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1 Abstract
Ariane Leinenweber

Regulation of Excitatory Amino Acid Transporter 2 (EAAT2) by Carboxy-terminal Domains
Excitatory amino acid transporter 2 (EAAT2) is a high affinity glutamate transporter
predominantly expressed in astroglia. Human EAAT2 encompasses eight transmembrane domains and a carboxy-terminal domain consisting of 74 amino acids that resides in the cytoplasm. Recent data suggested that oxidative stress activates
caspase-3, resulting in a carboxy-terminal truncation (S506X EAAT2) [Boston-Howes
et al., 2006]. The role of this region was examined by studying various carboxyterminal truncations and mutations via heterologous expression in mammalian cells,
whole-cell patch clamp recording, radiotracer flux measurements and confocal imaging. S506X exhibits indistinguishable properties of WT EAAT2 and modifies neither
uptake nor anion currents. Removal of the complete carboxy-terminus (K498X
EAAT2) results in loss of function due to intracellular retention of truncated proteins.
However, a short stretch of amino acids (E500X EAAT2) within the carboxy-terminus
results in correctly processed transporters. E500X reduces glutamate uptake currents
by 90%. Moreover, the voltage and substrate dependence of E500X anion currents is
significantly altered. External Na+ modifies EAAT2 anion channels and stimulates
anion currents in the presence of L-glutamate, while increased [Na+] reduces such
currents without glutamate. In cells internally dialyzed with Na+, WT and E500X display almost comparable Na+-dependencies. With K+ as main internal cation, E500X
EAAT2 exhibits a drastically increased apparent dissociation constant for external
Na+. Throughout all mammalian glutamate transporters, the carboxy-terminus is encircled by amino- and carboxy-terminal cytoplasmic regions of hairpin 1, including
each a pair of basic amino acids. These four residues were mutated in EAAT2 in two
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double and two single mutations, which result in correctly processed transporters.
While double mutation RK(341-342)QE as well as single mutations K383E and
R384Q merely reduced uptake currents and glutamate dependent anion currents, the
double mutation KR(383-384)EQ additionally exhibits a completely altered Na+dependence with increasing currents due to increasing [Na+] and a blocking effect of
glutamate on both uptake and anion currents. These results demonstrate that both
the carboxy-terminus and hairpin 1 modify the glutamate uptake cycle, possibly affecting the movements of the translocation domain of EAAT2 glutamate transporter.

Zusammenfassung
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2 Zusammenfassung
Ariane Leinenweber

Regulation des exzitatorischen Aminosäure-Transporters 2 (EAAT2)
durch Carboxy-terminale Domänen

Der exzitatorische Aminosäure-Transporter 2 (Excitatory amino acid transporter 2,
EAAT2) ist ein hochaffiner Glutamat-Transporter, der überwiegend in Astrozyten exprimiert ist. Der humane EAAT2 umfasst acht Transmembrandomänen sowie einen
74 Aminosäuren langen zytoplasmatischen Carboxy-Terminus. Eine Studie zeigte
kürzlich, dass das Enzym Caspase-3, aktiviert durch oxidativen Stress, den CarboxyTerminus abschneidet und eine Trunkierung S506X EAAT2 erzeugt [Boston-Howes
et al., 2006]. Verschiedene Trunkierungen und Mutationen wurden erstellt und in einer Säugetier-Zelllinie exprimiert, um die Bedeutung dieses acht Aminosäuren langen Carboxy-terminalen Abschnitts mittels Patch-Clamp Technik, radioaktiver Glutamat-Akkumulation und Konfokalmikroskopie zu untersuchen. Die Trunkierung S506X
EAAT2 modifiziert weder die durch Glutamataufnahme erzeugten Ströme noch
EAAT2-assoziierte Anionenströme und weist unverändert die Eigenschaften des
Wildtyps auf. Das Entfernen des kompletten Carboxy-Terminus (K498X EAAT2) führt
dazu, dass der Transporter nicht in die Membran integriert wird und somit zum Funktionsverlust. Ein kurzes Stück des Carboxy-Terminus (E500X EAAT2) reicht jedoch
für die korrekte Integration des Transporters in die Membran aus. E500X EAAT2 reduziert die Glutamataufnahme um 90%. Weiterhin verändert die Trunkierung signifikant die Spannungs- und Substratabhängigkeit der Anionenströme. In der Gegenwart von Glutamat stimuliert extrazelluläres Na+ EAAT2-assoziierte Anionenströme,
während in der Abwesenheit von Glutamat diese Ströme mit zunehmender Na+Konzentration reduziert werden. Mit Na+ als intrazelluläres Kation zeigen der Wildtyp
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und E500X eine vergleichbare Na+-Abhängigkeit. Mit intrazellulärem K+ weist E500X
EAAT2 eine drastische Zunahme der Dissoziationskonstanten für extrazelluläres Na+
auf. In durchweg allen Säugetier-Glutamat-Transportern ist der Carboxy-Terminus
von den Amino- und Carboxy-terminalen zytoplasmatischen Abschnitten einer Haarnadelstruktur Hairpin 1 umgeben, welche jeweils ein basisches Aminosäurepaar enthalten. Diese vier Aminosäurereste wurden in zwei Einzel- und zwei Doppelmutationen verändert. Die mutierten Transporter werden korrekt in die Membran integriert.
Sowohl die Doppelmutation RK(341-342)QE als auch die Einzelmutationen K383E
and R384Q reduzieren die durch Glutamataufnahme induzierten Ströme sowie die
glutamatabhängige Zunahme der Anionenströme. Die Doppelmutation KR(383384)EQ weist zusätzlich eine vollkommen veränderte Na+-Abhängigkeit auf, die sich
in der Abwesenheit von Glutamat mit zunehmender Na+-Konzentration durch eine
signifikante Stromzunahme auszeichnet. Glutamat hingegen hat einen hemmenden
Effekt sowohl auf Anionenströme als auch auf Ströme unter GlutamataufnahmeBedingungen. Die vorliegenden Ergebnisse zeigen, dass sowohl der CarboxyTerminus als auch Hairpin 1 den Glutamataufnahme-Zyklus modifizieren und möglicherweise an der Bewegung der Translokationsdomäne in EAAT2 beteiligt sind.
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3 Introduction
3.1

Membrane transport

Living cells are isolated from the environment by a membrane, which is mainly constituted by a lipid bilayer. This plasma membrane has several important functions, e.g.
maintaining the cellular organization, transmitting signals and controlling the substance exchange between the cell and extracellular medium. Exchange across the
plasma membrane is accomplished by different transport mechanisms. The transport
of macromolecules, e.g. polysaccharides or proteins is mediated by endo- or exocytosis. Micromolecule transport is more diverse and complex. Small and uncharged
molecules like H2O, O2, and CO2 are able to cross the membrane via diffusion. In
contrast ions and small hydrophilic molecules like glucose or amino acids need a carrier that facilitates their pass across the plasma membrane. Two classes of membrane proteins playing key roles in this process are transporters and ion channels.
Transporters are the gatekeepers for cells and organelles, controlling uptake and efflux of crucial compounds such as sugars, amino acids, nucleotides, inorganic ions
and drugs. Transporters can be divided into passive and active transporters (Fig.
3.1). Passive transporters allow passage of solutes (e.g. glucose, amino acids)
across membranes down their electrochemical gradient. Active transporters create
ion/ solute gradients across membranes utilizing diverse energy-coupling mechanisms. They are classified as primary- or secondary-active transporters. Primary active transport describes a mechanism, which is directly coupled to the binding and
hydrolysis of adenosine triphosphate (ATP), represented by members of the ATPbinding cassette (ABC) transporter family and ion pumps (ATPases). These pumps
generate and maintain via active transport electrochemical ion gradients across
membranes. Such ion gradients are used in turn by secondary active, ion coupled
transporters to drive uphill transport of nutrients across plasma membranes. Transporter function involves selective binding of the transported substrate, conformational
changes due to this binding and the coupling of these conformational changes to the
physical movement of the transported substrate across the lipid bilayer.
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Similar to passive transporters, channels allow movement of solutes down their electrochemical gradient. Ion channels have one or several binding sites simultaneously
accessible from both sides of the plasma membrane, facilitating the physical translocation of ions when the channel is in the open state. In some ion channels, passage
through the pore is governed by a "gate," which may be opened or closed by chemical or electrical signals, temperature, or mechanical force, depending on the variety
of channels. While in coupled transport processes, substrates and ions pass the
membrane in a fixed stoichiometry, ion channels carry an arbitrary number of ions
depending on the channel open time [Hille, 1970].
SLC Transporters
Exchanger
Coupled
transporter

Passive
transporter

ATP
ATP

ADP

Water
channel

ABC
transporter
Ion
channel

Pump

Other Transporters

Fig. 3.1: Membrane transport proteins. The cartoon shows a cell with solute carrier
(SLC)- and non-SLC transporters expressed in the plasma membrane. It has to be
mentioned that transporters can also be expressed in intracellular compartments, e.g.
vesicles and mitochondria. Modified from [Hediger, 2004].

3.1.1 The solute carrier (SLC) series
The solute carrier (SLC) gene series includes 43 families and 298 transporter genes
encoding passive transporters, ion coupled transporters and exchangers (Fig. 3.1). A
transporter has been assigned to a specific SLC family if it has at least 20-25%
amino acid sequence identity to other members of that family [Hediger, 2004]. The
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SLC1 family includes five high-affinity excitatory amino acid transporters (EAAT),
EAAT3 (EAAC1), EAAT2 (GLT1), EAAT1 (GLAST), EAAT4 and EAAT5 (SLC1A1,
SLC1A2, SLC1A3, SLC1A6, and SLC1A7, respectively) as well as the two neutral
amino acid transporters, ASCT1 and ASCT2 (SLC1A4 and SLC1A5, respectively)
[Kanai and Hediger, 2004] (Fig. 3.2). Like several other neurotransmitter transporters
belonging to the SLC6 family [Bröer, 2006], including GABA [Mager et al., 1996], dopamine [Ingram et al, 2002; Ingram and Amara, 2000], norepinephrine [Galli et al.,
1996], proline [Galli et al., 1999], and serotonin [Galli et al. 1997] transporters, these
transporters have been described to be able to act as both a transporter and an ion
channel. The finding that neurotransmitter transporters can also operate as chloride
channels has blurred the distinction between transporters and channels.
EAAT1
(SLC1A3)
ASCT2
(SLC1A5)

EAAT4
(SLC1A6)

EAAT5
(SLC1A7)

ASCT1
(SLC1A4)
EAAT3
(SLC1A1)
EAAT2
(SLC1A2)

Fig. 3.2: Phylogenetic tree of the SLC1 family. The SLC1 family is composed of
two subfamilies that encode the high-affinity excitatory amino acid transporters and
the ASC neutral amino acid transporters.

The five high-affinity glutamate transporter subtypes share 50-60% amino acid sequence identity with each other, 30-40% identity with the neutral amino acid transporters [Arriza et al., 1993], and around 20-30% identity with bacterial glutamate
transporters [Tolner et al., 1992]. Between mammals, the five isoforms are about
90% identical to the equivalent proteins of another species [Danbolt, 2001]. Although

8

Introduction

these transporters have similar predicted structures, they exhibit distinct functional
properties like variations of common transport mechanisms [Arriza et al., 1994; Melzer et al, 2003; Mim et al., 2005]. Fig. 3.2 shows the phylogenetic tree of the SLC1
family members.

