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Introduction 
 

Ion channels and transporters contribute to the permeability of excitable 

membranes 

The plasma membrane separates the cytosol of cells from the extracellular space 

and regulates communication and substance exchange between the two 

compartments.  Whereas small molecules (O2, CO2) and lipophilic molecules can 

easily pass the lipid-bilayer by diffusion, different transmembrane proteins are 

necessary to enable the transport of water, ions and hydrophilic molecules across the 

selective hydrophobic barrier. Ion channels and transporters are integral transport 

proteins which mediate passive and active transport processes across the cell 

membrane (Figure 1). The permeability of the plasma membrane for water varies 

between different cell types of the organism and is due to the expression of 

specialized water channels (aquaporins), through which water passively follows an 

osmotic gradient (Verkman, 2011). Passive transport of molecules along their 

electrochemical gradient can be conducted by both, ion channels and carriers 

(uniporter). Ion channels are the fundamental excitable elements in the membranes 

of excitable cells and differ in their selectivity for certain ions, for example Na+, K+, 

Ca2+ or Cl- (Hille, 1970). The rate of ion flux through an ion channel directly depends 

on the concentration of ions in the surrounding solution. Whereas low concentrations 

lead to a linear increase of currents, high concentrations result in saturated currents 

which no further increase with the concentration. A high conduction rate of channels 

is achieved by rapid off-rates of ion binding, which allows rapid changes in the 

membrane potential, important for a reliable signal transduction in cells of the central 

nervous system (CNS) (Kandel et al., 2000). Channel gating (opening and closing of 

ion channels as a response to chemical or electrical stimuli, temperature, or 

mechanical force) is distinct for different types of ion channels, the amplitude of the 

current generated by a population of channels depending on the open probability and 

conductance of the single channel. Beside passive transport, different classes of 

carriers can control the uptake and efflux of crucial compounds such as sugars, 

amino acids, nucleotides, inorganic ions and drugs by primary or secondary active 

transport processes. Primary active transport processes are mediated by pumps 

(ATPases) or members of the ATP-binding cassette family (ABC-transporters) and 

require free energy of ATP-hydrolysis to move solutes across the membrane against 
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their electrochemical gradient. In contrast, secondary active transport processes are 

not based on direct coupling of ATP. Instead of that, the electrochemical potential 

difference created by pumps is used. There are two different forms of secondary 

active transport, antiport and symport. Antiport involves the transport of two different 

solutes in opposite directions across the membrane, whereas symport involves the 

transport of two or more different solutes in the same direction (Schmidt et al., 2010).  

 

 

Figure 1: Passive and active transport mechanisms. This figure shows distinct integral 

membrane proteins which mediate the passive and active transport of ions and other solutes 

across the plasma membrane (modified from Hediger et al., 2004).  

 

L-glutamate is the major excitatory neurotransmitter in the CNS 

Release of neurotransmitters into the synaptic cleft allows communication between 

neuronal cells of the CNS. There are excitatory and inhibitory neurotransmitters. 

Excitatory neurotransmitters (e.g. glutamate or aspartate) bind to ligand gated ion 

channels and thereby induce an excitatory postsynaptic potential (EPSP) which 

depolarizes the cell membrane of the postsynaptic neuron. Inhibitory transmitters as 

GABA or glycine bind to receptors that gate Cl- selective channels. Cl- influx induces 

inhibitory postsynaptic potentials (IPSPs) and therefore a hyperpolarization of the 

postsynaptic neuron. Neurotransmitters are stored in vesicles in the presynaptic 

terminals of neurons and released by exocytosis. Depolarization of the membrane 

opens voltage-gated Ca2+ channels and the increased intracellular Ca2+-

concentration triggers the fusion of vesicles with the presynaptic membrane. In the 

mammalian CNS, L-glutamate (Glu) is the major excitatory neurotransmitter (Curtis et 
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al., 1960; Curtis and Johnston, 1974; Fonnum, 1984). It is involved in normal brain 

function including cognition, memory and learning (Fonnum, 1984; Ottersen and 

Storm-Mathisen, 1984; Collingridge and Lester, 1989; Headley and Grillner 1990) 

and plays an important role in the development of the CNS including synapse 

induction and elimination, and cell migration, differentiation and death (reviewed in 

Danbolt, 2001). Therefore the concentration of glutamate in the brain is extremely 

high and varies, depending on the brain region, between 5-15 mmol/kg (Butcher and 

Hamberger, 1987). Only a tiny fraction of this glutamate can be found in the 

extracellular solution (3-4 µM) (Lehmann et al., 1983). Glutamate activates ionotropic 

glutamate receptors as AMPA-, Kainate- or NMDA- receptors and metabotropic 

glutamate receptors (mGluR) (Nakanishi and Masu, 1994). High concentrations of 

synaptic glutamate (10-100 µM) are toxic (Choi, 1987) and glutamate has to be 

rapidly removed from the extracellular space to terminate synaptic transmission and 

to avoid neuronal damage by glutamate receptor overstimulation. An important 

mechanism for glutamate removal from the synapse is simple diffusion, but this is 

only effective over very short distances and at low external glutamate concentrations. 

For a long-term maintenance of low extracellular glutamate concentrations, this 

neurotransmitter is taken up by excitatory amino acid transporters (EAATs) into 

neuronal and glial cells, where it is further used in metabolic processes (e.g. protein 

synthesis or energy metabolism) or reused as neurotransmitter (reviewed in Danbolt, 

2001). When glutamate is taken up by astrocytes, it may be converted to glutamine 

(Gln) by the glia-specific enzyme glutamine synthetase (Martinez-Hernandez et al., 

1977) and subsequently released to the extracellular solution. Glutamine can be 

reconverted into glutamate in neurons, subsequently loaded into synaptic vesicles by 

vesicular glutamate transporters (VGLUT) and released to the synaptic cleft by 

exocytosis (Südhof, 1995; Augustine et al., 1996; Johannes and Galli, 1998; Cousin 

and Robinson, 1999). Then this glutamate recycling-process, called the glutamine-

glutamate cycle, can start again (van den Berg and Garfinkel, 1971) (Figure 2). The 

uptake of glutamate in vesicles of presynaptic terminals is stimulated by low 

concentrations of chloride and driven by the internal positive membrane potential 

generated by a vacuolar H+-ATPase (Disbrow et al., 1982; Naito and Ueda, 1985; 

Maycox et al., 1988; Moriyama et al., 1990; Fykse et al., 1992).   
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Figure 2: Processes at the glutamatergic synapse. The cartoon illustrates different steps 

in glutamatergic neurotransmission. In the presynaptic terminal, glutamine is converted into 

glutamate and transported into vesicles by VGLUT for further release to the synaptic cleft. At 

the postsynaptic terminal, glutamate activates ionotropic and metabotropic glutamate 

receptors and is transported into neuronal and glial cells by EAATs. In glial cells, glutamate is 

converted back to glutamine. Modified from Amara and Fontana (2002). 
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Excitatory Amino Acid Transporters (EAATs) belong to the solute carrier 

1 (SLC1) family and regulate glutamate homeostasis in the CNS 

Transporters play an important role in cell homeostasis of the human body and it is 

assumed that 5% (>2000) of all human genes are transporter related. A great part of 

them belong to the solute carrier (SLC) series, which includes about 300 different 

human transporter genes encoding passive transporters, symporters and antiporters 

(Hediger et al., 2004). They are divided into 43 distinct SLC families, and members of 

one family share at least 20-25% amino acid sequence identity. However, there are a 

lot of human transporter-related genes which do not belong to the SLC series (e.g. 

genes encoding ATP-driven transporters, channels, ionotropic receptors, aquaporins) 

(Hediger et al., 2004). The SLC1 gene family consists of the proton-dependent 

bacterial glutamate and dicarboxylate transporters, two neutral amino acid 

transporters, ASCT1 (SLC1A4) and ASCT2 (SLC1A5) (Kanai and Hediger, 2004), 

which possess 57% amino acid sequence identity and five excitatory amino acid 

transporters (EAAT1/SLC1A3, EAAT2/SLC1A2, EAAT3/SLC1A1, EAAT4/SLC1A6 

and EAAT5/SLC1A7) with a sequence identity of 44-55%. The neutral amino acid 

transporters and glutamate transporters share some structural and functional 

properties and possess a sequence identity of 40-44% (Kanai Y, 1997; Kanai and 

Hediger, 2003). In general, ASC transporters are coupled to the Na+ electrochemical 

gradient, exhibit an anion conductance and display a high-affinity for alanine, serine, 

threonine and cysteine. In contrast to ASCT1, ASCT2 additionally accepts glutamine 

and asparagine with high affinity and the substrates methionine, leucine, glycine and 

glutamate with low affinity (Arriza et al., 1993; Shafqat et al., 1993; Utsunomiya-Tate 

et al., 1996; Zerangue and Kavanaugh, 1996; Kekuda et al., 1996; Bröer et al., 

2000). Eukaryotic excitatory amino acid transporters are secondary transporters and 

ligand-gated ion channels (Fairman et al., 1995). They pump substrates against 

concentration gradients of up to several thousands (Gegelashvili et al., 2001) and are 

responsible for the uptake of L-glutamate into neuronal and glial cells of the CNS. 

The transport of glutamate is electrogenic, coupled to the co-transport of three Na+ 

and one H+ and to the countertransport of one K+-ion (Kanner et al., 1982; Zerangue, 

Kavanaugh, 1996; Levy et al., 1998). Sodium is required for glutamate binding while 

potassium is required for net transport (Kanner and Sharon, 1978; Barbour et al., 

1988; Sarantis and Attwell, 1990; Szatkowski et al., 1991). As ASC transporters, 

EAATs can also function as anion channels. The contribution of anion current or 
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substrate generated current to the total current varies for the five different EAAT 

isoforms (Fairman et al., 1995; Wadiche et al., 1995; Arriza et al., 1997; Watzke et 

al., 2001; Melzer et al., 2003). Currents mediated by EAAT1, EAAT2 or EAAT3 are 

predominantly due to electrogenic glutamate transport currents, whereas currents 

mediated by EAAT4 or EAAT5 are mainly due to a large anion conductance. This 

anion conductance is thermodynamically independent of the transport process 

(Fairman et al., 1995; Vandenberg et al., 1995; Wadiche et al., 1995; Billups et al., 

1996; Arriza et al., 1997; Wadiche and Kavanaugh, 1998). 

 

Localization of EAAT subtypes in the CNS 

The five cloned EAAT isoforms (EAAT1-5) display different distribution patterns and 

diverse functional characteristics and pharmacological profiles and have been shown 

to be expressed in glial and neuronal cells of the CNS. The EAAT1-5 subtypes 

correspond to the rodent homologs GLAST (Storck et al., 1992), GLT-1 (Pines et al., 

1992), EAAC1 (Kanai and Hediger, 1992), EAAT4 (Fairman et al., 1995) and EAAT5 

(Arriza et al., 1997). EAAT1 and EAAT2 are considered to be responsible for most of 

the glutamate uptake activity in the CNS and are thought to be preliminary expressed 

in plasma membranes of glial cells (Rothstein et al., 1994). EAAT1 is the major 

glutamate transporter in the cerebellum (Lehre and Danbolt, 1998), with the highest 

density in Bergmann glia (Lehre et al., 1995), but was also found in the inner ear 

(Furness and Lehre, 1997; Takumi et al., 1997), circumventricular organs (Berger 

and Hediger, 2000) and in the retina (Derouiche and Rauen, 1995; Derouiche, 1996; 

Rauen et al., 1996; Lehre et al., 1997; Rauen et al., 1998; Pow and Barnett 1999; 

Rauen, 2004). EAAT2 dominates in all regions of the CNS where EAAT1 is not 

expressed and has been shown to be responsible for > 90% of the glutamate uptake 

in the adult brain (Furata et al., 1997; Tanaka et al., 1997; Maragakis and Rothstein, 

2004). It was detected in astrocytes of the forebrain (particularly in the hippocampus, 

lateral septum, cerebral cortex and striatum) (Lehre et al.,1995) and spinal cord 

(Danbolt et al., 1992; Hees et al., 1992; Levy et al., 1993, Rothstein et al., 1994; 

Chaudhry et al., 1995; Lehre et al., 1995; Schmitt et al., 1996; Berger and Hediger, 

2000), but also as distinct splice variants in neuronal cells of the retina (Rauen and 

Kanner, 1994; Euler and Wässle, 1995; Rauen et al., 1996, 1999; Rauen, 2000; 

Rauen et al., 2004). In contrast to EAAT1 and EAAT2, the glutamate transporters 

EAAT3, EAAT4 and EAAT5 are thought to be rather neuronal glutamate transporters, 
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with EAAT3 and EAAT4 being predominantly located outside the synapses at cell 

bodies and dendrites of neurons (Rothstein et al., 1994; Yamada et al., 1996; 

Dehnes et al., 1998) and EAAT5 being predominantly expressed at presynaptic 

terminals of neuronal cells. EAAT3 is expressed in glutamatergic and GABAergic 

neurons throughout the brain and was detected in the hippocampus, cerebellum and 

in basal ganglia, but only at very low expression levels (Conti et al., 1998; Kugler and 

Schmitt, 1999). However, high expression levels of this transporter were detected 

outside the CNS, in the kidney, heart, muscle, lung, placenta and liver (Kanai and 

Hediger 1992; Nakayama et al., 199; Arriza et al., 1994; Kanai et al., 1994; Rothstein, 

1994; Mukainaka et al., 1995; Bjørås et al., 1996; Torp et al., 1997). In addition, 

EAAT3 was detected in astrocytes of the cerebral cortex (Conti et al., 1998) and in 

oligodendrocytes (Domercq and Matute, 1999; Domercq et al., 1999; Kugler and 

Schmitt, 1999). EAAT4 is mainly restricted to the cerebellum, to the soma and 

dendrites of Purkinje cells, but it was also found in the cortex, brainstem and 

hippocampus, as well as in the retina and, at low levels, in the placenta (Fairman et 

al., 1995; Furata et al., 1997; Massie et al., 2001; Ward et al., 2004). EAAT5 is 

expressed in presynaptic terminals of retinal neurons and is always referred as retina 

specific glutamate transporter, but there are also indications for weak expression of 

this transporter in liver, heart, muscle and brain (Arriza et al. 1997). In addition, 

EAAT5 was recently shown to be expressed in vestibular hair cells and in calyx 

endings (Dalet et al., 2012), as well as in the rodent testis (Lee et al., 2011). 

 

EAATs are involved in retinal synaptic transmission  

One part of this thesis is the electrophysiological characterization of two functionally 

distinct retinal glutamate transporters. The retina is a part of the CNS and located in 

the back of the eye where it converts the light signal into neural signals. It contains 

various types of neurons, the photoreceptors, bipolar cells, horizontal cells, amacrine 

cells and ganglion cells (Figure 3). Photoreceptors are located at the outer surface of 

the retina, close to the pigment epithelium and therefore light has to pass through 

different layers of neurons before it can be detected by photoreceptors and converted 

into a chemical signal. Photons which are not captured by photoreceptors are 

absorbed by the pigment epithelium to avoid a degradation of the visual image. In the 

vertical pathway, photoreceptors are directly linked via bipolar cells to ganglion cells, 

which send the visual information in form of action potentials through the optic nerve 
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to the thalamus. Horizontal cells and amacrine cells are interneurons and involved in 

the lateral information flow within the retina. In the outer plexiform layer, horizontal 

cells interconnect photoreceptors and bipolar cells to themselves and to each other, 

whereas amacrine cells interconnect bipolar cells and ganglion cells in the inner 

plexiform layer. There are two types of photoreceptors: rods (light-sensitive vision) 

and cones (color-sensitive vision). They have an inner segment, which contains the 

nucleus and metabolic machinery and an outer segment, which is the transduction 

site and contains tightly packed stacks of disk membranes with the light receptor 

molecule rhodopsin. Receptor potentials carry the visual signal from the outer 

segment to the synapses. In the dark, Na+ ions flow through a nonselective cation 

channel from the outer segment to the inner segment, whereas K+ channels allow the 

flux of K+ ions from the inner segment to the outer segment of photoreceptors. The 

Na+ concentration in the inner segment is regulated by Na-K pumps, which remove 

Na+ and import K+. The dark current depolarizes the presynaptic terminal of 

photoreceptors (membrane potential Vm ~ -45 mV) and induces a tonic release of 

glutamate to the synaptic cleft where it can activate glutamate receptors at 

postsynaptic neurons. In presence of light, the nonselective cation channels close, 

whereas K+ channels remain open and allow further efflux of K+ from the inner 

segment. This causes a hyperpolarization of the presynaptic terminal and inhibits 

further release of the neurotransmitter glutamate (Boron and Boulpaep, 2009). As in 

all other synapses of the CNS, rapid removal of glutamate from the visual synapse is 

essential to prevent cells from neuronal damage and to allow a correct synaptic 

neurotransmission in the retina. It has been shown, that all of the known EAAT 

subtypes are present in the retina, in neurons or glial cells, and are therefore 

somehow involved in the glutamate homeostasis of the retina. EAAT1 (GLAST) is 

expressed in glial cells and seems to be essential for normal transmission from 

photoreceptors to bipolar cells by mediating the reuptake of glutamate into Müller 

cells (Pow and Robinson, 1994; Derouiche and Rauen, 1995). EAAT2 (GLT-1) is also 

a classical glutamate transporter and generally thought to be predominantly 

expressed in glial cells of the CNS (reviewed in Danbolt, 2001), but in the retina 

different splice variants of this transporter were found in various neurons, including 

bipolar cells, amacrine cells, photoreceptor terminals and cone photoreceptor 

perikarya (Rauen and Kanner, 1994; Rauen et al., 2004). The original described form 

of GLT-1 (Pines et al., 1992), also termed GLT-1a or GLT-1α (Chen et al., 2002; 
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Reye et al., 2002) was found in rodent amacrine and bipolar cells (Rauen et al., 

1996; Reye et al., 2002), but additionally also in ganglion cells of the cat retina (Fyk-

Kolodziej et al., 2004).  The C-terminal splice variant GLT-1b/GLT-1v (Chen et al., 

2002; Schmitt et al., 2002) was detected in bipolar cells including their apical 

dendrites, as well as in non-synaptic plasma membranes of cone photoreceptors 

(Fyk-Kolodziej et al., 2004; Rauen et al., 2004). In 2004, GLT-1c was cloned and 

shown to be expressed in the presynaptic terminals of rod photoreceptors, whereas 

strong expression of this transporter in cone photoreceptors was only observed in 

human, but not in the rodent retina (Rauen et al., 2004). EAAT3 (EAAC1) was found 

to be neuronal rather than glial and was identified in the soma and dendrites of 

amacrine and ganglion cells of a variety of species including goldfish, turtle, chicken, 

rat and cat, whereas in salamander and turtle, this transporter seems to be also 

expressed in the axon terminals of bipolar cells. In the rat and cat retina, EAAT3 was 

additionally detected in the soma of horizontal cells, but not at synaptic sites (Schultz 

and Stell, 1996; Fyk-Kolodziej et al., 2004). A predominantly non-synaptic localization 

of EAAT3 was also observed in hippocampal neurons and it was suggested that this 

transporter fulfills an unconventional function in neurons (e.g. a metabolic function), 

not directly related to glutamatergic transmission (Schultz and Stell, 1996; Coco et 

al., 1997). EAAT4 was shown to be colocalized with EAAT1 in astrocytes of the rat 

retina (Ward et al., 2004). Astrocytes are exclusively found in the nerve fibre layer of 

the retina and have a complex relationship with retinal blood vessels (Zahs and Wu, 

2001). Due to the large chloride conductance of EAAT4, this transporter was 

suggested to be responsible for the control of cellular excitability, whereas EAAT1 

was assumed to function as glutamate uptake system in retinal astrocytes (Ward et 

al., 2004). An identical distribution of EAAT4 was observed in the cat retina with 

additional staining for EAAT4 in the retinal pigment epithelium (RPE). The localization 

of EAAT4 at the proximal and distal margins of the retina lead to the assumption that 

EAAT4 could also serve as back-up system to prevent the escape of glutamate from 

beyond the bounds of the retina (Fyk-Kolodziej et al., 2004). EAAT5 is expressed at 

presynaptic sites in the retina: in axon terminals of rod and/or cone photoreceptors 

(Eliasof et al., 1998; Pow and Barnett, 2000; Pow et al., 2000; Fyk-Kolodziej et al., 

2004, Wersinger et al., 2006), bipolar cell synaptic terminals (Palmer et al., 2003; 

Fyk-Kolodziej et al., 2004, Wersinger et al., 2006) and axon terminals of amacrine 

and ganglion cells (Fyk-Kolodziej et al., 2004). The physiological role of EAAT5 
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mediated currents in the retina is not fully understood, but it seems that the large 

anion conductance is a mechanism to control neuronal excitability and to regulate the 

release of glutamate to the synaptic cleft (Picaud et al., 1995 a, b; Rabl et al., 2003; 

Wersinger et al., 2006).        

 

                               

Figure 3: Different cell types of the retina. Schematic representation of diverse retinal cells 

located in various layers of the retina. In the vertical information pathway photoreceptors are 

directly linked to ganglion cells via bipolar cells. In the lateral pathway, horizontal cells 

interconnect photoreceptors and bipolar cells. Amacrine cells function as interneurons in the 

inner plexiform layer and interconnect bipolar and ganglion cells. The axons of ganglion cells 

compose the optic nerve and send the visual information to the brain. Photoreceptors are 

blue-coloured (cone photoreceptors in dark-blue; rod-photoreceptors in light-blue), horizontal 

cells are in purple, bipolar cells in light-green, amacrine cells in dark-green and ganglion cells 

in amethyst. Cells in the background are labeled in light-grey. Modified from Boron and 

Boulpaep (2009). 
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The three-dimensional molecular architecture of EAATs 

The molecular architecture of the prokaryotic glutamate transporter homologue GltPh 

from Pyrococcus horikoshii was identified in a crystallographic study in 2004 (Yernool 

et al.) (Figure 4). GltPh catalyzes the sodium-dependent aspartate uptake that does 

not share the potassium and proton dependence of mammalian EAATs. 

Nevertheless, GltPh shares 36% sequence identity with EAATs and many conserved 

regions of functional importance and several studies have shown that the structure of 

this bacterial transporter is a good model for the structure of excitatory amino acid 

transporters (Slotboom et al., 1996; Grunewald et al., 1998; Seal et al., 1998; 

Slotboom et al., 1999; Grunewald et al., 2000; Slotboom et al., 2001; Grunewald et 

al., 2002). Individual protomers of GltPh assemble into a bowl shaped homotrimer with 

a concave aqueous basin facing the extracellular solution and a pointed base facing 

the cytoplasm (Yernool, 2004) (Figure 4B). The basin has a hydrophilic surface, is 50 

Å in diameter and 30 Å in depth and allows aqueous bulk solution to reach the 

midpoint of the membrane bilayer. It is suggested that protomers function 

independently (Grewer et al., 2005; Groeneveld and Slotboom, 2007; Koch et al., 

2007; Leary et al., 2007). Each protomer consists of eight primarily α-helical 

transmembrane domains (TMs 1-8) and two re-entrant helical hairpins (HP1 and 

HP2) (Figure 4A and 4C). TMs 1-6 form a distorted ‘amino-terminal cylinder’ which 

surrounds a highly conserved core composed of the carboxy-terminal 

transmembrane segments TM7 and TM8, as well as HP1 and HP2. TM1, TM2, TM4 

and TM5 constitute the trimerization domain, whereas the conserved core together 

with the transmembrane segments TM3 and TM6 represent the transport domain 

(Reyes et al., 2009). The helix-turn-helix structure of HP1 begins at the cytoplasmic 

surface of the trimer and reaches up to the bottom of the extracellular basin, where a 

conserved serine-rich motif located in the loop of HP1 is partially exposed to the 

extracellular solution. In contrast, most of the surface of HP2 is exposed to the 

solvent, whereas a conserved proline (Pro356) at the tip of HP2 is in van der Waals 

contact with the serine-rich motif of HP1 at the bottom of the basin. It was shown that 

the aspartate binding site in GltPh is formed by the tips of HP1 and HP2, the β-bridge 

of TM7 (the NMDGT-motif) and polar residues of the amphipathic TM8. The two 

sodium-binding sites are close to the binding site of aspartate. Sodium site 1 is 

located below aspartate, buried deeply within the protein and coordinated by three 

carbonyl oxygens in TM7and TM8, a carboxyl group of D405 in TM8 and possibly by a 
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hydroxyl oxygen of S278 in HP1. The bound aspartate and the first Na+ are completely 

occluded from the solution by the tips of HP1 and HP2. Below HP2, a second sodium 

binding site was identified, coordinated by four carbonyl oxygens of TM7 and HP2, 

which is partially exposed to the solvent (Reyes et al., 2009).  

                                                                                                                                                                                                                                   

 

                                                  

 

 

Figure 4: Membrane topology and crystal structure of GltPh. A, cartoon representation of 

the eight integral transmembrane domains of GltPh. B, ribbon representation of the trimer, 

viewed from the extracellular side. C, single protomer of GltPh, viewed from the membrane 

plane. Transmembrane segments belonging to the trimerization domain are coloured in light 

blue, whereas segments of the transport domain are given in purple. The helical hairpins 

(HP1 and HP2) are black. Modified from Yernool et al. (2004); Reyes et al. (2009). 
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Mechanism of glutamate transport in EAATs 

In EAATs, two gates are thought to control the access of substrates to either the 

extracellular or intracellular solution. In GltPh, HP2 is supposed to act as extracellular 

gate (Yernool et al., 2004). During the transport process, the transporter undergoes 

different conformational states (Figure 5). In the outward facing state, HP2 is open 

and the substrate and ion binding sites are accessible from the extracellular solution. 

At this time, HP1 is closed and packed against TM2 and TM5. During substrate 

transport, only the transmembrane segments TM3, TM6, HP1, TM7, HP2 and TM8 

perform a substantial movement (transport domain), whereas the position of 

transmembrane segments TM1, TM2, TM4 and TM5 (trimerization domain) remain 

largely the same. The structurally symmetrical TM3 and TM6 serve as two arms 

holding the transporter core, whereas the symmetrical loops between TM2 and TM3 

and between TM5 and TM6 enable the movement of the transport domain. 

Conserved glycines in the TM2-TM3 loop and TM5-TM6 loop may facilitate the 

folding/unfolding of the helices and serve as hinges (Reyes et al., 2009). It is 

assumed that during the movement of the transport domain, the lipid-facing 

hydrophobic transmembrane segments, TM3 and TM6, traverse the bilayer directly, 

moving towards the cytoplasm. In contrast, passage of the relatively polar HP1 and 

HP2 is facilitated by the intra-protein track provided by the trimerization domain. It is 

postulated that in the inward facing state, the extracellular gate is closed and HP1 

opens to release the bound substrates to the cytoplasmic side (Reyes et al., 2009). 

Subsequently, potassium binds from the inside of the cell, is translocated to the 

outside and released to the extracellular solution (not shown). After completion of this 

relocation step, the transport cycle is fulfilled and a new cycle can start. All steps in 

this cycle are reversible and high levels of extracellular K+ can induce the release of 

intracellular glutamate. In the absence of potassium net transport cannot occur, but 

exchange of external substrate with internal substrate is permitted in a 1:1 ratio 

(Kanner and Sharon, 1978; Kanner and Bendahan, 1982; Danbolt and Storm-

Mathisen, 1986; Pines and Kanner, 1990; Otis and Kavanaugh, 2000).  
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Figure 5: Transport mechanism of an EAAT-protomer. In the outward facing open 

conformation, HP2 is open and aspartate (red circle) and Na+ ions (yellow circles) can reach 

their binding sites from the extracellular solution. Binding of substrates induces closure of 

HP2, yielding the occluded state. Isomerization between the outward and inward facing 

occluded states occurs upon movement of the transport domain (purple), relative to the 

trimerization domain (blue). When HP1 opens, the bound substrate and ions can be released 

to the intracellular solution. Modified from Reyes et al. (2009).  

 

Inhibitors of substrate transport in EAATs  

There are several inhibitors known to influence the uptake of exogenous glutamate 

by EAATs. These compounds are used as pharmacological tools to investigate the 

physiological function of glutamate transporters in more detail, but only a small 

portion of these compounds have been shown to be EAAT-subtype specific. The 

standard competitive EAAT inhibitor DL-threo-β-Benzyloxyaspartate (TBOA) blocks 

substrate transport in all of the five known EAAT subtypes with IC50 values (half 

maximal (50%) inhibitory concentration) in the low micromolar range (Shimamoto et 

al., 1998; Jabaudon et al., 1999; Jensen and Bräuner-Osborne, 2004; Gameiro et al., 

2011). In contrast, (RS)-2-amino-3-(1-hydroxy-1,2,3-triazol-5-yl) displays low activity 

on EAATs, with an IC50 of round about 100 μM for EAAT1 and even lower affinities 

for EAAT2 and EAAT3 (Stensbøl et al., 2002). A similar low inhibitory efficiency was 

observed for L-serine-O-sulfate (L-SOS). This compound blocks EAAT1 and EAAT3 

in the concentration range of 100 µM, whereas activity at EAAT2 was 10-fold lower 
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(Arriza et al., 1994). (4R)-4-methylglutamate (4-Me-Glu) was shown to be a substrate 

for EAAT1, but an inhibitor for EAAT2 and EAAT3, and is therefore often used as 

EAAT1 discriminating ligand (Vandenberg et al., 1997; Alaux et al., 2005). Recently, 

a highly selective compound was discovered (“2-amino-4-(4-methoxyphenyl)-7-

(naphthalen-1-yl)-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile” (UCPH-101)) 

and assumed to be specific for EAAT1 (Jensen et al., 2009). In this thesis, the 

inhibitory potency of UCPH-101 on EAAT1, EAAT4 and EAAT5 was further 

investigated, as well as the molecular basis for UCPH-101 activity at EAAT1 (see 

Manuscript III). The non-transportable competitive inhibitor kainate (Johnston et al., 

1979) and its derivatives dihydrokainate (DHK), acromelic acid and domoic acid were 

shown to block electrogenic glutamate uptake exclusively in EAAT2 (Arriza et al., 

1994). With exception of DHK, kainate and its derivates are also potent agonists at 

Kainate/AMPA glutamate receptors (Munoz et al., 1987; Johnston et al., 1979). 

