile platforms 
such as xCELLigence will be implemented more often in biochemical studies.

In this thesis, we have focused on seven SLCs (DAT, NET and EAAT1/2/3/4/5) for 
the development of  label-free impedance-based assays, of  which three were assessed in 
a TRACT assay. However, there are many SLCs that transport a substrate that is also a 
GPCR ligand, which we have summarized in Appendix Table A.1. Besides providing an 
extensive overview of  affinity and potency values for substrates on SLCs and GPCRs, 
this list may aid in the selection of  SLCs for future TRACT assessment on xCELLigence; 
several of  these – monocarboxylate transporters SMCT1/2 (SLC5A8/12), prostaglandin 
transporter PGT (SLCO2A1) and monoamine transporter PMAT (SLC29A4) – are subject 
to ongoing investigations in-house. It should be noted that the current list focuses on 
human SLCs and GPCRs, thus it does not include isoforms that are exclusively expressed 
in other mammals. Evidently, we did not report orphan SLCs and GPCRs (i.e., substrate is 
unknown). Since ~30% of  SLCs and ~15% of  GPCRs are considered orphan (Chapter 
2), there may be additions to Table A.1 in the future when these transporters and receptors 
are deorphanized. Even though vesicular transporters are included, we did not mention 
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mitochondrial transporters from the SLC25 family. Moreover, we have limited the overview 
to reported endogenous substrates that engage with both the SLC and GPCR, indicating 
that we exclude putative substrates (e.g., from large metabolic screens), substrates that 
inhibit SLCs or GPCRs, metabolic precursors of  GPCR ligands (e.g., choline as a precursor 
of  acetylcholine), non-GPCR ligands (e.g., taurine, glucose) and drugs/xenobiotics that 
share an SLC–GPCR pair. In line with this, we did not report substrates for other types 
of  receptors (e.g., ligand-gated ion channels, nuclear receptors) that might result in cellular 
responses upon activation. Although in this thesis we emphasize TRACT assays based on 
modulation of  GPCRs by influx of  substrate by SLCs at the plasma membrane, there may 
be other possible assay set-ups to investigate SLCs with different modes of  action and 
localizations. For example, sphingosine-1-phosphate (S1P) efflux via MFSD2B (SLC59A2) 
could be detected by applying the supernatant of  the MFSD2B-expressing cells to a cell 
line expressing the S1P3 receptor and measuring the calcium response, as was described 
in a recent RESOLUTE-curated review105. Such a set-up could potentially be mimicked on 
an xCELLigence E-plate, for example by co-culturing cells that express either the SLC or 
GPCR. Alternatively, vesicular loading and subsequent release of  neurotransmitters (e.g., 
monoamines, ATP) via Ca2+-induced exocytosis of  vesicles121 may be detected in a similar 
manner, by using a substrate-‘producing’ cell line and a substrate-‘responsive’ cell line, 
although this has yet to be verified experimentally. Taken together, judging from the breadth 
of  SLCs that are involved in the translocation of  GPCR ligands, there is ample opportunity 
for TRACT assay development. 

The advantage of  impedance-based measurements is that they can capture any phenotypic 
event, suggesting that we can infer the effect of  a substrate/compound by the presence or 
absence of  the protein of  interest rather than know upfront the mechanism via which a 
response is elicited. As we have demonstrated in Chapter 6 and 7, the uptake of  glutamate 
via EAAT1 induces a change in cell morphology that was triggered by the large influx of  
Na+ and subsequent cell swelling. While we have only observed this ‘phenotype’ so far 
with EAATs, there are at least 60 other SLCs that are coupled to an inward Na+-gradient 
and, thus, may result in cell swelling or changes in cell morphology upon substrate uptake 
(Appendix Table A.2). For example, Na+-dependent uptake of  taurine, glucose and 
glutamine, among other amino acids, has been associated with cell swelling122. In addition, 
several of  these transporters, such as NKCC1 (SLC12A2) and NHE (SLC9 family), are 
involved in the regulation of  cell volume and may be candidates for assessment using 
impedance84. One study reported a label-free assay (dynamic mass redistribution, EPIC) for 
the Na+-coupled phosphate transporter NaPi-2b (SLC34A2), where stimulation of  MDCK-
NaPi-2b cells with inorganic phosphate resulted in a positive DMR response123. Although 
the authors did not provide a mechanistic explanation, we may speculate that this response 
was elicited by Na+-dependent substrate uptake and resultant cell swelling, which could 
make this transporter amenable for assessment on xCELLigence. It should be noted that 
Table A.2 does not include those transporters that are coupled to symport or antiport of  
other co-substrates124, which would expand the list substantially.