3.2

Excitatory amino acid transporters (EAATs)

Five different mammalian EAAT isoforms have been identified. Two of those are
mainly expressed in glia, EAAT1 and EAAT2, whereas EAAT3, EAAT4 and EAAT5
are considered to be neuronal transporters (Fig. 3.3) with EAAT5 exclusively expressed in the retina [Arriza et al. 1997]. All EAAT glutamate transporters sustain two
fundamentally distinct transport mechanisms. They mediate stoichiometrically coupled co-transport of one glutamate and one proton, three sodium ions and one potassium ion [Levy et al. 1998; Zerangue and Kavanaugh, 1996a], and they function
as anion channels [Wadiche et al., 1995]. EAAT anion channel opening is coupled to
conformational changes within the glutamate uptake cycle [Wadiche and Kavanaugh,
1998; Watzke et al., 2001]. All EAAT isoforms differ in their relative contribution of
anion currents to the total transporter-mediated current [Arriza et al. 1997; Fairman et
al., 1995; Melzer et al, 2003; Wadiche et al., 1995; Watzke and Grewer, 2001].
EAATs play a crucial role in terminating the synaptic transmission and maintaining
the extracellular glutamate concentration below neurotoxic levels.
3.2.1 Glutamate - the major excitatory neurotransmitter
The amino acid L-glutamate is considered to be the major excitatory neurotransmitter
in the mammalian central nervous system (CNS) and is probably involved in most
aspects of normal brain function including cognition, memory and learning [Collingridge and Lester, 1989; Fonnum, 1984; Headley and Grillner, 1990; Ottersen and
Storm-Mathisen, 1984]. Glutamate also plays a major role in the development of the
CNS including neuronal migration [Komuro and Rakic, 1993; Rossi and Slater, 1993]
and outgrowth of neuronal processes [Pearce et al., 1987]. It is important for longterm potentiation and functional synapse induction in the developing nervous system
[Durand et al., 1996] as well as for synapse elimination [Rabacchi et al, 1992]. Fur-
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ther, glutamate plays a signaling role in peripheral organs as well as in endocrine
cells [Moriyama et al., 2000].
Synaptic release of glutamate activates a wide range of ionotropic glutamate receptors (e.g. AMPA, NMDA) and G-protein coupled metabotropic glutamate receptors
(mGluR) to mediate a complex array of functions. After release from presynaptic
nerve terminals, glutamate is quickly taken up into glial and neuronal cells by glutamate transporters belonging to the EAAT family [Amara and Fontana, 2002; Danbolt,
2001; Grewer et al., 2008; Kanner, 2006] (Fig. 3.3).
Glial cell

Glutamatergic
nerve terminal
+ +

ATP
EAAT1
EAAT2
1 K+

VGLUT1

+

1 Glu

H+
+ +

+

1 K+

Not yet
identified
n Na+
1 Glu
m H+

3 Na+
1 Glu
1 H+
1 K+
Cl-

EAAT3
EAAT4

3 Na+
1 Glu
1 H+

Dendritic spine

Fig. 3.3: Types of glutamate transporters at glutamatergic synapses. Glial glutamate transporters EAAT1 and EAAT2 remove glutamate from the extracellular fluid.
Glutamate transporters found postsynaptically in the plasma membranes of dendritic
spines, EAAT3 and EAAT4, have relatively high associated Cl- channel activity. The
glutamate transporter in glutamatergic nerve terminals has still not been molecularly
identified and the exact stoichiometry is not known. Synaptic vesicles are loaded with
glutamate from cytosol by means of a glutamate transporter, probably VGLUT1 [Bellocchio et al., 2000; Takamori et al., 2000], located in the plasma membrane of synaptic vesicles. Modified from [Danbolt, 2001].
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Glutamate taken up by astrocytes can be converted to glutamine by an ATPdependent process [Laake et al., 1995]. Glutamine, subsequently released from glial
cells by means of a glutamine transporter, could be taken up by neurons expressing
a glutamine transporter as well. Neurons might convert glutamine back to glutamate,
which is transported into synaptic vesicles by a vesicular glutamate transporter,
which is supposed to be VGLUT1 [Bellocchio et al., 2000; Danbolt, 2001; Takamori et
al., 2000]. Although the significance of this glutamate-glutamine cycle is still controversial, it has been proposed to be a major glutamate-recycling pathway [Bröer and
Brookes, 2001]. Glutamate taken up in presynaptic cells might be directly reused as a
transmitter (Fig. 3.3) [Danbolt, 2001].
3.2.2 Glial glutamate transporter EAAT2
EAAT2 is the most abundant glutamate transporter in all regions of the mammalian
CNS except regions where EAAT1 is mainly expressed [Danbolt, 2001] (e.g. cerebellum [Lehre and Danbolt, 1998], inner ear [Furness and Lehre, 1997], and in the retina
[Rauen et al., 1996]). Although expression of some EAAT2 splice variants has been
observed in retinal neurons [Rauen and Kanner, 1994; Rauen et al., 1996; Rauen et
al., 1999] and nerve terminals, related with synaptic activity [Chen et al., 2002; Chen
et al., 2004], no other evidences for neuronal EAAT2 localization has been reported.
EAAT2 has mainly been detected in astrocytes in the prenatal [Furuta et al., 1997a]
and adult rat brain and spinal cord [Danbolt et al., 1992; Levy et al., 1993; Pines et
al., 1992; Zschocke et al., 2005] as well as in the adult human brain [Matute et al.,
2005; Milton et al., 1997].
The glutamate transporter EAAT2 appears to be crucial for glutamate homeostasis.
Mice that lack EAAT2 show lethal spontaneous seizures and increased susceptibility
to acute cortical injury [Tanaka et al., 1997]. In contrast, mouse models lacking other
glial or neuronal glutamate transporters, such as EAAT1 [Watase et al., 1998],
EAAT3 [Peghini et al., 1997] or EAAT4 [Huang et al., 2004], show much milder phenotypes without pronounced neurodegeneration. There are many neurological diseases that appear to be associated with increased levels of external glutamate, such
as schizophrenia [Laruelle et al., 2003], Alzheimer’s disease [Scott et al., 2002], multiple sclerosis [Groom et al., 2003; Pitt et al., 2000] and amyotrophic lateral sclerosis
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(ALS) [Howland et al., 2002; Rothstein et al., 1992]. For ALS, a progressive degenerative motor neuron disease, reduced EAAT2 glutamate transport has been suggested to contribute to the disease phenotype [Rothstein et al., 1992].
3.2.2.1 The role of EAAT2 in ALS
Although about 20% of ALS cases arise due to mutations in the gene for Cu/ Zn superoxide dismutase (SOD1) [Bento-Abreu et al., 2010], the primary pathogenic trigger is still unknown. Glutamate stimulates ionotropic glutamate receptors on the
postsynaptic neuron, a process resulting in the influx of sodium and calcium. Under
pathological conditions, an increase in the synaptic glutamate levels and/ or an increased sensitivity of the postsynaptic neuron to this glutamatergic stimulation can
result in neuronal death, a phenomenon called excitotoxicity. The loss of EAAT2 can
be a feed-forward mechanism that propagates neuronal injury through the elevation
of extracellular glutamate.
In synaptosomes isolated from affected brain areas and spinal cord of ALS patients a
diminished glutamate transport has been found, due to the loss of this protein
[Rothstein et al., 1992; Rothstein et al., 1995]. Aberrant splicing of the EAAT2 transcript was suggested to be a cause of reduced expression of EAAT2 in ALS [Lin et
al., 1998]. Another factor that might contribute to loss of EAAT2 in ALS brains is the
fact that the EAAT2 glutamate transporter was shown to be highly vulnerable to oxidative stress [Pedersen et al., 1998]. It was reported that the activity of ALSassociated SOD1 mutants damage EAAT2 function through the action of hydrogen
peroxide produced by these mutants (gain of function of SOD1) [Trotti et al., 1999].
Recently, oxidative stress was shown to activate caspase-3, resulting in a cleavage
of EAAT2 in the cytosolic carboxy-terminal domain. This result linked excitotoxicity
and activation of caspase-3 as converging mechanisms in the pathogenesis of ALS
[Boston-Howes et al., 2006; Gibb et al., 2007]. Crossbreeding EAAT2-overexpressing
mice with mutant SOD1 mice delayed disease onset but had no effect on survival
[Guo et al. 2003], while up-regulation of the EAAT2 transporter by treatment with the
ß-lactam antibiotic ceftriaxone increased the life span of the mutant SOD1 mice
[Rothstein et al. 2005]. This indicates that an induction of the EAAT2 expression and
a higher clearance of glutamate from the synaptic cleft can protect motor neurons
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during ALS, at least in the mutant SOD1 mouse model [Bento-Abreu et al., 2010].
However, Melzer et al. [Melzer et al., 2008] have shown in a recent publication that
ceftriaxone had impact neither on EAAT2 protein expression levels in several brain
areas, nor on the radioactive glutamate uptake capacity in a mixed primary glial cellculture and the glutamate-induced uptake currents in a mammalian cell line mediated
by EAAT2. Moreover, the clinical effect of ceftriaxone was preserved in the presence
of an EAAT2-specific transport inhibitor, dihydrokainate. This demonstrates the need
for sufficient glial glutamate uptake upon an excitotoxic autoimmune inflammatory
challenge of the CNS and a molecular target of ceftriaxone other than the glutamate
transporter [Melzer et al., 2008].
3.2.3 Neuronal glutamate transporter EAAT4
The neuronal glutamate transporter EAAT4 is predominantly expressed in the cerebellum [Dehnes et al., 1998; Furuta et al., 1997b; Inage et al., 1998; Yamada et al.
1996], specifically in Purkinje cells. EAAT4 expression has also been observed in
other regions, e.g. in the forebrain [Dehnes et al., 1998], in cortical neurons [Massie
et al., 2001] and retina astrocytes [Ward et al., 2004]. At sub-cellular level, EAAT4 is
located in the plasma membranes of Purkinje cell soma and dendrites including
spines [Yamada et al. 1996]. EAAT4 is present at low concentrations in the synaptic
membrane, but is highly enriched in the parts of the dendritic and spine membranes
facing astrocytes (which express EAAT1 and EAAT2) compared with parts facing
neuronal membranes, suggesting a functional relationship with glial glutamate transporters [Dehnes et al., 1998].
EAAT4 exhibits a predominant anion conductance [Fairman et al., 1995; Melzer et al,
2003; Wadiche et al., 1995]. While glial glutamate transporters are responsible for the
majority of glutamate uptake in the brain [Auger and Attwell, 2000; Bergles et al.
1999; Danbolt, 2001], EAAT4 is suggested to control neuronal excitability by means
of the anion channel. In a lower extent the neuronal glutamate transporter might further be responsible for removing glutamate, which has diffused from the synaptic cleft
to the extra-synaptic space, preventing glutamate spillover to adjacent synapses [Takayasu et al., 2005; Tanaka et al., 1997]. The contribution of EAAT4 to glutamate
clearance has been estimated to be around 17% by taking the kainate receptor me-
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diated component of the synaptic current into consideration [Brasnjo and Otis, 2004].
In Purkinje cells EAAT4 was shown to remove less than 10% of the glutamate released by climbing fibers [Huang et al., 2004].
The relevance of the uncoupled anion conductance is still not fully understood. Some
reports have suggested that the chloride conductance might clamp the cell at negative voltage values [Billups et al., 1996; Eliasof and Jahr, 1996], preventing depolarization due to glutamate uptake. A recent report by Melzer et al. demonstrates EAAT4
playing an important role in neuronal excitability by changing the selectivity of individual channels, permitting either conductance of excitatory or inhibitory currents depending on the electrical state of the cell [Melzer et al., 2005].