EAATs are responsible for glutamate homeostasis in the CNS and it has been shown 

that especially dysfunction of EAAT2 is related to numerous neurological diseases 

and psychiatric disorders. It has been shown that downregulation of glutamate uptake 

activity is involved in several neurodegenerative diseases (Amyotrophic lateral 

sclerosis (ALS), Huntington’s and Alzheimer’s disease) and brain insults (e.g. 

ischemia, hypoxia, hypoglycemia, epilepsy). Upregulation of glutamate uptake activity 

and therefore low concentrations of glutamate are implicated in neuropsychiatric 

disorders as schizophrenia (reviewed in Grewer and Rauen, 2005). It has been 

shown, that mouse models lacking EAAT1, EAAT3 or EAAT4, display much milder 

phenotypes without pronounced neurodegeneration (Peghini et al., 1997; Watase et 

al., 1998; Huang et al., 2004). Due to the fact that various EAAT subtypes are 

expressed at glutamatergic synapses, it cannot be excluded that the absence of 

physiologic and phenotypic effects observed in these knockout studies are due to 

compensatory mechanisms (Jensen et al., 2009). Therefore the great importance of 

subtype selective inhibitors is also founded in their therapeutic potential.  
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Abstract 

 

Glutamatergic synaptic transmission is an important step in signal propagation of the 

mammalian retina. A family of glutamate transporters, “Excitatory Amino Acid 

Transporters (EAATs)”, terminates glutamatergic synaptic transmission and keeps 

external glutamate concentrations below excitotoxic levels. We here functionally 

characterize and compare two retina-specific mouse EAATs, GLT-1c, a splice-variant 

of the originally described GLT-1/EAAT2, and EAAT5, using heterologous expression 

in mammalian cells and patch-clamp recordings. Both EAATs are co-expressed in 

developing and in mature photoreceptors, raising the question if a functional 

specialization between these two isoforms permits them to fulfill distinct roles in visual 

signal reception. We found GLT-1c to be an effective glutamate transporter with high 

affinity for Na+ and glutamate that resembles GLT-1 in all tested functional aspects. 

EAAT5 exhibits transport rates too low to be accurately measured in our 

experimental system. All EAATs are not only coupled glutamate transporters, but 

also anion–selective ion channels. GLT-1c and EAAT5 anion channels differ in 

unitary current amplitudes as well as in the voltage dependence of channel opening. 

EAAT5 exhibits unitary current amplitudes almost twice as big as of other EAATs and 

maximum open probabilities at negative potentials. Single channel amplitudes of 

GLT-1c anion channels are comparable to EAAT3 and EAAT4, but absolute open 

probabilities are low within a physiological voltage range. Our data illustrate unique 

functional properties of EAAT5, being a low affinity and low capacity glutamate 

transport system, but anion channel function optimized for anion conduction in the 

negative voltage range. 

 

 

Introduction 

 

In the mammalian visual system, photoreceptors are depolarized in the dark and 

tonically release glutamate (Dacheux and Miller, 1976). Exposure to light results in 

hyperpolarization of colour-detecting cone and low light-detecting rod photoreceptors 

(Pow, 2001) and in a reduction of glutamate release. The transmission of these 

electrical signals requires rapid removal of the neurotransmitter from the synaptic 
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cleft by glutamate transporters. There is convincing evidence that a family of 

glutamate transporters, the so-called Excitatory Amino Acid Transporters (EAATs), 

are crucial for glutamate uptake and thus for signal transmission during detection of 

visual stimuli. EAATs mediate two different transport processes, they are coupled 

glutamate transporters, co-transporting glutamate with three Na+ and one H+ in the 

countertransport of one K+ (Zerangue and Kavanaugh, 1996), and also anion 

channels with a chloride conductance uncoupled from substrate translocation, but 

modulated by binding of glutamate (Fairman et al., 1995; Wadiche et al., 1995; Arriza 

et al., 1997). EAAT2 and EAAT5 represent two extremes in the functional 

specialization of this class of glutamate transporters. Whereas EAAT2 is a very 

effective glutamate transporter with small associated anion current (Wadiche et al., 

1995; Mim et al., 2005), EAAT5 is a low capacity transporter with significant anion 

channel activity (Arriza et al., 1997; Gameiro et al., 2011). The functional properties 

of the splice variant GLT-1c have not been reported so far. Due to the enlarged anion 

conductance and low glutamate transport capacity, EAAT5 is thought to act primarily 

as inhibitory glutamate receptor for the control of cell excitability (Picaud et al., 1995; 

Wersinger et al., 2006), but the biophysical basis of the increased anion conductance 

is still not fully understood.  

There are five EAAT isoforms in the mammalian retina. EAAT1/GLAST mediates 

uptake of glutamate into Müller cells (Derouiche and Rauen, 1995; Rauen et al., 

1996; Lehre et al., 1997; Harada et al., 1998; Rauen et al., 1998; Pow and Barnett, 

1999; Kugler and Beyer, 2003; Fyk-Kolodziej et al., 2004; Rauen et al., 2004), 

whereas EAAT2 (GLT-1) seems to be responsible for the uptake of this 

neurotransmitter into photoreceptors, bipolar and amacrine cells (Rauen et al., 1996; 

Fyk-Kolodziej et al., 2004; Rauen et al., 2004). Experiments on knock-out animals 

demonstrated profound effects of EAAT1/GLAST removal, but only very slight 

changes of visual signal transmission in EAAT2/GLT-1 knock-out animals (Harada et 

al., 1998), indicating that GLAST is the major retinal glutamate transporter controlling 

synaptic signal transmission, whereas EAAT2/GLT-1 mostly plays a role in 

neuroprotection against glutamate excitotoxicity. The role of EAAT3 (EAAC1) in 

amacrine, ganglion and horizontal cells (Schultz and Stell, 1996; Wiessner et al., 

2002; Fyk-Kolodziej et al., 2004) is not fully understood, but due to the predominantly 

non-synaptic localization of EAAT3 it seems to be not directly related to glutamatergic 

neurotransmission (Pow and Crook, 1994; Coco et al., 1997). EAAT4 was identified 
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in retinal astrocytes (Fyk-Kolodziej et al., 2004; Ward et al., 2004) and in the retinal 

pigment epithelium (RPE) (Miyamoto and Del Monte, 1994; Marc et al., 1998; 

Maenpaa et al., 2004), and suggested to act as back-up system to prevent the 

escape of glutamate from beyond the bounds of the retina (Fyk-Kolodziej et al., 

2004). EAAT5 is predominantly expressed in the retina, exhibits a large anion 

conductance and low glutamate transport rate (Arriza et al., 1997; Gameiro et al., 

2011), and is assumed to act mainly as glutamate activated chloride channel 

essential for the control of cell excitability in photoreceptors, bipolar and amacrine 

cells (Arriza et al., 1997; Eliasof et al., 1998; Pow and Barnett, 2000; Pow et al., 

2000; Palmer et al., 2003).  

We expressed mouse GLT-1c (mGLT-1c) and mouse EAAT5 (mEAAT5) in HEK293T 

cells and investigated transport and anion currents mediated by both transporters 

using whole-cell patch clamp analyses. We observed clear functional differences in 

both transporter functions that illustrate isoform-specific optimization of glutamate 

transport and anion channel function in these two retinal EAAT isoforms.  

 

 

Material and Methods 

 

Heterologous Expression of mouse GLT-1c and mouse EAAT5 

For cloning the coding region of mEAAT5, RNA was purified from the retina from one 

month old WT C57BL6 mice using the RNeasy Mini Kit (Qiagen). Tissue specific 

mRNA was reverse-transcribed into cDNA using the RevertAid M-MuL V Kit and 

Oligo(dT)18 primers (Fermentas) with 2 µl of the cDNA product and 1 µl Pfu-

Polymerase (50 µl final volume) for Real Time PCR (RT-PCR), and added sense and 

antisense primers with the following sequences: CACGTGGCCTGCTCTAATTT and 

GCGGAGACTCCAAAGACTTG. The blunt PCR-product was 569 amino acids in 

length and the molecular sequence was in perfect agreement with the reference 

sequence of mouse EAAT5 (NP_666367.2) published on “National Center for 

Biotechnology Information” (NCBI). The amplification product was directly inserted 

into pCRTM4Blunt-TOPO® using the Zero Blunt® TOPO® PCR Cloning Kit from 

Invitrogen. After transformation into OneShot®TOP10 competent cells plasmid DNA 

was isolated with QIAprep® Spin Miniprep Kit (Qiagen). The mEAAT5-pCRTM4Blunt-

TOPO construct was digested with NotI and SpeI for subsequent subcloning of the 
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coding region of mEAAT5 into pcDNA3.1(+) using NotI and XbaI restriction sites. In 

addition, a monomeric yellow fluorescent protein (mYFP) was amino-terminally linked 

to the coding region of mEAAT5 via HindIII and BsrGI restriction sites. The BsrGI site 

was created by introduction of a silent mutation with PCR. mGLT-1c was a generous 

gift of Prof. Dr. T. Rauen and Dr. S. Braams (Department of Biophysics, Universität 

Osnabrück, Osnabrück, Germany). For expression in mammalian cells, the coding 

region of mGLT-1c was subcloned into pcDNA3.1(+) using NheI and XhoI restriction 

sites and amino-terminally linked to mYFP via NheI. The NheI site was created by 

introduction of a silent mutation with PCR. All constructs were verified by restriction 

analysis and DNA sequencing. For each construct, two independent recombinants 

from the same transfection were examined and shown to exhibit indistinguishable 

functional properties. Transient transfection of mGLT-1c and mEAAT5 was 

performed with the Ca3(PO4)2
 technique as previously described (Melzer et al., 2003).  

 

Electrophysiology 

Standard whole-cell patch clamp recordings were performed using an Axopatch 200B 

amplifier (Molecular Devices, Palo Alto, CA). Borosilicate pipettes were pulled with 

resistances between 1.0 and 2.5 MΩ. Cells were clamped to 0 mV for at least 2 s 

between test sweeps. In some experiments, pipettes were covered with dental wax to 

reduce their capacitance. To reduce voltage errors we compensated at least 80 % of 

series resistance by an analogue procedure and excluded cells with current 

amplitudes more than 10 nA from the analysis. For the analysis of macroscopic 

currents, we filtered currents at 5 kHz and digitized with a sampling rate of 10 kHz 

using a Digidata AD/DA converter (Molecular Devices, Sunnyvale, CA). Standard 

external solution contained (mM): 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES with 

or without 0.5 L-glutamate (Glu), whereas standard internal solution was composed 

of (mM): 115 KNO3 or 115 NaNO3, 2 MgCl2, 5 EGTA and 10 HEPES. In experiments 

where K+ was used as internal cation, we added 5 mM tetraethylammonium chloride 

(TEACl) (Sigma) to the bath solution to suppress the activity of K+ channels. In bath 

or internal solutions, pH was adjusted to 7.4 with NaOH or KOH, respectively. 

Internal and external solutions were modified in some of the experiments. For the 

determination of electrogenic glutamate transport currents we used internal and 

external Cl- instead of NO3
- or substituted permeable anions equimolarly by gluconate 

salts. For the reverse glutamate transport, cells were internally dialyzed with a 
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solution based on 115 mM Na-glutamate and externally perfused with (mM): 142 K-

gluconate, 2 CaCl2, 1 MgCl2, 5 HEPES. In K+-free or K+-reduced solutions we 

substituted K-gluconate by Na-gluconate. The anion selectivity was tested with 

standard internal solution containing 115 mM NaNO3 and standard bath solutions 

containing 0.5 mM glutamate and Cl-, NO3
- or SCN- as main external anion. To 

determine the sodium dependence of mGLT-1c and mEAAT5 mediated currents, we 

equimolarly substituted Na-chloride by choline-chloride and recorded currents in 

presence of 1 mM glutamate. Measurements for relative open probabilities and non-

stationary noise analysis were performed in symmetrical NO3
-, with 0.5 mM external 

glutamate and Na+ as main internal cation.  

 

Data Analysis 

Data were analyzed with a combination of pClamp 10.2 (Molecular Devices, 

Sunnyvale, CA) and SigmaPlot 11 programs (Jandel Scientific, San Rafael, CA). 

Steady-state current amplitudes were used without any subtraction procedure. To 

compare the reversal potential of anion currents mediated by mGLT-1c and mEAAT5 

in presence of different external anions, we used Student’s t test for statistical 

evaluation, with p ≤ 0.05 (*) as the level of significance (Figure 6). Relative errors for 

apparent dissociation constants were obtained as standard errors of fit estimates 

from fitting Hill-equations to the concentration dependence of mGLT-1c or mEAAT5 

mediated currents (Figure 3): 

 

                                        (Eq.1)       

                                                                                                                  

The substrate-dependent (Imax) as well as the substrate-independent current 

amplitude (I0) and the Hill coefficient (n) were determined as a fit parameter. For the 

glutamate dependence, steady-state currents were normalized to the current in 

presence of 2 mM glutamate, whereas sodium dependent currents where normalized 

to the current recorded at 200 mM external Na+. The voltage dependence of relative 

open probabilities (Figure 5) was determined by plotting isochronal current 

amplitudes at -130 mV after 0.15 s prepulses to different voltages versus the 

preceding potential.  

Non-stationary noise analysis was used to determine the single channel amplitudes 

and absolute open probabilities for mGLT-1c and mEAAT5 (Figure 4) and data were 
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analyzed as detailed described in Heinemann and Conti (1992). Cells were held at a 

holding potential of 0 mV and a series of 300 successive voltage steps at -140 mV 

was recorded to analyze current amplitudes and current variances originating from 

opening and closing of anion channels for both transporters at a defined voltage step. 

Current traces were sampled at 50 kHz and filtered using a Bessel low pass filter of 

10 kHz. Ion channels open and close with a Lorentzian type of noise (Anderson et al., 

1973; DeFelice, 1981). The distribution of open and closed states of an ion channel 

can be approximated with a binomial distribution, and the current variances (σ2) is 

thus given by 

 

  (Eq. 2)  

 

or after linear  transformation 

 

    (Eq. 3) 

 

with i being the single-channel current amplitude, p the absolute open probability, N 

the total number of channels in the membrane, I the macroscopic current amplitude 

and σbg
2 the voltage-independent background noise. The background noise 

measured at the holding potential was subtracted from the total variance. To reduce 

artifacts arising from small linear shifts during the measurement protocol we 

calculated the variance at each time point from differences of subsequent records.  

For each cell, a plot of the ratio of the variance by the mean current amplitude versus 

the mean current amplitude was generated and single-channel currents were 

determined by a least-squares fit of (Eq. 3) to these data. Absolute open probabilities 

were determined by normalizing the voltage dependence of relative open 

probabilities to the value of absolute open probability at -140 mV derived from non-

stationary noise analyses.  

All data are given as mean ± SE.  
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Results 

 

The retinal glutamate transporters mGLT-1c and mEAAT5 differ in their ability 

to mediate forward and reverse transport of glutamate 

Figure 1 shows representative current recordings from HEK293T cells expressing 

mouse GLT-1c (upper panels) and mouse EAAT5 (lower panels). To assess 

glutamate transport and anion conduction simultaneously, cells were internally 

dialyzed with KNO3-based solutions in these experiments and exposed to glutamate-

free and glutamate-containing solutions. 

 

                       

 

Figure 1: Glutamate elicited currents of mGLT-1c and mEAAT5. A-B, representative 

whole-cell currents of mGLT-1c (A) and mEAAT5 (B) recorded with 115 mM internal KNO3 

and bath solution containing 140 mM NaCl in absence (top) and presence (bottom) of 0.5 

mM glutamate. Dotted lines indicate 0 nA. C-D, corresponding current-voltage relationship for 

mGLT-1c (n = 7) (C) and mEAAT5 (n = 8) (D) without (white circles) and with (black circles) 

external glutamate. Data are given as mean ± SE. 
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These conditions permitted transitions through all states of the transporter and 

increased anion currents to levels significantly above leak and endogenous current 

amplitudes. We observed mGLT-1c and mEAAT5 currents in the absence of 

glutamate, indicating glutamate-independent anion currents. Application of glutamate 

increases currents approximately two (mGLT-1c) or threefold (mEAAT5). With 

potassium as internal cation currents mediated by mGLT-1c are almost time-

independent, whereas mEAAT5 currents activate at hyperpolarizing steps.  

The glutamate-dependent current amplitude consists of a glutamate-sensitive anion 

current component as well as on the uptake current generated by the electrogenic 

coupled glutamate transport. To evaluate the contribution of glutamate transport and 

anion current to the total current amplitude, we substituted Cl- equimolarly by the 

impermeable anion gluconate and recorded currents of mGLT-1c (Figure 2A, top; n = 

5) or mEAAT5 (Figure 2A, bottom; n = 6) in absence (left) and presence (right) of 0.5 

mM glutamate. In glutamate-free solution, nearly no current could be detected for 

mGLT-1c at positive or negative potentials, but application of saturating 

concentrations of glutamate induced a measurable current at negative voltage steps 

up to -165 mV. In mEAAT5, no current was induced by glutamate in absence of 

permeable anions. We subtracted whole-cell currents of mGLT-1c (Figure 2B, top) 

and mEAAT5 (Figure 2B, bottom) recorded in absence of glutamate (white bars) from 

currents measured in the same cell after application of glutamate (black bars) and 

compared the results of the Cl- - and gluconate-based experiments. Figure 2B shows, 

that glutamate-sensitive mGLT-1c currents are mostly electrogenic glutamate 

transport currents, whereas currents of mEAAT5 are primarily due to passive flux of 

chloride ions as previously reported for human EAAT5 (hEAAT5) (Arriza et al., 1997; 

Wersinger et al., 2006; Gameiro et al., 2011).  

We recently identified mutations in EAAT2 that abolish forward glutamate transport, 

but leave backward transport unaffected (Leinenweber et al., 2011). To test whether 

mGLT-1c and mEAAT5 exhibit a similar difference in transport rates for backward as 

well as for forward glutamate transport, we internally dialyzed cells expressing mGLT-

1c (Figure 2C, top) or mEAAT5 (Figure 2C, bottom) with solution containing 115 mM 

Na-glutamate and applied bath solutions with varying concentrations of K+ (2, 60, 100 

or 142 mM). Anion flux was suppressed by substitution of internal Cl- by glutamate 

and external Cl- by gluconate, and whole-cell currents were recorded at 0 mV. For 

mGLT-1c, a K+-dependent outward current was observed under these conditions 
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(Figure 2C (top) and Figure 2D (white symbols)), which increased with [K+] (white 

circles) and was blocked by application of 50 µM external DL-threo-beta-

Benzyloxyaspartate (TBOA) (white triangle) (I142 mM K
+

 = 76.3 ± 8.8 pA; ITBOA = 9.3 ± 

2.6 pA; n = 7). 

 

              

 

Figure 2: Forward and reverse glutamate transport of mGLT-1c and mEAAT5. A, whole-

cell currents of mGLT-1c (top) and mEAAT5 (bottom) recorded under conditions favouring 

forward glutamate transport. Cells were dialyzed with 115 mM K-gluconate and externally 

perfused with anion-free solution containing 142 mM Na-gluconate without (left) or with (right) 

0.5 mM glutamate. B, illustration of mean steady-state current amplitudes of mGLT-1c (top) 

and mEAAT5 (bottom) at -165 mV induced by chloride- or gluconate-based internal and 

external solution. Currents in absence of external glutamate (white bars) were subtracted 

from currents elicited by 0.5 mM glutamate (black bars) to evaluate the contribution of 
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glutamate transport currents to total currents of mGLT-1c and mEAAT5 (grey bars). nCl
-:  

mGLT-1c = 4, mEAAT5 = 7; nGluc: mGLT-1c = 5, mEAAT5 = 6. C, reverse glutamate transport 

currents of mGLT-1c (top) and mEAAT5 (bottom) induced by 115 mM internal Na-glutamate 

and application of 2, 60, 100 or 142 mM external K+ or 142 mM K+ + 50 µM TBOA at a 

constant voltage step of 0 mV. External Cl- was substituted by gluconate. Dotted lines 

represent 0 pA. D, K+-dependence of reverse glutamate transport of mGLT-1c (n = 7) (white 

symbols) and mEAAT5 (n = 6) (black symbols) in absence (circles) and presence (triangles) 

of 50 µM TBOA at 0 mV. Data are given as mean ± SE. 

 

These results indicate, that mGLT-1c effectively mediates forward- as well as reverse 

glutamate transport. In contrast to mGLT-1c, nearly no reverse glutamate transport 

could be detected for mEAAT5 (Figure 2C (bottom) and Figure 2D (black symbols)). 

Current increases where rather negligible for [K+] ranging from 0 to 142 mM (black 

circles) and only slightly above the current recorded in presence of 50 µM TBOA 

(black triangle) (I142 mM K
+

 = 13.4 ± 3.2 pA; ITBOA = 8.6 ± 3.4 pA; n = 6). mEAAT5 

mediates neither effective forward- nor effective reverse glutamate transport.  

 

Distinct glutamate and sodium dependences of mGLT-1c and mEAAT5  

We next analyzed the affinity of the two retinal EAATs for glutamate and sodium 

(Figure 3). Figure 3A shows representative whole-cell recordings of mGLT-1c (left) 

and mEAAT5 (right) recorded in glutamate-free solution (white rectangles) or solution 

containing 0.01 mM (light grey rectangle), 0.1 mM (dark grey rectangle) or 2 mM 

glutamate (black rectangle) at a constant voltage step of -120 mV. Glutamate 

increased transporter-associated anion currents with an isoform-specific 

concentration dependence. The concentration dependence of steady-state currents 

(arrow) of mGLT-1c (white circles) and mEAAT5 (black circles) could be well fit with a 

Hill-equation (Figure 3B) (mGLT-1c: KD = 9.6 ± 0.3 µM, Hill coefficient = 1.2 ± 0.04,         

n = 6; mEAAT5 KD of 24.7 ± 0.4 µM, Hill coefficient = 0.9 ± 0.01, n = 5). EAAT 

isoforms differ in the relative amplitude of the glutamate-independent anion current 

(e.g. Torres-Salazar, 2007). For mGLT-1c and mEAAT5 we found similar values with 

36 ± 2 % or 29 ± 3 %, respectively, of the maximum anion current amplitude at 2 mM 

external glutamate.  
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Figure 3: Glutamate- and sodium dependences of mGLT-1c and mEAAT5. A, 

representative current responses of mGLT-1c (left) and mEAAT5 (right) to application of bath 

solutions containing 140 mM NaCl with different concentrations of external glutamate (0 mM 

= white rectangle, 0.01 mM = light grey rectangle, 0.1 mM = dark grey rectangle or 2 mM = 

black rectangle) at a voltage step of -120 mV. K+ was used as internal cation. Dotted lines 

represent 0 nA. B, corresponding glutamate concentration dependence of steady-state 

currents (arrow in Figure 3A) of mGLT-1c (white circles) and mEAAT5 (black circles) at -120 

mV. Currents are normalized to the current in presence of 2 mM glutamate and fitted with a 

Hill-equation providing KD-values of 9.6 ± 0.3 µM for mGLT-1c (Hill coefficient = 1.2 ± 0.04, n 

= 6) and 24.7 ± 0.4 µM (Hill coefficient = 0.9 ± 0.01; n = 5) for mEAAT5. C, Whole-cell 

currents of mGLT-1c (left) or mEAAT5 (right) recorded in bath solutions containing 1 mM 

glutamate at different concentrations of external sodium (0 mM = white rectangle, 10 mM = 

light grey rectangle, 50 mM = dark grey rectangle or 140 mM = black rectangle) and standard 

internal solution of KNO3 at a voltage step of -120 mV. In sodium-free or sodium-reduced 

solutions, NaCl was equimolarly substituted by choline-chloride. Dotted lines represent 0 nA. 

D, corresponding sodium concentration dependences of steady-state currents (arrow in 

Figure 3C) of mGLT-1c (white triangles) and mEAAT5 (black triangles) at -120 mV. Currents 

are normalized to the current in presence of 200 mM NaCl and fitted with a Hill-equation 

providing KD-values of 62.8 ± 4.3 mM (Hill coefficient = 1.9 ± 0.2; n ≥ 3) for mEAAT5 and 26.4 

± 2.1 mM (Hill coefficient = 1.3 ± 0.1, n ≥ 5) for mGLT-1c. 
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Several studies have shown, that glutamate elicited currents require the presence of 

extracellular sodium. Figure 3C shows representative current responses of mGLT-1c 

(left) and mEAAT5 (right) recorded with internal KNO3 and bath solutions containing   

1 mM glutamate with various concentrations of external Na+ (0 mM = white rectangle, 

10 mM = light grey rectangle, 50 mM = dark grey rectangle or 140 mM = black 

rectangle) at -120 mV. Under these conditions we detected an apparent dissociation 

constant of 26.4 ± 2.1 mM (Hill coefficient = 1.3 ± 0.1, n ≥ 5) for mGLT-1c (Figure 3D, 

white triangles). For mEAAT5 we had to increase the external sodium concentration 

up to 500 mM to reach saturating conditions and determined a KD-value of 62.8 ± 4.3 

mM (Hill coefficient = 1.9 ± 0.2; n ≥ 3), which was significantly higher than that 

observed for mGLT-1c, but in the same range as the value previously reported for 

human EAAT5 (hEAAT5) (Gameiro et al., 2011; Km = 76 ± 40 mM).  

Relative current amplitudes in absence of external Na+ were different for mGLT-1c 

and mEAAT5. Whereas relative current amplitudes in absence of sodium were only 

22 ± 1 % of the maximum current amplitude at saturating concentrations of sodium in 

mEAAT5, the contribution of the sodium-independent current to the total current was 

relatively high in mGLT-1c (49 ± 1 %). We recently demonstrated that hEAAT2 anion 

channels are also active in the absence of glutamate and sodium, demonstrating a 

unique sodium dependence of this isoform (Leinenweber et. al, 2011). Our results 

indicate that this particular property of EAAT2 is preserved in mGLT-1c. 

 

mGLT-1c and mEAAT5 differ in unitary anion channel conductance and 

absolute open probabilities  

mGLT-1c and mEAAT5 represent extreme examples for the isoform-specific 

differentiation into effective transporters with small associated anion currents or low-

capacity transporters with predominant anion conductance (Mim et al., 2005). Recent 

results have demonstrated that one basis of the high relative anion currents of 

EAAT5 are reduced transport rates due to low Na+-association rates (Gameiro et al., 

2011). However, so far, little is known whether anion channel properties are different 

between isoforms. 

Figure 4 shows time courses of macroscopic currents and corresponding current 

variances for mGLT-1c (A and B) and mEAAT5 (D and E) elicited by repetitive 

voltage steps of -140 mV in symmetrical NO3
- and 0.5 mM external glutamate. 
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Figure 4: Unitary current amplitudes of mGLT-1c and mEAAT5 anion channels 

revealed by non-stationary noise analysis. A and D, representative whole-cell recordings 

of mGLT-1c (A) and mEAAT5 (D) measured in symmetrical NO3
-  with Na+ as internal cation 

at successive voltage steps of -140 mV. Bath solution contained 0.5 mM of glutamate. B and 

E, corresponding time-courses of total variance calculated from whole-cell patch clamp 

recordings from cells expressing mGLT-1c (B) or mEAAT5 (E). C-F, mean currents and 

variances follow a binomial distribution and yield single-channel currents of 43.2 ± 1.4 fA (n = 

13) for mGLT-1c (C) and 88.6 ± 2.8 fA (n = 6) for mEAAT5 (F). 
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In these experiments, we substituted internal K+ by Na+ to abolish coupled transport 

that significantly contributes to the macroscopic current in mGLT-1c, resulting in a 

deactivation of mGLT-1c and an activation of mEAAT5 anion currents upon 

hyperpolarization. Figure 4 C and F shows plots of the ratio of the current variance by 

the mean current amplitude versus the mean current amplitude at various time points 

after the hyperpolarizing voltage step. This relationship can be fit with a linear 

equation, providing the single channel conductance as y-axis intercept. Whereas 

mGLT-1c exhibits a unitary current amplitude of 43.2 ± 1.4 fA (n = 13) at -140 mV 

(Figure 4C), the single channel current amplitude of mEAAT5 anion channels was 

more than twofold larger (88.6 ± 2.8 fA (n = 6)) (Figure 4F).  

We next determined the voltage dependence of the relative open probability of 

mGLT-1c (Figure 5B) and mEAAT5 anion channels (Figure 5E) by plotting isochronal 

current amplitudes (arrow in Figure 5A (mGLT-1c) and 5D (mEAAT5)) of tail-currents 

at -130 mV versus the preceding potential. We observed distinct relative open 

probabilities for mGLT-1c and mEAAT5 anion channels. Whereas anion channels of 

mGLT-1c display a higher relative open probability at positive potentials, anion 

channels of mEAAT5 rather close at depolarizing steps and open at voltages to more 

negative potentials.  

Noise analysis not only provides unitary current amplitudes, but also the number of 

channels, and these values allow a determination of absolute open probabilities by 

normalizing relative open probabilities to the value of the absolute open probability at 

-140 mV, derived from non-stationary noise analysis. This analysis revealed that       

~ 97% of mGLT-1c anion channels are open at a positive potential of +130 mV and 

close at more hyperpolarizing steps, with ~ 24% of channels being open at -150 mV 

(Figure 5C). In mEAAT5, only a small portion of channels is open at positive 

potentials (~ 29 % at +130 mV), but the absolute open probability of mEAAT5 anion 

channels increases at voltage steps to more negative potentials. In contrast to 

mGLT-1c, a maximum of 59% of open channels could be detected for mEAAT5 at 

hyperpolarizing steps up to -150 mV (Figure 5F).  
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Figure 5: Voltage dependence of relative and absolute open probabilities of mGLT-1c 

and mEAAT5. A and D (left), representative whole-cell measurements of mGLT-1c (A) and 

mEAAT5 (D) performed in symmetrical NaNO3 and 0.5 mM of glutamate. A and D (right), 

magnification of tail-currents recorded at -130 mV. B and E, voltage dependence of relative 

open probabilities of mGLT-1c (B) and mEAAT5 (E) anion channels determined by plotting 

isochronal current amplitudes at -130 mV (arrow) versus the preceding potential. Data are 

given as mean ± SE. C and F, absolute open probabilities of mGLT-1c (n = 11) (C) and 

mEAAT5 (n = 7) (F) anion channels in presence of 0.5 mM glutamate. Absolute open 

probabilities were determined by normalizing the voltage dependence of relative open 

probabilities to the value of absolute open probability at -140 mV derived from non-stationary 

noise analyses. Data are given as mean ± SE.  
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mEAAT5 and mGLT-1c anion channels display identical anion selectivity  

To test for isoform-specific differences in anion selectivity we determined current 

reversal potentials in perfusion experiments with Cl-, NO3
- or SCN- (Figure 6). For 

mGLT-1c (left) and mEAAT5 (right) a permeability sequence of Cl- < NO3
- < SCN- was 

observed. 