In addition to changes in cell volume, substrate uptake may disrupt intracellular processes 
or induce cytotoxicity. Recently, our lab demonstrated that uptake of  the neurotoxin 
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MPP+ in HEK293 JumpIn cells overexpressing organic cation transporters 1–3 (OCT1–3, 
SLC22A1–3) induces a concentration-dependent impedance response within one hour125. 
Despite the mechanism not being completely understood, we currently hypothesize 
that MPP+ disrupts the mitochondrial membrane potential, which eventually alters cell 
morphology. These results indicate a great unexplored potential for SLCs that could be 
assessed using the label-free approaches described in this thesis. Although the tables in 
the Appendix provide a guideline for the rational selection of  SLCs, the best chance to 
determine whether xCELLigence is suitable for a specific SLC is perhaps the ‘phenotypic’ 
approach – add substrate to cells that express the SLC and observe changes in cellular 
impedance. The HEK293 JumpIn system, with inducible expression of  the SLC, may be an 
excellent starting point to commence these efforts. To help decide whether the next SLC 
can be tested on xCELLigence, we have provided a illustrative decision tree (Figure 8.6).

Fundamental and clinical SLC research has been expanding significantly over the last 
decades, partly invigorated by community calls that plea for a superfamily-wide approach to 
deorphanize SLCs and generate reagents, structures and assays126–128. The number of  SLC 
drug targets is increasing as well, with several SLCs associated with the development and 
progression of  cancer129, metabolic disease99 and neurological disorders130,131. For example, 
the glutamate/cystine antiporter (xCT, SLC7A11) is a promising target for the treatment 
of  various tumors as it plays a role in ferroptosis, tumor growth and chemoresistance132. 
Moreover, the amino acid transporters ASCT2 (SLC1A5) and LAT1 (SLC7A5) are associated 
to most hallmarks of  cancer due to their involvement in energy metabolism133, and the first 
small molecule LAT1 inhibitor JPH203 in a clinical Phase I study was well-tolerated and 
efficacious in patients with advanced solid tumors134. In addition, three inhibitors of  the 
glycine transporters (GlyT1/2, SLC6A9/5) are currently in clinical trials for the treatment 
of  cognitive impairment associated with schizophrenia or Alzheimer’s disease135. Drug 
discovery and development for these SLCs, in addition to DAT, NET and EAATs, could 
certainly benefit from the phenotypic impedance-based assays that have been described in 
this thesis. Altogether, we can conclude that up until now we have barely skimmed the surface 
of  impedance-based assays for SLCs – the prospects for an expansion of  the transporter 
toolbox are good and we may soon welcome this novel platform to the SLC family.

Final notes

This thesis describes the development and validation of  cell-based label-free assays to assess 
the function of  dopamine, norepinephrine and glutamate transporters. The technology that 
was used throughout this thesis, xCELLigence, is novel in the field of  transporter research 
and provides an alternative approach to study SLCs. The applications of  these assays range 
from mechanistic investigations to screening of  large compound libraries, which could 
accelerate drug discovery efforts for SLCs. Hopefully, the data presented in this thesis will 
inspire SLC researchers to rethink transport assays and come up with innovative ways to 
study this endlessly fascinating family of  membrane proteins, which, ultimately, will be lead 
to improved therapies to the benefit of  patients.
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Final notes

Figure 8.6 – Decision tree for impedance-based assays for SLCs. Input at the top can be any drug target. Yellow 
boxes indicate questions. Red boxes indicate decisions that are not related to impedance-based assays. Green 
boxes indicate impedance-based assays. 
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Table A.1–A.2

APPENDIX

The tables in this section highlight the breadth of  solute carrier (SLC) transporters that 
mediate the translocation of  ligands/substrates that activate G protein-coupled receptors 
(GPCRs) (Table A.1) and that are co-transporters of  Na+ (Table A.2).
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Table A.2 – Na+-coupled transporters at the plasma membrane

Table A.2 – List of Na+-coupled transporters that are expressed at the plasma membrane. Transport 
stoichiometries were derived from the IUPHAR Guide to Pharmacology166. Only transporters for which 
stoichiometries were described are mentioned in this table; putative and orphan transporters are not included 
here.

Gene Protein Stoichiometry
Na+-coupled transporters at the plasma membrane

SLC1A1/2/3/6/7 EAAT3/2/1/4/5 3 Na+ / 1 glu– / 1 H+ in : 1 K+ out (Cl– conductivity)
SLC1A4/5 ASCT1/2 1 Na+ / 1 amino acid in : 1 Na+ / 1 amino acid out
SLC4A4/5 NBCe1/2 1 Na+ / 2–3 HCO3