3.3

Neutral amino acid transporter ASCT1

The neutral amino acid transporter ASCT1, also known as SATT, belongs together
with ASCT2 to the Na+-dependent amino acid transporter system ASC [Arriza et al.
1993; Kekuda et al., 1996; Shafqat et al. 1993; Utsunomiya-Tate et al., 1996]. ASC
transporters have a high affinity for L-alanine, L-serine, L-threonine and L-cysteine.
Despite the distinctive substrate selectivity displayed among glutamate and ASC
transporters, they still exhibit common properties in substrate recognition reflecting
their structural similarity [Tamarappoo et al., 1996; Utsunomiya-Tate et al., 1996;
Zerangue and Kavanaugh, 1996b]. Together with the high conservation of amino
acid sequences between glutamate and ASC transporters, this suggests that both
transporter types share structurally similar substrate binding sites [Kanai, 1997]. In
contrast to glutamate transporters, which require K+ to fulfill their translocation step,
ASC transporters are not coupled to the counter-transport of K+ [Zerangue and Kavanaugh, 1996c]. Consistent with this, E404 and Y403 (rat EAAT2 residue numbers)
responsible for K+-coupling and the relocation step in glutamate transporters are not
conserved in ASC transporters [Kavanaugh et al., 1997; Zhang et al., 1998]. ASC
transporters are proposed to function exclusively as Na+-dependent amino acid exchangers, while glutamate transporters can mediate both uptake and exchange [Kanai and Hediger, 2004]. The electrical currents associated with ASCT1-mediated
transport result from activation of a thermodynamically uncoupled chloride conduc-
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tance with permeation properties similar to those described for the glutamate transporter subfamily [Bröer et al., 2000; Zerangue and Kavanaugh, 1996c].

3.4

EAAT protein structure and transport mechanism

3.4.1 Structure of a glutamate transporter homologue
Glutamate transporters are integral membrane proteins, consisting of eight transmembrane domains (TM), two hairpins and intracellular located amino- and carboxytermini (Fig. 3.4). The sodium/aspartate symporter from Pyrococcus horikoshii (GltPh),
an archaeal homologue of the EAATs, was one of the first sodium-coupled transporters for which the structure has been determined at a near-atomic resolution [Boudker
et al., 2007; Yernool et al., 2004]. This structural analysis revealed an assembly of
individual protomers into a homo-trimer (Fig. 3.4B), forming a deep solvent-filled bowl
open to the extracellular solution and reaching approximately half way across the
lipid bilayer. At the bottom of this bowl substrate binding sites are located, cradled by
two hairpins, reaching from opposite sides of the membrane. All characterized glutamate transporter homologues share the trimeric assembly [Gendreau et al., 2004;
Raunser et al. 2006; Yernool et al. 2003].
A recent study by Reyes et al. describes the crystal structure of a double cysteine
mutant of GltPh, which is trapped in the inward facing state by cysteine cross-linking
[Reyes et al., 2009]. This study further elucidates the structural composition of the
above-described trimeric assembly of glutamate transporters.
The first six transmembrane segments of each GltPh protomer mediate inter-subunit
contacts and form a twisted cylinder in which the highly conserved carboxy-terminus
of the protein is folded into a compact core. The core consists of an intracellular reentrant helical hairpin (HP) 1, TM7 with an unstressed segment, an extracellular HP2,
and an amphipathic TM8 (highlighted in blue, Fig. 3.4). Together with TM3 and TM6
(highlighted in light blue, Fig. 3.4) this core represents the transport domain. Transmembrane domains 1, 2, 4, and 5 (highlighted in green, Fig. 3.4) constitute the
trimerization domain. Within the transport domain, TM3 and TM6 serve as two arms
holding the transporter core and extending it from the trimerization domain.
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Fig. 3.4: Structure of a glutamate transporter homologue. A Schematic representation of glutamate transporters at the plasma membrane, deduced from crystallographic data of GltPh. B Ribbon representation of the trimer, viewed from the extracellular side of the membrane. C Ribbon representation of the protomer viewed in the
plane of the membrane. Green marked transmembrane helices 1, 2, 4, and 5 form
the trimerization domain. Blue and light blue colored transmembrane helices and
hairpins represent structures belonging to the transport domain. Modified from [Yernool et al., 2004; Reyes et al., 2009].
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3.4.2 Transport mechanism of a glutamate transporter homologue
The above-mentioned study additionally describes movements within the individual
protomer, directly related with substrate translocation through the glutamate transporter [Reyes et al., 2009]. Glutamate transporters undergo isomerization between
two states: an outward facing state (Fig. 3.5 A, B), in which the substrate-binding site
is accessible from the external solution, and an inward facing state (Fig. 3.5 C, D), in
which it is reached from the cytoplasm. Reyes et al. propose a combination of a
cross-membrane movement and rotation of the above described transport domain.
The loops between TM2-TM3 and TM5-TM6, respectively, which connect these
transmembrane segments to the trimerization domain, enable the inward movement
(marked in Fig. 3.5 C).
During this movement, 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.

Na+ L-Asp
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D
5-6 loop

HP2
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HP1

Membrane
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In
Transport
domain

Trimerization
domain

2-3 loop

Fig. 3.5: Schematic transport mechanism. The simplified transport mechanism is
shown on a single protomer. Substrate and sodium binding to the outward and inward facing states is coupled to the closure of the extracellular and intracellular
gates, HP2 (red) and HP1 (orange), respectively. Isomerization between the outward
and inward facing occluded states occurs upon movement of the transport domain
(blue), relative to the trimerization domain (green). The inward facing open state has
not been structurally characterized and is hypothetical. Modified from [Reyes et al.,
2009].
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The transport domains are expected to move stochastically and independently within
each protomer [Grewer et al., 2005; Groeneveld and Slotboom, 2007; Koch et al.,
2007; Koch and Larsson, 2005; Leary et al., 2007]. The trimerization domain is anchored in the membrane and provides a counterbalance to the movements of the
bulky transport domain.
Substrate binding/ unbinding on either side of the membrane is associated with additional conformational changes, or gate openings (Fig. 3.5). The crystallographic data
and molecular dynamic simulations [Boudker et al., 2007; Huang and Tajkhorshid,
2008; Shrivastava et al., 2008] suggest that substrate and ion dissociation on the extracellular side is associated with the opening of HP2, defining it as an extracellular
gate.
Reyes et al. hypothesize that in a functionally symmetrical manner, movements of
HP1 allow for dissociation of the substrate and ions from the inward facing state, defining it as a bona fide intracellular gate [Reyes et al., 2009]. The alternate opening of
the extracellular and intracellular gates is strictly maintained: in the outward facing
state, when HP2 opens to expose the substrate and ion binding sites to the extracellular solution, HP1 is secured in the closed state, packed against TM2 and TM5.
Conversely, in the inward facing state HP2, the extracellular gate, is locked closed
upon displacing HP1.
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4 Aims of this thesis
Glutamate uptake by the glial glutamate transporter EAAT2 is crucial for glutamate
homeostasis in the CNS and prevents excitotoxicity. Impaired uptake ability of
EAAT2 due to decreased expression and/ or functional restrictions plays a key role in
motor neuron death, e.g. in amyotrophic lateral sclerosis. Amino- or carboxy-terminal
cytoplasmic domains often modulate channels and transporters. In certain ion channels, such domains are necessary for inter-subunit interactions [Kreusch et al., 1998],
or determine conformational changes of adjacent transmembrane domains [Hebeisen et al., 2004; Garcia-Olivares et al., 2008]. A recent study has shown that oxidative stress, for instance caused by mutated superoxide dismutase 1, activates
caspase-3, resulting in a cleavage of EAAT2 in the cytosolic carboxy-terminal domain. This result suggested a functionally important role of the carboxy-terminus and
linked excitotoxicity and activation of caspase-3 as converging mechanisms in the
pathogenesis of ALS [Boston-Howes et al., 2006; Gibb et al., 2007]. The principle
object of this thesis was to elucidate the functional importance of the EAAT2 carboxyterminus.
Due to relative structural proximity of the carboxy-terminus subsequent to transmembrane domain 8 and amino- and carboxy-terminal intracellular segments of hairpin 1,
these regions in HP1 were mutated and investigated in a sub-project, proving interaction possibilities.
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5 Material and Methods
5.1

Chemicals and materials

All chemicals and solutions were at least purity p.a. and were obtained from different
companies which are given in parenthesis; the complete directory of suppliers for
chemicals and materials can be found in chapter 10.4. Deionized water was prepared
at 18.2 M! in a milliQ plus from Millipore.

5.2

Cell culture

5.2.1 Cell line, growth and splitting
The tsA201 cell line (Health Protection Agency) is a human embryonic kidney (HEK)
cell line, which is stably transfected with T-antigen [Shen et al., 1995]. This modification enhances the transfection efficiency and makes the cell line ideal for transient
transfection. TsA201 cells were plated in tissue culture dishes with 100 mm diameter
(Sarstedt) containing 10 ml supplemented sterile Dulbecco’s Modified Eagle Medium
(DMEM) (Tab. 5.1). The cells were incubated at 37°C, 5% CO2 and 95% humidity in
a Heraeus HERACell incubator (Kendro). To maintain tsA201 cells in culture, they
were splitted every 2-4 days. After washing once with phosphate buffered saline
(PBS), the cells were incubated 1 min with 2 ml trypsin-ethylenediamine-tetraacetic
acid (EDTA), and detached and transferred with a transfer pipette (Sarstedt) in a new
100 mm culture dish containing 10 ml fresh medium. Cells were splitted until around
20 passages.
5.2.2 Transient transfection
TsA201 cells were transfected by calcium phosphate [Ca3(PO4)2] precipitation. Prior
to transfection, cells were harvested by trypsinization and replated at a density of 1 x
105 to 4 x 105 cells/ cm2 in 100 mm tissue culture dishes with 10 ml fresh medium.
After 24 h incubation, the medium was changed 1 h before transfection. To prepare
the calcium phosphate-DNA co-precipitate, 10 "l Salmon Sperm DNA (Invitrogen)
and the desired amount of DNA were added to 500 "l of 250 mM CaCl2 in a sterile
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1.5 ml tube. This DNA/ CaCl2 mixture was added gently to 500 "l of 2 x HEBS (Tab.
5.1) in a second 1.5 ml tube and incubated for 20 min at room temperature. The
Ca3(PO4)2-DNA suspension was then transferred into the medium above the cell
monolayer. The dish was gently rocked and incubated. For wild type and mutant
EAAT2 constructs, 6 "g DNA were transfected and cells were used for experiments
after 36 h expression. For wild type and mutant EAAT4 constructs, 3 "g DNA were
transfected and cells were used after 24 h expression.
Tab. 5.1: Media and solutions for tsA 201 cells
a. Cell culture

D-MEM (Dulbecco’s modified Eagle Medium)
10% (high glucose, + L-glutamine, - Na+1% pyruvate)
1% fetal calf serum
penicillin (100 U/ml)/ streptomycin (100
"g/ml)
L-glutamine (200 mM)

b. Trypsinization

0.25% trypsin-EDTA

c. PBS

phosphate buffered saline (Lonza)
(- Ca2+, - Mg2+)

d. Transfection

i. CaCl2

250 CaCl2, sterile filtered

ii. HEBS

mM NaCl
274 HEPES
mM dextrose
40 mM KCl
12 mM Na2HPO4
10 mM pH 7.05, sterile filtered
1.4 mM

Media used for cell culture were from Gibco/ Invitrogen.
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Transfected tsA201 cells were splitted 12 h (EAAT4) or 24 h (EAAT2) after transfection into 60 mm tissue culture dishes (Sarstedt) for patch clamp recordings, into 35
mm glass bottom dishes (Ibidi) for confocal microscopy, or into 12-well plates
(Sarstedt) for radiotracer flux measurements and grown over night.