 

                              

 

Figure 6: Anion-selectivity of mGLT-1c and mEAAT5. A and B, current responses of 

mGLT-1c (A) and mEAAT5 (B) to application of 140 mM Na+-based bath solutions containing 

various anions (Cl-, NO3
- or SCN-) and 0.5 mM external glutamate. Cells were internally 

dialyzed with 115 mM NaNO3. Dotted lines represent 0 nA. C, effect of external anions on the 

reversal potential of currents mediated by mGLT-1c (n = 6) (white bars) or mEAAT5 (n = 4) 

(black bars). Statistical significance was evaluated with Student´s t-test (level of significance: 

p ≤ 0.05 (*); ns = not significant). Data are given as mean ± SE. 
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With Cl- as external anion, mGLT-1c or mEAAT5 currents reverse at 53.1 ± 2.6 mV or 

51.3 ± 6 mV, respectively. For external NO3
- reversal potentials of 2.3 ± 0.8 mV 

(mGLT-1c) or 3.5 ± 1.0 mV (mEAAT5) where determined, whereas application of the 

more permeable anion SCN- lead to a shift of reversal potentials to negative values 

(mGLT-1c = -41.2 ± 2.7 mV; mEAAT5 = -48.5 ± 0.9 mV). No statistically significant 

difference in reversal potentials of mGLT-1c (n = 6) and mEAAT5 (n = 4) mediated 

currents was detected in these experiments, indicating that the anion selectivity is not 

different for mGLT-1c and mEAAT5.  

 

 

Discussion 

 

Glutamatergic synaptic transmission is a key process in retinal photoreception. As for 

every glutamatergic synapse, EAATs also mediate the reuptake of glutamate in the 

retina. All known EAATs are expressed in the retina, often more than one isoform in a 

particular cell type, suggesting distinct functional tasks of the various EAATs at the 

glutamatergic synapse. In order to get deeper insights into possible functional 

specialization of EAATs at presynaptic terminals of retinal neurons we here 

compared glutamate transport and anion conduction of two transporters that are co-

expressed in photoreceptors, GLT-1c and EAAT5, using the same expression system 

and identical experimental approaches.  

We found that mGLT-1c mediates predominant electrogenic glutamate transport with 

high affinities for glutamate and Na+ binding, closely similar to values determined for 

hEAAT2 (Bergles et al., 2002; Leinenweber et al., 2011). We did not find any 

functional difference between mGLT-1c and hEAAT2, supporting the idea that 

alternative splicing is predominantly important for targeting of GLT-1 to distinct 

membrane domains (Rauen et al., 2004). In mEAAT5 the glutamate transport activity 

in the forward and reverse transport mode was below the resolution limit of whole-cell 

recording, and affinities for glutamate and Na+ determined as substrate dependence 

of anion currents were much lower than for mGLT-1c. These data resemble recent 

results on hEAAT5 (Arriza et al., 1997; Gameiro et al., 2011), in agreement with a 

high degree of sequence identity of mouse and human EAAT5. 

An earlier study provided detailed information about unique substrate affinities of 

hEAAT5 that are basis of the low transport rates of this isoform (Gameiro et al., 
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2011). However, low expression rates prevented a more detailed investigation of 

specific properties of EAAT5 anion channels. We here succeeded in high resolution 

EAAT5 anion current recordings that permitted non-stationary noise analysis to 

determine and to compare unitary anion current amplitudes and absolute open 

probabilities for mEAAT5 as well as for mGLT-1c. We found a single channel 

conductance of 88.6 ± 2.8 fA at -140 mV for mEAAT5 anion channels, a value that is 

about twice as large as values obtained for other EAATs (Melzer et al., 2003; Torres-

Salazar and Fahlke, 2007; Winter et al., 2012). Unitary current amplitudes of 

mEAAT5 are not only higher than for the high capacity glutamate transporters 

EAAT1-EAAT3, but also for EAAT4. So far EAAT4 and EAAT5 were assumed to 

represent low capacity transporters with closely resembling anion channel properties. 

mEAAT5 anion channels activate upon membrane hyperpolarization resulting in 

higher absolute open probabilities at negative than at positive potentials. This voltage 

dependence differs from all other known EAATs (Torres-Salazar and Fahlke, 2007; 

Kovermann et al., 2010; Leinenweber et al., 2011; Winter et al., 2012).  

GLT-1c/EAAT2 is generally assumed to represent a high-capacity glutamate 

transporter with negligible anion conductance (Wadiche et al., 1995). We here 

performed the first noise analysis results on this isoform and found to our surprise 

that GLT-1c/EAAT2 single channel amplitudes are closely similar to EAAT1, EAAT3 

and EAAT4. The different anion current amplitudes of EAAT1 to EAAT4 isoform are 

thus exclusively due to differences in individual glutamate transport. So far, EAAT4 

and EAAT5 have been assumed to be functionally very similar, but our results 

indicate that unitary current amplitudes of EAAT5 are about twice as large as EAAT4 

amplitudes and thus EAAT5 anion channels are unique among mammalian EAATs. 

The physiological role of EAAT5 is still insufficiently understood. No animal models 

lacking EAAT5 have been reported preventing any link of organ dysfunction in knock-

out animals to a cellular function of EAAT5. Its low glutamate transport rate and 

glutamate affinity argues against a major role in glutamate reuptake or binding. 

EAAT5 has always be assumed to function as glutamate-gated anion channel, and 

recent work indeed assigned presynaptic anion currents in native tissue to EAAT5 

(Wersinger et al., 2006). Activation of presynaptic EAATs by glutamate can modulate 

the activity of Ca2+ channels in rod photoreceptor terminals (Rabl et al., 2003). In rod 

photoreceptors, ECl
- is positive to the dark resting potential of around -45 mV 

(Thoreson et al., 2002) and activation of EAATs by association of glutamate might 
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result in an efflux of intracellular Cl- and therefore in a reduction of glutamate release 

to the synaptic cleft (Rabl et al., 2003). However, continuous efflux of intracellular Cl- 

simultaneously depolarizes the cell membrane and activates Ca2+ currents, indicating 

that a fine balance between these two actions exists in photoreceptor terminals (Rabl 

et al., 2003). The here reported anion channel properties suggest that EAAT5 might 

play a role in the regulation of intracellular chloride concentrations. We recently 

reported that a naturally occurring mutation found in a patient with episodic ataxia 6 

modifies gating of EAAT1 resulting in a profound inward rectification and postulated 

that P290R EAAT1 might affect intracellular anion concentrations in Bergmann glia 

(Winter et al., 2012). Gating of EAAT5 closely resembles gating of P290R EAAT1 

anion channels, and it is thus tempting to speculate that EAAT5 might modify anion 

concentrations in photoreceptors and in bipolar cells. The unique gating together with 

the high unitary current amplitude makes EAAT5 ideally suited to mediate Cl- efflux at 

negative potentials and to shape the release of glutamate during visual synaptic 

transmission. The particular low affinity for transporter substrates, as well as the 

lower absolute open probability of EAAT5 anion channels at depolarizing membrane 

potentials could prevent an early inhibition of Ca2+ currents through activation of 

EAAT5 when synaptic transmission starts and extracellular glutamate levels are low. 

Cl- efflux through EAAT5 anion channels possibly contributes to the observed 

differences in intracellular [Cl-] in different types and in different compartments of 

bipolar cells (Duebel et al., 2006). In axon terminals of rod bipolar cells the Cl- 

reversal potential is close to -60 mV (Varela et al., 2005). Chloride influx might 

hyperpolarize the cell and produce a direct enhancement of Ca2+ currents (Rabl et 

al., 2003) and furthermore counterbalance depolarization by electrogenic glutamate 

transport (Eliasof and Jahr, 1996).   

In summary, we have functionally characterized two retinal glutamate transporters, 

mGLT-1c and mEAAT5. Whereas mGLT-1c seems to be optimized for effective 

glutamate clearance, mEAAT5 is a low capacity and low affinity glutamate 

transporter, with an associated anion channel that is optimized for large anion 

currents at negative potentials. 
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Abstract 

 

The episodic ataxias (EA) are inherited human syndromes characterized by 

paroxysmal cerebellar incoordination. One type, episodic ataxia type 6, is associated 

with mutations in SLC1A3 - the gene encoding the glial glutamate transporter 

hEAAT1. An EA6-associated mutation predicting the substitution of proline at position 

290 by arginine, P290R, results in reduced glutamate uptake and increased anion 

conduction of hEAAT1. We here used voltage clamp fluorometry to define the 

mechanistic basis of this dysfunction. Since P290R hEAAT1 did not express at 

sufficient levels to permit fluorescence measurements, we studied the homologous 

mutation P259R in another EAAT transporter, hEAAT3. P259R inverts the voltage 

dependence, changes the sodium dependence and drastically decelerates the 

kinetics of hEAAT3 fluorescence signals. Analysis of these results and kinetic 

modelling defined altered sodium-binding to mutant transporters as pathomechanism 

of EAAT transport dysfunction in episodic ataxia type 6.  

 

 

Introduction 

 

Episodic ataxia (EA) is a rare autosomal dominant human disease characterized by 

imbalance and paroxysmal cerebellar incoordination associated with additional other 

neurological symptoms. There are six episodic ataxia syndromes with distinct clinical 

features and underlying genetic origins1. Episodic ataxia type 6 differs from other 

forms of episodic ataxia in long duration of attacks, epilepsy and absent myokymia, 

nystagm, and tinnitus1. It is caused by mutations in SLC1A3, the gene encoding 

hEAAT1, the major glutamate transporter in cerebellar Bergmann glia2,3. So far, two 

disease-associated mutations have been reported, and one results in the P290R 

amino acid exchange in hEAAT12. P290R was recently shown not only to reduce 

EAAT1 expression levels and surface membrane insertion2, but also to modify 

transport functions of hEAAT14.  

EAATs are secondary-active glutamate transporters, coupling glutamate transport to 

the co-transport of three sodium ions, one proton and to the countertransport of one 

potassium ion. The effective glutamate transport by EAATs ensures tightly regulated 
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synaptic communication and low extracellular glutamate concentrations in the 

synaptic cleft, necessary to prevent glutamate excitotoxicity. Furthermore, EAATs 

mediate a glutamate-activated anion flux which is thought to be conducted through 

an anion pathway transiently generated during conformational changes coupled to 

glutamate transport5-8. EAAT anion currents have been suggested to regulate 

neuronal excitability, but so far, the physiological importance of this transport function 

is not sufficiently understood. We recently demonstrated that P290R modifies both 

EAAT functions in a distinct way. It diminishes individual glutamate transport rates 

and increases hEAAT1-associated anion currents4.  

We here employed voltage clamp fluorometry to define which particular steps in the 

transport cycle are affected by this disease-associated mutation. Voltage clamp 

fluorometry combines current recordings with fluorescence measurements under 

voltage clamp and permits insights into the substrate and voltage dependences of 

various conformational changes underlying EAAT function. Using the related isoform 

hEAAT39-13, we demonstrate that alteration of Na+ association/dissociation to the 

outward facing or the inward facing glutamate-free transporter represents the 

mechanistic basis of transporter dysfunction in episodic ataxia type 6.  

 

 

Methods 

 

Expression of WT and mutant hEAAT transporters in Xenopus laevis oocytes 

and mammalian cells 

Point mutations were introduced into pTLN2-hEAAT31,2 (kindly provided by Dr. 

Matthias Hediger (University of Bern, Switzerland)) or into pTLN2-hEAAT1 using the 

QuikChange mutagenesis kit (Stratagene, La Jolla, CA, USA). Capped cRNA was 

synthesized from MluI-/NheI-linearized pTLN2-hEAAT through use of MESSAGE 

machine kits (Ambion, Austin, TX, USA). Collagenase-treated, defolliculated stage 

IV-V oocytes were microinjected with 10 ng of RNA (Nanoliter 2000, World Precision 

Instruments, Sarasota, FL, USA) and incubated at 18°C in ND96 (in mM: 96 NaCl, 2 

KCl, 1.8 CaCl2, 1 MgCl2, 5 Hepes, pH 7.6, supplemented with 2.5 sodium pyruvate 

and 50 µg/ml gentamycine sulfate). Experiments were performed 3–7 days after 

injection.  
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For expression in mammalian cells point mutations were introduced into pcDNA3.1-

hEAAT13 or pcDNA3.1–hEAAT34 and transiently transfected in tsA201 cells using the 

Ca3(PO4)2 technique as described5. For each construct, two independent 

recombinants from the same transformation were examined and shown to exhibit 

indistinguishable functional properties. 

 

Voltage clamp fluorometry  

Current amplitudes were measured under two-electrode voltage clamp using a CA-

1B amplifier (Dagan Corporation, Minneapolis, MN, USA) and digitized at 5 kHz using 

an ITC-18 Computer Interface in combination with Patchmaster (HEKA Elektronik, 

Lambrecht, Germany). For fluorescence experiments, oocytes were labeled for 2-3 h 

with 10 µM of the fluorescent maleimide probe, AlexaFluor546 (Life Technologies 

Corporation, Invitrogen, Carlsbad, CA, USA). Incubation times were optimized for 

each construct as described45. A short arc mercury lamp (HBO 103W/2, Osram, 

München, Germany) combined with a Uniblitz shutter (VS25S2ZMOR1-24 shutter, 

VCM-D1 shutter driver, Uniblitz, Vincent Associates, Rochester, NY, USA) was used 

as light source. Fluorescence was monitored under voltage clamp by a photodiode 

(PIN020-A, AMS Technologies AG, Martinsried, Germany) and a rhodamine filter 

cube (HQ535/50x, Q565LP,  HQ610/75m, Chroma Technology Corp., Bellows Falls, 

VT, USA) attached to an inverted fluorescence microscope (IX71, Olympus, 

Hamburg, Germany). Fluorescence signals were amplified with a DLPCA-200 

amplifier (Femto Messtechnik, Berlin, Germany) and low pass-filtered at 2 kHz (LPF-

8, Low Pass Bessel Filter, Warner Instruments, Hamden, CT, USA). Experiments 

were performed under constant perfusion  using a PF-8 8-Channel Perfusion System 

(Abimek-Zech electronic, Göttingen, Germany) with Ringer’s solution (in mM: 98.5 

Choline-Cl or NaCl/NO3/gluconate, 1.8 CaCl2/gluconate, and 1 MgCl2/gluconate, 5 

Hepes pH 7.5,  1 glutamate). Oocytes were held at 0 mV for at least 2 s between 

voltage steps, and representative fluorescence recordings were obtained by 

averaging ten consecutive measurements. 

To permit site-directed fluorescence labeling of EAAT3, we introduced a single 

cysteine into hEAAT3 and expressed WT and cysteine-substituted transporters in 

Xenopus oocytes. We chose a mutation for fluorophore attachment localized in 

TM4c, M205C and additionally mutated the endogenous C158 to serine to prevent 

possible modifications by fluorophore application (for simplification further not 
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nominated). Oocytes expressing M205C or M205C-P259R hEAAT3 exhibited higher 

fluorescence intensities than uninjected oocytes or oocytes expressing corresponding 

hEAAT3 without the reporter mutation (data not shown). Moreover, the fluorescence 

changes display characteristic voltage or substrate dependences6 and could be 

inhibited by the EAAT-specific transporter-blocker DL-threo-benzyloxyaspartate 

(TBOA) in the absence and in the presence of glutamate by about 90%6. These data 

strongly supports the notion that the studied fluorescence signals are specific for WT 

or mutant hEAAT3. 

 

Patch clamp recordings 

Standard whole-cell patch clamp recordings were performed using an Axopatch 200B 

amplifier (Molecular Devices, Sunnyvale, CA). We routinely compensated at least 

80% of the series resistance by an analogue procedure to reduce voltage errors, 

filtered currents at 5 kHz and digitized with a sampling rate of 20 KHz using a 

Digidata AD/DA converter (Molecular Devices, Sunnyvale, CA). Borosilicate pipettes 

were pulled with resistances of 1.5–2.5 MΩ and cells with currents more than 10 nA 

were excluded from the analysis. We used an internal solution containing (mM) 115 

KNO3, 2 MgCl2, 5 EGTA, 10 HEPES (pH = 7.4) and an external solution of (mM) 140 

NaNO3, 4 KCl, 2 CaCl2, 1 MgCl2, 5 HEPES (pH = 7.4) to study the effect of 1 mM 

external applied L-glutamate on WT EAAT1 and EAAT3 and mutant transporter-

mediated currents. The pH of the internal and external solution was adjusted to 7.4, 

with KOH or NMDG, respectively. 

 

Data analysis 

Electrophysiological and fluorescence data were analyzed with a combination of 

Patchmaster (HEKA Elektronik, Lambrecht,), pClamp10 (Molecular Devices, 

Sunnyvale, CA, USA), MATLAB (The MathWorks, Natick, MA, USA) and SigmaPlot 

(Jandel Scientific, San Rafael, CA, USA). For statistical evaluations, Student’s t-test 

and paired t-test with p ≤ 0.05 (*) as the level of significance were used (p ≤ 0.01 (**), 

p ≤ 0.001 (***)). The data are given as the means ± s.e.m.. Apparent dissociation 

constants and Hill coefficients were calculated by fitting the data with the Hill equation 

(F/F+150mV =y0+a*[Na+]nH/(KD
nH+[Na+]nH).  
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Kinetic modeling 

Voltage and substrate dependences of EAAT fluorescence signals were simulated by 

solving differential equations at steady-state according to a kinetic scheme recently 

established for WT hEAAT3 based on voltage- and substrate-dependent fluorescence 

signals, as well as on uptake currents and glutamate-sensitive relative current 

amplitudes6. Based on the idea of four major conformations (inward/outward facing and 

substrate-bound/-unbound), all states were grouped into four different subsets with 

distinct relative fluorescence intensities for each construct. The first conformation 

corresponds to an empty transporter residing in an outward facing state with HP2 being 

open and the substrate binding sites exposed to the extracellular space (Foopen: ToK, 

To). Binding of sodium and glutamate causes closure of HP2 (Fooccluded: ToNa1, ToNa2, 

ToNa2G, ToNa2H, ToNa2GH, ToNa3GH) which is followed by the large movement of 

the whole transport domain (Fioccluded: TiNa3GH, TiNa2GH, TiNa2G, TiNa2, TiNa1). 

Opening of HP1 leads to substrate release and exposure of the binding sites to the 

intracellular solution (Fiopen: Ti, TiK). Whereas the first three conformations have been 

characterized at a structural level, the inward facing open state is at present 

hypothetical. The overall fluorescence was calculated as sum of the products of relative 

fluorescence and probability of occupation for every state. Parameters for channel 

gating (open probabilities for leaving the cycle into the conducting state) were estimated 

by optimizing the model against WT steady-state fluorescence data using the genetic 

algorithm as implemented in MATLAB (The MathWorks, Natick, MA, USA). The so-

determined model was then adapted to the P259R mutant by modifying sodium-binding 

rates (reactions 1, 2 and 12, 13) and electrical distances z . In all cases, detailed 

balance was preserved, and fitting parameters were simultaneously optimized against 

experimentally determined relative glutamate uptake and relative glutamate-induced 

current amplitudes at -100 mV. For kinetic modeling we assumed intracellular 

concentrations of [Na+] = 10 mM, [K+] = 70 mM, [glu] = 12 mM and a pH = 7.337, 

extracellular concentrations were set to experimental conditions.  
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Results 

 

P259R EAAT3 is a reliable model to study transport dysfunction of P290R 

EAAT1  

To permit cysteine-specific fluorescence labeling for subsequent fluorescence 

analysis, we inserted the mutation V238C into WT and P290R hEAAT1 and 

expressed both constructs in Xenopus oocytes. V238C hEAAT1 is homologous to 

M205C hEAAT3 (Fig. 1a), a reporter mutation that results in prominent changes of 

fluorescence amplitudes with substrate concentration and voltage when labeled with 

the cysteine-specific dye AlexaFluor54611,13. Unfortunately, oocytes expressing 

V238C-P290R hEAAT1 did not show fluorescence signals of sufficient amplitude to 

permit quantitative analysis. The low fluorescence amplitude levels of V238C-P290R 

hEAAT1 are consistent with earlier reports that P290R reduces the surface density of 

hEAAT12,4. Since P290 is conserved within the whole EAAT family, we decided to 

study the functional effects of the disease-associated mutation in the related 

glutamate transporter EAAT3. EAAT3 has functional properties that resemble EAAT1 

most closely among the mammalian isoforms14. It furthermore expresses robustly in 

oocytes and has already been successfully analyzed using voltage clamp 

fluorometry9,13.  

To test the suitability of P259R hEAAT3 as model for P290R hEAAT1 we 

characterized the effects of the mutation on hEAAT3 glutamate transport and anion 

currents and compared them to those of the hEAAT1 mutant. To quantify glutamate 

transport by WT and mutant hEAAT1/3 Xenopus oocytes expressing WT, M205C, or 

M205C-P259R hEAAT3 and WT or P290R hEAAT1 were incubated in Cl--free 

medium to abolish EAAT anion currents as well as endogenous anion currents. 

Under these conditions glutamate uptake currents are predominant and can be 

measured as differences in current amplitudes before and after glutamate application 

(Fig. 1b and Supplementary Fig. 1a). The thus determined current amplitudes reveal 

comparably reduced uptake currents for P259R hEAAT3 (WT: Iuptake = -1.17 ± 0.14 

µA ; M205C: Iuptake = -1.07 ± 0.13 µA; M205C-P259R: Iuptake = -0.18 ± 0.04 µA; n ≥ 13; 

pWT:M205C = 0.858; pWT:P259R = 0.001) as well as for P290R hEAAT1 (WT: Iuptake = -0.75 

± 0.07 µA ; P290R: Iuptake = -0.11 ± 0.03 µA; n ≥ 8; pWT:P290R = 0.001).  

Openings and closings of EAAT anion channels are tightly coupled to transitions 

within the uptake cycle6,8,15, and analysis of time and voltage dependences of anion 
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currents thus provide additional insights into P290R- or P259R-mediated changes of 

the glutamate uptake cycle. EAAT anion currents are often small under physiological 

anion composition, however, the use of a lyotropic anion such as SCN- or NO3
- 

greatly increases their amplitudes. Expression in mammalian cells, and the use of 

symmetrical NO3
- permits direct measurements of EAAT anion currents through 

whole-cell patch clamp measurements16,17. In these experiments, cells were internally 

dialyzed with high [K+] to permit all physiologically occurring transitions in the 

glutamate uptake cycle5. In the absence as well as in the presence of glutamate, cells 

expressing P259R hEAAT3 display inwardly rectifying anion current amplitudes that 

are significantly larger than WT in the negative voltage range (Fig. 1b). P259R did not 

only modify hEAAT3 anion current amplitudes, but also the voltage and time 

dependence of these currents (Fig. 1c). Upon hyperpolarizing voltage steps P259R 

hEAAT3 currents display time-dependent increases that are more pronounced in the 

presence of glutamate than in its absence. Under similar experimental conditions, 

WT hEAAT3 anion currents display comparable anion conductances at positive and 

at negative voltages with only minor time-dependent relaxation (Fig. 1b, c). The 

effects of P259R on hEAAT3 glutamate transport and anion currents thus closely 

resemble those of P290R on hEAAT1 (Supplementary Fig. 1b). We conclude that 

P259R hEAAT3 represent a reliable model protein to study changes in the hEAAT1 

uptake cycle by the disease-associated mutation P290R. 
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Figure 1: P259R modifies EAAT3 uptake and anion currents. (a) Localization of M205C and 

P259R in the transmembrane topology model of EAAT3 and of the homologous residues in a 

ribbon representation of GltPh
20 viewed in the plane of the membrane. (b) Averaged glutamate 

uptake currents at -100 mV of oocytes expressing WT, M205C- or M205C-P259R EAAT3. 

Uptake currents were calculated as difference of current amplitudes with and without glutamate 

measured in a chloride-free solution. Data are given as the means ± s.e.m.; n ≥ 13. Student’s 

paired t-test with p ≤ 0.05 (*) as the level of significance were used (p ≤ 0.01 (**), p ≤ 0.001 

(***)). (c) Representative current recordings from tsA201 cells expressing WT or P259R EAAT3 

with standard KNO3-based internal solution and a NaNO3-based external solution before (light 

grey) and after application of 1mM glutamate (black) and the corresponding I-V plot (d) with WT-

data (circles), either in the absence (white) or in the presence of glutamate (black) and P259R 

EAAT3 data (triangles), either in the absence (yellow) or in the presence of glutamate (red); n ≥ 

4. 
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P259R modifies fluorescence signals of M205C hEAAT3  

The mutation M205C (Fig. 1a) preserves functional properties of hEAAT311,13 and 

permits fluorophore attachment for fluorescence signals reporting on conformational 

changes11,13. Fig. 2a shows representative fluorescence recordings of M205C or 

M205C-P259R hEAAT3 in absence (top) and in the presence of glutamate (bottom). 

Oocytes were held at 0 mV, and voltage steps between -150 mV and +150 mV were 

applied in 50 mV intervals. M205C hEAAT3 displays pronounced voltage- and 

substrate-dependent fluorescence signals (Fig. 2, left column). Application of 

glutamate decreases fluorescence intensity of M205C hEAAT3 over the whole tested 

voltage-range and furthermore changes the voltage dependence of the fluorescence 

signal (Fig. 2b, left column)13. P259R inverts the voltage dependence and modifies 

the substrate dependence of these fluorescence signals (Fig. 2a, b, right column). 

M205C-P259R hEAAT3 fluorescence intensities increase upon membrane 

hyperpolarization, and positive membrane potentials lead to slight decreases. 

Glutamate decreases fluorescence intensities at negative voltages and leaves them 

unaffected at positive potentials (Fig. 2b, right column).  

P259R does not only modify the voltage dependence of M205C hEAAT3 

fluorescence signals, but also their time course. Hyperpolarizing voltage steps cause 

fast reductions of M205C hEAAT3 fluorescence that can be fit with monoexponential 

functions resulting in time constants of around 3 ms (Fig. 2c, left column). For 

M205C-P259R hEAAT3, time constants of fluorescence increases upon 

hyperpolarization are between 170 and 370 ms (Fig. 2c, right column), changing 

upon the voltage, whereas M205C hEAAT3 values change only little within the tested 

voltage-range.  
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Figure 2: Voltage-, substrate- and time-dependent fluorescence signals of M205C and 

M205C-P259R EAAT3. (a) Pulse protocols and representative fluorescence responses signals 

from oocytes expressing M205C (left column) or M205C-P259R EAAT3 (right column) in the 

absence as well as in the presence of external glutamate. (b) Voltage dependence of mean 

fluorescence values. Voltages above 0 mV were shown in red, 0 mV in dark red and negative 

voltages without (light grey) or with glutamate (black). Fluorescence amplitudes are normalized 

to the fluorescence generated at +150 mV in NaCl solution. (c) Averaged time constants 

determined from monoexponential fits to fluorescence changes upon a voltage step from 0 mV 

to -150 mV (black) for M205C (left column) or M205C-P259R EAAT3 (right column). Insets 

show representative recordings and corresponding fits as bold lines. Data are given as means ± 

s.e.m., n ≥ 4 in (b) and n ≥ 3 in (c). 
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P259R alters the sodium dependence of M205C hEAAT3 fluorescence signals 

In absence of glutamate M205C hEAAT3 fluorescence changes report on sodium-

binding13, and the pronounced effects of P259R on these signals suggest that the 

disease-associated mutation modifies these particular substrate association steps 

within the EAAT transport cycle. Fig. 3a gives the voltage dependence of averaged 

fluorescence intensities of M205C hEAAT3 at various external [Na+]. Reduction of 

external sodium results in larger fluorescence amplitudes at negative voltages, whereas 

values at positive potentials were unaffected. Complete substitution of Na+ by choline+ 

nearly abolishes the voltage dependence of fluorescence signals. We next fitted the 

sodium dependences of fluorescence amplitudes at certain membrane potentials with 

Hill equations (Fig. 3a, inset) to obtain apparent dissociation constants (KD) and Hill 

coefficients (nH) for sodium-binding and subsequent protein movements. M205C 

hEAAT3 exhibits apparent dissociation constants in the range of 11 – 14 mM (Table 1). 

P259R increases apparent KD’s more than fivefold (Table 1) so that even doubling of 

external [Na+] to 197 mM was insufficient to reach saturation for M205C-P259R 

hEAAT3 (Fig. 3a, right column). For M205C and for M205C-P259R hEAAT3, apparent 

KD’s decrease slightly with hyperpolarizing voltages. For WT as well as for P259R 

hEAAT3, Hill coefficients are above one (Table 1) – in agreement with the notion that 

two Na+ bind prior to glutamate5,12,18. 

Changes in external [Na+] also modify the time course of M205C as well as of 

M205C-P259R hEAAT3 fluorescence changes upon voltage steps to -150 mV (Fig. 

3b). For M205C hEAAT3, time constants of the fluorescence decrease – that report 

on Na+-binding and binding-associated conformational rearrangements9,11,13- 

accelerate with increasing sodium concentrations from about 13 ms to 7 ms (Fig. 3c, 

left column). For M205C-P259R hEAAT3, the time constants decrease from 280 to 

180 ms upon increasing [Na+] (Fig. 3c, right column). Fluorescence increases upon 

subsequent voltage steps back to the holding potential are due to sodium-

dissociation and related conformational changes and can be described with a single 

time constant that changes with [Na+]. M205C hEAAT3 conformational changes 

display time constants from around 6 ms to 11 ms (Fig. 3c, left column) and P259R 

M205C hEAAT3 conformational changes display time constants between 370 ms to 

440 ms with increasing [Na+]. For M205C as well as for M205C-P259R EAAT3 we 

observed a saturating Na+ dependence for fluorescence time constants. 
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Figure 3: Sodium dependence of M205C and M205C-P259R EAAT3 fluorescence signals. 

(a) Averaged voltage dependence of fluorescence changes for M205C (left column) or M205C-

P259R EAAT3 (right column) at different external [Na+] (197, 98.5, 49.25, 24.625, 10, 0 mM). 

Resulting dose-response curves are shown as insets. Fluorescence amplitudes are normalized 

to the fluorescence generated at +150 mV. (b) Fluorescence responses from oocytes 

expressing M205C (left column) or M205C-P259R EAAT3 (right column) to voltage steps from 0 

mV to -150 mV (black) and from -150 mV to 0 mV (red) at different [Na+] (197, 98.5, 49.25, 

24.625, 10 mM). Fluorescence amplitudes are normalized to the fluorescence generated at 0 

mV, and monoexponential fits are given as solid lines. (c) Averaged time constants obtained 

from monoexponential fits to recordings as shown in b. Data are reported as means ± s.e.m., n 

≥ 4. 
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Table 1: Apparent dissociation constants and Hill coefficients of the sodium 

dependence of M205C and M205C-P259R EAAT3. KD’s and nH were calculated at different 

voltages by fitting the fluorescence data with Hill equations. 