– or 1 CO3
2– in/out

SLC4A7/10 NBCn1/2 1 Na+ / 1 HCO3
– or 1 CO3

2– in/out
SLC4A8 NDCBE 1 Na+ / 2 HCO3

– / 1 Cl– in/out
SLC5A1/2 SGLT1/2 1–2 Na+ / 1 glucose in
SLC5A3/11 SMIT1/2 2 Na+ / 1 myo-inositol in
SLC5A5 NIS 2 Na+ / 1 I– in
SLC5A6 SMVT 2 Na+ / 1 biotin in
SLC5A7 CHT 1 Na+ / 1 choline in
SLC5A8/12 SMCT1/2 2 Na+ / 1 monocarboxylate– in
SLC6A1/11/13/12 GAT1/2/3/BGT1 2–3 Na+ / 1–2 Cl– / 1 GABA in
SLC6A2 NET 1 Na+ / 1 Cl– / 1 NE in
SLC6A3 DAT 1–2 Na+ / 1 Cl– / 1 DA in
SLC6A4 SERT 1 Na+ / 1 Cl– / 1 5-HT in : 1 K+ out
SLC6A5/9 GlyT1/2 2–3 Na+ / 1 Cl– / 1 glycine in
SLC6A6 TauT 2 Na+ / 1 Cl– / 1 taurine in
SLC6A7 PROT 2 Na+ / 1 Cl– / 1 L-proline in
SLC6A8 CT1 2 Na+ / 1 Cl– / 1 creatine in
SLC6A14/20 ATB0,+/SIT1 2–3 Na+ / 1 Cl– / 1 amino acid in
SLC6A19/15 B0AT1/2 1 Na+ / 1 amino acid in
SLC8A1 NCX1 3–4 Na+ in : 1 Ca2+ out (or 1 Ca2+ in : 1 Na+ out)
SLC9 family NHE 1 Na+ in : 1 H+ out
SLC10A1/2 NTCP/ASBT 1–2 Na+ / 1 bile acid in
SLC12A2/1 NKCC1/2 1 Na+ / 1 K+ / 2 Cl– in
SLC12A3 NCC 1 Na+ / 1 Cl– in
SLC13A1/4 NaS1/2 3 Na+ / SO4

2– in
SLC13A2 NaDC1 3 Na+ / 1 dicarboxylate2– in
SLC20A1/2 PiT1/2 1 Na+ / 1 HPO4

2– in 
SLC23A1/2 SVCT1/2 2 Na+ / 1 ascorbic acid in
SLC24A1–5 NKCX1–5 4 Na+ in : 1 Ca2+ / 1 K+ out
SLC28A1–3 CNT1–3 1 Na+ / 1 nucleoside
SLC34A1/2/3 NaPi-2a/b/c 3 Na+ / 1 HPO4

2– in
SLC38A1/2/4 SNAT1/2/4 1 Na+ / 1 amino acid in
SLC38A3/5 SNAT3/5 1 Na+ / 1 amino acid in : 1 H+ out
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Abbreviations

5-CT	 5-carboxamidotryptamine
5-HT	 5-hydroxytryptamine (serotonin)
5-HTx	 serotonin receptor
αx / βx 	 alpha / beta adrenergic receptor
Ax	 adenosine receptor
ACh	 acetylcholine
ADE	 adenosine
ADP	 adenosine diphosphate
AGT	 aspartate/glutamate transporter
ASBT	 apical Na+/bile acid transporter
ASCT	 alanine/serine/cysteine transporter
Asc	 Asc-type amino acid transporter
ATB0,+	 B0,+-type amino acid transporter
ATP	 adenosine triphosphate
b0,+AT	 b0,+-type amino acid transporter
B0AT	 B0-type amino acid transporter
BGT	 betaine/GABA transporter
cAMP	 cyclic adenosine monophosphate
CaR	 calcium-sensing receptor
CAT	 cationic amino acid transporter
CHT	 choline transporter
CNT	 concentrative nucleoside transporter
CT1	 creatine transporter 1
CYP	 cyanopindolol
Dx	 dopamine receptor
DA	 dopamine
DAT	 dopamine transporter
DMR	 dynamic mass redistribution
DP1	 prostaglandin D2 receptor
EAAT	 excitatory amino acid transporter
EC50	 half  maximal effective concentration
EP	 electrophysiology
EPx	 prostaglandin E1–4 receptor
EPI	 epinephrine
ENT	 equilibrative nucleoside transporter
FATP	 fatty acid transport protein
FFAR	 free fatty acid receptor
FP	 prostaglandin F2α receptor
GABA	 gamma-aminobutyric acid
GABAB	 metabotropic GABA receptor
GAT	 GABA transporter
Glu	 glutamate
GLUT	 glucose transporter
GlyT	 glycine transporter
GPBAR	 G protein-coupled bile acid receptor
GPR	 orphan G protein-coupled receptor
GPCR	 G protein-coupled receptor
GTP	 guanosine triphosphate
Hx	 histamine receptor
HCAx	 hydroxycarboxylic acid receptor
HIS	 histamine
IC50	 half  maximal inhibitory concentration
IP	 prostaglandin I2 receptor
IP3	 inositol triphosphate
K0.5 / K1/2	 apparent affinity constant
Kd	 dissociation constant
Ki	 inhibition constant
Km	 Michaelis-Menten constant
LAT	 L-type amino acid transporter
LC-MS	 liquid chromatography–mass spectrometry