5.3

Molecular biology

The pRcCMV vector was used for the human EAAT2 encoding gene and
pcDNA3.1(-) was used for the rat EAAT4 encoding gene (vectors from Invitrogen).
pRcCMV and pcDNA3.1(-) contain the cytomegalovirus (CMV) promotor and an ampicillin bacterial resistance (see 10.3). The coding region of monomeric yellow fluorescence protein (mYFP) was directly linked to the amino-terminus of human EAAT2
via a BsrGI restriction site into an open reading frame and sub-cloned into pRcCMV
using flanking NcoI and NotI restriction sites. Fusing mYFP and EAAT4 required the
introduction of a BsrGI restriction site by polymerase chain reaction (PCR) into the
EAAT4 amino-terminus, which was done without changing the amino acid sequence
code. After linking mYFP to the amino-terminus of EAAT4 into an open reading
frame, sub-cloning into pcDNA3.1(-) was done using flanking BamHI and BsgI restriction sites.
Truncations in EAAT2 and EAAT4 and point mutations in EAAT2 (Tab. 5.2) were introduced using PCR-based strategies or using the QuikChange® Site-Directed
Mutagenesis Kit (Stratagene). A list of used primers can be found in the supplement
(Tab. 10.2). Restriction analysis and DNA sequencing verified all constructs. For
each construct, two independent recombinants from the same transformation were
examined and shown to exhibit indistinguishable functional properties. mYFP fused
wild type EAAT2 and EAAT4 constructs were tested as well and showed similar
properties like wild type constructs (see 5.4). Transient transfection of tsA201 cells
using the Ca3(PO4)2 technique was performed as previously described (5.2.2).
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Tab. 5.2: mYFP fused EAAT2 and EAAT4 constructs.
a. EAAT2:

pRcCMV mYFP

i. Wild type

EAAT2

ii. Carboxy-terminal

EAAT2 S506X

truncations

EAAT2 I504X
EAAT2 D502X
EAAT2 L501X
EAAT2 E500X
EAAT2 K498X
EAAT2 H495X

iii. Carboxy-terminal
mutations

EAAT2 DTID(502-505)ELQE S506X
EAAT2 ELDTID(500-505)ATKKGE S506X
EAAT2 E500Q
EAAT2 E500K

iv. Mutations in hairpin 1 EAAT2 RK(341-342)QE
EAAT2 KR(383-384)EQ
EAAT2 R384Q
EAAT2 K383E
b. EAAT4
i. Wild type

EAAT4

ii. Carboxy-terminal

EAAT4 E523X

truncations
iii. Mutation in hairpin 1

5.4

pcDNA3.1(-) mYFP

EAAT4 A529X
EAAT4 RR(406-407)EQ

Electrophysiology

TsA201 cells were transiently transfected in 10 cm culture dishes, splitted as described into 60 mm culture dishes at a density that allows measurements on single
cells. To detect transfected cells, mYFP-fused constructs were used after verification
of indistinguishable properties compared with wild type constructs. An inverted Leica
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microscope with a fluorescence detection unit and a micromanipulator (Luigs &
Neumann) were connected with an air shock-damped table (TMC), surrounded by a
Faraday cage. Standard whole-cell patch clamp recordings were performed using an
Axopatch 200B amplifier (Molecular Devices). Borosilicate pipettes (Harvard Apparatus) were pulled with resistances of 1.5-2.5 M! using a micropipette puller (Sutter
Instruments) and polished with a microforge (Narishige). To reduce voltage errors,
the series resistance was routinely compensated more than 80% by an analog procedure and cells with more than 10 nA maximum anion currents were excluded from
the analysis. Currents were filtered at 5 kHz (-3dB) and digitized with a sampling rate
of 50 kHz using a Digidata AD/DA converter (Molecular Devices). Cells were
clamped to 0 mV for at least 5 s between test sweeps. Four combinations of internal/external solutions (Tab. 5.3) were used to separate distinct current components.
To determine electrogenic glutamate uptake currents in EAAT2, the internal solution
contained 115 mM KCl, and the external solution 140 mM NaCl. EAAT2 and EAAT4
anion currents were measured with the same internal solution and an external solution in which NaSCN equimolarly substituted NaCl.
Tab. 5.3: Solutions and buffers for electrophysiology
a. Internal solution
(pH 7.4)

115 KCl/ NaCl/ NaNO3/ KNO3
mM MgCl2
2 mM EGTA
5 mM HEPES
10 mM

b. External solution
(pH 7.4)

140 NaCl/ NaNO3/ NaSCN/ cholineCl
mM KCl
4 mM CaCl2
2 mM MgCl2
1 mM HEPES
5 mM L-glutamate (as indicated)
0.5 mM
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Alternatively, symmetrical [NO3-] was achieved by using a pipette solution containing
115 mM NaNO3/ KNO3 and a bath solution with 140 NaNO3. To determine the Na+dependence of anion currents NO3-based internal solutions were used and external
NaCl was substituted by cholineCl. In some of the experiments, 0.5 mM L-glutamate
was added to the external solution as indicated.

5.5

Confocal Imaging

TsA201 cells were transiently transfected with mYFP-fused constructs in 10 cm culture dishes, splitted as described (see 5.2) into glass bottom dishes (Ibidi) with about
150 "l cell-suspension and 550 "l medium and incubated over night. Confocal imaging was carried out on living cells with an Olympus IX81 inverted motorized microscope using the Fluoview FV1000 system (Olympus). mYFP was excited at 515 nm
and the emission was detected after filtering with a 535-565 nm band pass filter.

5.6

Protein Biochemistry

5.6.1 SDS-PAGE
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed with 10% separating gels using the Mini-PROTEAN Tetra System (BioRad
Laboratories). Acrylamide-bisacrylamide (Protogel), ammoniumpersulfate (APS) and
N,N,N’-tetramethyl-ethylene diamine (TEMED) were from Serva.
Tab. 5.4: Consistence of SDS running and stacking gel
SDS PAGE

Stacking gel (4%)

Separating gel (10%)

H2 O

3.05 ml

3.7 ml

1 M Tris (pH 6.8)

1.25 ml

1.5 M Tris (pH 8.8)

2.5 ml

Protogel

0.65 ml

3.3 ml

10% SDS

50 "l

100 "l

10% APS

50 "l

100 "l

TEMED

10 "l

10 "l
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5.6.2 Protein purification from tsA201 cells
Expression of mYFP fused EAAT2 constructs in transiently transfected tsA201 cells
was analyzed by a simplified cell purification protocol. Cells were grown until 70%
confluence in 10 cm culture dishes, detached with 1 ml PBS (-Mg2+, -Ca2+) and transferred into 1.5 ml tubes. After washing twice with PBS and centrifugation at 2900xg,
cells were dispensed in lysis buffer. After 15 min incubation on ice the probes were
centrifuged at 14000xg for 15 min at 4°C, and the supernatants were transferred to
new tubes.
Probes were incubated 15 min with SDS loading buffer and the proteins were separated on 10% SDS-polyacrylamide gradient gels. All buffers are described in Tab.
5.5. mYFP fluorescence was visualized by scanning the wet SDS-PAGE gels with a
Typhoon® fluorescence scanner (GE Healthcare) and intensities of wild type and
mutant mYFP EAAT2 protein bands were analyzed using ImageQuant (GE
Healthcare). This assay was used for quantitative analysis of glycosylated and nonor core-glycosylated protein fractions.
5.6.3 Surface biotinylation
Cell surface expression was assayed using cell surface biotinylation. Transiently
transfected tsA201 cells were grown until 70% confluence in 6 cm culture dishes,
detached with PBS (-Mg2+, -Ca2+) and transferred into 15 ml falcon tubes. After a further washing step with PBS, they were incubated with 1.5 mg/ ml biotin (sulfo-NHSSS-biotin, Pierce) in triethanolamine buffer for 40 min. The reaction was quenched by
incubation with quenching buffer for 20 min. After washing with PBS, the cells were
dispensed in lysis buffer and transferred after 15 min incubation on ice to a 1.5 ml
tube. The probes were centrifuged at 14000xg for 15 min at 4°C, and the supernatants were transferred to a new tube. Subsequently, lysates were incubated with
Ultralink immobilized NeutrAvidin® beads (Pierce) for 2-3 h at 4°C. The samples
were centrifuged at 5000xg for 15 min and the supernatant was collected as flowthrough probe. The resin was transferred with wash buffer 1 to 2 ml tubes with a filter
containing support (Hande centrifuge columns, Pierce), washed once with wash
buffer 1 and once with wash buffer 2. Proteins on the beads were released by incu-
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bation with SDS loading buffer. The proteins were separated on 10% SDSpolyacrylamide gradient gels. All buffers are described in (Tab. 5.5 a). mYFP fluorescence was visualized by scanning the wet SDS-PAGE gels with a Typhoon® fluorescence scanner (GE Healthcare) and intensities of wild type and mutant mYFP EAAT2
protein bands were analyzed using ImageQuant (GE Healthcare). The fluorescence
of the biotinylated fraction was calculated as fraction of whole lysate fluorescence.

Tab. 5.5: Solutions and buffers for protein biochemistry
a. Biotinylation
i. Triethanolamine
buffer

150 NaCl
mM C6H15NO3
10 mM CaCl2
2 mM pH 7.5

ii. Quenching
buffer

PBS
100 glycine
mM

iii. Lysis buffer

150 NaCl
mM Tris
50 mM EDTA
5 mM Triton X-100
1% protease inhibitor cocktail
1:100 (P2850, Sigma-Aldrich)
pH 7.5

iv. Wash buffer 1

500 NaCl
mM Tris
50 mM EDTA
5 mM Triton X-100
0.1% pH 7.5
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50 mM Tris
pH 7.5

vi. SDS loading
buffer

200 dithiothreitol (DTT)
mM SDS
4.1%

b. Western blot
i. TBS

150 NaCl
mM Tris-base
10 mM pH 7.5

ii. Transfer buffer

192 glycine
mM 25 Tris-base
mM pH 8.0

5.6.4 Western Blotting
Gels were blotted onto polyvinylidene (BioRad Laboratories). The membrane, gel,
fiber pads, and filter papers were equilibrated in transfer buffer (Tab. 5.5 b). Western
blotting was performed overnight at 4°C and 30 V using the tank transfer system Mini
Trans-Blot® Cell (BioRad Laboratories). After blocking in TBS (Tab. 5.5 b) containing
3% bovine serum albumine (BSA) for 1 h, the blot was washed with TBS (+ 0.1%
Triton). Actin was detected with rabbit anti-actin antibody (Sigma-Aldrich), which is
directed against the N-terminal part of actin (1:1000 in TBS with 1% BSA, 1 h). After
washing the blot with TBS (+ 0.1% Triton) the second antibody anti-rabbit Cy5 (GE
Healthcare) was incubated (1:2500 in TBS with 1% BSA, 1 h). Cy5 is a fluorescent
dye, which is excited at 649 nm and emits maximally at 670 nm. The blot was finally
washed and scanned in the Typhoon® fluorescence scanner (GE Healthcare) using
the red laser. Results were used only from experiments in which no actin was detected in purified membrane fractions.
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Radiotracer flux experiments

Uptake of L-[3H]-glutamate (Amersham Biosciences) was measured in transient
transfected tsA201 cells expressing WT or mutant EAAT2 (as described in chapter
5.2.2). 12-well plates with transfected cells were incubated with a standard external
solution (Tab. 5.3) containing NaCl, 500 "M L-glutamate and 50 nM L-[3H]-glutamate.
After various incubation periods, L-[3H]-glutamate uptake was terminated by exchanging the solution and washing three times with ice-cold standard external solution without glutamate. In some experiments Na+-dependence of uptake was tested
substituting NaCl by cholineCl. Cells were lysed with 0.5% SDS and subsequently
transferred to scintillation tubes (Mini Poly-Q Vial, Beckmann Coulter). Measurements were done in Rotiszint® Eco Plus scintillation solution (Roth) using either a
TriCarb® Liquid Scintillation Analyzer or a Wallac Rackbeta 1219 Liquid Scintillation
Counter (both Perkin Elmer). To account for differences in the number of expressed
proteins between WT and mutant EAAT2 in the different tested plates, mYFP fluorescence was determined and thus the number of EAAT2 molecules by scanning
cells with a fluorescence scanner (Typhoon, GE Healthcare) prior to uptake experiments. Obtained values were used to correct mutant radioactive tracer accumulation
for differences in expression levels.