 

voltage (mV) 
M205C M205C-P259R 

KD (mM) nH KD (mM) nH 

-150 11.7 ± 4 1.9 ± 0.9 50.7 ± 7.7 1.5 ± 0.2 

-100 13.4 ± 4.6 2 ±1.3 63.7 ± 2.4 1.3 ± 0.04 

 

 

This deviation from linear [Na+] dependence indicates that the fluorescence signal does 

not result from one step association of Na+ to the transporter. The saturation behavior 

rather suggests that there is an additional reaction limiting the overall rate at high [Na+] 

once all sodium binding sites are saturated.  

Within the EAAT transport cycle two Na+ bind prior to glutamate association and a third 

one to the glutamate-bound transporter5,12,19. The data presented so far indicate altered 

Na+association to the glutamate-unliganded transporter. Since glutamate reduces 

fluorescence signals of M205C and M205C-P259R hEAAT3 (Fig. 2), we analyzed 

current amplitudes upon varying [Na+] in the presence of saturating glutamate 

concentrations in order to test whether P259R also affects this third sodium binding 

step. Under these conditions WT, M205C and M205C-P259R hEAAT3 display sodium 

dependences with similar apparent dissociation constants and Hill coefficients that 

agree well with published data27 (Supplementary Fig. 2). 

 

Kinetic modeling reveals altered sodium-binding to P259R hEAAT3  

We next performed kinetic simulations of P259R hEAAT3 fluorescence data using a 

model we recently developed to describe hEAAT3 currents and fluorescence data. 

The scheme is based on the EAAT transport cycle9, with open anion channels 

represented by additional branching open channel states13,17 (Fig. 4a, displayed as 

grey circles). To describe fluorescence signals distinct fluorescence levels were 

assigned to four structurally defined conformations20-22 (Fig. 4a, displayed as dotted 

boxes). This model describes well the fluorescence-voltage relationship and the 

current characteristics of cysteine-substituted WT hEAAT313 (Tables 2-4, Fig. 4).  

The complexity of this kinetic scheme prevents direct determination of individual rate 

constants by a global fitting procedure. We therefore used an iterative approach to 
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quantify possible changes in the transport cycle and/or anion channel gating in 

P259R hEAAT3. We initially tested whether modifying reactions in certain parts of the 

uptake cycle can reproduce the effects of P259R on hEAAT3 fluorescence signals 

(Fig. 3). We found that adjusting reactions 1 and 2 resulted in most promising 

preliminary results. Since P290R modifies anion channel open probabilities of 

hEAAT14, we also attempted to describe our data by exclusively varying anion 

channel opening and closing rates. However, we could neither describe the 

fluorescence-voltage relationship nor the current characteristics of P259R hEAAT3 

by modification of anion channel opening and closing rates alone.  

We then optimized rate constants of reaction 1 and 2 (sodium association to the 

outward-facing transporter) and of reaction 12 and 13 (the corresponding reactions in 

the inward-facing conformation) versus fluorescence data, experimentally determined 

relative current amplitudes at -100 mV and relative glutamate uptake currents at -100 

mV. The resulting kinetic scheme predicts drastic deceleration of binding as well as 

unbinding of the first and second sodium in the outward facing conformation (Table 

2). Furthermore, unbinding of the second sodium (reaction 12) from the inward facing 

state of EAAT is enhanced and unbinding of the first sodium (reaction 13) is reduced, 

whereas other rates are only slightly changed (Table 2). The reduced sodium binding 

rates are consistent with the experimentally observed deceleration of fluorescence 

time constants. The kinetic scheme does not only reproduce the fluorescence-voltage 

relationship with and without glutamate, the sodium dependence and the 

corresponding apparent fluorescence dissociation constants and Hill coefficients of 

M205C and M205C-P259R EAAT3 (Fig. 4b, c, Tables 2-5), but also the decreased 

uptake current and increased anion conductance in the absence of glutamate by 

P259R are correctly calculated by the kinetic simulation (Fig. 4d-e).                                                                                      

However, under the assumption of identical voltage dependences for Na+ association 

to M205C and M205C-P259R hEAAT3, the model failed to predict the slow activation 

of P259R hEAAT3 upon hyperpolarizing voltage steps, but rather predicted time-

independent current responses. We thus manually optimized the voltage dependence 

of Na+association for P259R hEAAT3 and found that increasing the apparent 

electrical distance zδ of reaction 1 from 0.2 to 0.5 and adjusting zδ of reaction 2 from 

0.2 to -0.1 resulted in an improved agreement of simulated time-dependent 

fluorescence responses and anion currents with experimental data without affecting 

the predictions for other parameters (Fig. 4). The altered voltage dependence of Na+ 
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association also accounts for the different voltage dependences of the time constants 

of fluorescence changes upon hyperpolarizing voltage steps (Fig. 2). 

 

                  

 

Figure 4: Kinetic model and simulated fluorescence signals and currents for M205C 

and M205C-P259R EAAT3. (a) 15-state model with branching anion channel states (grey 

circles), grouped into 4 fluorescence states (dotted boxes), corresponding to 4 conformations 
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shown as protomers (cartoons modified from13). (b) Voltage dependence of measured 

(circles) or simulated fluorescence amplitudes (solid lines) without (grey) or with glutamate 

(black). (c) Simulated fluorescence amplitudes at different [Na+] (197, 98.5, 49.25, 24.625, 

10, 0 mM). (d), (e) Comparison of the simulated (grey) and measured (black) glutamate 

uptake (d) and anion currents in the absence of glutamate (e) at -100 mV, normalized to the 

current amplitudes of M205C. (f), (g) Time-dependent simulation fluorescence changes (f) 

and current amplitudes (g) upon the indicated voltage steps for M205C or M205C-P259R 

EAAT3 either in the absence or in the presence of 1 mM glutamate. 

  

 

Table 2: Parameters of the EAAT3 model. Rate constants of the transport process at -70 

mV. Electrogenic reactions are defined by z  values, which correspond to the product of the 

charge, and the fraction of the electric field the charge is moved across the membrane. 

Clockwise transitions in the model scheme are denoted as “forward reactions”.   

    changed parameters for P259R 

reaction forward Backward z  z  forward backward 

 

1 

 

1.00 10
+04 

M
-1
s

-1
 

 

2.50 10
+03

 s
-1
 

 

0.20 

 

0.50 

 

80 M
-1
s

-1
 

 

51.73
 
s

-1
 

2 1.00 10
+04

 M
-1
s

-1
 2.50 10

+03
 s

-1
 0.20 -0.10          55 M

-1
s

-1
 78.61 s

-1
 

3 6.80 10
+06

 M
-1
s

-1
 3.00 10

+02
 s

-1
  -0.40    

4 6.00 10
+11

 M
-1
s

-1
 7.00 10

+02
 s

-1
     

5 6.00 10
+11

 M
-1
s

-1
 7.00 10

+02
 s

-1
 0.40    

6 6.80 10
+06

 M
-1
s

-1
 3.00 10

+02
 s

-1
     

7 1.00 10
+04

 M
-1
s

-1
 1.00 10

+03
 s

-1
 0.55    

8 5.50 10
+02

 s
-1
 5.00 10

+02
 s

-1
     

9 8.00 10
+02

 s
-1
 4.00 10

+04
 M

-1
s

-1
 0.45    

10 6.00 10
+03

 s
-1
 9.00 10

+10
 M

-1
s

-1
     

11 3.00 10
+03

 s
-1
 4.00 10

+05
 M

-1
s

-1
     

12 5.00 10
+02

 s
-1
 2.00 10

+05
 M

-1
s

-1
   7.57 10

+04
 s

-1
 4.64 10

+03
 M

-1
s

-1
 

13 4.00 10
+03

 s
-1
 1.00 10

+06
 M

-1
s

-1
 0.20  2.20 s

-1
 2.39 10

+05
 M

-1
s

-1
 

14 1.00 10
+06

 M
-1
s

-1
 1.00 10

+03
 s

-1
     

15 50 s
-1
 5.00 s

-1
 0.40    

16 8.00 10
+02

 s
-1
 1.00 10

+04
 M

-1
s

-1
     

17 0.80 s
-1
 1.00 10

-02
 s

-1
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Table 3: Open probabilities used in the kinetic modeling of cysteine-substituted 

wildtype and mutant EAAT3. 

 

 

 

 

 

 

 

 

 

 

                

Table 4: Fluorescence intensities used for simulations of cysteine-substituted wildtype 

and mutant EAAT3 fluorescence voltage relationships. Fluorescence intensities of 

fluorescence states Foopen/occluded and Fiopen/occluded of cysteine-substituted and M205C-P259R 

EAAT3 used to simulate the overall fluorescence voltage relationship were normalized to the 

fluorescence intensity of Foopen. 

 

 

 

 

 

 

 

Table 5: Simulated dissociation constants and Hill coefficients of M205C and M205C-

P259R EAAT3 sodium dependence. KD’s and nH at -150 and -100 mV were calculated by 

fitting the simulated fluorescence data with the Hill equation. 

 

 

 

 

 

                  M205C/P259R 

anion channel state branching 

from: 
open probability 

 

ToNa1 

 

0.7224 

ToNa2 9.9990 10
-05

 

ToNa2G 9.9990 10
-05

 

ToNa2H 9.9990 10
-05

 

ToNa2GH 1.3214 10
-04

 

ToNa3GH 0.9881 

TiNa3GH 0.8264 

TiNa2GH 0.7133 

TiNa2G 1.2749 10
-04

 

TiNa2 1.0081 10
-04

 

TiNa1 0.7652 

TiK 1.3570 10
-04

 

fluorescence state M205C M205C-P259R 

 

Foopen 

 

1.00 

 

1.00 

Fooccluded 0.89 1.05 

Fiopen 0.29 0.99 

Fioccluded 2.44 2.81 

voltage (mV) 
M205C M205C-P259R 

KD (mM) nH KD (mM) nH 

-150 9.5 ± 0.8 2.8 ± 1.1 27 ± 1.2 1.3 ± 0.06 

-100 17.2 ± 1.6 1.8 ± 0.3 71 ± 1.2 1.2 ± 0.05 
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Discussion 

 

EAAT transporters mediate glutamate uptake in the central nervous system, in 

sensory organs, as well as in epithelial cells in the kidney and the gastrointestinal 

tract23. The physiological importance of EAAT glutamate transporters is illustrated by 

several hereditary diseases caused by naturally occurring mutations in the SLC1A 

gene family. Apart from the mutations in SLC1A3 in episodic ataxia2,3, mutations in 

SLC1A2 have been identified in rare hereditary forms of amyotrophic lateral 

sclerosis24, and mutations in SLC1A1 are associated with human dicarboxylic 

aminoaciduria25. Studying “transporteropathies” not only provides insights into the 

physiological roles of affected transporters and improves the understanding of certain 

rare human diseases, but also serves as a tool to decipher the molecular basis of 

transporter function. Naturally occurring random sequence alterations can identify 

unexpected determinants of channel/transporter functions.  

We here used a combination of voltage clamp fluorometry and kinetic modelling to 

identify the molecular pathomechanism underlying episodic ataxia type 6 for one 

disease-associated mutation2. Since P290R hEAAT1 did not express at levels 

sufficiently high enough to allow current and fluorescence measurements in Xenopus 

oocytes we used the related isoform hEAAT3 for voltage clamp fluorometry 

experiments. EAAT1 and EAAT3 share basic mechanisms of glutamate transport and 

exhibit similar anion conduction properties26-28. The homologous mutations P259R 

and P290R both reduce glutamate uptake currents and increase the amplitudes of 

EAAT anion currents in the absence as well as in the presence of glutamate (Fig. 1, 

Supplementary Fig. 1). Moreover, we observed comparable modifications of the time 

and voltage dependence of P259R hEAAT3 and P290R hEAAT1 anion currents (Fig. 

1, Supplementary Fig. 1). These findings show that the function of both mutant 

transporters is comparably affected; indicating that voltage clamp fluorometry on 

P259R hEAAT3 indeed can be used to study mechanisms of P290R hEAAT1 

dysfunction.  

We found that P259R inverts the voltage dependence of EAAT3 fluorescence 

intensities, changes the glutamate-induced fluorescence change and drastically 

decelerates the time dependence of these signals (Figs. 2-3). To describe the basis 

of these alterations we optimized a kinetic scheme developed to describe 

fluorescence signals as well as transport and anion currents of M205C hEAAT313. By 
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modifying reactions that report on Na+association/dissociation to the transporter prior 

to glutamate in the outward or in the inward facing state, we could simulate all 

functional alterations by P259R. The obtained kinetic scheme correctly predicts the 

voltage, substrate and [Na+] dependence of fluorescence signals of mutant 

transporters (Fig. 4, Tables 2 and 5). Moreover, it accounts for decreased glutamate 

uptake and increased anion conduction in the absence of glutamate and predicts 

qualitatively the deceleration in the time course of fluorescence signals and anion 

currents by P259R (Fig. 4).  

Our results demonstrate alteration of binding affinities as well as of the time course of 

Na+ association to the unliganded mutant transporter. At present, no structural 

information is available for mutant transporters, and we can thus only speculate 

about structural correlates of the observed changes in substrate association to 

P259R hEAAT3. Three putative sodium binding sites have been identified in EAAT3 

as aspartate residues at position D368 (TM7), D440 and D455 (TM8)12,18,19,21, but 

P259 is not in close proximity to any of those residues (C -distances in the outward 

facing open conformation from P259 to: D368 = 26.3 Å, D440 = 21.2 Å, D455 = 24.4 

Å). Moreover, the dramatic reduction in Na+ association rates predicted by our kinetic 

modelling for P259R hEAAT3 is difficult to imagine since these processes should be 

diffusion-controlled. P259R thus likely also modifies a conformational change 

preceding or following Na+ association, and a possible candidate for such a 

conformational change might be the opening of HP2 that is triggered by association 

of Na+ to the empty transporter12. In all kinetic schemes that have been used so far to 

describe EAAT currents or fluorescence amplitudes these transitions are usually 

lumped together with Na+ association. Since it appears impossible to accurately 

separate the kinetics of Na+ association and this conformational change using our 

experimental approach, we decided not to generate a novel kinetic scheme for WT 

and mutant hEAAT3, but rather to use alterations of single rate constants to describe 

P290R-induced modification in both substrate association and associated 

conformational changes. 

Proline often acts as structural disruptor of α-helices and β-sheets, and the 

conserved P259 at the hinge of TM5 might represent the structural determinant of the 

kinked shape of TM5. P259R might abolish the TM5 kink and cause an overall 

structural change of the trimerization domain of mutant transporters. The resulting 

change in the orientation of the transport domain towards the trimerization domain 
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might impair certain conformational changes within the transport domain and thus 

explain the inversed voltage dependence of conformational changes (Fig. 2) as well 

as the increased electrical distances simulated for rate constants 1 and 2 (Table 2). It 

might also account for the changed values of fluorescence levels assigned to 

Fooccluded and Fiopen (Table 4).  

Although the majority of experimental results are in good agreement with the kinetic 

model (Fig. 4), simulated time dependences of WT hEAAT3 or P259R hEAAT3 anion 

currents do not fully resemble measured currents, with larger difference between 

measured and simulated data for WT than for P259R hEAAT3. This deviation is likely 

caused by processes within the EAAT transport cycle kinetic scheme that are too fast 

to be resolved by our voltage clamp fluorometry setup, i.e. Na+ association steps and 

anion channel opening and closing. The P259R-induced deceleration improves the 

accuracy with which we can follow these processes with our experimental 

approaches. It moreover provides a likely explanation for inconsistencies in 

experimentally determined paramters describing P290R hEAAT1 function. We 

demonstrated in an earlier paper that P290R dramatically increases hEAAT1 anion 

currents, although surface membrane expression levels are decreased2,4. Noise 

analysis measurements revealed identical unitary current amplitudes for WT and 

P290R hEAAT1 anion channels, indicating that the approximately fourfold increase of 

hEAAT1 or anion currents by P290R must be due to a pronounced increase in 

absolute open probability. However, experimentally determined absolute open 

probabilities are larger than 0.5 for WT hEAAT14. These seemingly incompatible data 

indicate that absolute open probabilities were most likely not correctly determined by 

noise analysis. Noise analysis can underestimate the number of open channels and 

thus overestimate absolute open probabilities for ion channels with very fast 

transitions between individual functional states. This feature results in pseudo-

equilibrium conditions between different branches of the kinetic scheme so that only 

channels that are in certain functional states are counted by noise analysis. We 

recently demonstrated such an underestimation in the number of active channels by 

noise for the dual functional anion transporter ClC-4. ClC-4 can function as coupled 

transporter, but also as anion channel, and transitions between these functional 

modes are mediated by rapid association of Cl-. Noise analysis on current recordings 

of individual cells at different [Cl-] falsely detected a chloride dependence in the 

number of ClC-429. In WT hEAAT3, Na+ association rates are too fast to be reliably 
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determined with our experimental approach. This prevents accurate simulation of 

current time courses and results in underestimation of the number and in 

overestimation of absolute open probabilities of WT anion channels. Mutant 

transporters exhibit reduced association rates and thus likely permit correct current 

simulation and estimation of absolute open probabilities. 

All our results indicate that P259R results in decelerated Na+ binding and rates of 

associated conformational changes. These alterations predict reduced glutamate 

transport rates and increased anion currents and thus account for EAAT dysfunction 

in a human disease caused by the homologous mutation in a related isoform4. 

Gameiro et al.30 recently studied EAAT5 glutamate transport and anion currents. 

They reported that EAAT5 anion currents activate slowly upon membrane 

hyperpolarization and identified slow Na+ association as basis for the slow activation 

time course and the very low glutamate transport rates. Our result that the high 

capacity glutamate transporters EAAT1 or EAAT3 carrying a disease-causing 

mutation functionally resemble the low capacity glutamate transporter EAAT5 

beautifully illustrates the importance of the evolutionary optimization of EAAT 

isoforms with distinct functional properties. 
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Supplementary Information 

 

P259R results in altered residence probabilities for hEAAT3 transport states 

Modification of the rate constants of reaction 1, 2 12 and 13 produces a shift of the 

residence probability of EAAT uptake cycle states by P259R (Supplementary Fig. 3). 

In the absence of glutamate, mutant transporters reside with higher likelihood in To 

than WT, and sodium-bound states are slightly less occupied, consequently resulting 

from a weaker sodium binding to P259R EAAT3. Furthermore there is a low 

probability of the occupation of the state TiNa1. In the presence of glutamate, M205C 

EAAT3 resides mostly in the glutamate-bound outward facing states and to a lesser 

extent in the inward facing states. M205C-P259R hEAAT3 transporters only rarely 

occupy the inward facing states, but are predominantly in To and to a lesser extent in 

the outward facing sodium- and glutamate-bound states.  

 

         

 

Supplementary Figure 1: P290R alters EAAT1 glutamate-activated anion currents and 

uptake currents in mammalian cells and oocytes similar to P259R in EAAT3. 

(a)  Averaged uptake currents at -100 mV of oocytes expressing WT or P290R EAAT3. Uptake 

currents were calculated as difference of current amplitudes with and without glutamate 

measured in a chloride-free solution. Student’s paired t-test with p ≤ 0.05 (*) as the level of 

significance were used (p ≤ 0.01 (**), p ≤ 0.001 (***)). The data are given as the means ± s.e.m.; 

n ≥ 8. (b) Representative current recordings from tsA201 cells expressing WT or P290R EAAT1 

with standard KNO3-based internal solution and a NaNO3-based external solution before (light 

grey, top) and after application of 1 mM glutamate (black, bottom).  
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Supplementary Figure 2: Sodium dependence of WT, M205C and M205C-P259R EAAT3. 

(a), (b) and (c) Dose-response curves of late current amplitudes versus the sodium 

concentration of WT, M205C or M205C-P259R EAAT3 at -100 mV. Apparent dissociation 

constants (KD) (in mM) and Hill coefficients (nH) were calculated by fitting the data with the Hill 

equation. Current amplitudes are normalized to the current in 197 mM sodium. Fluorescence 

data from at least 7 oocytes are reported as means ± s.e.m.. 
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Supplementary Figure 3: Residence probability of each state of EAAT3 transport cycle. 

(a), (b) Simulated residence probability of each state for M205C (a) or M205C-P259R  EAAT3 

(b) without (top) or in presence of glutamate (bottom) at -150 mV (black line), 0 mV (blue line) or 

+150 mV (red line). 
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Supplementary Figure 4: Simulated open probabilities of M205C and M205C-P259R 

EAAT3 anion channels. (a), (b) Simulated open probabilities for M205C (a) and M205C-

P259R (b) EAAT3 in the absence of glutamate (grey lines) or in the presence of 1 mM 

glutamate (black lines) at voltages between -150 mV and +150 mV. 
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Abstract 

 

In the present study the mechanism of action and molecular basis for the activity of 

the first class of selective inhibitors of the human excitatory amino acid transporter 

subtype 1 (EAAT1) and its rodent ortholog GLAST are elucidated. The previously 

reported specificity of UCPH-101 and UCPH-102 for EAAT1 over EAAT2 and EAAT3 

is demonstrated to extent to the EAAT4 and EAAT5 subtypes as well. Interestingly, 

brief exposure to UCPH-101 induces a long-lasting inactive state of EAAT1, whereas 

the inhibition exerted by closely related analogs is substantially more reversible in 

nature. In agreement with this, the kinetic properties of UCPH-101 unblocking of the 

transporter are considerably slower than those of UCPH-102. UCPH-101 exhibits 

non-competitive inhibition of EAAT1 and its binding site in GLAST has been 

delineated in an elaborate mutagenesis study. Substitutions of several residues in 

TM3, TM4c and TM7a of GLAST have detrimental effects on the inhibitory potency 

and/or efficacy of UCPH-101 while not affecting the pharmacological properties of 

(S)-glutamate or the competitive EAAT inhibitor TBOA significantly. Hence, UCPH-

101 is proposed to target a predominantly hydrophobic crevice in the ‘trimerization 

domain’ of the GLAST monomer, and the inhibitor is demonstrated to inhibit the 

uptake through the monomer that it binds to exclusively and not to affect substrate 

translocation through the other monomers in the GLAST trimer. The allosteric mode 

of UCPH-101 inhibition underlines the functional importance of the trimerization 

domain of the EAAT and demonstrates the feasibility of modulating transporter 

function through ligand binding to regions distant from its ‘transport domain’. 

 

 

Introduction 

 

(S)-Glutamate (L-glutamate, Glu) is the major excitatory neurotransmitter in the 

mammalian central nervous system, where it plays numerous physiological functions. 

Glu is also a key mediator of the neurotoxicity underlying stroke and ischemia, and 

glutamatergic dysfunction constitutes a major component in several 

neurodegenerative disorders (Corona et al., 2007; Johnson et al., 2009). 

Furthermore, modulation of glutamatergic neurotransmission is a highly pursued 
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strategy in the search for new treatments of epilepsy, pain and psychiatric disorders 

(Yogeeswari et al., 2009; Field et al., 2011; Gitto et al., 2012).  

Glu mediates its effects through numerous receptors and is taken up into neurons 

and glial cells by sodium-dependent high-affinity Glu transporters (Danbolt, 2001). 

The five excitatory amino acid transporters (EAATs) belong to the solute carrier 1 

transporter family, and the human EAAT1-EAAT5 subtypes correspond to the rodent 

orthologs GLAST, GLT-1, EAAC1, EAAT4 and EAAT5, respectively (Bunch et al., 

2009). The subtypes are differentially expressed in the CNS and at the cellular level 

and thus play different roles in glutamatergic neurotransmission (Maragakis and 

Rothstein, 2004; Bunch et al., 2009).  

The insights into EAAT structure-function aspects have in recent years been greatly 

advanced from crystal structures of a prokaryotic homolog of the transporters, the 

GltPh transporter from Pyrococcus horikoshii (Yernool et al., 2004; Boudker et al., 

2007; Reyes et al., 2009; Verdon and Boudker, 2012). The EAAT (and GltPh) exists 

as a trimeric complex in which each monomer constitutes an independent functional 

unit (Gendreau et al., 2004; Grewer et al., 2005; Koch and Larsson, 2005; Leary et 

al., 2007). The monomer consists of eight primarily α-helical transmembrane regions 

(TM1-8) and two re-entrant helical hairpin loops (HP1, HP2), and intracellular N- and 

C-termini. The N-terminal TM1-6 segment is arranged as a distorted cylinder forming 

the outer surface of the complex to its surroundings and with the two other monomers 

in the trimer. Although inter-monomeric contacts in the trimer are mediated by TM2, 

TM4 and TM5 exclusively, the entire TM1-6 segment has been termed the 

‘trimerization domain’ (Reyes et al., 2009; Verdon and Boudker, 2012). The C-

terminal segment (HP1/TM7/HP2/TM8) is folded into a compact core contained within 

this cylinder and constitutes the ‘transport domain’ of the monomer (Kanner and 

Zomot, 2008; Boudker and Verdon, 2010; Jiang and Amara, 2011).  

Investigations into the physiological functions of the respective EAATs have long 

been hampered by the lack of truly selective pharmacological tools (Bunch et al., 

2009). Recently we have discovered the first class of specific EAAT1 inhibitors 

(Jensen et al., 2009), and UCPH-101 from this series has subsequently been applied 

in studies of EAATs in native tissues (Lane and Lawen, 2012; Lee et al., 2012; 

Okabe et al., 2012; Salvatore et al., 2012; Uwechue et al., 2012). Comprehensive 

structure-activity relationship (SAR) studies have identified several key 

pharmacophore elements and in this way elucidated the structural determinants for 
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EAAT1 activity of this compound scaffold (Jensen et al., 2009; Erichsen et al., 2010; 

Huynh et al., 2012a; Huynh et al., 2012b). In the present study we have elucidated 

the mechanism of action and molecular basis for the EAAT1 activity of UCPH-101 

and its analogs from the perspective of the transporter. 

 

 

Methods 

 

Materials 

Culture media, serum, antibiotics and buffers for cell culture were obtained from 

Invitrogen (Paisley, UK). Glu was purchased from Sigma (St. Louis, MO), DL-threo-β-

Benzyloxyaspartate (TBOA) from Tocris Cookson (Bristol, UK), [3H]-D-Aspartate 

([3H]-D-Asp) from PerkinElmer (Boston, MA) and the FLIPRTM Membrane Potential 

Blue (FMP) assay dye from Molecular Devices (Crawley, UK). The UCPH-101, 

UCPH-102, UCPH-100, 1, 2 and 3 analogs (Fig. 1) were synthesized as previously 

described (Jensen et al., 2009; Erichsen et al., 2010) (analog 1; M.N. Erichsen, J. 

Hansen, B. Abrahamsen, T.H.V. Huynh, C.S. Demmer, A.A. Jensen, and L. Bunch, 

unpublished data). Human EAAT1 cDNA was a kind gift from Dr. S.G. Amara 

(University of Pittsburgh School of Medicine, Pittsburgh, PA), and Dr. T. Rauen 

(University of Osnabrück, Germany) kindly provided the rat GLAST and GLT-1 

cDNAs. The rat EAAT4 and mouse EAAT5 cDNAs were generous gifts from Dr. J. 

Rothstein (Johns Hopkins University, Baltimore, MD) and Dr. Cordeiro (Christian-

Albrechts-University, Kiel, Germany), respectively. The 5-HT3A and 5-HT3B cDNAs 

were kind gifts from Drs. J. Egebjerg and E.F. Kirkness, respectively, and the 

construction of the HA-5-HT3B-pCIneo plasmid has been described previously 

(Krzywkowski et al., 2008). 
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Figure 1. Chemical structures of UCPH-101 and the five additional analogs used in this 

study. The parental chromene skeleton with its R1 and R2 substituents are given for 

reference. 

 

Molecular Biology 

For the electrophysiological recordings, human EAAT1, rat EAAT4 and mouse 

EAAT5 were expressed in tsA201 cells as fusion proteins containing an amino-

terminal fluorescent protein. The construct encoding EAAT1 was formed by linking 

the coding region of EAAT1 via an AgeI site with a yellow fluorescent protein (YFP) 

into an open reading frame and subcloning into pcDNA3.1(+) was performed by using 

EcoRI and XbaI restriction sites. Comparable expression constructs were generated 

for rat EAAT4 and mouse EAAT5, which were linked via BsrGI to a monomeric YFP 

(mYFP). The BsrGI site was created by introduction of a silent mutation with PCR. 

The rEAAT4 cDNA was subcloned into pcDNA3.1(-) using BamHI and BsgI, and 

mEAAT5 cDNA into pcDNA3.1(+) using BspEI and HindIII restriction sites. The rat 
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GLAST and GLT-1 cDNAs were subcloned from their original vectors into 

pcDNA3.1+/hygro using the restriction enzymes NheI and XhoI. Chimeric 

GLAST/GLT1 constructs were constructed by use of splicing overlap extension PCR 

(Horton et al., 1989). This method was also used to insert a DNA sequence encoding 

for the hemagglutinin (HA) epitope into GLAST-pcDNA3.1+/hygro and EAAT1- 

pcDNA3. Mutations were introduced into the GLAST- and GLT1-pcDNA3.1+/hygro 

plasmids by the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). The 

absence of unwanted mutations in all cDNAs created by PCR was verified by DNA 

sequencing (Eurofins MWG Operon, Martinsried, Germany). 

 

Cell culture and transfections  

HEK293, tsA201 and stable EAAT1-HEK293 cells (Jensen and Bräuner-Osborne, 

2004) were cultured in GlutaMAX-I Dulbecco’s Modified Eagle Medium supplemented 

with penicillin (100 U/ml), streptomycin (100 μg/ml) and 5% dialyzed fetal bovine 

serum (the medium for the EAAT1-HEK293 cell line was supplemented with 1 mg/ml 

G-418) in a humidified atmosphere of 5% CO2 at 37 °C. For the transfection of 

tsA201 cells, 8 × 105 cells were split into a 6 cm tissue culture plate and transfected 

the following day with a total of 4 μg cDNA using Polyfect according to the 

manufacturer’s instructions (Qiagen, Hilden, Germany), and the cells were used for 

the various assays 40-48 hours after the transfection. Analogously to the procedure 

used in a previous study (Jensen et al., 2007), polyclonal HEK293 cell lines stably 

expressing wild type (WT) GLAST, WT GLT-1, chimeric GLAST/GLT-1 transporters, 

and GLAST and GLT-1 mutants were generated by culturing the transfected cells in 

medium containing 300 μg/ml hygromycin B for 3-4 weeks before use. The tsA201 

cells used for the electrophysiological recordings were transfected using the 

Ca3(PO4)2 technique as previously described (Melzer et al., 2003). In these 

recordings, two independent recombinants were tested and shown to exhibit 

indistinguishable functional properties. 