L-DOPA	 L-3,4-dihydroxyphenylalanine (levodopa)
LSD	 lysergic acid diethylamide
Mx	 muscarinic acetylcholine receptor
MCT	 monocarboxylate transporter
mGlux	 metabotropic glutamate receptor
mito	 mitochondria
MPP+	 1-methyl-4-phenylpyridinium
MTx	 melatonin receptor
NaDC	 Na+/dicarboxylate cotransporter
NaPi-2	 Na+/phosphate cotransporter
NaS	 Na+/sulfate cotransporter
N(K)CC	 Na+(/K+)/Cl– cotransporter
N(K)CX	 Na+(/K+)/Cl– exchanger
NBCe	 electrogenic Na+/bicarbonate transporter
NBCn	 neutral Na+/bicarbonate transporter
NDCBE	 neutral Na+/bicarbonate/Cl– transporter
NE	 norepinephrine
NET	 norepinephrine transporter
NHE	 Na+/proton exchanger
NIS	 Na+/iodide cotransporter
NMS	 N-methylscopolamine
NTCP	 Na+/bile acid cotransporter
OAT	 organic anion transporter
OATP	 organic anion-transporting polypeptides
OCT	 organic cation transporter
OCTN1	 ergothioneine transporter
OSTα/β	 organic solute transporter α/β
P2Y	 purinergic P2Y receptor
PAT	 proton-coupled amino acid transporter
PAH	 para-aminohippurate
PEPT	 peptide transporter
PGD2	 prostaglandin D2

PGEx	 prostaglandin E1–3

PGF2α	 prostaglandin F2α

PGT	 prostaglandin transporter
PiT	 Na+-dependent phosphate transporter
PMAT	 plasma membrane monoamine transporter
PROT	 proline transporter
S1Px	 sphingosine-1-phosphate receptor
SERT	 serotonin transporter
SGLT	 Na+/glucose cotransporter
SIT	 Na+/imino acid transporter
SLC	 solute carrier transporter
SMCT	 Na+-coupled monocarboxylate transporter
SMIT	 Na+/myo-inositol cotransporter
SMVT	 Na+/multivitamin transporter
SNAT	 Na+-coupled neutral amino acid transporter
SPNS	 Spinster homolog/sphingolipid transporter
SUCNR	 succinate receptor	
SVCT	 Na+/vitamin C transporter
TA1	 trace amine-associated receptor 1
TAT	 T-type amino acid transporter
TauT	 taurine transporter
TEA	 tetraethylammonium
TP	 thromboxane receptor
VAChT	 vesicular acetylcholine transporter
VGAT	 vesicular GABA transporter
VGLUT	 vesicular glutamate transporter
VMAT	 vesicular monoamine transporter
VNUT	 vesicular nucleoside transporter
y+LAT	 y+L-type amino acid transporter
xCT	 cystine/glutamate transporter

Abbreviations
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SUMMARY

Transport proteins are present in virtually all biological membranes of  living organisms. 
These so-called ‘transporters’ are required for a cell to take up nutrients and excrete waste, 
which serves the purpose of  ensuring that cell’s growth and survival as well as facilitate its 
communication with neighboring cells. The largest class of  transporters is the superfamily 
of  solute carriers (SLCs), which in humans comprises over 450 members divided into 66 
subfamilies, each with their own substrate specificity and transport mechanism. Due to their 
critical role in the proper functioning of  cells, it may not be surprising that SLCs play a role in 
the development and progression of  diseases. So far, SLCs have been the target of  frequently 
prescribed drugs, such as neurotransmitter transporters (targets of  antidepressants) and 
Na+/K+/Cl–-transporters (targets of  loop diuretics). However, the majority of  SLCs are 
poorly studied despite their tremendous potential as drug targets. Thus, there is a need for 
the development of  new methods that can be used to study the function of  SLCs as well 
as identify modulators (e.g., inhibitors). The advantages and limitations of  current in vitro 
methods to study SLCs are summarized in Chapter 1. Moreover, the concept of  cell-based 
label-free assays is introduced as an innovative approach to assess transport function in a 
setting that is closer to a cell’s physiological environment. Throughout the five experimental 
chapters of  this thesis, the impedance-based technology xCELLigence is used as a core 
platform for the development and application of  novel functional assays for three types of  
SLC: dopamine (DAT), norepinephrine (NET) and glutamate (EAAT) transporters.

In humans, activation of  G protein-coupled receptors (GPCRs) on the cell surface 
and other cellular membranes leads to cellular responses that control a wide variety of  
physiological processes. Some of  the endogenous ligands that activate these GPCRs – such 
as neurotransmitters or signaling lipids – are transported from the extracellular space into 
the cell by SLCs. This regulation is necessary to prevent excessive GPCR activation, which is 
at the basis of  drugs that inhibit such SLCs (i.e., antidepressants) and increase extracellular 
amounts of  the endogenous ligands. Although several of  these SLC–GPCR ‘pairs’ have 
been identified over the past century, there have been recent insights into novel regulatory 
mechanisms of  SLCs that modulate the activation of  GPCRs. Chapter 2 describes SLCs 
that mediate the efflux of  ligands, as well as SLCs that grant ligand access to intracellular 
receptors. Identification of  such mechanisms could help to understand disease etiology and 
target selection for drug discovery.