5.8

Data analysis

Electrophysiological data were analyzed with a combination of pClamp 9 (Molecular
Devices) and SigmaPlot 9 (Jandel Scientific). Relative errors for apparent dissociation constants were obtained as standard errors of fit estimates from fitting MichaelisMenten relationships to the concentration dependence of EAAT2 and EAAT4 anion
currents. Fluorescence scan data were analyzed using ImageQuant (GE Healthcare)
and for confocal images FV10-ASW 1.6 Viewer (Olympus) was used. All other data
were analyzed using a combination of Excel (Microsoft) and SigmaPlot 9. 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, (***)). Significance levels are given in
comparison to WT data unless otherwise noted. Data are given as mean ± SEM.
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6 Results
6.1

Carboxy-terminal truncations affect EAAT2-mediated glutamate uptake

A recent report demonstrated that the protease caspase-3 recognizes a cleavage
site, represented by the amino acid sequence DTID within the carboxy-terminus of
EAAT2, and generates the truncation S506X EAAT2 (Fig. 6.1). S506X removes 68
out of 74 carboxy-terminal amino acids of EAAT2. A plasmid encoding S506X EAAT2
was engineered, WT and mutant EAAT2 were expressed in transiently transfected
tsA201 cells and EAAT-associated uptake currents were measured through wholecell patch clamp technique.
EAATs are not only secondary-active glutamate transporters, but also anion channels. Since glutamate transport is highly voltage-dependent and decreases to values
around zero at positive voltages [Levy et al. 1998; Zerangue and Kavanaugh, 1996a],
currents at positive voltages predominantly represent anion currents. With intra- and
extracellular Cl--based solutions, application of glutamate increases current amplitudes only at negative voltages but not at positive voltages, indicating that EAAT2associated anion currents are negligible under these conditions. Glutamate uptake
currents can therefore be calculated by subtracting whole-cell currents before application of 0.5 mM L-glutamate from currents measured at the same cell after substrate application (Fig. 6.1B, inset) [Levy et al. 1998; Melzer et al, 2003]. A comparison of WT and S506X EAAT2 revealed indistinguishable glutamate uptake currents
(Fig. 6.1B). Additional truncations with decreasing length of the carboxy-terminus
(I504X, D502X, L501X, E500X, K498X and H495X EAAT2) were engineered and
glutamate uptake currents were determined (Fig. 6.1B). K498 is the last amino acid
of transmembrane domain 8 (TM8) [Yernool et al., 2004], and H495 is a conserved
residue within TM8. Whereas I504X, D502X and L501X decreased glutamate uptake
currents to about 40%, E500X reduced glutamate uptake currents to approximately
12.3 ± 3.8% (n = 7) of WT currents. Uptake currents were still above background currents for E500X EAAT2, while H495X and K498X currents were indistinguishable
from untransfected cells (Fig. 6.1B).
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EAATs can transport glutamate in two different modes, as coupled secondary-active
electrogenic transporters or in the electro-neutral homo-exchange mode [Kavanaugh
et al., 1997]. Electrophysiological recordings revealed drastically reduced electrogenic uptake by L501X and E500X (Fig. 6.1B). In order to test whether these truncations also modify the exchange mode, radioactive tracer flux experiments were performed (Fig. 6.1C-F). In these experiments transport rates were determined as radioactive accumulation within the first minute after application of L-[3H]-glutamate. Cells
expressing WT, L501X or E500X EAAT2 accumulated L-[3H]-glutamate significantly
faster than untransfected cells (Fig. 6.1C-F). Moreover, in the absence of external
Na+, radiotracer accumulation rates were comparable in transfected and untransfected cells (Fig. 6.1F), indicating that expression of EAAT2 does not result in the upregulation of sodium-independent glutamate transporters and that radioactive glutamate was accumulated by WT or mutant EAAT2. Whereas glutamate accumulation
in cells expressing L501X was similar to wild type EAAT2 (Fig. 6.1C, D), E500X reduced radioactive glutamate accumulation rates to 39 ± 7.5% (n=6) of WT levels (Fig.
6.1E, F). Carboxy-terminal truncation E500X thus reduced radioactive glutamate accumulation rates to a lesser extent than glutamate uptake currents (Fig. 6.1B). This
result is in full agreement with the notion that E500X reduces electrogenic uptake,
but affects electro-neutral glutamate exchange only mildly.

6.2

Carboxy-terminal truncations affect EAAT2 and EAAT4-mediated anion
currents

WT and mutant EAAT2 anion currents were determined at positive voltages after
substitution of external Cl- by the more permeant SCN- [Melzer et al, 2003; Wadiche
and Kavanaugh, 1998] (Fig. 6.2A). Under these ionic conditions, currents were outwardly rectifying and reversed at negative voltages as expected for EAAT anion currents [Melzer et al, 2003]. Application of L-glutamate increased current amplitudes
over the whole voltage range and modified voltage-dependent activation. Whereas
anion currents displayed only slight time-dependent increases upon positive voltage
steps in the absence of glutamate, pronounced voltage-dependent activation was
observed after substrate application (Fig. 6.2A). Whereas S506X did not alter EAAT2
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anion current amplitudes, changes in the amplitude and substrate dependence of
I504X, D502X, L501X and E500X EAAT2 were observed. In the absence of glutamate, SCN- currents were decreased by I504X, but unaffected by S506X, D502X,
L501X and E500X (Fig. 6.2B). Anion currents in cells expressing H495X or K498X
EAAT2 were indistinguishable from background currents (Fig. 6.2B). Glutamateinduced current increases were significantly decreased by L501X and E500X, but
increased by I504X and D502X (Fig. 6.2C). Carboxy-terminal truncations change the
glutamate uptake cycle of EAAT2 resulting in reduced uptake currents and modified
anion currents.
B 2.5

A

-115 mV

INaSCN+Glu /I NaSCN

C
2 nA
20 ms

untransf.

5

9

6
*
6
**
** **
4 3 3

0.0

WT

E500X

1.0

7

0.5

-Glu

S506X

1.5

7

4

**

*

3
2
1
0

*

***
*** ** **

W
S5 T
06
X
I50
4
D5 X
02
L5 X
01
E5 X
00
K4 X
98
H4 X
un 95X
tra
ns
f.

0 mV

+125 mV +95 mV +Glu

2.0

I NaSCN (nA)

KCl

NaSCN

Fig. 6.2: Carboxy-terminal truncations affect EAAT2-associated anion currents.
A Representative current recordings from tsA201 cells expressing WT, S506X,
E500X EAAT2 and untransfected cells with standard internal solution and a SCN-based external solution before and after application of 0.5 mM L-glutamate. Dotted
lines represent 0 nA. B, C Mean absolute anion current amplitudes (B) and glutamate
induced increase of anion current amplitudes (C) at +95 mV for untransfected cells,
WT and truncated EAAT2. Means ± SEM, n as indicated.

Results

TM8
C-terminus
EAAT4 WT 507 TNVLGDSIGAAVIEHLSQRELELQEAELTL 536
A529X 507 TNVLGDSIGAAVIEHLSQRELELQE
E523X 507 TNVLGDSIGAAVIEHLSQR
C

B
KCl
0 mV

NaSCN

+125 mV +95 mV
-115 mV

+Glu

WT

**

7

4
3
2
4

**
3

0
D
INaSCN+Glu /INaSCN

1 nA
20 ms

E523X

7

1

-Glu

A529X

6
5

I NaSCN (nA)

A

33

*

5
4
3
2
1

f.
ns
tra

X

un

23

X

E5

29

A5

untransf.

WT

0

Fig. 6.3: Carboxy-terminal truncations affect EAAT4-associated anion currents.
A Alignment of WT, A529X, and E523X EAAT4. B Representative current recordings
from untransfected and transfected cells expressing WT, A529X, and E523X EAAT4
under SCN--based external solution before and after application of 0.5 mM Lglutamate. Dotted lines represent 0 nA. C, D Mean values of absolute anion current
amplitudes (C) and glutamate-induced increase of anion current amplitudes (D) at
+95 mV for WT and carboxy-terminal truncated EAAT4. Means ± SEM, n as indicated.

The EAAT family encompasses five members with distinct primary structures and
functions [Amara and Fontana, 2002; Grewer et al., 2008; Kanner, 2006]. Among the
known mammalian EAATs, EAAT2 and EAAT4 are functionally the most diverse.
EAAT4 exhibits only small glutamate transport rates [Mim et al., 2005], resulting in
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electrogenic transport currents that are negligible compared to EAAT4 anion currents
[Fairman et al., 1995; Torres-Salazar and Fahlke, 2006]. Two deletions (Fig. 6.3A) in
EAAT4 were generated and their effects were tested on EAAT4 anion conduction.
A529X EAAT4 - that is homologous to S506X EAAT2 - displayed functional properties virtually identical to WT (Fig. 6.3B-D). Similar to the corresponding mutation in
EAAT2 (Fig. 6.2), E523X caused a significant reduction in relative glutamate-induced
current amplitudes (Fig. 6.3D). Carboxy-terminal truncations thus exert similar functional effects on EAAT2 and EAAT4.

6.3

Sequence requirements for coupled glutamate transport by EAAT2

A chimeric transporter was generated substituting the region adjacent to TM8 from
EAAT2 by the corresponding EAAT4 region (DTID(502-505)ELQE S506X EAAT2
(EAAT2chimEAAT4)), (Fig. 6.4A). This chimera is functionally indistinguishable from WT
EAAT2 (Fig. 6.4). Substituting the EAAT2 protein segment adjacent to TM8 by the
corresponding

ASCT1

sequence

(ELDTID(500-505)ATKKGE

S506X

EAAT2

(EAAT2chimASCT1)) resulted in dramatically reduced electrogenic glutamate uptake currents (Fig. 6.4C). Moreover, this chimera showed anion currents in the absence and
presence of glutamate that were about 4-fold smaller than E500X EAAT2 anion currents (Fig. 6.4, E and F). The current reduction in EAAT2chimASCT1 could partially be
explained by a smaller number of chimeric than WT transporters expressed in the
membrane. EAAT2 and EAAT4 exhibit a similar net charge of the six amino acids
adjacent to TM8 (- 3 eo), whereas the charge content of ASCT is dramatically different (+ eo). It could be speculated that the total charge of these two six amino acid
stretches might be the determinant of coupled transport. To test such a scenario two
point mutations at position 500, E500Q and E500K were engineered (Fig. 6.5).
E500Q neither reduced coupled transport (Fig. 6.5B), anion current amplitudes nor
glutamate-induced current increases (Fig. 6.5 A, C, D and E). In contrast, E500K
dramatically reduced the coupled transport (Fig. 6.5B). The mutation additionally increased the anion current amplitude in the absence of glutamate (Fig. 6.5 A and C),
but left the glutamate-dependent anion current amplitude unaffected (Fig. 6.5D).
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Therefore, under these conditions the charge content of this region seems not to be
the main determinant of isoforms-specific transporter function.