 

Electrophysiological recordings 

Standard whole-cell patch clamp recordings were performed using an Axopatch 200B 

amplifier (Molecular Devices, Sunnyvale, CA) as described previously (Melzer et al., 

2003; Winter et al., 2012). Borosilicate pipettes were pulled with resistances between 

1.0 and 2.0 MΩ. Cells were clamped to 0 mV for 1-2 s between test sweeps. Voltage 
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errors were reduced by compensating at least 80% of series resistance by an 

analogue procedure. Cells with current amplitudes higher than 10 nA were excluded 

from the analysis. Currents were low-pass filtered at 5 kHz and digitized with a 

sampling rate of 20 kHz using a Digidata AD/DA converter (Molecular Devices, 

Sunnyvale, CA). Bath solutions contained (in mM) 140 NaNO3, 4 KCl, 2 CaCl2, 1 

MgCl2, 20 HEPES, 5 tetraethylammonium chloride (TEA-Cl) and 0.5 or 1 Glu, 

respectively. Pipettes were filled with 115 KNO3, 2 MgCl2, 5 EGTA, 10 HEPES. Glu- 

and UCPH-101-dependences were determined by application of indicated 

concentrations of Glu or/and the inhibitor. In bath or internal solutions, pH was 

adjusted to 7.4 with NaOH or KOH, respectively. External and internal salt agar 

bridges were made from a plastic tube filled with 140 mM KCl in 3% agar and used 

for electrical connection with the Ag/AgCl electrode. 

 

[3H]-D-Asp uptake assay 

The [3H]-D-Asp uptake assay was performed essentially as previously described 

(Jensen and Bräuner-Osborne, 2004). Briefly, cells were split into poly-D-lysine 

(PDL)-coated white 96-well plates (PerkinElmer, Boston, MA). 16-24 h later the 

culture medium was aspirated, and cells were washed once with 100 μl assay buffer 

(Hank’s Buffered Saline Solution supplemented with 20 mM HEPES, 1 mM CaCl2 

and 1 mM MgCl2, pH 7.4). Then 50 μl assay buffer supplemented with 100 nM [3H]-

D-Asp and various concentrations of test compound were added to the wells, and the 

plate was incubated at 37 °C for 6 min. Non-specific [3H]-D-Asp uptake was 

determined in wells with 3 mM Glu. The assay mixtures was quickly removed from 

the wells, which were then washed with 2 × 100 μl ice-cold assay buffer, and 150 μl 

Microscint™20 scintillation fluid (PerkinElmer, Boston, MA) was added to each well. 

The plate was shaken for 1 hour and counted in a Wallac 1450 MicroBeta Trilux 

scintillation counter (GMI, Ramsey, MN). The experiments were performed in 

duplicate at least 3 times for each ligand at the various transporters. Specific details 

concerning the experiments where preincubation and washing steps were performed 

prior to the execution of the [3H]-D-Asp uptake are given in the legend to Figure 3. 
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FLIPR™ Membrane Potential Blue (FMP) assay 

The functional characterization of UCPH-101 and TBOA at stable EAAT1-HEK293 

cells in the FMP assay was performed essentially as previously described (Jensen 

and Bräuner-Osborne, 2004). Cells were split into PDL-coated black 96-wells plates 

with clear bottom (BD Biosciences, Bedford, MA). 16-24 h later the medium was 

aspirated, and the cells were washed with 100 μl Krebs buffer [140 mM NaCl/4.7 mM 

KCl/2.5 mM CaCl2/1.2 mM MgCl2/11 mM HEPES/10 mM D-Glucose, pH 7.4]. 50 μl 

Krebs buffer supplemented with various concentrations of UCPH-101 or TBOA was 

added to the wells, after which an additional 50 μl Krebs buffer supplemented with 

the FMP Blue assay dye (1 mg/ml) was added to each well. The plate was incubated 

at 37 °C in a humidified 5% CO2 incubator for 30 min and assayed in a NOVOstar™ 

plate reader (BMG Labtechnologies, Offenburg, Germany) measuring emission [in 

fluorescence units (FU)] at 560 nm caused by excitation at 530 nm before and up to 1 

min after addition of 33 μl Glu solution. The experiments were performed in duplicate 

at least three times for each compound. 

 

Quantification of transporter expression by ELISA 

The ELISA was performed essentially as previously described (Krzywkowski et al., 

2008). Briefly, tsA201 cells were transfected with EAAT1-pcDNA3, GLAST-

pcDNA3.1+/hygro, HA-EAAT1-pcDNA3 or HA-GLAST1-pcDNA3.1+/hygro, or co-

transfected with 5-HT3A-pCIneo and HA-5-HT3B-pCIneo (ratio 1:1). 16-24 h after the 

transfection, the cells were plated into PDL-coated 48-well plates (1.5 × 105 

cells/well). The following day, the cells were washed in ice-cold assay buffer 

(phosphate buffered saline (PBS) supplemented with 1 mM CaCl2), after which the 

cells were fixed by treatment of 4% paraformaldehyde (in PBS) on ice. The remaining 

steps were performed at RT. The cells were washed three times in assay buffer and 

incubated with blocking solution (3% dry milk in 50 mM Tris–HCl, 1 mM CaCl2, pH 

7.5) for 20 min. After blocking, the cells were incubated with mouse anti-HA antibody 

(Nordic Biosite, diluted 1:1000 in blocking solution) for 45 min. The cells were then 

washed three times with assay buffer and incubated with blocking solution for 20 min 

before incubation with horse radish peroxidase-conjugated secondary antibody 

(Molecular Probes, diluted 1:400 in blocking solution) for 45 min. Following three 

washes with assay buffer, the subunit expression was quantified using the 3,3’,5,5’-

tetramethylbenzidine liquid substrate system (Sigma). The reaction was quenched 
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with 1N H2SO4 after which the absorbance of the supernatants was determined at 

450 nm. Total expression levels were determined by adding 0.1% Triton X-100 to the 

blocking solution used for the first blocking incubation and the incubation with anti-HA 

antibody. All ELISA experiments were performed in quadruplicate. Specific details 

concerning the preincubation and washing steps performed prior to the execution of 

the ELISA in the determination of the effects of UCPH-101 preincubation on 

transporter expression levels are given in the legend for Figure 3F. 

 

Data analysis 

Data from the electrophysiological recordings were analyzed with a combination of 

pClamp10 (Axon Instruments) and SigmaPlot11 (Jandel Scientific) programs. Current 

amplitudes were used without any subtraction procedure. Data are given as means ± 

S.E. In experiments where UCPH-101 or UCPH-102 concentration dependences 

were determined, we obtained relative errors for apparent dissociation constants as 

standard errors of fit estimates from fitting a Hill-equation to the concentration 

dependence of EAAT1 anion currents. To evaluate time-constants for UCPH-binding 

and -unbinding events on EAAT1 transporters, we fitted monoexponential functions 

to the time-courses of changes in EAAT1 mediated anion currents. Concentration-

inhibition curves for Glu and the inhibitors at the transporters in the [3H]-D-Asp uptake 

assay were constructed based on the radioactivity level (CPM) measured in the 

respective wells, after the non-specific uptake measured in the presence of 3 mM Glu 

had been subtracted. Concentration-response curves for Glu and concentration-

inhibition curves for UCPH-101 and TBOA at EAAT1-HEK293 cells in the FMP assay 

were constructed based on the difference in the fluorescence (ΔFU) between the 

maximal fluorescence recorded before and after addition of Glu obtained for the 

different ligand concentrations. All curves were generated by nonweighted least-

squares fits using the program KaleidaGraph 3.6 (Synergy Software). As for the 

ELISA, the basal absorbance measured in wells containing tsA201 cells transfected 

with (untagged) WT EAAT1 or WT GLAST were subtracted from the absorbance 

measured from cells transfected with HA-EAAT1 cDNA or with cDNAs encoding for 

HA-GLAST and various HA-GLAST mutants, respectively. 
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Computational chemistry 

The in silico studies were performed using the comprehensive software suite MOE 

(version 2012.05, Chemical Computing Group) installed on a PC-Windows 7 

professional, 32-bit platform. Homology modeling: A homology model of rat GLAST 

was built based on an aligment of its amino acid sequence (NP_062098) with that of 

the GltPh transporter. The residues Phe190-Val241 segment (both residues included) 

between TM4b and TM4c in GLAST is absent in GltPh (Yernool et al., 2004), and 

analogously to a previously published homology model of EAAT1 this segment was 

deleted from the GLAST sequence prior to construction of the homology model 

(Huang and Vandenberg, 2007). The homology model of GLAST was built from the 

3D coordinates of the crystal structure of GltPh in complex with L-aspartate and Na+ 

[PDB code 2NWX, (Boudker et al., 2007)] using standard setup parameters. Binding 

site: Exploration of the binding site was done using the build-in function “Site Finder” 

(standard setup). The logP and tPSA values for UCPH-101, UCPH-102, UCPH-100, 

1, 2 and 3 were calculated using the standard parameters in the setup box. 

 

 

Results 

 

UCPH-101 and UCPH-102 are highly selective inhibitors of EAAT1 over other 

EAATs 

UCPH-101 and UCPH-102 have previously been shown to be specific inhibitors of 

human EAAT1 and its rat ortholog GLAST displaying high nanomolar IC50 values at 

these transporters and negligible inhibitory activity at human EAAT2, human EAAT3, 

rat GLT-1 and rat EAAC1 at concentrations up to 100 μM (Jensen et al., 2009; 

Erichsen et al., 2010). To investigate whether this selectivity extends to the entire 

EAAT family, the functional properties of UCPH-101 and UCPH-102 were 

characterized by patch clamp electrophysiology on tsA201 cells expressing human 

EAAT1, rat EAAT4 and mouse EAAT5 (Fig. 2).  
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Figure 2. Effects of UCPH-101 and UCPH-102 on whole-cell currents of EAAT1, EAAT4 and 

EAAT5. A, C and E. Representative whole-cell currents from tsA201cells expressing EAAT1 
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 (A), EAAT4 (C) and EAAT5 (E) in absence (top) and presence (bottom) of 10 μM UCPH-

101. The compound was added to bath solution containing 140 mM NaNO3 and 0.5 mM Glu, 

and cells were dialyzed with 115 mM KNO3. Dotted lines represent 0 nA. B, D, F, Current-

voltage relationship of EAAT1 (n = 14) (B), EAAT4 (n = 16) (D), and EAAT5 (n = 11) (F) in 

absence (   ) or in the presence (   ) of 10 μM UCPH-101. Untransfected tsA201 cells 

perfused with external solution containing 0.5 mM Glu were used as control (   ) (n = 9). G, 

Application of different concentrations of UCPH-101 or UCPH-102 to cells expressing EAAT1 

at a voltage step of -185 mV (solutions as in A-F). Data were normalized to the current in 

absence of compounds. Fitting concentration dependences of EAAT1 steady-state currents 

(arrow in Fig 2A) with a Hill-equation provided dissociation constants of 0.34 ± 0.03 μM (Hill 

coefficient = 1.3 ± 0.13, n ≥ 9) for UCPH-101 and 0.17 ± 0.02 μM (Hill coefficient = 0.97 ± 

0.11, n ≥ 7) for UCPH-102. H, Effect of 10 μM UCPH-101 or 10 μM UCPH-102 on anion 

currents of EAAT1, EAAT4 and EAAT5 at a voltage step of -185 mV (solutions as in A-F). To 

determine the inhibitory effect of UCPH-101 (black bar) and UCPH-102 (grey bar) on EAAT 

mediated anion currents we divided steady-state currents in presence of UCPH-101/UCPH-

102 by currents in absence of compounds. Data are given as means ± SE. 

 

EAAT anion currents were measured with internal KNO3 and NaNO3-based external 

solution at a saturating Glu concentration. The use of NO3 - increases anion currents 

and permits measurements of anion currents in isolation. Representative current 

recordings of EAAT1, EAAT4 and EAAT5 from individual cells before and after 

application of saturating concentrations of UCPH-101 are given in Figures 2A, 2C 

and 2E, respectively. Current-voltage relationships for EAAT1 (Fig. 2B), EAAT4 (Fig. 

2D) and EAAT5 (Fig. 2F) in absence (grey circles) and presence of 10 μM UCPH-101 

(black circles) illustrate the effects of the inhibitor on the different EAAT isoforms. 

UCPH-101 and UCPH-102 inhibited EAAT1 anion currents in a concentration 

dependent manner with KD values of 0.34 ± 0.03 μM (Hill = 1.3 ± 0.13, n ≥ 9) for 

UCPH-101 and 0.17 ± 0.02 μM (Hill = 0.97 ± 0.11, n ≥ 7) for UCPH-102 (Fig. 2G). At 

saturating UCPH-101 or UCPH-102 concentrations EAAT1 currents were not 

different from anion currents in untransfected cells (Fig. 2B, white circles), indicating 

complete block of EAAT1 by both compounds. Thus, the block of EAAT1 exerted by 

UCPH-101 and UCPH-102 can be described accurately by whole-cell recordings.  

In contrast to their observed activity at EAAT1, neither UCPH-101 nor UCPH-102 

caused significant inhibition of whole-cell currents in EAAT4- (Fig. 2D, H) or EAAT5-

expressing cells (Fig. 2F, H) at final concentrations of 10 μM. We conclude that 
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neither EAAT4 nor EAAT5 are blocked by UCPH-101 or UCPH-102 in the low 

concentration range detected for EAAT1, and thus these data further support the 

notion of these compounds being highly selective inhibitors of EAAT1. 

 

UCPH-101 induces long-lasting inhibition of EAAT1 

In preliminary studies of various assay parameters in the [3H]-D-Asp uptake assay 

the duration of the incubation time was found to be important for the activity of 

UCPH-101 at EAAT1. A significant albeit modest increase in the inhibitory potency of 

UCPH-101 at the transporter was observed with increasing durations of the 

incubation period, whereas the IC50 values for Glu and TBOA did not change 

significantly (Fig. 3A). Strikingly, preincubation of EAAT1-HEK293 cells with UCPH-

101 followed by extensive washing resulted in a dramatic reduction in the specific 

[3H]-D-Asp uptake mediated by the cells (Fig. 3B). In contrast, pre-exposure of the 

cells to TBOA in concentrations up to 100-fold higher than its IC50 value followed by 

the same washing regime did not impair transporter function significantly (Fig. 3B). 

The impact of UCPH-101 preincubation on EAAT1 function was concentration-

dependent, and the degree of inhibition observed after preincubation was not altered 

significantly with different washing regimes (Fig. 3B). Even brief preincubation (∼ 6 

sec) with 100 μM UCPH-101 induced long-lasting inhibition of EAAT1, although the 

potency of the compound in its induction of this long-lasting inhibition increased with 

longer preincubation periods (Fig. 3C). Incubation of the EAAT1-HEK293 cells with 3 

mM Glu or 300 μM TBOA prior to and concomitant presence of 3 mM Glu or 300 μM 

TBOA during the UCPH-101 preincubation did not alleviate the impairment of EAAT1 

function brought on by UCPH-101 (Fig. 3D), nor did an incubation with 3 mM Glu or 

300 μM TBOA between the UCPH-101 preincubation and the execution of the [3H]-D-

Asp uptake assay (Fig. 3E). 
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Figure 3. UCPH-101 induces a long-lasting inactive state of EAAT1. A, The inhibitory 

potency of UCPH-101 at EAAT1-HEK293 cells increases with the length of the incubation 
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period in the [3H]-D-Asp uptake assay, whereas those of Glu and TBOA do not. The IC50 

(pIC50 ± S.E.M.) values of UCPH-101 using incubation periods of 1.5, 3, 6 and 12 min were 

1.9 μM (5.71 ± 0.05), 1.1 μM (5.97 ± 0.07), 0.82 μM (6.09 ± 0.05) and 0.44 μM (6.36 ± 0.04), 

respectively (n=4). B, Preincubation of EAAT1 with UCPH-101 induces long-lasting inhibition 

of transporter function. EAAT1-HEK293 cells were incubated with buffer or buffer 

supplemented with various concentrations of UCPH-101 or TBOA for 15 min and washed for 

3 × 15, 3 × 30 or 3 × 45 min before determination of specific [3H]-D-Asp uptake (n=4). C, The 

degree of EAAT1 inhibition induced by preincubation with UCPH-101 increases with the 

duration of the preincubation. EAAT1-HEK293 cells were incubated with buffer or with buffer 

supplemented with UCPH-101 or TBOA for various time periods, and washed for 3 × 15 min 

before before determination of specific [3H]-DAsp uptake (n=3). D-E, Glu and TBOA do not 

alleviate the long-lasting effects of UCPH-101 preincubation on EAAT1 function. D. EAAT1-

HEK293 cells were incubated for 1 min with buffer (   ) or with buffer supplemented with 3 

mM Glu (   ) or 300 μM TBOA (   ), then incubated for 2 min with various concentrations of 

UCPH-101 in buffer (   ) or in buffer supplemented with 3 mM Glu (   ) or 300 μM TBOA (   ), 

and then washed for 3 × 15 min before before determination of specific [3H]-D-Asp uptake 

(n=3). E, EAAT1-HEK293 cells were incubated for 1 min with various concentrations of 

UCPH-101 in buffer, then incubated for 2 min with buffer (   ) or with buffer supplemented 

with 3 mM Glu (   ) or 300 μM TBOA (   ), and then washed for 3 × 15 min before before 

determination of specific [3H]-D-Asp uptake (n=4). F, Preincubation with UCPH-101 does not 

change the cell surface expression levels of EAAT1 and GLAST. HA-EAAT1- or HA-GLAST-

expressing tsA201 cells were incubated with buffer or buffer supplemented with 100 μM 

UCPH-101 for 15 min, and washed for 3 × 15 min before the ELISA was performed (n=4). 

The cell surface expression of neither HA-EAAT1 nor HA-GLAST in buffer- and UCPH-101-

pretreated cells differed significantly. Pre-exposure of cells to the inhibitor resulted in a small 

but significant decrease in total expression levels (ANOVA: HA-EAAT1: p = 0.048, HA-

GLAST: p = 0.049). G, Effects on EAAT1 function of preincubation with UCPH-101 and five 

analogs. Left, EAAT1-HEK293 cells were preincubated with buffer supplemented with 

various concentrations of inhibitors for 15 min, and washed for 3 × 15 min before 

determination of specific [3H]-D-Asp uptake (n=4). Righ, Relationship between pIC50 values 

for the UCPH-101, UCPH-102, UCPH-100 and 1 in the [3H]-D-Asp uptake assay and the 

pIC50 values obtained for the compounds in the preincubation experiment. The R2 values for 

the fittings of the data for UCPH-100, 1 and UCPH-102 (black line) and the data for UCPH-

100, 1, UCPH-102 and UCPH-101 (gray line) are given. 
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Exposure of EAAT1 and GLAST to UCPH-101 does not internalize the 

transporters 

Sustained exposure of the serotonin transporter (from the SLC6 transporter family) to 

inhibitors have been reported to internalize the transporter in mammalian cell lines 

and neurons (Lau et al., 2008; Kittler et al., 2010), and antagonist-induced 

internalization has also been demonstrated for several membrane bound receptors 

(Roettger et al., 1997; Gray and Roth, 2001; Pheng et al., 2003; Rojas et al., 2010). 

To investigate whether the observed long-lasting effects of UCPH-101preincubation 

on EAAT1 function could arise from an analogous ligand-induced internalization of 

the transporter, the effects of UCPH-101 on the expression levels of EAAT1 and 

GLAST at the cell surface were investigated in an ELISA using HA-tagged 

transporters transiently expressed in tsA201 cells. The validity of this assay was 

verified in control experiments performed in parallel, where expression of a HA-

tagged 5-HT3B receptor subunit in tsA201 was found not to result in significant cell 

surface expression, whereas of co-expression of HA-5-HT3B with 5-HT3A gave rise 

to the significant levels of cell surface expression of the tagged subunit (B. 

Abrahamsen and A.A. Jensen, unpublished observations) (Krzywkowski et al., 2008). 

The HA epitope (YPYDVPDYA) was inserted between residues Pro179 and Pro180 in 

both EAAT1 and GLAST. In a previous study, mouse GLT-1 tagged with HA in the 

corresponding position has been shown to exhibit pharmacological properties not 

significantly different from those of the WT transporter (Peacey et al., 2009). 

Analogously, the IC50 values displayed by Glu, TBOA and UCPH-101 at HA-EAAT1 

and HA-GLAST in the [3H]-D-Asp uptake assay were not significantly different from 

those displayed by the ligands at the two WT transporters (B. Abrahamsen and A.A. 

Jensen, unpublished observations). As can be seen from Figure 3F, pre-incubation of 

tsA201 cells transiently expressing HA-EAAT1 and HA-GLAST with 100 μM UCPH-

101 did not result in significant reduction in the numbers of cell surface expressed 

transporters compared to control cells. A small but significant decrease in the total 

expression levels of both HA-EAAT1 and HA-GLAST was observed in cells 

preincubated with 100 μM UCPH-101 (p = 0.048 and p = 0.049, respectively, see Fig. 

3F). However, these differences are not considered pertinent from a biological 

perspective. 
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UCPH-101 and closely related analogs induce substantially different 

timedependent inhibition of EAAT1  

To shed light on the structural elements in the UCPH-101 molecule important for its 

long-lasting impairment of EAAT1-mediated uptake, the effects of preincubation of 

EAAT1 with five closely related UCPH-101 analogs on transporter function were 

investigated. The five analogs have the parental chromene skeleton in common with 

UCPH-101 but their 4- and 7-substituents differ (Fig. 1). Interestingly, the pronounced 

impairment of EAAT1 uptake observed after preincubation with UCPH-101 was 

contrasted by much more moderate effects on transporter function resulting from pre-

exposure to the five analogs (Fig. 3G; Table 1). UCPH-101, UCPH-102 and 1 display 

similar inhibitory potencies at EAAT1 in the [3H]-D-Asp assay (Table 1) and, in the 

case of UCPH-101 and UCPH-102, in the electrophysiological recordings (Fig. 2). 

Nevertheless, UCPH-101 was found to be ~100-fold more potent than both analogs 

when it came to the induction of the inactive EAAT1 state in the preincubation 

experiments (Fig. 3G; Table 1). Pre-incubation of EAAT1 with the UCPH-100, 2 and 

3 analogs had moderate or negligible effects on transporter function (Fig. 3G; Table 

1). The divergence of UCPH-101 from the other analogs is illustrated by the fact that 

the correlation between the inhibitory potencies for UCPH-102, UCPH-100 and 1 in 

the [3H]-D-Asp uptake assay and in the preincubation experiment is characterized by 

a R2 value of 0.96, which is reduced to 0.31 when the UCPH-101 data is included 

(Fig. 3G). The observed different duration of the EAAT1 inhibition exerted by the six 

analogs could potentially arise from differences in the physicochemical properties of 

the compounds. However, the calculated total polar surface area (tPSA) values for 

UCPH-101, UCPH-102, UCPH-101, 1 and 3 are essentially identical, and although 

UCPH-101 is the most lipophilic compound of the series, the calculated logP value of 

analog 1 is comparable to that of UCPH-101 (3.45 and 3.94, respectively, Table 1). 

Furthermore, it is not possible to pinpoint a single structural feature in the UCPH-101 

molecule accountable for its long-lasting effects on EAAT1: Comparisons of the IC50 

value displayed by UCPH-101 to those of UCPH-100 and 2 in the uptake assay and 

of the IC50 values of UCPH-102 and 1 to that of 3 identify the 1-naphthalene or 1-o-

biphenyl groups in these inhibitors as key for their higher inhibitory potencies at 

EAAT1 (Fig. 1; Table 1). 
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Table 1. Physico-chemical characteristics of UCPH-101 and five analogs and their functional 

properties at EAAT1-HEK293 cells in the [3H]-D-Asp uptake assay and in the preincubation 

experiments. The logP values (octanol/water) and total polar surface area (tPSA) were 

calculated in MOE. IC50 values obtained for the inhibitors in the [3H]-D-Asp uptake assay and 

in the preincubation experiments are given in μM with pIC50 ± S.E.M values in brackets. 

Results from the preincubation experiments are based on 3-4 individual experiments 

performed in duplicate as described in Materials and Methods and in the legend to Fig. 3G. 

__________________________________________________________________________________ 

Compound  logP   tPSA  [
3
H]-D-Asp Uptake

a
    Preincubation 

       IC50 (mM)     IC50 (mM)  

      [pIC50 ± S.E.M.]    [pIC50 ± S.E.M.] 

__________________________________________________________________________________ 

UCPH-101 3.94 151  0.66 [6.18 ± 0.08]    0.23 [6.64 ± 0.15] 

UCPH-102  2.71 156  0.42 [6.47 ± 0.21]
 
    20 [4.71 ± 0.20] 

UCPH-100  2.76 150  3.9 [5.48 ± 0.20]    ~300 [~3.5] 

1  3.45 155  0.87 [6.11 ± 0.15]    ~30 [~4.5] 

2  2.42 262  11 [4.97 ± 0.05]    >300 [<3.5] 

3  1.49 156  9.2 [5.04 ± 0.05]    >300 [<3.5] 

_________________________________________________________________________________________________________________

a The IC50 values for the ligands in the [3H]-D-Asp uptake assay have been reported 

previously: UCPH-101, 2 and 3 (Jensen et al., 2009), UCPH-102 and UCPH-100 (Erichsen et 

al., 2010) and 1 (M.N. Erichsen, J. Hansen, B. Abrahamsen, T.H.V. Huynh, C.S. Demmer, 

A.A. Jensen, and L. Bunch, unpublished data). 

 

However, the presence of a 1-naphthalene group in both UCPH-101 and UCPH-102 

clearly demonstrates that the lipophilic 7-substituent is not the sole determinant of the 

sustained inhibition associated with UCPH-101. The 4-substituent in the chromene 

scaffold is the obvious other candidate, as UCPH-101 and UCPH-102 only differs 

when it comes to their respective 4-methoxyphenyl and methyl groups in this position 

(Fig. 1). However, since the IC50 values of 2 and UCPH-100 in the preincubation 

experiment correlate with their respective potencies in the [3H]-D-Asp uptake assay, 

the presence of a 4-methoxyphenyl or a phenyl group in this position is clearly not 

sufficient to induce the long-lasting inhibition characteristic in these ligands (Fig. 3G). 
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Hence, this unique property of UCPH-101 appears to arise from system dynamics 

induced by small-molecule-protein interactions. 

 

UCPH-101 and UCPH-102 display significantly different blocking and 

unblocking kinetics at EAAT1 

To determine the binding kinetics of UCPH-101 and UCPH-102 at EAAT1, the time 

course of EAAT1 current amplitudes were recorded at a fixed voltage step of -145 

mV upon application (wash in) or removal (wash out) of 1 μM UCPH-101 (Fig. 4A) or 

1 μM UCPH-102 (Fig. 4B). The experiments were performed in the presence of 

saturating concentrations of Glu. Application of 1 μM UCPH-101 or 1 μM UCPH-102 

resulted in mono-exponential decreases of the current amplitude with time-constants 

of 10.5 ± 1.4 s (UCPH-101, n = 11) and 4.0 ± 1.2 s (UCPH-102, n = 6) (Fig. 4A left 

and B left, respectively). After reaching steady-state the perfusion was changed to 

inhibitor-free solution to evaluate the time-course of the unbinding of UCPH-101 and 

UCPH-102 from EAAT1 (Fig. 4A right and 4B right, respectively). UCPH-101 

unblocking occurred on a very slow time scale (  = 740 ± 100 s, n = 9), whereas the 

block induced by UCPH-102 was relieved much faster (  = 55.7 ± 4.8 s, n = 6). Since 

full recovery of the EAAT current amplitude occurred only rarely after UCPH-101 

block, the unblocking time constant for this compound might be underestimated. 
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Figure 4. Unbinding of UCPH-101 and UCPH-102 from EAAT1 occurs on different time-

scales. A, B, Left, EAAT1 current-responses to application of 1 μM UCPH-101 (A) or 1 μM 

UCPH-102 (B) at repetitive voltage steps of -145 mV recorded with a time interval of 1s 

between successive steps. Anion current peak amplitudes decayed with time constants of 

10.5 ± 1.4 s (n = 11) after application of UCPH-101and 4.0 ± 1.2 s (n = 6) after application of 

UCPH-102. Right, Unbinding of UCPH-101 (A) and UCPH-102 (B) from EAAT1 induced by 

application of inhibitor-free solution to cells expressing the transporter. Peak current 

amplitudes increased with time constants of 740.4 ± 100 s for UCPH-101 (n = 9) or 55.7 ± 

4.8 s for UCPH-102 (n = 6). Currents were fitted with an exponential function. Data are given 

as means ± SE. Insets, Representative current recordings. 
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UCPH-101 exhibits non-competitive inhibition of EAAT1 function 

The nature of the inhibition exerted by UCPH-101 at EAAT1 was investigated in the 

FLIPR™ Membrane Potential Blue (FMP) assay and compared to that of TBOA. The 

pharmacological characteristics of the EAAT1-HEK293 cell line in the FMP assay 

have previously been shown to be in good agreement with those observed for the 

transporter in conventional uptake assays and electrophysiological setups (Jensen 

and Bräuner-Osborne, 2004). In concordance with a previous study (Shimamoto et 

al., 1998) and as reported for TBOA at EAAT2 (Jensen and Bräuner-Osborne, 2004), 

the functional profile of TBOA at EAAT1 in the FMP assay was very characteristic of 

that of a competitive inhibitor. Glu exhibited increasing Km (EC50) values at the 

transporter in the presence of increasing TBOA concentrations, whereas the maximal 

Response (Rmax) elicited by the substrate in the assay was not significantly changed 

(Fig. 5A).  

 

         

 

Figure 5. The nature of inhibition exerted by TBOA and UCPH-101 at EAAT1-HEK293 cells 

in the FLIPR Membrane Potential™ Blue assay. A, Concentrationresponse curves for Glu in 
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the absence or in the presence of five different concentrations of TBOA or UCPH-101. B, 

Concentration-inhibition curves for TBOA and UCPH-101 using six different Glu 

concentrations. Ki values for TBOA was calculated using the Cheng-Prusoff equation [Ki = 

IC50/(1+[Glu]/Km)] (Craig, 1993). The figures depict data from single representative 

experiments out of a total of 3-4 experiments, and data are given as mean ± S.D. of duplicate 

determinations. 

 

Conversely, the IC50 values determined for TBOA at EAAT1 were very dependent on 

the Glu concentrations used in the assay (Fig. 5B). In accordance with the principle 

of competitive inhibition Ki values calculated for TBOA based on IC50 values obtained 

using different Glu concentrations were very similar (Fig. 5B).  

The EAAT1 inhibition exerted by UCPH-101 was very different from that of TBOA. 

Presence of UCPH-101 in the FMP assay did not change the Km (EC50) values of Glu 

at the transporter substantially, whereas the maximal response elicited by the 

substrate was decreased with increasing concentrations of the inhibitor (Fig. 5A). 