In Chapter 3, the development of  the ‘transport activity through receptor activation’ 
(TRACT) assay is reported for the human dopamine transporter (DAT, SLC6A3), which is 
a drug target for treatment of  depression and substance abuse disorders. Dopamine, which 
is the substrate of  DAT, is an endogenous agonist for dopamine receptors and adrenergic 
receptors. Activation of  these receptors on live cells leads to changes in cell morphology, 
which can be measured in real-time as a change in electrical impedance using the label-



free technology xCELLigence. In two human cell lines with heterologous DAT expression, 
dopamine-induced activation of  the dopamine D1 receptor (D1R) or the alpha-2 adrenergic 
receptor (α2R) was attenuated as a portion of  the extracellular dopamine was taken up into 
the cell via DAT. Pharmacological inhibition or the absence of  DAT restored the apparent 
potency of  dopamine on D1R and α2R. This provided an assay window to measure the 
inhibitory potency of  GBR12909 and cocaine, which are well-known DAT inhibitors. This 
chapter demonstrates a novel application of  a cell-based label-free biosensor, which may be 
used to identify new DAT inhibitors.

In Chapter 4, the concept of  the TRACT assay is extended to the human norepinephrine 
transporter (NET, SLC6A2), which is an established drug target for a range of  psychiatric 
disorders. Here, NET was overexpressed in an inducible human embryonic kidney 293 
(HEK293)-JumpIn cell line, which endogenously expresses the α2R. Three endogenous 
NET substrates – norepinephrine, dopamine and epinephrine – activated α2R, resulting in a 
concentration-dependent cellular response. This response was attenuated in the presence of  
NET for all three substrates and could be rescued by the NET inhibitor nisoxetine. Using 
norepinephrine as a substrate, the inhibitory potencies of  several reported NET inhibitors 
were determined in the TRACT assay, showing a good correlation with a conventional 
fluorescent substrate uptake assay. Moreover, the assay was validated in a manual high-
throughput screening (HTS) set-up, which suggests that the TRACT assay can be used in 
the future for screening of  NET inhibitors.

The TRACT assay that was developed in Chapter 4 was applied in Chapter 5 to screen a set 
of  compounds that were predicted to be NET inhibitors using a computational modeling 
pipeline. Similarity networks were used to make a selection of  the SLC bioactivity data from 
the ChEMBL database, which was then used to train a proteochemometric (PCM) model. 
After further optimization, this model was applied to screen the Enamine REAL database 
that contains over 600 million make-on-demand molecules. From this screen, the molecules 
with the highest predicted affinity of  46 chemically diverse clusters were identified, of  which 
32 molecules were purchased for in vitro testing. Using the TRACT assay, five compounds 
were found to have submicromolar potencies towards NET. This chapter demonstrates that 
the TRACT assay could be successfully used to identify and characterize unknown NET 
inhibitors.

Chapter 6 describes the development of  an impedance-based phenotypic assay for the 
Na+-dependent excitatory amino acid transporters (EAATs, SLC1 family), which mediate 
the uptake of  glutamate and aspartate in the central nervous system and peripheral tissues. 
Initial attempts were made to set up a TRACT assay for EAAT1, by using HEK293-JumpIn 
cells with inducible overexpression of  EAAT1 and transient expression of  the metabotropic 
glutamate receptor 2 (mGluR¬2). The presence of  EAAT1 attenuated the glutamate-
induced mGluR2 response, although this response was inconsistently restored by two 
EAAT1 inhibitors. Interestingly, a receptor-independent glutamate response was observed 
in cells lacking mGluR2, which could be inhibited by EAAT1 inhibitors UCPH-101 and 
TFB-TBOA in a concentration-dependent manner. Live-cell imaging revealed that the cells 
started spreading upon treatment with glutamate, which concurs with the observed increase 
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in impedance. This response was observed with both L- and D-isomers of  glutamate and 
aspartate, suggesting that it is substrate-independent. Moreover, the response was prevented 
in the presence of  the Na+/K+-ATPase inhibitor ouabain, which indicates that it is ion-
dependent. Targeted metabolomics showed a decrease of  intracellular taurine levels upon 
glutamate or aspartate treatment of  the cells, which indicates an effect on cell volume. 
Taken together, these data suggest that substrate uptake via EAAT1 induces cell swelling, 
which triggers changes in cell morphology that are detected in the impedance-based assay. 
This distinct ‘phenotype’ was also observed in a breast cancer cell line with endogenous 
EAAT1 expression, as well as HEK293-JumpIn cells overexpressing EAAT2 or EAAT3, 
suggesting that the mechanism is shared between cell types and SLCs. Validation of  this 
assay in a manual HTS set-up confirmed that this phenotypic approach may be used for 
EAAT drug discovery and holds promise for the study of  other transport proteins that 
modulate cell shape.