6.4

Sub-cellular distribution and protein modification of truncated and mutated EAAT2 transporters

Reduced macroscopic current amplitudes might be due to an impaired surface targeting or altered function of the expressed proteins. Various mYFP-tagged EAAT2
truncation constructs as well as chimeric constructs were examined in transiently
transfected tsA201 cells by confocal imaging and protein purification.
Cells examined by confocal imaging showed an almost exclusive surface membrane
located staining for mYFP-fused WT, as well as S506X, I504X, D502X, L501X, and
E500X EAAT2. In contrast, K498X (Fig. 6.6) and H495X (data not shown) EAAT2
were predominantly located within the cytoplasm. Therefore, the first two amino acids
of the cytoplasmic carboxy-terminal domain of EAAT2 seem to be sufficient for surface membrane insertion. Confocal microscopy of mYFP-fused EAAT2chimEAAT4 and
EAAT2chimASCT1 constructs showed also a signal located close to the surface membrane for both chimeras (Fig. 6.6).
Membrane proteins are often N-glycosylated when expressed in eukaryotic cells. As
oligosaccharide side chains are sequentially processed from a high mannose form in
the endoplasmic reticulum (ER) to the complex-glycosylated form in the Golgi apparatus, the presence of complex oligosaccharides can be used to monitor the efficiency of the exit of the protein from the ER. The EAAT2 sequence encompasses
two glycosylation sequences, 206NATS and 216NETV [Gendreau et al., 2004], which
are both located on a predicted large ectodomain [Danbolt, 2001] (residues 143–239)
in TM4, which is not conserved in GltPh [Yernool et al., 2004]. To analyze the degree
of glycosylation in truncated and mutated EAAT2, protein purification was done from
tsA201 cells expressing mYFP-fused EAAT2. Previous studies concerning glycosylation of EAAT2 described a shift of about 15 to 25 kDa, depending on glycosylation of
one or both sites, between glycosylated and non- or core-glycosylated EAAT2 protein, respectively [Gendreau et al., 2004; Raunser et al., 2005].
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Fig. 6.6: Carboxy-terminus is not necessary for surface membrane insertion.
Confocal images of tsA201 cells expressing WT and truncated mYFP EAAT2 (scale
bar = 5 "m).

Fig. 5.7A shows WT and mutant EAAT2 protein bands separated on SDS-PAGE
gels. The lowest band represents probably core-glycosylated protein, while both upper bands might represent single or double glycosylated protein. These double bands
are taken together as complex-glycosylated fraction [Gendreau et al., 2004]. WT,
S506X and EAAT2chimEAAT4 displayed about 70% complex-glycosylated protein (Fig.
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6.7A), while E500X and EAAT2chimASCT1 showed with about 30-40% a remarkable
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Biotinylation of surface membrane proteins was done to look for impaired membrane
insertion. EAAT2chimASCT1 displayed distinct reduced anion current amplitudes (Fig.
6.4) compared to E500X, which showed amplitudes in the range of wild type currents
(Fig. 6.2). The biotinylation experiments demonstrated a reduced percentage of
membrane bound protein (= eluate/ biotinylated fraction) compared to whole protein
expression (= homogenate fraction) for this particular chimera (Fig. 6.7B). Surface
membrane insertion by mYFP EAAT2chimASCT1 is about 4-fold reduced when com-
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pared to WT and EAAT2chimEAAT4. Taking this difference into account, glutamate uptake as well as absolute anion current amplitudes and relative glutamate-induced
increase in anion current amplitudes are comparable between E500X EAAT2 and
EAAT2chimASCT1.
With respect to Fig. 6.7A, cells expressing WT and EAAT2chimEAAT4 showed almost
exclusive insertion of complex-glycosylated protein into the membrane (Fig. 6.7B). In
contrast cells expressing EAAT2chimASCT1 showed two bands in the biotinylated fraction, representing core-glycosylated and complex-glycosylated protein. Therefore,
core-glycosylated protein of this particular chimera is also inserted into the surface
membrane.

6.5

E500X alters substrate-dependence of EAAT2 anion currents

Since E500X EAAT2 mediates only small electrogenic uptake currents, EAATassociated anion currents were analyzed in more detail to determine which step
within the glutamate uptake cycle the carboxy-terminal domain modulates. Modulation of WT, S506X, and E500X EAAT2 anion currents was tested using external Na+
and L-glutamate in the presence of internal K+ (Fig. 5.8) or Na+ (Fig. 6.9). In these
experiments, NO3- as internal and external anion was used in order to increase
EAAT2 anion currents and to permit anion current measurements over a broad voltage range.
6.5.1 With internal K+ EAAT2 anion currents are significantly altered by E500X
Fig. 5.8A and B give representative recordings and normalized current amplitudes for
WT and truncated EAAT2 before and after application of glutamate in cells internally
dialyzed with K+-based solution. Under these conditions, WT EAAT2 anion current
amplitudes were virtually time-independent without external glutamate. Application of
glutamate resulted in an increased current amplitude and moreover in the occurrence
of a small deactivating component that measures at -185 mV about 10 ± 1% (n = 9)
of the late current (Fig. 6.8A). S506X resulted only in minor modification of EAAT2
anion current.
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In contrast, E500X EAAT2 displayed pronounced changes of anion channel gating in
the absence as well as in the presence of glutamate (Fig. 6.8 A and B) and a reduced degree of glutamate-induced current increases (Fig. 6.8 C and D).
With internal K+, E500X EAAT2 anion currents activated upon hyperpolarization before and after application of glutamate (Fig. 6.8A). Moreover, in cells internally dialyzed with K+, application of glutamate resulted in significantly smaller relative current
increases for E500X EAAT2 than for S506X and WT EAAT2 anion currents (Fig. 6.8
C and D).
6.5.2 With internal Na+ EAAT2 anion currents are differentially modified at
positive and negative voltages by E500X
EAAT2 anion channel gating was different in cells with internal Na+ (Fig. 6.9A). In the
presence of internal Na+, external glutamate resulted in a pronounced deactivating
current component at negative voltages (relative amplitude: 54 ± 1% for WT EAAT2
at -185 mV (n = 9)).
Under these conditions, anion currents of WT and truncated EAAT2 exhibited similar
time and voltage dependence in the absence of glutamate (Fig. 6.9 A and B).
Whereas S506X displayed indistinguishable absolute anion current amplitudes compared to WT EAAT2, E500X exhibited reduced currents in the absence of glutamate
over the whole voltage range, but only at negative voltages in the presence of glutamate (Fig. 6.9C). Relative substrate-dependent current increases at negative voltages were similar between WT and mutant EAAT2 (Fig. 6.9 B and D), but there were
more pronounced glutamate-induced current increases for E500X EAAT2 than for
S506X and WT EAAT2 at +95 mV.
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of anion current amplitudes at +95 mV (dark grey bars) or -185 (light grey bars).
Means ± SEM, n as indicated.
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E500X modifies the Na+ dependence of EAAT2 anion currents

For various EAATs external Na+ has been shown to be necessary for anion channel
activity [Wadiche and Kavanaugh, 1998; Watzke et al., 2001; Grewer and Rauen,
2005]. Fig. 6.10 shows the Na+-dependent anion current of the neuronal glutamate
transporter EAAT4, which exhibits a predominant anion conductance [Fairman et al.,
1995; Melzer et al., 2003; Wadiche et al., 1995]. In the absence of Na+, anion current
amplitudes were almost comparable with background currents (data not shown). Increasing [Na+] led to rising anion currents in the presence of internal K+ (Fig. 6.10 A
and B) as well as in the presence of internal Na+ (Fig. 6.10 C and D). Application of
L-glutamate further activated the anion conductance.
With internal K+ and in the absence of glutamate, the WT concentration dependence
was fit with a Michaelis-Menten relationship with a KM of 29 ± 8 mM (Fig. 6.10B). Internal Na+ increases the KM to 61 ± 44 mM (Fig. 6.10D). In the presence of glutamate, KM values are smaller than in its absence, resulting in concentration dependences with a KM of 19 ± 8 mM with internal K+ and a KM of 12 ± 3 mM with internal Na+ (Fig. 6.10B and D). These results are in good agreement with a recent publication of Kovermann et al. [Kovermann et al., 2010].
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Fig. 6.10: Sodium dependence of EAAT4 anion currents. A, C Representative
current traces at -185 mV from tsA201 cells expressing EAAT4 with standard internal
solution containing KNO3 (A) or NaNO3 (C) and external solution containing Cl-. Dotted lines represent 0 nA. Cells were perfused with 140 mM cholineCl (grey) or 140
mM NaCl (black) in the absence or in the presence (pink/red) of 0.5 mM L-glutamate.
B, D Late current amplitudes (indicted by the arrow) at -185 mV in the absence
(black symbols) or in the presence (red symbols) of 0.5 mM L-glutamate with internal
K+ (B) or Na+ (D). Currents are normalized to the maximum current in the presence of
140 mM NaCl and 0.5 mM L-glutamate. Each data point gives means ± SEM with n #
3. Data were fitted with Michaelis-Menten equation with the following apparent KM
values: with internal K+: KM Na = 29 ± 8 mM without glutamate, KM Na = 19 ± 8 mM with
glutamate. With internal Na+: KM Na = 61 ± 44 mM without glutamate, KM Na = 12 ± 3
mM with glutamate.
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EAAT2 anion channels exhibit unique sodium dependence (Fig. 6.11). In the absence of glutamate, EAAT2 anion current amplitudes were substantial, also in the
absence of external Na+, and were not increased but rather decreased upon application of external Na+ (Fig. 6.11A and C).
In the presence of glutamate, late current amplitudes increased with rising external
[Na+] (Fig. 6.11B and D). With internal K+ and in the presence of glutamate, the WT
concentration dependence was fit with a Michaelis-Menten relationship with a KM of
29 ± 8 mM (Fig. 6.11B). Internal Na+ increased the KM to 43 ± 7 mM (Fig. 6.11D). In
the absence of glutamate, KM values were smaller than in its presence, resulting in
concentration dependences with a KM of 17 ± 20 mM with internal K+ and a KM of 11
± 9 mM with internal Na+ (Fig. 6.11B and D). E500X left the concentration dependence virtually unchanged with internal Na+ (Fig. 6.11D), but drastically increased apparent sodium dissociation constants of EAAT2 when K+ was used as main intracellular cation (Fig. 6.11B). With internal K+, apparent dissociation constants for Na+
were larger than 150 mM in the absence as well as in the presence of glutamate.