Furthermore, the IC50 values determined for UCPH-101 at EAAT1 using six different 

(S)-Glu concentrations were very similar (Fig. 5B). 

The profile exhibited by UCPH-101 in the FMP assay was supported by patch-clamp 

experiments, where similar concentration dependences of block by UCPH-101 were 

observed in presence of different Glu concentrations. Figure 6 shows representative 

whole-cell recordings of EAAT1 with external solution containing 10 mM Glu (Fig. 6A) 

or 0 mM Glu (Fig. 6B) in absence (top) or presence (bottom) of 10 μM UCPH-101. 

The concentration dependence of block by UCPH-101 in presence of various Glu 

concentrations is shown in Figure 6C. KD values around 0.3 μM were obtained for 

UCPH-101 in these experiments (with 0.1 mM Glu: KD UCPH-101= 0.29 ± 0.03 μM, Hill = 

1.18 ± 0.11, n ≥ 5; with 0.5 mM Glu: KD UCPH-101 = 0.34 ± 0.03 μM, Hill = 1.3 ± 0.13, n 

≥ 9; with 10 mM Glu: KD UCPH-101 = 0.35 ± 0.03 μM, Hill = 1.29 ± 0.14, n = 6). EAAT1 

anion currents were also blocked in the absence of Glu (KD UCPH-101 = 0.28 ± 0.09 μM; 

Hill = 0.78 ± 0.17, n ≥ 6), which suggests that UCPH-101 associates with EAAT1 in 

its outward-facing conformation. Without Glu present EAAT1 anion currents are much 

smaller, resulting in larger contributions of background currents and apparently less 

complete block by UCPH-101. In conclusion, UCPH-101 displayed all the 

characteristics of a non-competitive inhibitor at EAAT1. 
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Figure 6. UCPH-101-dependence of EAAT1 in presence of various Glu concentrations. A,B, 

EAAT1 whole-cell currents in presence of 10 mM external Glu (A) or in the absence of 

external Glu (B) without UCPH-101 (top) or with 10 μM UCPH-101 (bottom). C. UCPH-101 

concentration dependence of EAAT1 currents at a voltage step of -185 mV. Data were 

normalized to the current in absence of external UCPH-101 and mean current amplitudes 

from different cells were fitted with a Hill-equation. 

 

Identification of the allosteric site targeted by UCPH-101 in GLAST 

The non-competitive inhibition exhibited by UCPH-101 at EAAT1 prompted us to 

search for its putative allosteric binding site in the transporter. This was done in a 

multi-step iterative process, where functional properties of Glu, TBOA and UCPH-101 

were determined at chimeras of GLAST and GLT-1 and at GLAST and GLT-1 

mutants in the [3H]-D-Asp uptake assay. In the early stages of the project the 

constructed chimeras and mutants were transiently expressed in tsA201 cells and 

screened for function. Major findings from the experiments were subsequently 

confirmed at transporters stably expressed in polyclonal HEK293 cell lines, and later 

steps in the project were performed exclusively at these stable polyclonal cells.  

In the first phase of the project Glu, TBOA and UCPH-101 were characterized 

functionally at a considerable number of GLAST/GLT-1 chimeras in [3H]-D-Asp 

uptake assay. Unfortunately, most of these chimeras turned out to be non-functional, 

as no significant [3H]-D-Asp uptake could be measured in tsA201 cells expressing 

them (Fig. 7A). This was very much in line with previous observations made by 
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Vandenberg and colleagues in a study of a series of EAAT1/EAAT2 chimeras 

(Mitrovic et al., 1998). The reasons for the observed non-functionality of these 

chimeras were not investigated further. Important for this study, the chimeras N76, 

N354, N403 and N461 were functional, and Glu and TBOA displayed similar IC50 

values at these chimeras as those exhibited at WT GLAST and WT GLT-1 (Fig. 7B; 

Table 2). Whereas UCPH-101 was inactive at N76, it inhibited [3H]-D-Asp uptake 

through the other three chimeras with IC50 values not significantly different from that 

at WT GLAST (Table 2). The WT GLAST-like activity displayed by UCPH-101 at the 

N354 chimera was particularly informative, as it demonstrated that all molecular 

determinants for the subtype-selectivity of the inhibitor reside within the Met1-Gln354 

region of GLAST (Fig. 7B, C). To further narrow down the GLAST region containing 

these determinants several additional GLAST/GLT-1 chimeras were constructed (Fig. 

7A) but all of these were non-functional. Thus we took on another approach in our 

search for the UCPH-101 binding site.  

 

Table 2. Functional characteristics of Glu, TBOA and UCPH-101 at WT GLAST, WT GLT-1, 

GLAST/GLT-1 chimeras, and GLAST and GLT-1 mutants stably expressed in polyclonal 

HEK293 cells in the [3H]-D-Asp uptake assay (using 100 nM [3H]-D-Asp as tracer 

concentration). The position(s) of the mutation(s) introduced in the respective mutant 

transporters are indicated together with the corresponding residue(s) in GltPh. The IC50 values 

for Glu, TBOA and UCPH-101 are given in μM with pIC50 ± S.E.M. values in brackets. The 

maximal inhibition degrees by UCPH-101 at the respective transporters are given as % ± 

S.E.M. of the maximal inhibition exerted by Glu at the same transporter. Maximal inhibition 

percentages in the 90-100% range are stated as “Complete Inhibition”, and Maximal 

inhibition percentages below 20% as “No Inhibition”. The polyclonal cell lines were generated 

and [3H]-D-Asp uptake assay was performed as described in Materials and Methods. Data 

are the means of 3-20 individual experiments performed in duplicate.  

_________________________________________________________________________________________________________________

     Glu  TBOA  UCPH-101 UCPH-101 

Transporter Position of Mutation  IC50 ( M)  IC50 ( M)  IC50 ( M)  Max. Inhibition 

  (Residue in GltPh)  [pIC50 ± S.E.M.]  [pIC50 ± S.E.M.]  [pIC50 ± S.E.M.] [% ± S.E.M.] 

___________________________________________________________________________ 

WT GLAST  –  18 [4.74  ± 0.01] 2.5 [5.60 ± 0.03] 0.49 [6.31 ± 0.05] Complete 

           Inhibition  

WT GLT-1  –  31 [4.51  ± 0.02] 1.4 [5.86 ± 0.03] >100 [<4.0] No inhibition 

I. GLAST/GLT-1 CHIMERAS 
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Chimera N76 GLASTM1-R76/GLT-1V74-I562 35 [4.46  ± 0.05] 1.9 [5.72 ± 0.09] >100 [<4.0] No Inhibition 

Chimera N354 GLASTM1-Q354/GLT-1A353-I562 23 [4.64  ± 0.06] 2.1 [5.68 ± 0.10] 0.51 [6.29 ± 0.07] Complete  

           Inhibition 

Chimera N403 GLASTM1-A403/GLT-1L402-I562 33 [4.48  ± 0.10] 3.1 [5.51 ± 0.11] 0.86 [6.07 ± 0.13] Complete  

           Inhibition 

Chimera N461 GLASTM1-P461/GLT-1T460-I562 24 [4.62  ± 0.08] 3.5 [5.46 ± 0.16] 1.1 [5.97 ± 0.08] Complete  

           Inhibition 

II. GLAST MUTANTS (TM4c)        

V247I/V248G TM4c (I255/F156)  21 [4.69 ± 0.11] 3.4 [5.48 ± 0.03] 0.51 [6.29 ± 0.14] Complete  

           Inhibition 

V248F  TM4c (F156)  17 [4.74  ± 0.07] 4.6 [5.34 ± 0.08] 0.51 [6.30 ± 0.07] Complete  

           Inhibition 

S250F/M251I/C252A  TM4c (A158/I159/I160) 14 [4.87 ± 0.10] 1.8 [5.74 ± 0.06] 0.82 [6.07 ± 0.12] Complete  

           Inhibition 

M251G  TM4c (I159)  12 [4.91  ± 0.04] 6.5 [5.19 ± 0.03] ~30 [~4.5]  n.d. 

M251L  TM4c (I159)  29 [4.53 ± 0.09] 2.9 [5.54 ± 0.07] 0.81 [6.09 ± 0.03] Complete  

           Inhibition 

M251I  TM4c (I159)  24 [4.60 ± 0.03] 2.7 [5.57 ± 0.05] 0.51 [6.29 ± 0.02] Complete  

           Inhibition 

M251F  TM4c (I159)  25 [4.61  ± 0.03] 3.2 [5.50 ± 0.11] 0.62 [6.21 ± 0.08] Complete  

           Inhibition 

C252G  TM4c (I160)  12 [4.92  ± 0.07] 2.3 [5.64 ± 0.12] 0.89 [6.05 ± 0.12] Complete  

           Inhibition 

C252I  TM4c (I160)  21 [4.68  ± 0.05] 4.5 [5.34 ± 0.03] 1.9 [6.42 ± 0.09] Complete  

           Inhibition 

F255A   TM4c (I163)  9.9 [5.01  ± 0.13] 2.6 [5.58 ± 0.08] 0.95 [6.02 ± 0.13] a 87 ± 2.8 

F255V  TM4c (I163)  12 [4.92  ± 0.13] 2.0 [5.71 ± 0.13] 0.62 [6.32 ± 0.09] a 79 ± 1.6 

F255L  TM4c (I163)  12 [4.93  ± 0.12] 4.8 [5.32 ± 0.12] 1.6 [5.80 ± 0.14] a 78 ± 4.2 

F255I  TM4c (I163)  23 [4.68  ± 0.08] 4.3 [5.37 ± 0.12] >100 [<4.0] No Inhibition 

F255N    TM4c (I163)  14 [4.85 ± 0.07] 3.6 [5.45 ± 0.14] 0.48 [6.31 ± 0.01] Complete  

           Inhibition 

F255W  TM4c (I163)  15 [4.82  ± 0.07] 3.5 [5.45 ± 0.15] 0.58 [6.25 ± 0.09] Complete  

           Inhibition 

F255R  TM4c (I163)  20 [4.70  ± 0.07] 2.0 [5.70 ± 0.04] 0.53 [6.27 ± 0.06] Complete  

           Inhibition 

V256A/I257M/N259K TM4c (A164/I165/Y167) 14 [4.86 ± 0.15] 2.9 [5.53 ± 0.06] 0.92 [6.04 ± 0.14] a 78 ± 4.9 

 

III. GLAST MUTANTS (TM3)         

S116F  TM3 (L78)  28 [4.55  ± 0.04] 3.2 [5.49 ± 0.03] 0.80 [6.10 ± 0.01] a 53 ± 4.1 
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G117F  TM3 (G79)  24 [4.62  ± 0.11] 2.2 [5.66 ± 0.08] 0.45 [6.34 ± 0.09] Complete  

           Inhibition 

G117L/K118A/M119A TM3 (G79/R80/V81) 18 [4.74 ± 0.10] 4.3 [5.37 ± 0.04] 1.4 [5.85 ± 0.05] Complete  

           Inhibition 

G120L/M121A/R122A TM3 (G82/V83/K84) 11 [4.94 ± 0.03] 3.2 [5.49 ± 0.15] >100 [<4.0] No inhibition 

G120A   TM3 (G82)  7.5 [5.12 ± 0.16] 2.9 [5.54 ± 0.09] >100 [<4.0] a 22 ± 3.1 

G120V  TM3 (G82)  8.6 [5.06 ± 0.07] 4.1 [5.39 ± 0.13] >100 [<4.0] No inhibition 

G120L  TM3 (G82)  14 [4.89 ± 0.08] 2.8 [5.56 ± 0.14] >100 [<4.0] No inhibition 

M121A  TM3 (V83)  18 [4.74 ± 0.03] 3.1 [5.51 ± 0.11] 1.8 [6.16 ± 0.20] Complete  

           Inhibition 

R122A  TM3 (K84)  18 [4.74 ± 0.06] 4.3 [5.37 ± 0.07] 0.69 [5.76 ± 0.18] a 87 ± 3.1 

A123L/V124G/V125G TM3 (I85/V86/V87) 12 [4.91 ± 0.06] 2.2 [5.66 ± 0.13] ~1 [~6.0] a  47 ± 11 

A123G  TM3 (I85)   16 [4.79 ± 0.08] 4.8 [5.31 ± 0.02] 1.3 [5.89 ± 0.09] a 72 ± 5.2 

A123I  TM3 (I85)   24 [4.60 ± 0.09] 8.7 [5.06 ± 0.03] 1.2 [5.93 ± 0.08] Complete  

           Inhibition 

A123F  TM3 (I85)   23 [4.63  ± 0.03] 8.7 [5.06 ± 0.09] >100 [<4.0] No inhibition 

V124G  TM3 (V86)  11 [4.96  ± 0.11] 6.5 [5.18 ± 0.15] 0.91 [6.04 ± 0.12] a 80 ± 4.1 

V124F  TM3 (V86)  21 [4.69  ± 0.04] 6.6 [5.18 ± 0.03] 1.7 [5.76 ± 0.10] Complete  

           Inhibition 

Y126A/Y127A TM3 (Y88/Y89)  6.4 [5.19  ± 0.05] 2.7 [5.56 ± 0.18] 0.44 [6.36 ± 0.04] a 85 ± 3.8 

Y126G  TM3 (Y88)  18 [4.75 ± 0.04] 3.2 [5.49 ± 0.02] 0.27 [6.57 ± 0.11] Complete  

           Inhibition 

Y127G  TM3 (Y89)  13 [4.89  ± 0.08] 14 [4.84 ± 0.07] 0.62 [6.21 ± 0.04] a 23 ± 2.8 

Y127L  TM3 (Y89)  8.2 [5.09 ± 0.13] 5.1 [5.30 ± 0.15] 1.5 [5.82 ± 0.17] a 54 ± 5.4 

Y127I  TM3 (Y89)  24 [4.69 ± 0.04] 1.6 [5.85 ± 0.03] 2.9 [5.54 ± 0.08] a 45 ± 4.7 

Y127F  TM3 (Y89)  9.5 [5.02 ± 0.04] 2.8 [5.56 ± 0.03] 1.1 [5.96 ± 0.13] Complete  

            Inhibition 

Y127R  TM3 (Y89)  14 [4.84 ± 0.12] 2.3 [5.63 ± 0.16] 2.2 [5.65 ± 0.09] a 65 ± 5.7 

IV. GLAST MUTANTS (TM7a)        

R385F  TM7a (G297)  12 [4.91 ± 0.06] 3.4 [5.47 ± 0.01] 0.32 [6.50 ± 0.09] Complete  

           Inhibition 

I386G  TM7a (I298)  16 [4.79 ± 0.03] 2.4 [5.62 ± 0.04] 0.22 [6.66 ± 0.07] Complete  

           Inhibition 

I386F  TM7a (I298)  19 [4.73 ± 0.11] 3.0 [5.52 ± 0.03] 0.39 [6.41 ± 0.09] Complete  

           Inhibition 

F389A  TM7a (F301)  9.2 [5.04  ± 0.07] 9.2 [5.04 ± 0.11] 0.21 [6.69 ± 0.18] a 35 ± 4.3 

F389L  TM7a (F301)  15 [4.83  ± 0.06] 2.0 [5.60 ± 0.19] 0.28 [6.55 ± 0.11] a 27 ± 2.9 

F389Q  TM7a (F301)  12 [4.92  ± 0.04] 13 [4.89 ± 0.03] 0.37 [6.43 ± 0.09] a 37 ± 4.9  

F389T  TM7a (F301)  17 [4.77 ± 0.03] 7.4 [5.13 ± 0.04] >100 [<4.0] No inhibition 
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F389W  TM7a (F301)  15 [4.82  ± 0.05] 4.2 [5.38 ± 0.08] >100 [<4.0] No inhibition 

V390G  TM7a (T302)  24 [4.62  ± 0.07] 5.1 [5.29 ± 0.11] 0.55 [6.26 ± 0.14] Complete  

           Inhibition 

V393G  TM7a (L305)  15 [4.82  ± 0.01] 4.2 [5.38 ± 0.08] 0.41 [6.39 ± 0.02] Complete  

           Inhibition 

V393I  TM7a (L305)  19 [4.71  ± 0.05] 6.8 [5.17 ± 0.03] 1.9 [5.72 ± 0.01] a 85 ± 4.9 

V393T  TM7a (L305)  21 [4.67  ± 0.02] 4.7 [5.33 ± 0.03] >100 [<4.0] No inhibition 

V393Q  TM7a (L305)  12 [4.91  ± 0.04] 5.9 [5.23 ± 0.09] 0.21 [6.67 ± 0.08] a 54 ± 4.1 

V393F  TM7a (L305)  13 [4.89  ± 0.06] 5.4 [5.27 ± 0.05] ~0.3 [~6.5] a 41 ± 2.7 

T396G   TM7a (T308)  27 [4.57  ± 0.07] 6.2 [5.21 ± 0.14] 0.47 [6.33 ± 0.10] Complete  

           Inhibition 

I397G  TM7a (I309)  13 [4.90 ± 0.06] 4.8 [5.32 ± 0.0.9] 0.34 [6.46 ± 0.04] a 87 ± 4.3 

I397F  TM7a (I309)  10 [5.00 ± 0.04] 3.8 [5.42 ± 0.02] 0.56 [6.38 ± 0.08] Complete  

           Inhibition 

V. GLAST MUTANTS (TM2, TM2/3 LOOP, TM5 & TM8)    

L104A/V105A/  TM2 (L66/V67/V68)  11 [4.98 ± 0.13] 5.4 [5.27 ± 0.05] 0.33 [6.48 ± 0.19] Complete              

T106A           Inhibition 

M108L/A109S/ TM2/3 Loop  

A110G/S113A  (A70/A71/S72/A76)  16 [4.79 ± 0.03] 3.2 [5.59 ± 0.08] 0.93 [6.03 ± 0.15] Complete  

           Inhibition 

G107V/M108A TM2/3 Loop (G69/A70) 8.4 [5.08 ± 0.04] 5.9 [5.22 ± 0.12] 2.3 [5.64 ± 0.17] a 81 ± 5.3 

A109I  TM2/3 Loop (A71)  16 [4.81  ± 0.04] 9.4 [5.03 ± 0.09] 2.6 [5.58 ± 0.09] a 83 ± 2.3 

A109L  TM2/3 Loop (A71)  10 [5.01  ± 0.13] 4.7 [4.32 ± 0.09] 1.2 [5.92 ± 0.16] a 69 ± 4.1 

A109F  TM2/3 Loop (A71)  13 [4.88  ± 0.06] 13 [4.88 ± 0.06] 1.6 [5.79 ± 0.12] a 87 ± 3.4 

A110L   TM2/3 Loop (S72)  9.8 [5.01 ± 0.15] 3.6 [5.44 ± 0.10] 0.91 [6.04 ± 0.11] Complete  

           Inhibition 

L111A  TM2/3 Loop (I73)  8.7 [5.06 ± 0.09] 2.2 [5.66 ± 0.14] 1.5 [5.83 ± 0.10] Complete  

           Inhibition 

D112A  TM2/3 Loop (P75)  8.8 [5.06 ± 0.10] 5.1 [5.29 ± 0.10] ~1 [~6.0] a  55 ± 7.1 

S113G   TM2/3 Loop (A76)  15 [4.83 ± 0.06] 4.6 [5.34 ± 0.16] 1.1 [6.34 ± 0.18] a 85 ± 3.1 

S113L  TM2/3 Loop (A76)  11 [4.97 ± 0.18] 3.3 [5.48 ± 0.07] 0.46 [6.34 ± 0.18] Complete  

           Inhibition 

K114A/A115G TM2/3 Loop (R77)  13 [4.89 ± 0.04] 2.8 [5.56 ± 0.07] 0.77 [6.12 ± 0.12] Complete  

           Inhibition 

G264A/Q265K/ TM5 (A180/E181/ 

A266L/L267M/     T182/L183/L184L)  9.1 [5.04 ± 0.06] 2.7 [5.57 ± 0.17] 0.54 [6.27 ± 0.10] Complete   

R268V           Inhibition 

D272N/S273I TM5 (N188/G189)  16 [4.79 ± 0.04] 4.3 [5.37 ± 0.15] 1.2 [5.95 ± 0.18] Complete  

           Inhibition 
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A277I/I278V/ TM5 (A193/M194/ 

R280K/A283I/       K196/N199/G200)  7.8 [5.11 ± 0.06] 9.7 [5.01 ± 0.18] 0.65 [6.19 ± 0.17] a 88 ± 1.9  

V284M 

R280A/L281A TM5 (K196/I197)  15 [4.83 ± 0.10] 6.6 [5.18 ± 0.10] 0.33 [6.48 ± 0.15] Complete  

           Inhibition 

G490L  TM8 (G408)  19 [4.72  ± 0.05] 2.6 [5.58 ± 0.10] 0.31 [6.51 ± 0.09] Complete  

           Inhibition 

G490F  TM8 (G408)  14 [4.86  ± 0.06] 2.1 [5.67 ± 0.13] 0.22 [6.66 ± 0.10] a 81 ± 2.6 

V494F  TM8 (V412)  12 [4.92 ± 0.06] 3.1 [5.51 ± 0.07] 1.0 [6.05 ± 0.16] Complete  

           Inhibition 

VI. GLAST MUTANTS (TM2 & TM5, NEIGHBORING MONOMER)   

F83G/P84G/G85L TM2 (P45/F46/G47)  13 [4.87 ± 0.08] 2.2 [5.65 ± 0.03] 0.35 [6.45 ± 0.13] Complete  

           Inhibition 

E86G/L87G/L88G TM2  (D48/L49/F50)  15 [4.84 ± 0.04] 2.2 [5.27 ± 0.17] 0.46 [6.34 ± 0.15] Complete  

           Inhibition 

M79G/R80G/M81G TM2 (V51/R52/L53)  23 [4.64 ± 0.08] 1.9 [5.72 ± 0.12] 0.91 [6.04 ± 0.17] Complete  

           Inhibition 

L92G/Q93G TM2 (L54/K55)  13 [4.88 ± 0.03] 6.0 [5.21 ± 0.03] 0.77 [6.12 ± 0.07] Complete  

           Inhibition 

M94G/L95G TM2 (M56/L57)  14 [4.85 ± 0.01] 14 [4.86 ± 0.04] 1.0 [5.99 ± 0.08] a 87 ± 3.4 

A277L/I278G/  TM5 (A193/M194/Y195) 16 [4.80 ± 0.02] 3.4 [5.46 ± 0.09] 0.78 [6.11 ± 0.20] Complete                  

M279G           Inhibition 

R280G/L281G/  TM5 (K196/I197/V198) 20 [4.71 ± 0.05] 3.2 [5.49 ± 0.08] 0.69 [6.16 ± 0.14] Complete                                

V282G           Inhibition 

A283L/V284G/  TM5 (N199/G200/V201) 26 [4.58 ± 0.05] 25 [4.60 ± 0.07] 2.5 [5.60 ± 0.15] a 85 ± 5.1                                    

I285G 

M286G/W287G/  TM5 (M202/Q203/Y204) 21 [4.68 ± 0.06] 7.0 [5.15 ± 0.06] 1.4 [5.86 ± 0.20] Complete                                 

Y288G           Inhibition 

A289G/P290G  TM5 (A205/P206)  17 [4.78 ± 0.04] 2.1 [5.68 ± 0.09] 0.50 [6.30 ± 0.16] Complete  

           Inhibition 

L291G/G292L  TM5 (I207/G208)  18 [4.75 ± 0.04] 8.6 [5.07 ± 0.12] 3.0 [5.53 ± 0.03] a 81 ± 2.9 

VII. GLT-1 MUTANTS 

I249M  TM4c (I159)  44 [4.36  ± 0.07] 3.5 [5.46 ± 0.18] >100 [<4.0] No inhibition 

I253F  TM4c (I163)  38 [4.43  ± 0.06] 3.1 [5.50 ± 0.11] >100 [<4.0] No inhibition 

I249M/I253F  TM4c (I159/I163)  33 [4.48  ± 0.09] 1.9 [5.71 ± 0.12] >100 [<4.0] No inhibition 

 

a UCPH-101 did not inhibit specific [3H]-D-Asp uptake in cells expressing through this mutant 

completely, and thus the IC50 value for UCPH-101 at this mutant represents the concentration 

yielding 50% of the observed inhibition. n.d., not determinable.  
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Figure 7. The selectivity determinant for UCPH-101 resides within the Met1-Gln354 region of 

GLAST. A, Selected nonfunctional GLAST/GLT-1 chimeras. GLAST and GLT-1 regions in 

the chimeras are given in green and red, respectively. The prefixes N and C in the chimera 

names refer to the presence of GLAST parts in the N- and C-terminal, respectively, and the 

numbers refer to the first or last GLAST residue at the fusion point of N- and C-chimeras, 

respectively. B, Topology of WT GLAST, WT GLT-1 and the functional GLAST/GLT-1 

chimeras N76, N354, N403 and N461. C, Concentration-inhibition curves for Glu, TBOA and 

UCPH-101 at WT GLAST, WT GLT-1 and chimera N354 stably expressed in polyclonal 

HEK293 cells in the [3H]-DAsp uptake assay (n=4). 

 

Alignment of the amino acid sequences of human EAAT1, EAAT2 and EAAT3 and 

rat GLAST, GLT-1 and EAAC1 identifies a total of 104 residues in the Phe50-Gln354 

region spanning the TM1 to the first half of HP1a of GLAST that are identical in 

EAAT1 but different in the four other transporters. In the second phase of the project, 

75 of these residues in GLAST (located in the TM1-TM4b and TM4c-HP1a 

segments) were mutated to the corresponding GLT-1 residues (Fig. 8), and UCPH-

101 was tested at the mutants transiently expressed in tsA201 cells.  
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Figure 8. Aligment of amino acid sequences of rat GLAST and GLT-1 (extracted from an 

alignment of human EAAT1, EAAT2, EAAT3 and rat GLAST, GLT-1 and EAAC1). The TM1-

8 and HP1-2 regions are specified above the sequences. Residues in the Phe50-Gln354 

segment of GLAST mutated in the preliminary mutagenesis study (+) and residues mutated 

in mutants stable expressed in polyclonal HEK293 in later stages of the project (*) are 

indicated below the sequences. The fusion points of GLAST/GLT-1 chimeras N76, N354, 

N403 and N461 and the site of HA-tag insertion in GLAST are given. The Gly120, Ala123, 

Tyr127, Met251, Phe255, Phe389 and Val393 residues in GLAST where selected mutations have 

been found to affect UCPH-101 activity are circled in. 
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The most notable observation made in this screening was the pronounced 

impairment of the inhibitory activity of UCPH-101 brought on by the F255I mutation in 

GLAST, since Glu and TBOA exhibited IC50 values at the mutant not significantly 

different from those at WT GLAST (data not shown). This finding was subsequently 

reproduced in polyclonal HEK293 cells expressing the mutant (Fig. 9; Table 2). 

 

                   

 

Figure 9. Functional properties of UCPH-101 at GLAST mutants containing mutations of the 

Gly120, Ala123, Tyr127, Met251, Phe255, Phe389 and Val393 residues. Concentration-inhibition 

curves for UCPH-101 at WT GLAST and the GLAST mutants stably expressed in polyclonal 

HEK293 cells in the [3H]-D-Asp uptake assay (n=3-5). 



Manuscript III 

98 
 

Mapping of the UCPH-101 binding site in GLAST 

The detrimental effects of the F255I mutation on UCPH-101 inhibition of GLAST 

prompted us to search for additional residues important for the activity of the inhibitor 

in the vicinity of Phe255. The residue is located in the TM4c helix of GLAST and 

corresponds to the Ile163 residue in the GltPh transporter (Yernool et al., 2004). In the 

third phase of the search for interaction partners for UCPH-101 we applied the crystal 

structure of GltPh in its unbound, outward-facing state (Boudker et al., 2007) to 

identify residues located in the vicinity of this residue. In some mutants stretches of 

residues were mutated to the corresponding residues in GLT-1 but in most mutants 

single residues were substituted with amino acids expected to significantly alter their 

respective putative interactions with UCPH-101. Residues identified as important for 

UCPH-101 activity were subsequently subjected to additional mutations to probe the 

nature of and the spatial requirements for the putative interactions.  

The functional properties of Glu, TBOA and UCPH-101 were determined at 

polyclonal HEK293 cells stably expressing 86 different GLAST mutants in the [3H]-D-

Asp uptake assay. The functional properties of the mutants are given in Table 2, 

concentration-inhibition curves for UCPH-101 at selected mutants are given in Figure 

9, and IC50 values and degrees of maximal inhibition exerted by UCPH-101 at 

selected mutants are summarized in Figure 10. The IC50 values displayed by Glu at 

the 86 mutants ranged from 7.5 μM to 28 μM and thus did not differ substantially from 

that exhibited at WT GLAST (IC50 = 18 μM) (Table 2). The same was true for TBOA 

for the vast majority of mutants, as the inhibitor at 77 of the 86 GLAST mutants 

displayed IC50 values less that 3-fold different from its IC50 at WT GLAST (Table 2).  

In contrast to the inconsiderable effects of the mutations on the properties of Glu and 

TBOA at GLAST, UCPH-101-mediated inhibition of uptake through GLAST was 

dramatically impaired by mutations of seven specific residues localized in the 

proximity of Phe255, more specifically in the TM3, TM4c and TM7a helices (Figs. 9 

and 10). Interestingly, mutations of the seven residues gave rise to highly differential 

effects on the inhibitory potency and/or efficacy of UCPH-101 at GLAST. Several 

mutations resulted in reduced inhibitory potencies of UCPH-101 or completely 

eliminated the activity of the inhibitor at the transporter (Figs. 9 and 10; Table 2). 

However, IC50 values exhibited by UCPH-101 at some of the mutants containing 

substitutions of the residues Tyr127, Phe389 or Val393 were similar or only slightly 

higher than that at WT GLAST, whereas the efficacies displayed by the inhibitor (i.e. 
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the maximal degrees of inhibition of [3H]-D-Asp uptake) were dramatically reduced 

(Figs. 9 and 10; Table 2). The potential reasons for and implications of these 

differential effects of the mutations on UCPH-101 potency and efficacy will be 

addressed in the Discussion. 

 

  

 

Figure 10. Summary of the effects of mutations of residues in the TM3 (A), TM4c (B), and 

TM7a (C) α-helices on UCPH-101-mediated inhibition of GLAST function. Right: 

IC50
mutant/IC50

WT ratios for Glu, TBOA and UCPH-101 at the GLAST mutants. # IC50
mutant/IC50

WT 
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ratio: >200-fold. Left, The maximal inhibition degrees exhibited by UCPH-101 at WT and 

mutant GLAST mutants (in percentages of the maximal inhibition exerted by Glu at the 

respective transporters) (n=3-5). The cutoff points for “Complete Inhibition” (>90% inhibition) 

and “No Inhibition” (<20% inhibition) defined in Table 2 are given as “CI” and “NI”, 

respectively. n.d., Not determinable. 