In Chapter 7, the phenotypic assay from Chapter 6 was applied to assess the function of  
disease-associated variants of  EAAT1. Using in silico methods, several EAAT1 missense 
mutations were identified in cancer patients listed in the Genomic Data Commons dataset. 
Eight of  these mutations were selected for in vitro testing based on their close proximity 
to the substrate and inhibitor binding sites. Moreover, two mutations found in patients 
with episodic ataxia type 6 (EA6) were included for testing. Substrate responses (glutamate 
and aspartate) and inhibitory potency of  orthosteric (TFB-TBOA) and allosteric (UCPH-
101) inhibitors were differentially affected by the tested mutants, suggesting either a gain- 
or loss-of-function. Interestingly, one of  the EA6 mutants – M128R – was found to be 
‘activated’ upon treatment with TFB-TBOA and UCPH-101, which was not observed for 
wild-type EAAT1 or other mutants. These data demonstrate the ability of  the impedance-
based phenotypic assay to detect altered functionality in transporter variants, which could 
substantiate mechanistic studies and aid drug discovery efforts.

Chapter 8 provides a general discussion on the various assays that have been presented 
throughout this thesis. Moreover, a mechanistic substantiation is provided for the TRACT 
assay, using two models previously described in literature. The main conclusions are 
presented and the future of  cell-based label-free assays in SLC drug discovery is speculated 
on. Of  note, the Appendix provides two insightful tables that summarize SLC–GPCR pairs 
that share the same substrate, as well as SLCs that are Na+-dependent. Thus, Chapter 8 and 
the Appendix provide a starting point for the selection of  the next SLC that can be assessed 
using impedance-based assays. Taken together, the findings in this thesis have unveiled cell-
based label-free assays as a novel addition to the SLC toolbox, which may prove to be useful 
in upcoming drug discovery campaigns.
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Transporteiwitten zijn aanwezig in vrijwel alle biologische membranen van de cellen van 
levende organismen. Deze zogenaamde ‘transporters’ zijn benodigd voor een cel om 
nutriënten op te nemen en afval uit te scheiden, om er voor te zorgen dat de cel kan groeien, 
overleven en communiceren met naburige cellen. De grootste klasse van transporters is 
de superfamilie van de solute carriers (SLCs, lett. ‘vervoerders van opgeloste stoffen’). De 
mens bevat genen voor meer dan 450 SLCs die verdeeld kunnen worden in 66 subfamilies, 
elk met zijn eigen specifieke substraten en transportmechanisme. Dankzij de cruciale rol 
die SLCs spelen in het goed functioneren van cellen, is het niet verrassend dat SLCs ook 
betrokken zijn bij vele ziekten. Tot dusver zijn enkele SLCs het aangrijpingspunt van vaak 
voorgeschreven geneesmiddelen, zoals neurotransmittertransporters (antidepressiva) en 
natrium-kalium-chloridetransporters (lisdiuretica). De overgrote meerderheid van SLCs is 
echter nog nauwelijks bestudeerd, ondanks hun enorme potentie als aangrijpingspunt voor 
geneesmiddelen. Mede hierdoor is er vraag naar de ontwikkeling van nieuwe methoden 
die gebruikt kunnen worden om de functie van SLCs te bestuderen en modulatoren (bijv. 
remmers) te identificeren. De voordelen en beperkingen van de huidige in vitro methoden 
(‘petrischaal’-experimenten) om SLCs te bestuderen, worden in Hoofdstuk 1 samengevat. 
Bovendien wordt het concept van op cellen gebaseerde labelvrije methoden geïntroduceerd 
als een innovatieve aanpak om transportfunctionaliteit te bestuderen in een omgeving die 
dichter dan gebruikelijk in de buurt komt van het fysiologische milieu van een cel. In de 
vijf  experimentele hoofdstukken van dit proefschrift wordt de op impedantie gebaseerde 
technologie xCELLigence gebruikt als dé methode voor het ontwikkelen en toepassen van 
nieuwe functionele methoden voor drie soorten SLCs: de dopamine- (DAT), noradrenaline- 
(NET) en glutamaattransporters (EAAT).