6.7

Kinetic modeling suggests carboxy-terminal modulation of K+ binding

Coupled glutamate transport can be modeled as binding/unbinding transitions between distinct states [Bergles, et al., 2002; Zhang et al., 2007]. EAAT-associated anion channel properties are included in these models by connecting several states of
the transport cycle with open conformations of the EAAT-associated anion channel.
To elucidate the outcome of E500X EAAT2 on the EAAT2 transport process and the
anion conductance, Jan-Philipp Machtens (Institut für Neuropyhsiologie, MHH, Hannover) calculated a model based on a published rat EAAT2 model of Bergles et al.
[Bergles, et al., 2002] (Fig. 6.12). All existing models predict low anion currents in the
absence of external sodium [Bergles, et al., 2002; Grewer and Rauen, 2005; Zhang
et al., 2007]. To account for the inhibition of anion currents by Na+ in the absence of
glutamate (Fig. 6.11), additional branching channel open states were added to ToK
and To with opening rates higher than for the two following Na+-bound states.
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Furthermore, Na+-binding/unbinding rate constants of the outward facing states (Fig.
6.12A, suppl. Tab. 10.1) were adjusted to account for experimentally determined apparent Na+ dissociation constants (Fig. 6.11).
The so-obtained kinetic model allowed the simulation of voltage- and substratedependent anion channel gating (Fig. 6.12 C, D, F and G) as well as modulation of
anion currents by external Na+ for WT EAAT2 (Fig. 6.12 E and H). Due to pronounced effects of internal K+ on E500X EAAT2 (Fig. 6.9 and Fig. 6.11), all K+dependent reactions in the model were analyzed and tested whether their modification results in a reduced transport rate and in the observed changes of Na+-affinity
with internal K+. The reduction of electrogenic glutamate uptake could be due to
lower translocation rates between TiK and ToK. However, such changes cannot account for the observed modulation of sodium affinities in E500X EAAT2 by internal
K+. These effects require a reduced probability of E500X EAAT2 entering outwardfacing states with internal K+. As the substrate binding sites are thought to undergo
substantial conformational changes during translocation from the outward to the inward conformation and vice versa [Reyes et al., 2009], an allosteric modulation of
outward-facing Na+ binding sites by internal K+ seems unlikely. K+-binding to its putative binding site is predicted to be mutually exclusive with glutamate binding [Holley
and Kavanaugh, 2009]. Therefore, occupation of K+-binding sites in outward facing
states in order to impair association of Na+ with E500X is not probable.
A recent cross-linking study indicated that a purified GltPh transporter can be trapped
in the inward-facing conformation in substrate- and cation-free conditions and demonstrated that inward translocation was even slowed down in the presence of transport substrates [Reyes et al., 2009]. Since the GltPh protein used in these studies exhibit a carboxy-terminus of comparable length as E500X EAAT2, the kinetic model
was first modified by allowing transitions between To and Ti in E500X EAAT2. This
model correctly predicts the K+-dependent alteration of Na+-affinities in EAAT2. However, it predicts two properties standing in obvious contrast to experimental results
obtained for E500X EAAT2, i.e. electrogenic glutamate transport in the absence of
internal K+ and absent anion current deactivation at negative voltages. An inward
movement from To to a novel inward-facing state Ti* in mutant transporters (Fig.
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6.12A) and furthermore, a regulatory role of carboxy-terminal domains in K+-binding
in EAAT2 transporters could be assumed. Truncation of the carboxy-terminus could
result in an additional K+-binding site accessible from the internal membrane site after a partial inward movement of the apo transporter (Ti*). The additional K+ binding
site in E500X (TiK*) predicts block of EAAT2 transporter function by internal K+. The
introduction of such binding site reduces glutamate uptake current amplitudes to experimentally observed values (Fig. 6.12B, suppl. Tab. 10.1). E500X EAAT2 furthermore differs from WT in altered gating in the presence of internal Na+ (Fig. 6.9E).
Anion currents activate upon membrane depolarization, and the rectification of instantaneous and late current amplitudes is altered in truncated transporters (Fig.
6.9F). These gating alterations cannot be predicted by changes in the transport cycle
since gating is unchanged at negatives voltage range and apparent Na+ affinities are
almost unchanged with internal Na+. This effect was modeled by assuming voltagedependent channel opening of the transporter in the inward-facing state TiNa3GH,
which may arise from local changes in electrostatics by E500X. These modifications
allow the prediction of virtually all experimentally observed features of E500X EAAT2.

6.8

Mutations in Hairpin 1

Throughout the mammalian glutamate transporters, hairpin 1 (HP1) is flanked aminoand carboxy-terminally by a pair of two basic amino acids, arginine (R), histidine (H),
and/ or lysine (K) (Fig. 6.13A). According to the crystal structure of GltPh [Yernool et
al., 2004] residues E416 and G417, located at the distal end of TM8 (Fig. 6.13 B and
C), are in relative close proximity to the amino- and carboxy-terminal flanking amino
acids of HP1 - G254, I255 and E296, G297 with a distance of 10 to 13 Å. Proteininteractions within 3D structures are known to take place at distances smaller than 5
Å [Park et al., 2001]. The interaction hypothesis between HP1 and the carboxyterminus is based on the consideration that in mammalian glutamate transporters
negatively charged amino acids of a flexible carboxy-terminus might be able to move
towards one of these highly conserved positively charged pair of amino acids at HP1.
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In EAAT2 R341, K342 and/or K383, R384 may interact with carboxy-terminal negatively charged E500, D502, and D505 or influence each other and possibly play a
role in the movement of HP1. To elucidate this hypothesis, lysine was mutated to
glutamate and arginine to glutamine in two double and two single mutations in
EAAT2 to look for the outcome of charge alterations in these regions.

6.9

Mutations in HP1 do not affect EAAT2 surface membrane insertion

TsA201 cells expressing mYFP-fused WT, as well as RK(341-342)QE, K383E,
R384Q, and KR(383-384)EQ EAAT2 showed almost an exclusive surface membrane
located staining (Fig. 6.14). Therefore, implemented mutations of these residues do
not affect surface membrane insertion.

RK(341-342)QE

K383E

R384Q

KR(383-384)EQ

Fig. 6.14: Mutations in hairpin 1 do not affect surface membrane insertion. Confocal images of tsA201 cells expressing WT and mutated mYFP EAAT2 (scale bar =
10 "m).
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6.10 Mutations in HP1 affect EAAT2-mediated glutamate uptake
WT and mutant EAAT2 were expressed in transiently transfected tsA201 cells and
EAAT-associated uptake currents were measured through whole-cell patch clamp
technique. Mutations in HP1 led to significantly reduced electrogenic glutamate uptake (Fig. 6.15).
Double mutation of the amino-terminal basic pair of amino acids, RK(341-342)QE, as
well as single mutation of the two carboxy-terminal basic residues, K383E and
R384Q, decreased glutamate uptake currents to approximately 45% (RK(341342)QE, K383E) or 25% (R384Q), respectively (Fig. 6.15B). However, double mutation of both residues, KR(383-384)EQ, led to a complete new transport current behavior (Fig. 6.15A-D). Current recordings in Fig. 6.15A demonstrate a unique response to NaCl-based external solution and L-glutamate application. In the absence
of glutamate currents were activating at negative voltages and glutamate application
reduced this voltage dependent activation at -185 mV after 40 ms to about 80%. This
reduction results in a negative uptake current amplitude for KR(383-384)EQ (Fig.
6.15B). From electrophysiological recordings it is not possible to distinguish between
impaired glutamate transport ability and accessory transport processes or conductance in the absence of glutamate. To test whether KR(383-384)EQ is able to transport glutamate in the homo-exchange mode, radiotracer flux measurements with L[3H]-glutamate were performed (Fig. 6.15C, D) as previously described. KR(383384)EQ reduced radioactive glutamate accumulation rates to 45.2 ± 5.2% (n = 3) of
WT levels (Fig. 6.15D). This result demonstrates that KR(383-384)EQ EAAT2 affects
electro-neutral glutamate exchange only mildly.
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6.11 Mutations in HP1 affect EAAT2 and EAAT4-mediated anion currents
As previously described (see 6.2), WT and mutant EAAT2 anion currents were determined at positive voltages using extracellular the more permeant SCN- [Melzer et
al., 2003; Wadiche and Kavanaugh, 1998]. Under these ionic conditions, WT EAAT2
currents are outwardly rectifying and reversed at negative voltages. Application of Lglutamate increases current amplitudes over the whole voltage range and modifies
voltage-dependent activation. In the absence of glutamate HP1 mutants exhibited
outwardly rectifying anion currents (Fig. 6.16A) with amplitudes in the range of WT
anion current (Fig. 6.16B). In contrast, glutamate-induced current increases were
significantly decreased to about 20 - 40% of WT levels (Fig. 6.16C). K383E displayed
a WT-like current shape with slight time-dependent increases upon positive voltage
steps in the absence of glutamate and a pronounced voltage-dependent activation
after glutamate application (Fig. 6.2A). This current activation could not be observed
in any other mutant. While RK(341-342)QE, K383E, and R384Q displayed merely
reduced glutamate-induced current increases, this effect was completely absent in
KR(383-384)EQ (Fig. 6.16 A and C). Moreover, at negative voltages KR(383-384)EQ
displayed an inwardly rectifying, activating current, which was reduced by glutamate
application.
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A mutation corresponding to KR(383-384)EQ was introduced in EAAT4 with RR(406407)EQ (Fig. 6.17). Like KR(383-384)EQ EAAT2, this mutant displayed an outward
rectifying anion current with an amplitude, which was not significantly altered com-
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pared to WT EAAT4 (Fig. 6.17 A and B). RR(406-407)EQ EAAT4 showed no anion
current increase due to glutamate application (Fig. 6.17C). In contrast to the corresponding mutation in EAAT2, RR(406-407)EQ displayed at negative voltages neither
an inward rectifying current nor a glutamate effect on this current.
EAAT4 exhibits a predominant anion conductance while glutamate uptake currents
are almost negligible. Even radioactive glutamate accumulation is about 1/5 of
EAAT2 uptake ability (own observation). This could explain the absence of such a
pronounced effect in EAAT4 and would address observations in the EAAT2 mutant to
alterations in the glutamate transport process.

6.12 KR(383-384)EQ alters the sodium dependence of EAAT2 anion currents
As described in chapter 6.6, EAAT2 anion channels exhibit a unique sodium dependence. WT anion current amplitudes are substantial in the absence of external
glutamate or Na+, and rather decrease upon Na+-application (Fig. 6.11 and Fig.
6.18), but increase in the presence of glutamate with rising external [Na+]. KR(383384)EQ EAAT2 completely alters this Na+-dependence (Fig. 6.18). While anion current amplitudes measured in the presence of choline were still above background
currents (data not shown), application of Na+ led to a significant increase of anion
current amplitude with a pronounced activating current component in the presence of
internal KNO3 at 185 mV (Fig. 6.18 A and C).
With internal NaNO3, anion currents were also increased and activating after a short
deactivating process (Fig. 6.18 B and D). As previously shown, uptake currents,
measured with internal Cl-, were blocked by glutamate application (Fig. 6.15) while
SCN--induced anion current amplitudes at positive voltages were indistinguishable in
the presence or absence of glutamate but inhibited by glutamate at negative voltages
(Fig. 6.16). Here, NO3-induced anion currents - elicited at the negative voltages were also reversibly blocked by glutamate (Fig. 6.18 A-D). However, the remaining
glutamate-induced current is about 10% (with internal Na+) and 20% (with internal
K+), respectively, above choline-induced currents. KR(383-384)EQ modifies specific
steps of the EAAT2 glutamate uptake cycle including glutamate and sodium binding
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or unbinding. Because activating effects of Na+ and blocking effects of glutamate
take place in the presence of internal K+ as well as Na+, it seems unlikely that particularly K+-dependent reactions in the uptake cycle are affected.
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7 Discussion
7.1