 

TM4c. In contrast to the dramatic effect of the F255I mutation, introduction of several 

other amino acid residues (Ala, Val, Leu, Asn, Arg and Trp) in this position did not 

result in substantial impairments of UCPH-101 activity at GLAST (Fig. 9; Table 2). 

Removal of the side chain of the Met251 residue situated one α-helix turn (4 residues) 

above Phe255 (M251G) resulted in a significant increase in the UCPH-101 IC50, 

whereas introduction of Leu, Ile or Phe residues in this position had negligible effects 

on inhibitor activity (Table 2). Importantly, UCPH-101 displayed WT-like IC50 values 

at mutants containing mutations of the neighboring Cys252 residue and at mutants 

with substitutions of residues yet another helix turn below Phe255 (V247I/V248G and 

V248F) or residues located above the residue (V256A/I257M/N259K) (Table 2). 

Thus, the distribution of residues found to be important for UCPH-101 activity in 

TM4c (Met251 and Phe255) is in agreement with the α-helical structure of the domain. 

TM3. Conservative mutations of the Gly120 residue in the cytoplasmic part of TM3 

were found to abolish the activity of UCPH-101 at GLAST completely (G120V, 

G120L) or almost completely (G120A) (Fig. 9; Table 2). Mutations of Ser116 and 

Gly117 residues located one helix turn below Gly120 did not change UCPH-101 activity 

at GLAST substantially. In contrast, some mutations of Ala123 and Tyr127 situated one 

and two helix turns above Gly120, respectively, impaired UCPH-101 inhibition 

significantly (A123F, Y127G, Y127L), whereas others did not (A123G, A123I, Y123I, 

Y123F, Y127R). Mutations of other residues in the Gly120- Tyr127 segment (Met121, 

Arg122, Val124 and Tyr126) did not impact the UCPH-101 activity at the transporter 

(Table 2). Thus, analogously to the pattern observed for TM4c, the distribution of 

residues of importance for UCPH-101 activity in TM3 was consistent with the α-

helical structure of TM3. 

TM7a. In the TM7a helix, the Phe389 residue turned out to be essential for UCPH-101 

activity, as introduction of Ala, Leu, Thr, Gln and Trp residues in this position all had 

detrimental effects on the inhibition mediated by the ligand (Fig. 9; Table 2). Whereas 

removal of the side chain and a conservative mutation of the Val393 residue situated 
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one helix turn above Phe389 had little impact on UCPH-101 activity (V393G and 

V393I), introduction of hydrophilic or aromatic residues in this position resulted in 

significantly reduced the inhibitory potency and/or efficacy of the ligand (V393Q, 

V393T, V393F). Mutations introduced one helix turn below Phe389 (R385F, I386G, 

I386F) and one helix turn above Val393 (T396G, I397G, I397F) resulted in mutants 

displaying IC50 values for UCPH-101 not significantly different from WT GLAST 

(Table 2). 

TM2, TM2-3 loop, TM5 and TM8. Substitutions of residues in TM2, the loop 

connecting TM2 and TM3, TM5 and TM8 were found to have little or no impact on 

UCPH-101-mediated inhibition of the transporter (Table 2). The only exception from 

this general trend was the significant reduction in maximal inhibition by UCPH-101 

observed upon an Ala substitution of Asp112 in GLAST, a conserved Asp residue 

previously shown to be importance for EAAT function (Table 2) (Ryan et al., 2004; 

Hotzy et al., 2012). We will refrain from speculating about a potential involvement in 

this residue in UCPH-101 binding. 

The neighboring monomer. The residues in TM3, TM4c and TM7a identified as 

important for UCPH-101 activity define a crevice in each monomer in the trimeric 

GLAST complex (Fig. 11). However, the distances between these residues in one 

monomer and stretches of residues in the TM2 and TM5 α-helices in the neighboring 

monomer (Pro45-Leu57 and Ala193-Gly208 in GltPh corresponding to Phe83-Leu95 and 

Ala277-Gly292 in GLAST) are of dimensions, where UCPH-101 could be envisioned to 

project out of this putative intra-monomeric pocket and form interactions with these 

residues in the adjacent monomer. To investigate for this, the residues in TM2 and 

TM5 were subjected to mutagenesis. UCPH-101 did not display significantly different 

IC50 values at any of the mutants containing stretches of mutations of these residues 

than at the WT GLAST (Table 2).  

GLT-1 mutants. Of the seven residues in TM3, TM4c and TM7a where specific 

mutations were found to impact the inhibitory potency and/or efficacy of UCPH-101at 

GLAST, only Met251 and Phe255 are not conserved in GLT-1 (Fig. 8). To investigate 

whether these two residues constitute all of the molecular determinants of the 

GLAST-selectivity of UCPH-101, the corresponding two residues in GLT-1, Ile249 and 

Ile253, were mutated to the Met and Phe, respectively. None of the GLT-1 mutants 

I249M, I253F and I249M/I253F displayed measurable sensitivity towards UCPH-101 

at concentrations up to 100 μM (Table 2). 
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Construction of a homology model of GLAST and the composition of the 

proposed UCPH-101 binding site 

A homology model of GLAST was constructed using the crystal structure of the 

bacterial homologue GltPh (PDB code: 2NWX) as template (Fig. 11) (Boudker et al., 

2007).  

 

 

Figure 11. Homology model of the GLAST monomer. A, The trimeric GLAST complex 

viewed parallel to the membrane (left) and from the extracellular side of the membrane (right) 

with the three monomers given in light red, gold and silver coloring. In the pink monomer, the 

TM3, TM4c and TM7a α-helices are highlighted in red, and the seven residues observed to 

be important for UCPH-101 activity in this study are given as stick representations in green. 

The localization of the substrate binding site in the pink monomer is indicated by the 

presence of L-aspartate (in purple, highlighted with a purple circle). B, The chimera N354 

monomer. As in Figure 7B, the N354 domains composed of GLAST and GLT-1 regions are 
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given in green and red, respectively. C, The residues in the GLAST monomer subjected to 

mutagenesis (the specific mutants are given in Table 2). Residues where none of the 

introduced substitutions affected UCPH-101 activity are given in yellow, whereas the seven 

residues where selected mutations impaired UCPH-101 potency and/or efficacy are given in 

green. D, The seven residues demonstrated to be important for UCPH-101 activity at 

GLAST. Left, Detail of the homology model of the GLAST monomer. Spatial orientations of 

TM3, TM4c and TM7a and the seven residues. Right, The distances between the seven 

residues (Cα to Cα distances, in Å). 

 

As described in Computational Chemistry section in Materials and Methods, the 

Phe190-Val241 segment located between TM4b and TM4c in GLAST was not included 

in the model, since the bacterial transporter does not contain a corresponding region. 

Consequently, the obtained GLAST model overlays nicely with the GltPh structure 

used as a template (data not shown). The spatial arrangement of and the distances 

between the seven residues found to be important for UCPH-101 activity in the 

GLAST model are given in Figure 11D. The N-terminal part of TM3 and the TM7a 

align and seem to be the key domains for putative binding site with, whereas TM4c 

based on the results from the mutagenesis study may be situated in the periphery of 

the binding pocket.  

In TM3, Gly120 is essential for the activity of UCPH-101 at GLAST (Fig. 9). As the 

residue comprises no side chain it may contribute to UCPH-101 binding via hydrogen 

bonding to the backbone amide and/or be essential in the defining of the size of the 

binding pocket. In the latter scenario, any mutation of the residue would be expected 

decrease binding pocket size, which seems to be consistent with the detrimental 

effects of the conservative G120A, G120L and G120V mutations on UCPH-101 

activity (Fig. 9). The impaired inhibitory efficacies displayed by UCPH-101 at the 

Y127G, Y127L, Y127I and Y127R mutants and its WT-like profile at Y127F 

underlines the importance of an aromatic residue in this position for UCPH-101 

activity (Fig. 9). The tyrosine may not necessarily function as a binding partner to the 

inhibitor but could be a structural component shaping the binding pocket. Finally, 

judging from the WT GLAST-like properties exhibited by UCPH-101 at the A123G 

and A123I mutants, Ala123 is unlikely to coordinate directly to UCPH-101. However, 

the residue does seem to line the binding pocket since the introduction of a bulky 

phenylalanine in this position completely eliminates UCPH-101 activity at the 

transporter (Fig. 9; Table 2). 
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The aromatic side chain of the Phe389 residue in helix 7a is another key determinant 

for UCPH-101 activity at GLAST. Introduction of aliphatic or hydrophilic residues (Ala, 

Leu, Thr and Gln) in this position results in dramatically decreased inhibitor activity, 

and the elimination of UCPH-101 activity in F389W could arise from the increased 

bulk of the aromatic side chain (Table 2). Substitutions of Val393 situated one α-helix 

turn above Phe389 with the aliphatic Gly and Ile residues are well tolerated, whereas 

introduction of hydrophilic or aromatic amino acids in this position clearly is not (Fig. 

9). Thus, this residue is proposed to coordinate to UCPH-101, in view of its 

hydrophobic nature most likely via van der Waals interactions.  

The role of Phe255 in TM4c for UCPH-101 binding is somewhat of a conundrum, since 

the impaired UCPH-101 activity at F255I is contrasted by its WT-like properties at the 

F255A, F255L, F255V, F255N, F255R and F255W mutants (Fig. 9; Table 2). Thus, it 

seems unlikely that Phe255 participates directly in UCPH-101 binding, and instead the 

bulky branched side chain introduced in F255I could be speculated to clash with the 

inhibitor by occupying a region in the binding pocket that the side chains of the 

residues introduced in the other mutants do not project into. While the removal of the 

side chain of Met251 in M251G results in a 60-fold increased IC50 value of UCPH-101, 

introduction of aliphatic and aromatic side residues in this position does not impair 

inhibitor activity (M251L, M251I and M251F) (Fig. 9; Table 2). The residue in position 

251 may not be directly involved in UCPH-101 but play a structural role for 

composition of the UCPH-101 binding site. Alternatively, the impaired UCPH-101 

activity at the M251G and F255I mutants may arise from allosterically induced 

changes in the transporter domains directly mediating the inhibitor binding, such as 

TM3 or TM7a. 

 

The GLAST inhibition exerted by UCPH-101 is an intra-monomeric event 

The crystal structures of GltPh and molecular pharmacology studies of the EAATs 

strongly suggest that the three monomers in the trimeric complex function as 

independent functional units, also when it comes to the substrate translocation 

process (Gendreau et al., 2004; Grewer et al., 2005; Koch and Larsson, 2005; Leary 

et al., 2007; Reyes et al., 2009; Verdon and Boudker, 2012). Accordingly, binding of 

UCPH-101 to a site comprised in each monomer in the GLAST trimer could be 

speculated to inhibit the transport through the targeted monomer exclusively and not 

to influence the translocation through the two other monomers. On the other hand, 
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considering the close proximity of the intra-monomeric binding site of UCPH-101 to 

the neighboring monomer in the trimer (Fig. 11), the inhibitor could also be capable of 

cross-inhibition, i.e. be able to inhibit the translocation process in one monomer 

through the binding to another.  

The mode of inhibition exerted by UCPH-101 at GLAST was investigated in two sets 

of experiments, where the functional properties of the inhibitor were determined at 

tsA201 cells co-expressing WT and mutant transporters in different combinations 

(Figs. 12 and 13). In the first line of experiments, the inhibitory properties of UCPH-

101 were determined at tsA201 cells co-transfected with cDNAs encoding for WT 

GLAST and the UCPH-101-insensitive mutant GLAST-G120L in different ratios (Fig. 

12). The four possible compositions of GLAST trimers assembled in cells 

coexpressing WT GLAST and GLAST-G120L are given in Figure 12A. Since the 

Gly120 residue is located at some distance from the monomer/monomer interface in 

the GLAST trimer (Fig. 11A), it is reasonable to assume that the formation of any 

these four trimers will not be favored over others and that the cDNA transfection ratio 

thus is the predominant determinant of the transporter populations expressed. 

Judging from the quantification of the expression of the HA-tagged versions of the 

two transporters in the ELISA, total and cell surface expression levels of GLAST-

G120L in tsA201 cells appears to be substantially higher than those of WT GLAST 

(Fig. 12B). However, the fact that the ratios of cell surface expressed WT and mutant 

transporters thus may not be equivalent to the transfection ratios used has no impact 

on the conclusions from the experiment. Glu, TBOA and UCPH-101 exhibited similar 

IC50 values at cells transfected with the different ratios of WT GLAST and 

GLASTG120L cDNAs (Fig. 12C, D). However, whereas Glu and TBOA completely 

inhibited the [3H]-D-Asp uptake in all transfected cells, a clear correlation was 

observed between the WT GLAST:GLAST-G120L transfection ratio and the degree 

of inhibition exerted by UCPH-101 at the respective cells (Fig. 12C, D).  

In the second line of experiments, we took advantage of the knowledge from previous 

studies that mutations of Arg479 in GLAST and the corresponding Arg residue in 

EAAC1 completely eliminate Glu transport through the transporters (Conradt and 

Stoffel, 1995; Bendahan et al., 2000). This Arg residue is conserved throughout the 

EAATs, where its side chain is believed to form an interaction with the distal 

carboxylate group of Glu in the substrate binding site. In concordance with the 

previous studies, no significant [3H]-D-Asp uptake could be measured in tsA201 cells 



Manuscript III 

106 
 

expressing the GLAST-R479T or GLAST-G120L/R479T mutants (B. Abrahamsen 

and A.A. Jensen, unpublished observations). This could not be ascribed to impaired 

expression of these mutants compared to the WT transporter, since cell surface 

expression levels of HA-tagged GLAST-R479T and GLAST-G120L/R479T mutants in 

tsA201 cells were comparable to that of the HA-GLAST (Fig. 12B).  

 

               

 

Figure 12. The GLAST inhibition exerted by UCPH-101 is an intramolecular event. A, The 

possible compositions of trimeric complexes formed in tsA201 cells coexpressing WT GLAST 

and GLAST-G120L. B, Total and cell surface expression levels of HA-GLAST, HA-GLAST-
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G120L, HA-GLAST-R497T and HA-GLASTG120L/R497T transiently expressed in tsA201 

cells in the ELISA (n=3). C, Concentration-inhibition curves for Glu, TBOA and UCPH-101 at 

tsA201 cells transfected with WT GLAST cDNA, GLAST-G120L cDNA or the two cDNAs in 

different ratios in the [3H]-D-Asp uptake assay (n=3). D, Relationships between the 

transfection ratio of WT GLAST and GLAST-G120L cDNAs and the IC50 value (left) and the 

maximal inhibition (right) displayed by Glu, TBOA and UCPH-101 in the [3H]-D-Asp uptake 

assay. IC50 values of UCPH-101 could not be determined in cells transfected with GLAST-

G120L cDNA or co-transfected with WT GLAST and GLAST-G120L in a 1:8 cDNA ratio. 

 

To investigate the effects of UCPH-101 at GLAST trimers assembled from monomers 

with very different functionalities in terms of substrate transport capability and UCPH-

101 activity, we co-expressed all four pairwise combinations of WT GLAST, a mutant 

incapable of substrate transport (GLAST-R479T), a mutant insensitive to UCPH-101 

(GLAST-G120L) and a mutant characterized by both of these properties (GLAST-

G120L/R479T) in tsA201 cells. The possible compositions of GLAST trimers formed 

in each of the four combinations are outlined in Figure 13A. Glu, TBOA and UCPH-

101 inhibited [3H]-D-Asp uptake in cells co-expressing WT GLAST and GLAST-

G120L/R479T with IC50 values similar to those at WT GLAST-expressing cells (Fig. 

13B). In contrast, [3H]-D-Asp uptake in cells co-expressing GLAST-R479T and 

GLAST-G120L was not significantly inhibited by UCPH-101, whereas Glu and TBOA 

displayed similar inhibitory potencies at these cells compared to WT GLAST (Fig. 

13B). As expected, UCPH-101 displayed WT GLAST-like inhibitory potency at cells 

co-expressing WT GLAST and GLASTR479T, and it was inactive at cells co-

expressing the GLAST-G102L and GLASTG120L/R479T mutants (Fig. 13B).  

The Asp476 residue in GLAST, corresponding to Asp444 in EAAC1, is another residue 

believed to participate in substrate binding (Teichman and Kanner, 2007). 

Introduction of a D476S mutation in GLAST eliminated the [3H]-D-Asp transport 

capability of the transporter (B. Abrahamsen and A.A. Jensen, unpublished 

observations). The patterns of functionalities displayed by Glu, TBOA and UCPH-101 

at tsA201 cells co-expressing combinations of WT GLAST, GLAST-G120L, GLAST-

D476S and GLAST-G120L/D476S were very similar to those observed in the 

analogous studies using R479T-containing mutants described above (B. 

Abrahamsen and A.A. Jensen, unpublished observations).  
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Figure 13. The GLAST inhibition exerted by UCPH-101 is an intra-molecular event.  A, The 

potential GLAST trimer combinations formed in cell populations transfected with four different 

pair combinations of WT GLAST, GLAST-G120L, GLASTR479T and GLAST-G120L/R479T 

cDNAs. B, Concentration-inhibition curves for Glu, TBOA and UCPH-101 at tsA201 cells 

transfected with different combinations of WT GLAST, GLAST-G120L, GLAST-R479T and 

GLAST-G120L/R479T cDNAs (1:1 transfection ratios) in the [3H]-D-Asp uptake assay (n=4).  

 

In conclusion, the observations made in the experiments outlined in this section 

strongly suggest that UCPH-101 exclusively inhibits the uptake through the GLAST 

monomer that it binds to and does not exert cross-inhibition. The very similar IC50 

values exhibited by UCPH-101 at GLAST populations formed in cells expressing 

different WT:G120L monomer ratios combined with the pronounced correlation 

between the transfection ratio and the relative efficacy of the inhibitor are certainly 

most reconcilable with such a model (Fig. 12D). Moreover, the complete inability of 

UCPH-101 to inhibit [3H]-D-Asp uptake in cells co-expressing GLAST-G120L and 

GLAST-R479T and its efficacious activity at WT GLAST:GLAST-G120L/R479T 

transfected cells further substantiate the notion of an intra-monomeric mode of action 

with the inhibitor having no apparent effect at the substrate translocation through the 

neighboring monomers in the trimer (Fig. 13B). 
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Discussion 

 

We have recently reported the discovery of the first class of subtype-selective 

inhibitors of the human EAAT1 and its rodent ortholog GLAST (Jensen et al., 2009). 

In the present study we have investigated the mechanism of action of these inhibitors 

and the molecular basis for their activity at the transporter.  

The functional properties of UCPH-101 and UCPH-102 at EAAT1 in the patch clamp 

recordings in this study verify the potent inhibition of the transporter displayed by the 

inhibitors in other assays (Fig. 2) (Jensen et al., 2009; Erichsen et al., 2010). 

Furthermore, UCPH-101 is shown to exhibit equipotent inhibition of the substrate 

activated and the uncoupled anion conductance through the transporter (Fig. 6) 

(Fairman et al., 1995; Wadiche et al., 1995; Ryan et al., 2004; Winter et al., 2012; 

Melzer et al., 2003). Finally, the previously reported specificity of the inhibitors for 

EAAT1/GLAST over EAAT2/GLT-1 and EAAT3/EAAC1 is demonstrated to extent to 

the entire EAAT family, as UCPH-101 and UCPH-102 are inactive at EAAT4 and 

EAAT5 as well (Fig. 2). These are important findings considering the emerging roles 

of UCPH-101 and UCPH-102 as pharmacological tool compounds. 

 Another interesting trait of UCPH-101 is its slow binding off-rate, which manifests 

itself in the long-lasting inactive state of EAAT1 induced by even brief exposure of the 

transporter to the inhibitor and in its very slow unblocking kinetics (Figs. 3C and 4A). 

UCPH-101 clearly does not bind irreversibly to EAAT1, since the transporter does 

seem able to recover from UCPH-101 exposure when subjected to a continuous 

wash flow (Fig. 4A). However, the rapid clearance of the extracellular solution from 

the transporter in the patch clamp set-up is not representative of the in vivo situation. 

Hence, we propose that the slow unbinding characteristics could give rise to a much 

more sustained inhibition of EAAT1/GLAST by UCPH-101 in vivo compared to that 

induced by more reversible inhibitors. Albeit equipotent at EAAT1/GLAST in an in 

vitro setting the different unbinding kinetics of UCPH-101 and UCPH-102 could thus 

translate into different ex vivo/in vivo effects.  

The differential recovery of EAAT1 function from exposure to UCPH-101 and five of 

its analogs convey an intriguing tale about just how different binding kinetics of 

structurally similar ligands can be. The pronounced correlation between the inhibitory 

potencies of analogs UCPH-102, UCPH-100, 1, 2 and 3 in the [3H]-D-Asp uptake 

assay and in the preincubation experiment is in concordance with what would be 
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expected for reversible inhibitors with similar binding modes, and neither the 

physicochemical characteristics nor the different 4- and 7-substituents of UCPH-101 

seem to explain its dramatically slower unbinding from EAAT1 (Fig. 3G; Table 1). We 

hypothesize that the divergence arises from UCPH-101 being more embedded in the 

binding site than the other analogs, and these striking effects brought on by 

seemingly subtle structural changes in the compound scaffold are currently under 

further investigation in our lab.  

In agreement with its different structure compared to substrates and non-substrate 

competitive inhibitors of the EAATs (Bunch et al., 2009), the non-competitive 

inhibition of EAAT1 exerted by UCPH-101 (Figs. 5 and 6) and the WT GLAST- like 

activity displayed by it at chimera N354 (Figs. 7B, C and 11B) unequivocally identified 

it as an allosteric inhibitor (or negative allosteric modulator, NAM) of EAAT1/GLAST. 

The observed effect of the F255I mutation on the UCPH-101-mediated inhibition of 

GLAST provided a handle for the subsequent delineation of its binding site, where 

specific mutations of seven residues in TM3, TM4c and TM7a were found to impair 

the activity of UCPH-101 significantly. As outlined in Results, the seven residues may 

not all contribute directly to UCPH-101 binding but several observations strongly 

suggest that they line the binding site for the inhibitor. Most importantly, the functional 

properties displayed by Glu and TBOA at mutants containing substitutions of these 

seven residues did not differ substantially from those at WT GLAST, which 

demonstrates that basic transporter function has not been compromised and that the 

effect of a given mutation thus is largely attributable to its impact on the GLAST-

UCPH-101 interaction. Secondly, UCPH-101 displayed WT GLAST-like properties at 

numerous mutants containing mutations of other residues in TM3, TM4c and TM7a 

and at mutants with substitutions in other transporter domains, which again is 

indicative of specific contributions of the seven residues to UCPH-101 binding and/or 

close proximity to the binding site (Table 2). Finally, the distribution patterns of Gly120, 

Ala123 and Tyr127 in TM3, Met251 and Phe255 in TM4c, and Phe389 and Val393 in TM7a 

imply that the three α-helices present the respective residues in the same spatial 

orientation, which obviously would be a prerequisite for them to contribute to or line 

the same binding site (Fig. 11D). It is important to stress that additional GLAST 

residues most likely contribute to UCPH-101 binding as well. For example, the 

inactivity of UCPH-101 at GLT-1-I249M/I253F bears witness to the fact that we 
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clearly have not identified all molecular determinants in EAAT1/GLAST for the 

subtype-selectivity of the inhibitor.  

UCPH-101 is proposed to target a predominantly hydrophobic crevice situated in the 

trimerization domain of the GLAST monomer, and the spatial orientations and 

distances between the seven identified residues in the homology model of GLAST 

support the notion of these lining the crevice (Fig. 11). Although the overall size of the 

crevice in the model is too small to accommodate the UCPH-101 molecule (MOE 

function: Site-Finder), the EAAT1/GLAST protein is of a flexible nature and the 

inhibitor can be envisioned to wedge itself into the crevice during its binding pushing 

away side chains (induced fit binding mechanism).  

The diverse functional consequences for the GLAST inhibition exerted by UCPH-101 

arising from different mutations of the seven key residues are interesting. The 

decreased inhibitory potency or complete inactivity displayed by UCPH-101 at 

several of these mutants most likely reflects varying degrees of reduced binding 

affinity to the transporter. In contrast, we propose that the partial inhibition exerted by 

UCPH-101 at mutants containing specific substitutions of Tyr127, Phe389 and Val393 

arise from mutation-induced changes in the binding mode of the inhibitor and/or in 

the translation of this binding into effects on the substrate translocation process (Figs. 

9 and 10; Table 2). Here an interesting parallel can be drawn to the metabotropic Glu 

receptor (mGluR) field, where mutations introduced into allosteric sites in the 

transmembrane domains of the receptors have been shown to convert positive 

allosteric modulators (PAMs) and ‘full’ NAMs into partial antagonists (Malherbe et al., 

2003; Mühlemann et al., 2006; Lundström et al., 2011). In further support of the 

highly modifiable efficacy of ligands acting through these sites, several modulators 

exhibit dual NAM and PAM activity at different mGluRs (Sheffler et al., 2011), and 

subtle structural modifications of two series of allosteric modulators of mGluR5 have 

yielded everything from ago-PAMs and PAMs over full and partial NAMs to ‘neutral 

ligands’ (O'Brien et al., 2003; Rodriguez et al., 2005; Noetzel et al., 2012). Whether a 

similar degree of functional diversity apply for ligands targeting the UCPH-101 

binding site in EAAT1/GLAST depends on the inherent nature of the coupling 

between the allosteric site and the substrate translocation process as well as on the 

specific ligand. In SAR studies of this compound scaffold we have not identified 

partial inhibitors or PAMs of EAAT1, and none of the analogs developed so far have 

exhibited activity at EAAT2 or EAAT3 (Jensen et al., 2009; Erichsen et al., 2010; 



Manuscript III 

112 
 

Huynh et al., 2012a; Huynh et al., 2012b). However, that does not rule out the 

possibility that future UCPH-101 analogs or other ligands targeting this site could 

exhibit functionalities other than full NAM activity at EAAT1 and even possess 

activities at other EAAT subtypes. 

In conclusion, this study represents one the most elaborate explorations of the 

molecular basis for an allosteric modulator of a neurotransmitter transporter reported 

to date (Vandenberg et al., 2004; Kristensen et al., 2011). The mechanism of action 

of UCPH-101 and its analogs underlines the functional importance of the trimerization 

domain of the EAAT. Whatever molecular constraint binding of this inhibitor class to 

EAAT1/GLAST introduces in the transporter protein this domain is clearly more than 

a rigid hinge enabling the dramatic movements of the transport domain during 

substrate translocation (Boudker and Verdon, 2010; Jiang and Amara, 2011). Equally 

interesting is the feasibility of modulating EAAT function by ligands targeting regions 

other than its transport domain. Due to the conserved nature of the substrate binding 

sites in the five EAATs precious few subtype-selective orthosteric ligands have been 

identified to date (Bunch et al., 2009). Another inherent flaw of the orthosteric ligand, 

be it a substrate or an inhibitor, is that it inevitably will inhibit Glu uptake through the 

EAAT, which limits the therapeutic potential in these ligands to disorders 

characterized by glutamatergic hypofunction (Field et al., 2011) or by reversal of 

EAAT function (Rossi et al., 2000). In order for a ligand to augment the Glu transport 

capacity of the EAAT, it would have to act through an allosteric site in the transporter. 

In this regard, the UCPH-101 binding site and other allosteric sites in the EAAT trimer 

constitute putative hot spots for novel ligands characterized by unique subtype-

selectivity and functional characteristics at the transporters. 
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Discussion 

 

Excitatory amino acid transporters are complex proteins, functioning as glutamate 

transporters, but also as substrate gated anion channels. They differ in the ratio of 

transport to anion current indicating that these members of the SLC1 family fulfill 

different physiological functions in glial and neuronal cells of the CNS (Fairman et al., 

1995; Wadiche et al., 1995; Arriza et al., 1997; Watzke and Grewer, 2001; Melzer et 

al., 2003). Biochemical, electrophysiological and structural studies were employed to 

investigate various aspects of glutamate transporters, for example the molecular 

mechanism of substrate translocation, the position of possible substrate and cation 

binding sites, the nature of the uncoupled chloride conductance, as well as the 

location of the anion conduction pathway. However, there are still many unresolved 

questions regarding these properties. To understand the physiological importance of 

EAATs and their role in diseases correlated to dysfunction of glutamate transporters, 

it is inevitable to consider all of the various characteristics of EAAT subtypes and to 

develop pharmacological tools to enable a separate examination of the individual 

EAAT isoforms. 

 

In the retina, all of the five known EAAT isoforms are expressed in various cell types, 

often more than one isoform in a single cell, indicating that EAAT transporters have 

distinct physiological functions at the glutamatergic synapse. They are involved in the 

light perception pathway by regulating the homeostasis of glutamate during synaptic 

neurotransmission. In general, the human EAAT subtypes EAAT1, EAAT2 and 

EAAT3 (corresponding to the rodent homologs GLAST, GLT-1 and EAAC1, 

respecitvely) are thought to mediate glutamate uptake from the synaptic cleft, 

whereas EAAT4 and EAAT5 have a low glutamate uptake capacity and are assumed 

to predominantly function as anion channel (Arriza et al., 1997; Mim et al., 2005). The 

initial clearance of glutamate in the retina is performed by Müller glial cells which 

express the high-affinity glutamate transporter GLAST (Rauen et al., 1996, 1998; 

Lehre et al., 1997; Pow and Barnett, 1999). However, it has been shown that small 

amounts of accumulated D-aspartate (an additional substrate of EAATs (Gundersen 

et al., 1993)) can also be released by GLAST via reverse transport (Pow et al., 2000). 

After release to the extracellular space, D-aspartate was found to be accumulated in 

surrounding cone and rod photoreceptors, as well as bipolar cells, which express 
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various splice variants of the GLT-1, as well as EAAT5 (Rauen et al., 2004). 