In de mens leidt de activatie van G-eiwitgekoppelde receptoren (GPCRs) op het celmembraan 
tot cellulaire responsen die een breed scala aan fysiologische processen beïnvloeden. Enkele 
lichaamseigen liganden die deze GPCRs activeren, zoals neurotransmitters of  signaallipiden, 
worden door SLCs vanuit de extracellulaire ruimte de cel in getransporteerd. Deze vorm van 
regulatie is nodig om excessieve activatie van GPCRs te voorkomen. Daarnaast ligt dit principe 
aan de basis van geneesmiddelen die zulke SLCs remmen (bijv. antidepressiva), waardoor 
de extracellulaire hoeveelheid van de lichaamseigen liganden wordt verhoogd. Alhoewel er 
in de afgelopen eeuw enkele van deze SLC–GPCR ‘paren’ werden geïdentificeerd, zijn er 
recentelijk nieuwe inzichten ontstaan over regulerende mechanismen waarmee transporters 
receptoractivatie kunnen moduleren. Hoofdstuk 2 beschrijft SLCs die de uitstroom 
van liganden faciliteren, evenals SLCs die liganden toegang verlenen tot intracellulaire 
receptoren. Het identificeren van zulke mechanismen kan bijdragen aan het begrijpen van 
ziekteoorzaken en het selecteren van aangrijpingspunten voor geneesmiddelontwikkeling.
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Hoofdstuk 3 beschrijft de ontwikkeling van de ‘transportactiviteit via receptor activatie’ 
(TRACT) methode voor de humane dopaminetransporter (DAT, SLC6A3), die een 
aangrijpingspunt is voor de behandeling van depressie en middelenmisbruik. Het 
belangrijkste substraat van DAT, dopamine, is een lichaamseigen agonist (activator) van 
dopamine- en adrenerge receptoren. Activatie van deze receptoren op levende cellen leidt 
tot veranderingen in de celmorfologie, hetgeen in ‘real-time’ gemeten kan worden als een 
verandering in elektrische impedantie met de labelvrije technologie xCELLigence. In twee 
humane cellijnen met heterologe expressie van DAT werd activatie van de dopaminereceptor 
D1 (D1R) of  de alfa-2 adrenerge receptor (α2R) door dopamine verzwakt, omdat een deel 
van de extracellulaire dopamine door DAT in de cel werd opgenomen. Farmacologische 
blokkade of  de afwezigheid van DAT resulteerde in het herstel van deze receptoractivatie. 
Hierdoor ontstond een farmacologisch raamwerk (d.w.z. het verschil tussen de maximale 
en minimale respons) dat het mogelijk maakte om de werkingssterkte (potentie) te bepalen 
van twee goed bestudeerde DAT-remmers: GBR12909 en cocaïne. Dit hoofdstuk toont een 
nieuwe toepassing van een celgebaseerde labelvrije biosensor, die gebruikt kan worden om 
nieuwe DAT-remmers te vinden.

In Hoofdstuk 4 wordt het concept van de TRACT methode uitgebreid naar de humane 
noradrenalinetransporter (NET, SLC6A2), die een bekend aangrijpingspunt is voor 
geneesmiddelen ter behandeling van een reeks psychiatrische aandoeningen. In onze studie 
werd NET tot overexpressie gebracht in een induceerbare humane embryonale nier 293 
(HEK293)-JumpIn cellijn, die tevens endogeen α2R tot expressie brengt. Drie lichaamseigen 
substraten van NET – noradrenaline, dopamine en adrenaline – konden α2R activeren, wat 
leidde tot een concentratieafhankelijke cellulaire respons. Deze respons werd voor alle drie 
de substraten verzwakt in aanwezigheid van NET en kon worden hersteld door de NET-
remmer nisoxetine. Met behulp van noradrenaline als substraat zijn de werkingssterktes 
van verschillende gerapporteerde NET-remmers bepaald met de TRACT methode, welke 
goed overeenkwamen met de werkingssterktes die bepaald waren met een conventionele 
opnamemethode van een fluorescent substraat. Bovendien werd de methode gevalideerd 
in een handmatige ‘high-throughput screening’ (HTS)-opstelling, hetgeen suggereert dat de 
TRACT methode gebruikt kan worden voor het screenen van hele bibliotheken van NET-
remmers.

In Hoofdstuk 5 werd de TRACT methode van Hoofdstuk 4 toegepast voor het screenen 
van een reeks moleculen waarvan met behulp van een in silico (computergestuurde) 
modelleringspijplijn werd voorspeld dat ze NET-remmers zouden zijn. 
Gelijkwaardigheidsnetwerken (similarity networks) werden gebruikt om een selectie te maken 
van de bioactiviteitsgegevens van SLCs uit de ChEMBL-database, die vervolgens werden 
gebruikt om een proteochemometrisch (PCM) model te trainen. Na verdere optimalisatie 
werd dit model toegepast om de Enamine REAL-database, die meer dan 600 miljoen ‘make-
on-demand’ moleculen bevat, te screenen. Uit elk van de resulterende 46 chemisch diverse 
clusters werden de moleculen met de hoogste voorspelde affiniteitswaarden geselecteerd, 
waarvan uiteindelijk 32 moleculen werden gekocht voor in vitro experimenten. Met behulp 
van de TRACT methode bleken vijf  moleculen een submicromolaire werkingssterkte te 
hebben op NET. Dit hoofdstuk laat zien dat de TRACT methode met succes kan worden 
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gebruikt om onbekende NET-remmers te identificeren en karakteriseren. 