Therefore, it was assumed that neuronal glutamate transporters are also involved in 

a slow process of glutamate recycling in which glutamate is transported back from 

Müller cells to neurons after initial clearance (Pow et al., 2000). In early studies, a 

sodium-dependent and glutamate-activated chloride current was observed in the 

axon terminals of cone photoreceptors (Sarantis et al., 1988; Eliasof and Werblin, 

1993; Picaud et al., 1995 a, b; Larsson et al., 1996), rod photoreceptors (Grant and 

Werblin, 1996; Larsson et al., 1996) and bipolar cells (Grant and Dowling, 1995; 

Wersinger et al., 2006). In salamander cone photoreceptors this chloride 

conductance was shown to respond to the release of glutamate from the same cell 

(Picaud et al., 1995 b). Therefore, this current was assigned to the activity of 

excitatory amino acid transporters and assumed to influence neuronal excitability by 

regulating the release of glutamate to the synaptic cleft. The glutamate transporter 

EAAT5 exhibits a particular large anion conductance (Arriza et al., 1997; Wersinger 

et al., 2006; Gameiro et al., 2011) and was identified in photoreceptor terminals of rat 

(Pow and Barnett, 2000; Pow et al., 2000), cat (Fyk-Kolodziej et al., 2004), rabbit and 

macaque retina (Pow et al., 2000). In cat retina, EAAT5 was also detected in cone 

photoreceptors, some amacrine and ganglion cells (Fyk-Kolodziej et al., 2004), 

whereas EAAT5-specific labeling of rod and cone bipolar cells was observed in rat 

retina (Pow and Barnett, 2000). In mouse, EAAT5 seems to be expressed in rod and 

cone photoreceptors, as well as in axon terminals of rod bipolar cells (RBCs) 

(Wersinger et al., 2006). However, due to the predominantly presynaptic localization 

and the particularly large chloride conductance, EAAT5 is thought to generate the 

glutamate gated anion currents observed in retinal neurons. During development, 

EAAT5 is nearly simultaneously expressed with GLT-1c, a splice variant of GLT-1 

(Pines et al., 1992) in axon terminals of photoreceptors (Rauen et al., 2004). The 

reason for co-expression of GLT-1c and EAAT5 in a single cell is not investigated so 

far, but it seems conceivable that they fulfill different physiological tasks in retinal 

neurons and provide distinct mechanisms to control the concentration of glutamate in 

the synaptic cleft. We electrophysiologically investigated the transport and anion 

channel properties of mouse GLT-1c (mGLT-1c) and mouse EAAT5 (mEAAT5) to 

gain deeper insights into glutamate transporter mediated processes at the 

photoreceptor-bipolar cell synapse (Manuscript I). Prior to our study, no information 

about the functional properties of GLT-1c was available and the knowledge of 
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transport and conduction properties of EAAT5 is also restricted due to the difficult 

heterologous expression of this EAAT isoform in mammalian cells.  

Our experiments reveal that mGLT-1c generates large glutamate transport currents 

with a capacity to act in a reverse transport mode, whereas the contribution of anion 

current to the total current was rather small in this special GLT-1 splice variant 

(Figure 2). In addition we detected high affinities for glutamate and Na+ in mGLT-1c 

(KD glutamate = 9.6 ± 0.3 µM, KD Na+ = 26.4 ± 2.1 mM) (Figure 3), comparable to 

apparent dissociation constants previously determined for glutamate and Na+ binding 

in the human EAAT2 (KD glutamate = 12.4 ± 2.5 µM (Bergles et al., 2002), KD Na+ = 27 ± 

6 mM (Leinenweber et al., 2011)). Therefore, mGLT-1c seems to be capable to 

mediate the uptake of exogenous glutamate into presynaptic terminals of 

photoreceptors. We could not detect any functional variation between mGLT-1c and 

hEAAT2 and due to this we assume that alternative splicing is predominantly 

important for targeting of GLT-1 to distinct membrane domains (Rauen et al., 2004). 

In mEAAT5, affinities for glutamate and sodium binding were lower (KD glutamate = 24.7 

± 0.4 µM, KD Na+ = 62.8 ± 4.3 mM) and no significant reverse transport of glutamate 

was detected. Glutamate-elicited currents were mainly based on anion flux as 

reported in previous studies (Arriza et al., 1997; Gameiro et al., 2011) and anion 

currents slowly activated at negative potentials. A recent study suggests that slow 

Na+ association to the transporter is the basis for the slow activation time course of 

EAAT5 mediated anion currents at negative potentials and for the very low glutamate 

transport rates of this EAAT isoform (Gameiro et al., 2011). In contrast to EAAT5, 

EAAT4 is located more distant from the glutamate release site and is thought to be a 

high-affinity/low-capacity transport system with high affinities for glutamate and Na+ 

(Km-values of 0.6 µM or 8.4 mM, respectively) and anion currents being activated at 

positive membrane potentials and inhibited at negative voltages (Mim et al., 2005). 

Therefore, the activation of mEAAT5 anion currents at negative potentials, as well as 

the low affinity for transporter substrates is unique in the EAAT family. As low-affinity, 

low-capacity transporter, EAAT5 seems to be unlikely to be necessary for glutamate 

binding or transport and therefore the physiological peculiarity of this retinal 

transporter seems to be grounded in the nature of the EAAT5 mediated anion 

conductance. However, only limited information about the biophysical basis of this 

enlarged Cl- flux in mEAAT5 exists and we performed non-stationary noise analysis 

to determine unitary anion current amplitudes (Figure 4) and absolute open 
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probabilities (Figure 5) for mEAAT5 and mGLT-1c. Our experiments show that the 

large macroscopic currents observed for mEAAT5 in the negative voltage range are 

based on a significantly increased single channel conductance of mEAAT5 anion 

channels (88.6 ± 2.8 fA) over mGLT-1c (43.2 ± 1.4 fA) and other EAAT isoforms 

(EAAT3 = 40.5 ± 16 fA and EAAT4 = 49.8 ± 11 fA (Torres-Salazar and Fahlke, 

2007)). In combination with the unique anion channel gating of mEAAT5, with higher 

absolute open probabilities of channels at negative than at positive potentials, this 

EAAT isoform seems to be well suited to efficiently generate large outward Cl- 

currents at physiological membrane potentials and thereby to regulate the internal Cl- 

concentration of retinal neurons. It has been shown that low internal Cl- 

concentrations inhibit Ca2+ currents and hence reduce the release of vesicular 

glutamate to the synaptic cleft (Thoreson et al., 2002). Therefore, activation of the 

mEAAT5 mediated anion conductance by glutamate can contribute to the termination 

of visual synaptic transmission in the retina when light is detected by photoreceptors 

and might serve as a tool to increase the temporal contrast in the rod photoreceptor 

pathway (Rabl et al, 2003; Wersinger et al., 2006). However, the direction of Cl- flux 

through EAAT5 depends on the Cl- equilibrium potential (ECl
-) in relation to the resting 

potential of the respective neuron. In contrast to salamander rod photoreceptors, 

where ECl
-
 is positive to the dark resting potential of around -45 mV (ECl

- rods: -20 mV) 

(Thoreson et al., 2002), the Cl- equilibrium potential in cone photoreceptors of various 

species was shown to be close or negative to the resting potential of photoreceptors 

(ECl
- 

cones: -36 to -65 mV (Attwell et al., 1983; Kaneko and Tachibana, 1986; Picaud et 

al., 1995 b; Thoreson et al., 2000; Thoreson and Bryson, 2004)). In rod bipolar cells, 

a Cl- equilibrium potential of around -60 mV was determined (Varela et al., 2005), 

which is also negative to the resting potential of around -45 mV (Euler et al., 1996). 

This might induce Cl- influx through EAAT5 at depolarizing potentials and result in a 

hyperpolarization of the cell and therefore in a reduction of glutamate release. EAAT5 

was also found at equivalent synapses in auditory and vestibular hair cells. It seems 

that the fast and graded feedback mediated by EAAT5 is especially important at 

synapses which release glutamate at a higher rate than conventional synapses 

(Dalet et al., 2012). 

The physiological and pathophysiological impact of the EAAT mediated anion 

conductance has recently been illustrated in a study about P290R (Winter et al., 

2012), a point mutation in the SLC1A3 gene encoding the glial glutamate transporter 
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EAAT1 (Jen et al., 2005). EAAT1 generates small Cl- currents compared to EAAT5 

and is responsible for high-affinity glutamate uptake in the retina, but also important 

for glutamate clearance in the cerebellum and caudal brainstem (Kawakami et al., 

1994; Banner et al., 2002). In mice, it has been shown that deletion of this transporter 

leads to increased susceptibility to seizures and cerebellar injury after trauma 

(Watase et al., 1998). Mutation of the evolutionary strictly conserved amino-acid 

residue P290 in hEAAT1 is associated with episodic ataxia type 6 (EA6), a severe 

form of a human genetic disease characterized by paroxysmal cerebellar 

incoordination (Jen et al., 2005). Several studies have shown, that P290R decreases 

surface expression and therefore reduces glutamate transport rates of EAAT1 (Jen et 

al., 2005; Winter et al., 2012), but also increases the open probability of anion 

channels, resulting in a gain-of-function of the EAAT1 mediated anion conductance 

(Winter et al., 2012). Similar to mEAAT5, the open probability of mutant anion 

channels was high at negative potentials and low at depolarizing voltage steps and 

anion currents slowly activated at hyperpolarizing potentials. Winter et al. speculated 

that activation of P290R hEAAT1 might enhance Cl- efflux through mutant 

transporters, thereby reduce the internal Cl- concentration in Bergmann glia cells and 

influence normal glutamatergic and GABAergic synaptic transmission in the 

cerebellum. In contrast to P290R hEAAT1, Cl- efflux through EAAT5 has no 

pathological effects in retinal neurons and seems to be an essential tool to regulate 

the release of glutamate in the retina. This illustrates the importance of the 

evolutionary optimization of EAAT isoforms with distinct functional properties. 

Gating of glutamate associated anion channels is stringently coupled to transitions 

within the uptake cycle and anion flux through EAATs occurs via a pathway 

transiently generated by conformational changes during exogenous glutamate 

transport (Watzke et al., 2001; Bergles et al., 2002; Vandenberg et al., 2008; 

Machtens et al., 2011). We used a combination of whole-cell patch clamp recordings, 

voltage clamp fluorometry (VCF) and kinetic modelling to investigate which particular 

steps in the transport cycle are affected by P290R (Manuscript II). Due to a low 

expression of P290R hEAAT1 in Xenopus laevis oocytes, the homologous mutation 

P259R of the related and functional similar human EAAT3 (hEAAT3) was studied by 

VCF using a M205C mutation. This mutation preserves functional properties of 

hEAAT3, but reports on EAAT3-specific conformational changes when labeled with 

the cysteine-specific dye Alexa Fluor 546 (Koch et al., 2007; Hotzy et al., 2012). 
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Patch-clamp experiments in mammalian cells revealed that the effect of P259R on 

hEAAT3 anion current amplitudes closely resembles that of P290R on hEAAT1, with 

increased current amplitudes in absence and presence of glutamate compared to WT 

and modified voltage and time dependence of slowly activating, inwardly rectifying 

currents at negative membrane potentials. In addition, P290R hEAAT1 and P259R 

hEAAT3 display reduced glutamate uptake currents of comparable amplitude (Figure 

1). Due to this, hEAAT3 is a suitable glutamate transporter isoform to study the 

mechanical basis of the P290R mutation causing EA6 that is original to hEAAT1.  

VCF revealed an inversion of the voltage dependence of EAAT3 fluorescence 

intensities in M205C-P259R hEAAT3, as well as alterations in the glutamate-induced 

fluorescence change and a drastically deceleration of the time dependence of these 

signals (Figure 2). In EAATs, it is assumed that two Na+ bind to the glutamate-

unliganded transporter and one after glutamate has bound (Wadiche et al., 1995; 

Watzke et al., 2001; Larsson et al., 2010). The pronounced effects of the mutation on 

fluorescence signals in absence of glutamate indicate that P259R affects the sodium 

association step before glutamate has bound. To test for this hypothesis, 

fluorescence signals of M205C hEAAT3 and M205C-P259R hEAAT3 were recorded 

at various [Na+] in absence of external glutamate (Figure 3, Table 1). Fluorescence 

decreases report on Na+ binding and binding associated conformational 

rearrangements (Zerangue and Kavanaugh 1996; Larsson et al., 2004; Koch et al., 

2007), whereas fluorescence increases upon subsequent voltage steps back to the 

holding potential are due to sodium-dissociation and related conformational changes. 

Application of various [Na+] to M205C hEAAT3 resulted in an increase of 

fluorescence amplitudes at low external Na+ concentrations and a reduced voltage 

dependence of the signal at negative potentials. Time constants of the fluorescent 

decrease accelerated with increasing sodium concentrations in M205C hEAAT3 and 

M205C-P259R hEAAT3, whereas time-constants of the fluorescence increase 

decelerated with increasing [Na+] (Figure 3C). However, time constants for sodium 

association and dissociation in absence of glutamate, as well as the affinity for 

sodium binding were dramatically reduced in the disease-causing mutation indicating 

an altered Na+ association to the glutamate-free form of M205C-P259R hEAAT3. In 

presence of external glutamate, apparent dissociation constants for sodium were 

similar for M205C hEAAT3 and M205C-P295R hEAAT3, suggesting that association 

of the third Na+ to the glutamate-bound transporter is not affected by P259R.  
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A kinetic model, recently developed to simulate currents and fluorescence data of 

EAAT3 (Larsson et al., 2004; Hotzy et al., 2012) was optimized to quantify possible 

changes in the transport cycle and/or anion channel gating in M205C-P259R 

hEAAT3 (Figure 4). As mentioned above, slow Na+ binding to the empty transporter 

was shown to be responsible for the slow activating anion currents of EAAT5 

(Gameiro et al., 2011). By changing the rate constants for sodium 

association/dissociation to the transporter prior to glutamate in the outward and 

inward facing state, as well as the voltage dependence of Na+ association (apparent 

electrical distance zδ), it was possible to reproduce the fluorescence-voltage 

relationship, as well as the sodium dependence (with apparent dissociation constants 

and Hill coefficients) and the decreased uptake currents and increased anion 

conductance of M205C-P259R hEAAT3. It seems that binding and unbinding of the 

first and second sodium is drastically decelerated in the outward facing conformation 

in P259R, whereas in the inward facing state, Na+ unbinding is reduced for the first 

Na+ and enhanced for the second Na+. However, the structural basis for the altered 

sodium binding in M205C-P259R hEAAT3 is not clear. Three putative sodium binding 

sites have been previously identified in EAAT3 (residues at position D368 in TM7 and 

the residues D440 and D455 in TM8 (Boudker et al., 2007; Tao and Grewer, 2007; 

Larsson et al., 2010; Tao et al., 2010)), but P259R is not in close proximity to these 

residues. Thus it has to be taken into account that this mutation might not affect Na+ 

binding itself, but rather act on an associated conformational change, as the opening 

of Hairpin 2 that is triggered by association of Na+ to the empty transporter (Larsson 

et al., 2010). It has been shown that proline residues in transmembrane domains 

have the capacity to introduce kinks in alpha-helices as well as cis-trans 

isomerization and can therefore influence the conformation of a protein (Barlow and 

Thornton, 1988; Shi et al., 2002). The substitution of this conserved and inflexible 

proline by the larger and positively charged arginine in the hinge of TM5 in P295R 

hEAAT3 could distort the degree of tilt of TM5 (Jen et al., 2005). It might impair 

certain conformational changes within the transport domain and alter the position of 

the Na+ binding sites within the electric field. This hypothesis could explain the 

inversed voltage dependence of conformational changes and the increased electrical 

distances simulated for Na+ binding to the mutant transporter.                                                                

Glutamate is the major excitatory neurotransmitter in the CNS, and EAAT1 and 

EAAT2 are responsible for most of the glutamate uptake activity in the CNS 
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(Rothstein et al., 1994). Thus, it is not surprising that there are several other 

neurologic and psychiatric disorders which are correlated to dysfunction of certain 

excitatory amino acid transporters (Furata et al., 1997; Tanaka et al., 1997; 

Maragakis and Rothstein, 2004). An individual examination of the role of the 

respective EAAT subtypes in synaptic transmission and neurotoxicity has long been 

hampered by the lack of truly selective pharmacological tools (Bunch et al., 2009). In 

2009, Jensen et al. discovered a class of subtype-selective inhibitors of the hEAAT1 

and its rodent homolog GLAST, with UCPH-101 and UCPH-102 displaying specificity 

for EAAT1/GLAST over EAAT2/GLT-1 and EAAT3/EAAC1 (Jensen et al., 2009; 

Erichsen et al., 2010). The effect of these blockers on the glutamate transporters 

EAAT4 and EAAT5 was not investigated to date. 

We examined the mechanism of action of UCPH-101 and UCPH-102 on EAAT1, 

EAAT4 and EAAT5 and studied the molecular basis for their activity at EAAT1 

(Manuscript III). We verified the potent inhibition of EAAT1 by UCPH-101 and 

UCPH-102 in patch-clamp experiments and could show that the inhibitory activity of 

these compounds is negligible at EAAT4 and EAAT5 (Figure 2). Therefore, our 

recordings support the notion that these compounds are highly specific for EAAT1 

and that UCPH-101 and UCPH-102 are suitable as EAAT1 discriminating 

pharmacological tools. The complete block of EAAT1 by both compounds is 

reversible, but especially for UCPH-101 a slow unbinding off-rate was observed, 

keeping the transporter in a long-lasting inactive state (Figure 3 and Figure 4). We 

assumed that the slow unbinding kinetics of UCPH-101 observed in wash out 

experiments could be due to structural changes in the compound scaffold, allowing 

UCPH-101 to be deeper inserted into the binding site than other UCPH analogs. In 

contrast to the commonly used competitive inhibitors for EAAT activity (Bunch et al., 

2009), UCPH-101 mediates non-competitive inhibition of EAAT1 (Figure 5 and 6). 

Thus, the next step was to search for the putative allosteric binding site of UCPH-101 

in EAAT1. First the effect of glutamate, TBOA and UCPH-101 on various 

GLAST/GLT1 chimeras in a [3H]-D-aspartate uptake assay was investigated. Four 

different chimeras (N76, N354, N403 and N461) were functional and displayed 

similar affinities for glutamate and TBOA as the wild type transporter (WT). However, 

UCPH-101 was inactive at N76 and consequently the Met1-Gln354 region of GLAST 

was supposed to be responsible for the EAAT1 selectivity of UCPH-101 (Figure 7). In 

a sequence alignment, a total of 104 residues in the Ph50-Gln354 region of 
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EAAT1/GLAST were shown to be different in other EAAT isoforms and 75 of these 

residues were mutated to the corresponding GLT-1 residues and tested for UCPH-

101 activity (Figure 8). The F255I mutation in GLAST (TM4c) displayed the most 

pronounced impairment of UCPH-101 activity, whereas affinities for Glu and TBOA 

were not significantly changed compared to the WT. The unbound, outward-facing 

crystal structure of GltPh (Boudker et al., 2007) was applied to identify additional 

residues located close to F255 which could be also important for UCPH-101 activity. 

Finally, residues in TM3 (Gly120, Ala123 and Tyr127), TM4c (Met251 and Phe255) and 

TM7a (Phe389 and Val393) were found to reduce or eliminate the activity of UCPH-101 

significantly and assumed to line the binding site for the inhibitor or to be directly 

involved in UCPH-101 binding to EAAT1 (Figure 11). However, it is highly probable 

that additional residues contribute to the UCPH-101 binding-site, which were not 

identified in the present study. The effect of glutamate and TBOA was not 

substantially changed by the seven mutations under investigation, indicating that they 

have an influence on GLAST-UCPH-101 interaction, but not on the basic transporter 

function. The decreased inhibitory potency or complete inactivity displayed by UCPH-

101 at several of these mutants most likely reflects varying degrees of reduced 

binding affinity to the transporter. We also suggest that the partial inhibition exerted 

by UCPH-101 at mutants containing specific substitutions of Tyr127, Phe389 and Val393 

arises from mutation-induced changes in the binding mode of the inhibitor and/or in 

the translation of this binding into effects on the substrate translocation process 

(Figures 9 and 10, Table 2). The spatial orientations and distances between the 

respective residues in the homology model of GLAST imply that they line a 

hydrophobic crevice in the trimerization domain of each monomer in the trimeric 

GLAST complex (Figure 11). The crystal structures of GltPh and molecular 

pharmacology studies of EAATs strongly suggest that the three monomers in the 

trimeric complex act as independent functional units, also during the substrate 

translocation process (Gendreau et al., 2004; Grewer et al., 2005; Koch and Larsson, 

2005; Leary et al., 2007; Reyes et al., 2009; Verdon and Boudker, 2012). Therefore, 

it can be speculated that binding of UCPH-101 inhibits the transport through the 

targeted monomer exclusively without direct effects on the translocation process of 

the two other monomers. To solve this question, four pairwise combinations of 

WTGLAST, GLAST-R479T (a mutant incapable of substrate transport), GLAST-

G120L (a mutant insensitive to UCPH-101) and GLAST-G120/R479T (a mutant 



Discussion 

127 
 

characterized by both of these properties) were expressed in tsA201 cells and the 

effects of glutamate, TBOA and UCPH-101 were investigated in a [3H]-D-aspartate 

uptake assay. Uptake of [3H]-D-aspartate was similarly inhibited by glutamate, TBOA 

and UCPH-101 in cells co-expressing WTGLAST and GLAST-G120L/R479T, and 

cells expressing only WTGLAST transporters (Figure 13). Similar inhibition of [3H]-D-

aspartate uptake by UCPH-101 was observed in experiments where WTGLAST and 

GLAST-R479T were co-expressed. In contrast, UCPH-101 had no effect on tsA201-

cells co-expressing GLAST-R479T and GLAST-G120L, whereas glutamate and 

TBOA displayed similar inhibitory potencies at these cells as WTGLAST. UCPH-101 

was also inactive at cells co-expressing the GLAST-G120L and GLASTG120L/R479T 

mutants. These results strongly suggest that UCPH-101 exclusively inhibits the 

uptake of the inhibitor-bound GLAST monomer and does not exert cross-inhibition. 

The substrate binding sites in EAATs are highly conserved throughout this glutamate 

transporter family, making it a challenging task to identify subtype-selective 

orthosteric ligands (Bunch et al., 2009). However, ligands targeting the EAAT 

transport domain have a great disadvantage - they inhibit the uptake of exogenous 

glutamate through EAATs. This consequently limits the therapeutic potential of these 

ligands in disorders characterized by glutamatergic hypofunction (Field et al., 2011) 

or by reversal of EAAT function (Rossi et al., 2000). It is therefore an important 

finding that UCPH-101 selectively modulates EAAT1 function via an allosteric site in 

the trimerization domain distant from the transport domain of the transporter. UCPH-

101 can be applied as subtype-selective tool to intensively investigate the 

physiological effect and functional characteristics of EAAT1 and transporter 

associated mutations in future studies.  
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Summary 

 

Nicole Schneider 

 

Glutamate transporters in retinal neurons 

 

In mammals, five excitatory amino acid transporters with different physiological 

functions and diverse anatomical localization are expressed in glial and neuronal 

cells throughout the central nervous system. In the retina, EAATs shape the visual 

synaptic transmission in two distinct ways: they directly remove glutamate from the 

synaptic cleft by coupling the uptake of glutamate to the cotransport of three Na+ ions 

and one H+ and the countertransport of one K+ ion (Kanner and Bendahan, 1982; 

Zerangue and Kavanaugh, 1996; Levy et al., 1998) or use their thermodynamically 

uncoupled chloride conductance to regulate neuronal excitability by modulating the 

membrane potential of a cell. The first manuscript focuses on the electrophysiological 

characterization of two retinal glutamate transporters, GLT-1c and EAAT5, which are 

co-expressed in axon terminals of photoreceptors and assumed to represent the two 

functional distinct groups of EAATs (Rauen et al., 2004). While GLT-1c meets all 

requirements to facilitate high affinity glutamate uptake in presynaptic terminals of 

photoreceptors, our patch-clamp experiments support the notion that EAAT5 

predominantly acts as anion channel. We discovered that a pronounced increase of 

the unitary current amplitude of EAAT5 anion channels is the functional basis of the 

particular large anion currents of this specialized transporter and that a high open 

probability of anion channels at negative potentials allows EAAT5 to efficiently work 

at physiological membrane potentials and to regulate the Cl- concentration of retinal 

neurons. A mutation of the high-capacity glutamate transporter EAAT1 is known to 

functionally resemble EAAT5 - with reduced glutamate uptake capacity and 

increased, slow activating anion currents at hyperpolarizing potentials (Jen et al., 

2005; Winter et al., 2012). This mutant - containing an arginine instead of a 

conserved proline in the hinge of transmembrane domain 5 - is associated to 

episodic ataxia type 6, a rare human genetic disease characterized by paroxysmal 

cerebellar incoordination. We employed a combination of patch-clamp technique, 
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voltage clamp fluorometry and kinetic simulations and used the homologous mutation 

P259R of the functional similar hEAAT3 to study changes in the hEAAT1 uptake 

cycle by the disease-associated mutation P290R. Our experiments suggest that 

altered sodium binding to the glutamate-free form of the mutant transporter is the 

molecular basis of transporter dysfunction in EA6. Glutamate is an important 

neurotransmitter in the CNS and dysfunctions of EAATs are correlated to several 

neurologic and psychiatric disorders. The distinct physiological functions of the 

various EAAT subtypes is not fully understood and only limited information about 

compensatory mechanisms resulting from interaction of different EAAT isoforms is 

available. Subtype-selective inhibitors are useful to investigate the individual role of 

EAATs in synaptic transmission and neurotoxicity. In the third manuscript we 

examined the mechanism of action of UCPH-101 and UCPH-102 on EAAT1, EAAT4 

and EAAT5. In previous studies it was reported that these compounds display 

selectivity for EAAT1 over EAAT2 and EAAT3 and we could show that UCPH-101 

and UCPH-102 are also ineffective at EAAT4 and EAAT5. Using different 

experimental approaches, we could demonstrate that UCPH-101 exhibits non-

competitive inhibition of EAAT1 function and binds to an allosteric site in the 

trimerization domain of the transporter without affecting substrate translocation 

through the neighboring monomers in the trimer. 
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Zusammenfassung 

 

Nicole Schneider 

 

Glutamattransporter in retinalen Neuronen 

 

Fünf verschiedene Glutamattransporter (Excitatory amino acid transpoters, EAATs) 

mit verschiedenen physiologischen Funktionen und diversen Expressionsmustern 

sind in Gliazellen und Neuronen des zentralen Nervensystems exprimiert. In der 

Netzhaut des Auges beeinflussen sie die visuelle synaptische Übertragung auf zwei 

unterschiedlichen Wegen. Zum einen entfernen sie Glutamat direkt aus dem 

synaptischen Spalt indem sie die Aufnahme des Neurotransmitters an den Transport 

von drei Natriumionen und einem Proton koppeln und im Gegenzug ein Kaliumion 

aus der Zelle heraustransportieren (Kanner and Bendahan, 1982; Zerangue and 

Kavanaugh, 1996; Levy et al., 1998). Zum anderen nutzen sie ihre kanalähnliche 

Anionenleitfähigkeit um das Membranpotential von Zellen zu modulieren und somit 

deren neuronale Erregbarkeit zu regulieren. Das erste Manuskript befasst sich mit 

der elektrophysiologischen Charakterisierung von zwei retinalen 

Glutamattransportern, GLT-1c und EAAT5, die gemeinsam in den Axonendigungen 

von Photorezeptoren exprimiert werden und zwei funktionell verschiedene Gruppen 

von EAATs repräsentieren (Rauen et al., 2004). Mit Hilfe der Patch-clamp Technik 

konnten wir zeigen, dass GLT-1c eine hohe Affinität für Glutamat besitzt und alle 

Voraussetzungen erfüllt um Glutamat aus dem synaptischen Spalt in die 

präsynaptischen Endigungen von Photorezeptoren zu transportieren und bestätigen, 

dass EAAT5 hauptsächlich als Anionenkanal fungiert. Wir fanden heraus, dass die 

besonders großen Anionenströme des EAAT5 in einer hohen Einzelkanalamplitude 

der Anionenkanälen dieses Transporters begründet liegen und das eine hohe 

Offenwahrscheinlichkeit der Kanäle bei negativen Spannungen ein effizientes 

Arbeiten des Transporters bei physiologischen Membranpotentialen, sowie die 

Regulation der Chloridkonzentration in retinalen Neuronen, ermöglicht. Eine Mutation 

des hoch affinen Glutamattransporters EAAT1 ähnelt durch eine reduzierte 

Glutamataufnahmekapazität, sowie erhöhte Anionenströme, die bei 
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hyperpolarisierenden Potentialen langsam aktivieren (Jen et al., 2005; Winter et al., 

2012), funktionell dem EAAT5. Diese Mutation basiert auf dem Austausch eines 

konservierten Prolins im Knick der Transmembrandomäne 5 gegen Arginin und ist 

assoziiert mit der episodischen Ataxie Typ 6 (EA 6), einer seltenen genetischen 

Erkrankung, die durch paroxysmale cerebrale Koordinationsstörungen charakterisiert 

ist. Wir verwendeten eine Kombination aus Patch-clamp Technik, 

Spannungsklemmfluorometrie (voltage clamp fluorometry, VCF) und kinetischen 

Simulationen an der homologen Mutation P259R des funktionell ähnlichen 

Glutamattransporters EAAT3, um die Änderungen im Transportzyklus des humanen 

EAAT1 durch die krankheitsverursachende Mutation P290R nachzuvollziehen. 

Unsere Experimente weisen darauf hin, dass eine veränderte Natriumassoziation an 

den Glutamat-freien Transporter die molekulare Grundlage für die 

Transporterfehlfunktion in EA6 darstellt. Glutamat ist ein bedeutender 

Neurotransmitter im zentralen Nervensystem und Fehlfunktionen von 

Glutamattransportern sind mit verschiedenen neurologischen und psychischen 

Krankheitsbildern verbunden. Die physiologische Funktion der verschiedenen 

Transportersubtypen ist noch nicht vollständig verstanden und es gibt nur begrenzte 

Informationen über kompensatorischen Mechanismen die einer Interaktion von 

verschiedenen EAAT Isoformen zugrunde liegen könnten. Inhibitoren die selektiv auf 

einzelne EAAT-Subtypen wirken sind daher sehr nützlich um die individuelle Rolle 

der EAATs in der synaptischen Übertragung und Neurotoxizität zu untersuchen. Im 

dritten Manuskript wurde die Funktionsweise von UCPH-101 und UCPH-102 auf die 

Glutamattransporter EAAT1, EAAT4 und EAAT5 untersucht. Vorherige Studien 

weisen darauf hin, dass diese Inhibitoren selektiv auf EAAT1 wirken und die 

Funktionsweise von EAAT2 und EAAT3 nicht beeinträchtigen. Wir konnten zusätzlich 

zeigen, dass UCPH-101 und UCPH-102 keinen Effekt auf EAAT4 und EAAT5 haben. 

Unter Anwendung verschiedenster experimenteller Methoden konnten wir 

demonstrieren, dass UCPH-101 nicht-kompetitiv auf die Funktion von EAAT1 wirkt 

und allosterisch an einer Stelle in der Trimerisierungsdomäne des Transporters 

bindet, ohne die Substrattranslokation in den benachbarten Monomeren zu 

beeinträchtigen. 
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