Hoofdstuk 6 beschrijft de ontwikkeling van een op impedantie gebaseerde fenotypische 
methode voor de natrium-afhankelijke exciterende aminozuurtransporters (EAATs, SLC1 
familie), die betrokken zijn bij de opname van glutamaat en aspartaat in het centrale 
zenuwstelsel en perifere weefsels. Initieel werd gepoogd een TRACT methode op te zetten 
voor EAAT1 door gebruik te maken van HEK293-JumpIn cellen met induceerbare expressie 
van EAAT1 en tijdelijke expressie van de metabotrope glutamaatreceptor 2 (mGluR2). De 
aanwezigheid van EAAT1 zorgde voor een verzwakking van de door glutamaat geïnduceerde 
mGluR2-respons. Deze respons kon echter niet consistent worden hersteld door twee 
EAAT1-remmers. Interessant was dat er een receptoronafhankelijke glutamaatrespons 
werd waargenomen in cellen zonder mGluR2, welke concentratieafhankelijk kon worden 
geblokkeerd door EAAT1-remmers UCPH-101 en TFB-TBOA. Met behulp van 
microscopie op de levende cellen kon worden vastgesteld dat de cellen zich verspreidden 
na behandeling met glutamaat, wat overeenkwam met de verhoogde impedantierespons. 
De respons werd waargenomen met zowel L- als D-isomeren van glutamaat en aspartaat, 
hetgeen suggereert dat de respons substraatonafhankelijk is. Bovendien werd de respons 
voorkomen in aanwezigheid van de natrium-kaliumpomp-remmer ouabaïne, wat aangeeft 
dat de respons ion-afhankelijk is. Gerichte metabolomics experimenten toonden een 
afname aan van intracellulaire taurinespiegels na behandeling van de cellen met glutamaat 
of  aspartaat, wat duidt op een effect op het celvolume. Samengevat suggereren deze data 
dat substraatopname via EAAT1 celzwelling induceert, wat veranderingen in celmorfologie 
veroorzaakt die worden gedetecteerd met de impedantiemethode. Dit duidelijke ‘fenotype’ 
werd ook waargenomen in een borstkankercellijn met endogene EAAT1-expressie, evenals 
in HEK293-JumpIn cellen met overexpressie van EAAT2 of  EAAT3, wat suggereert dat 
het mechanisme wordt gedeeld tussen celtypen en SLCs. Validatie van deze methode in een 
handmatige HTS-opstelling bevestigt dat deze fenotypische aanpak kan worden gebruikt 
voor EAAT1 geneesmiddelontdekking. Daarnaast is de methode veelbelovend voor het 
bestuderen van andere transporteiwitten die de celvorm beïnvloeden.

In Hoofdstuk 7 werd de fenotypische methode uit Hoofdstuk 6 toegepast om de functie 
van ziekte-geassocieerde genetische varianten van EAAT1 te bepalen. Met behulp van 
in silico methoden werden verschillende EAAT1 missense-mutaties geïdentificeerd bij 
kankerpatiënten die vermeld staan in de Genomic Data Commons-dataset. Acht van deze 
mutaties werden geselecteerd voor in vitro experimenten op basis van hun nabijheid tot de 
bindingsplaatsen van het substraat en de EAAT1-remmers. Daarnaast werden tijdens de 
experimenten twee mutaties meegenomen die gevonden zijn bij patiënten met episodische 
ataxie type 6 (EA6). Substraatresponsen (glutamaat en aspartaat) en de werkingssterkte 
van orthostere (d.w.z. dezelfde bindingsplek als het lichaamseigen substraat) en allostere 
(d.w.z. andere bindingsplek dan het lichaamseigen substraat) EAAT1-remmers werden 
verschillend beïnvloed door de geteste mutanten, wat duidt op een toename of  verlies 
van functie. Interessant genoeg bleek een van de EA6-mutanten – M128R – ‘geactiveerd’ 
te worden na behandeling met TFB-TBOA en UCPH-101, wat niet werd waargenomen 
in wild-type EAAT1 of  andere mutanten. Deze data laten zien dat de op impedantie 
gebaseerde fenotypische methode het mogelijk maakt om veranderde functionaliteit 
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van transportervarianten te detecteren. De methode zou gebruikt kunnen worden om 
mechanistische studies te onderbouwen en geneesmiddelontdekking te ondersteunen.

Tot slot verschaft Hoofdstuk 8 een algemene discussie over de verschillende methoden 
die in dit proefschrift zijn gepresenteerd. Bovendien wordt er een mechanistische 
onderbouwing gepresenteerd voor de TRACT methode, met behulp van twee eerder in 
de literatuur beschreven modellen. De belangrijkste conclusies worden gepresenteerd en 
er wordt gespeculeerd over de toekomst van celgebaseerde labelvrije testen tijdens het 
ontwikkelen van geneesmiddelen voor SLCs. Noemenswaardig is de Appendix, die twee 
inzichtelijke tabellen bevat: een samenvatting van SLC–GPCR paren die hetzelfde substraat 
delen en een overzicht van SLCs die natrium-afhankelijk zijn. Op deze manier bieden 
Hoofdstuk 8 en de Appendix een startpunt voor het selecteren van de volgende SLC die 
kan worden bestudeerd met behulp van impedantie. Alles bij elkaar dragen de bevindingen 
in dit proefschrift celgebaseerde labelvrije methoden aan als een nieuwe toevoeging aan 
de SLC-gereedschapskist, waarmee hopelijk een nuttige bijdrage wordt geleverd aan het 
geneesmiddelontwikkelingstraject.
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