Consequences of carboxy-terminal truncation

Mammalian EAATs exhibit cytoplasmic carboxy-terminal domains encompassing between 41 and 83 amino acids with pronounced isoform-specific differences in amino
acid sequences. In addition, there is evidence for additional variants of these glutamate transporter subtypes that arise through alternate mRNA splicing. EAAT2 appears to exist as a number of distinct splice variants differing in length and sequence
of the first six amino acids of the amino-terminus and the last 23 amino acids of the
carboxy-terminus [Chen et al., 2002; Rauen et al., 2004; Schmitt et al., 2002; Utsunomiya-Tate et al., 1997] with respect to the original splicing, which was described in
rat by Pines et al. (1992).
In a recent report Boston-Howes et al. (2006) highlighted the functional importance of
the EAAT2 carboxy-terminus, describing a loss of function of EAAT2 after activation
of caspase-3. The authors identified a caspase-3 cleavage motif with the sequence
DTID within the carboxy-terminus located at D505 (human EAAT2 sequence numbering). This residue is conserved among EAAT2 isoforms from different species as
well as in different EAAT2 splice variants. They demonstrated that caspase-3 mediated carboxy-terminal proteolysis results in rapidly and progressively inhibition of glutamate uptake current to about 45% as well as inhibition of radioactive labeled L-[3H]glutamate uptake to about 20%. They further generated a truncation, S506X EAAT2,
corresponding to caspase-3 cleaved transporter, which showed 65% less L-[3H]glutamate uptake activity than WT EAAT2. Caspase-3 cleavage did not seem to result in transporter internalization, and the authors speculated that carboxy-terminal
cleavage is most likely due to loss of function by removal of functionally important
segments [Boston-Howes et al., 2006].
7.1.1 S506X EAAT2 exhibits indistinguishable properties of WT EAAT2
Aim of this thesis was to elucidate the role of the carboxy-terminus and the functional
outcome of truncated glutamate transporters. The truncation S506X EAAT2, corresponding to the caspase-3 cleavage product, as well as various additional trunca-
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tions of decreasing carboxy-terminal length were generated. In mammalian cells,
S506X modified neither uptake nor anion currents (Fig. 6.1 and Fig. 6.2). The truncation left the sub-cellular distribution of the transporter proteins unaffected (Fig. 6.6).
Moreover, S506X did not cause major changes of the voltage or substrate dependence of EAAT2 anion channels (Fig. 6.2 and Fig. 6.9). At present, the reason for the
differences between this and the preceding study remains unclear [Boston-Howes et
al., 2006]. A possible explanation could be that activity of endogenous exoproteases
in Xenopus oocytes, which was the expression system they used, results in further
truncation of S506X EAAT2 and thus in decreased glutamate uptake capability.
7.1.2 The first eight carboxy-terminal amino acids play a crucial functional role
TM8 of EAAT2 ends with S497 [Yernool et al., 2004]. Truncations directly at the end
of TM8 (K498X) or within TM8 (H495X) abolished surface insertion of EAAT2 (Fig.
6.6). Only two amino acids are sufficient for normal sub-cellular trafficking. While
I504X, D502X, L501X reduce glutamate uptake current to a comparable value of
about 40%, removing one additional amino acid, E500, leads to a remarkable decrease of uptake current amplitude to about 10% of wild type level (Fig. 6.1). Moreover, electro-neutral uptake of radioactive labeled L-[3H]-glutamate mediated by L501X
EAAT2 was comparable with WT levels, while E500X reduces uptake to about 40%.
Presence or absence of one single amino acid E500 seems to play an important role
for the extent of transport ability and decides about the occurrence of electro-neutral
glutamate homo-exchange and glutamate uptake, respectively. E500X reduced glutamate uptake current to a higher extent than radiotracer flux accumulation rates
(Fig. 6.1). This comparison reveals a reduction of the average number of cotransported charges that might be explained by unaffected Na+-glutamate exchange,
but reduced electrogenic glutamate uptake.
While all truncations, except S506X, reduce glutamate uptake currents, observations
concerning SCN--induced anion currents are more diverse. Absolute anion current
amplitudes in the absence (Fig. 6.2) as well as in the presence of glutamate (data not
shown) are almost unaffected by truncations, with exception of I504X EAAT2, which
displays a significantly reduced anion conductance in the absence of glutamate and
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E500X EAAT2, which shows a reduced glutamate-dependent anion current amplitude. However, the outcome of the different truncations on the relative glutamatedependent anion current increase is more meaningful. While I504X and D502X lead
to increasing relative glutamate-dependent current increase, L501X and E500X display decreased amplitudes of relative currents (Fig. 6.2C). The reason for this differentially modified anion conductance by several carboxy-terminal lengths has to be
elucidated. However, these results demonstrate that the EAAT2 anion conductance
and likely the EAAT4 anion conductance (Fig. 6.3) are strongly affected by an eight
amino acid segment adjacent to TM8.
To identify sequence determinants responsible for these functional changes, two
chimeric constructs were generated substituting the protein segment between E500
and S506 with corresponding segments of EAAT4 or ASCT-1. Whereas EAAT2 and
EAAT4 complete a transport cycle by counter transport of K+ and mediate electrogenic transport, the related ASCT-1 is only capable of mediating homo- and heteroexchange and insensitive to K+ [Zerangue and Kavanaugh, 1996c]. Consistent with
this, residues responsible for the K+-coupling and the relocation step in glutamate
transporters are not conserved in ASC transporters [Kavanaugh et al., 1997; Zhang
et al., 1998].
EAAT2chimEAAT4 exhibited unaltered functional properties (Fig. 6.4). In contrast, electrogenic glutamate transport was reduced in EAAT2chimASCT1 (Fig. 6.4), supporting
that isoforms-specific properties might be partially determined by the carboxyterminus.
The total charge of this six amino acid segment between E500 and S506 (-3 e0) is
dramatically different in ASCT1 (+ e0). Therefore, the charge content of the EAAT2
carboxy-terminus was altered by two mutations, E500K and E500Q. While E500Q
leaves uptake and anion currents unaffected, E500K EAAT2 displays a reduced uptake current amplitude and a significantly increased anion conductance in the absence of glutamate, but leaves the glutamate-dependent anion current amplitude unaffected. A higher anion conductance also for Cl- due to the implemented positive
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charge could explain the reduced uptake current, which results from subtracting
whole cell currents before application of glutamate from currents measured at the
same cell after substrate application in the presence of internal and external Cl- [Levy
et al., 1998]. However, E500K does not mimic characteristics of E500X or
EAAT2chimASCT1, concluding that charge modification from -3 e0 to -1 e0 is either not
sufficient or the charge content of this region is not the main determinant of isoformsspecific transporter function.
7.1.3 The carboxy-terminus affects EAAT2 glycosylation
EAATs are regulated at the level of post-translational modification. They have been
shown to be phosphorylated [Casado et al., 1993; Conradt and Stoffel, 1997; Daniels
and Vickroy, 1999; Fang et al., 2002; Kiryu-Seo et al., 2006], ubiquitinated [Sheldon
et al., 2008; Yang et al., 2008], and glycosylated [Conradt et al., 1995; Furuta et al.,
1997a; Gendreau et al., 2004; Huggett et al., 2000; Raunser et al., 2005; Schulte and
Stoffel, 1995; Yang and Kilberg, 2002]. Glycosylation is a posttranslational modification that plays a role in molecular trafficking, protein folding, endocytosis, receptor
activation, signal transduction, and cell adhesion [Ohtsubo and Marth, 2006]. Abnormalities of glycosylation can lead to a number of cellular storage disorders [Ohtsubo
and Marth, 2006] and disruptions in glycosylation have been implicated in Alzheimer’s disease, Huntington’s disease, and schizophrenia [Narayan et al., 2009].
N-linked glycosylation is the covalent linkage of oligosaccharides to asparagine residues of nascent proteins. N-glycosyl residues are processed as proteins are trafficked through the endoplasmic reticulum (ER) and Golgi. The EAAT2 sequence encompasses two glycosylation sequences, 206NATS and 216NETV [Gendreau et al.,
2004]. Glycosylation of EAAT2 has been demonstrated in rat [Raunser et al., 2005]
but not yet in human brain. There is conflicting literature describing the functional effects of EAAT2 glycosylation. Trotti et al. (2001) found that glycosylation-deficient
EAAT2 resulted in decreased transport rates attributable to decreased expression at
the plasma membrane and linked resulting alterations in glutamate clearance to excitotoxicity and amyotrophic lateral sclerosis. However, Raunser et al. (2005) have
shown that glycosylated and non-glycosylated EAAT2 were transported to the
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plasma membrane with equal efficiency. Their results demonstrate that Nglycosylation does not affect the trafficking or the transport activity of EAAT2.
The degree of EAAT2 glycosylation as well as cell surface expression was analyzed
in tsA201 cells expressing truncated and mutated EAAT2 (Fig. 6.7). Two EAAT2 mutants

showing

a

remarkable

extent

of

dysfunction,

E500X

EAAT2

and

EAAT2chimASCT1, express significantly reduced amounts of complex glycosylated protein compared to WT, S506X and EAAT2chimEAAT4 (Fig. 6.7) as well as I504X and
D502X (data not shown). With respect to the above-mentioned studies this result
does not permit direct conclusions on the transporter function.
For EAAT2chimASCT1 it was demonstrated that even non-glycosylated protein was inserted into the membrane, although the biotinylated protein amount compared to
whole protein expression (= homogenate fraction) was significantly reduced compared to WT and EAAT2chimEAAT4 (Fig. 6.7). Taking this reduction into account, the
extent of effects on uptake and anion currents is comparable in E500X and
EAAT2chimASCT1. The reason for impaired membrane insertion in EAAT2chimASCT1 remains to be determined. For E500X, quantification of membrane-inserted protein was
not done because anion current amplitudes under various conditions in the absence
of glutamate were in the range of wild type EAAT2, concluding comparable cell surface expression. Kalandadze et al. (2002) identified a 43-amino acid region of
EAAT2, R476 to K518 that is both necessary and sufficient for a protein kinase C
(PKC)-induced decrease in surface expression of glial cell. It seems unlikely that this
enzyme plays a role in the tsA201 cell expression system but reduction of the carboxy-terminus and thus reduction of phosphorylation sites might play a role in vivo.
In summary, alterations in the carboxy-terminus subsequent to TM8 partially result in
altered posttranslational protein modifications, which not necessarily implicate impaired cell surface expression. It remains unclear how the carboxy-terminus influences the degree of glycosylation and whether core-glycosylated protein results in
dysfunction.
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E500X EAAT2 displays most functional alterations

Among all investigated and still functional truncations, E500X EAAT2 displays most
altered properties compared to wild type EAAT2. WT and E500X EAAT2 anion currents were therefore studied at variable intra- and extracellular substrate concentrations to elucidate which particular step within the uptake cycle is affected by the carboxy-terminus. E500X reduces the glutamate-dependent increase of anion current
amplitude with internal K+ (Fig. 6.8), and augments this parameter with internal Na+
(Fig. 6.9). Voltage-dependent gating is modified in E500X EAAT2 when K+ is the major internal cation. Only with internal K+, but not with internal Na+, WT and E500X
EAAT2 anion currents differ in the external [Na+] dependence (Fig. 6.11). Under
these conditions, E500X increased the apparent KM for Na+ in the absence as well as
in the presence of glutamate.
To study the effect of internal cations on EAAT2 anion currents it is necessary to
separate anion currents from uptake currents in the presence of internal K+. In WT
EAAT2, electrogenic glutamate uptake generates currents with amplitudes that
measurably contribute to total currents with Cl- as internal and external anion (Fig.
6.1B). However, with NO3- as main permeant anion, total currents are approximately
six-fold larger (Fig. 6.8). NO3- reduces transport rates of glutamate transporters in
salamander retina glial cells [Bouvier et al., 1992] suggesting that electrogenic uptake current amplitudes will be even smaller in NO3- than in Cl-. Moreover, reversal
potentials are closely similar in cells dialyzed with internal Na+ or K+. Lastly, all existing EAAT2 state models predict higher apparent Na+ dissociation constants for electrogenic uptake than for anion currents. A significant contribution of uptake currents
would result in an overestimation of KM values in WT EAAT2 and thus only decrease
the difference in KM for WT and E500X EAAT2 with internal K+. Uptake currents
therefore represent only a minor component of total currents and do not affect conclusion about E500X mediated effects on the substrate dependence of EAAT2 anion
channels.
So far, EAAT anion channels have been assumed to be strictly sodium-dependent
[Grewer and Rauen, 2005]. For EAAT1 [Vandenberg et al., 1997], EAAT3 [Tao and
Grewer, 2007], and EAAT4 [Torres-Salazar and Fahlke, 2006] (Fig. 6.10), EAAT-
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associated anion channels were shown to be stimulated by increased external [Na+]
and to exhibit very low activity in the absence of external Na+. EAAT2-associated
anion channels display a unique Na+ dependence. If glutamate is not present, EAAT2
anion channels exhibit maximum activity in the absence of external Na+ (Fig. 6.11).
Moreover, EAAT2 anion channels are even active with choline+ as sole internal and
external cation (own observation). While EAAT4 displays lower KM values due to glutamate application and glutamate therefore increases the affinity of Na+ (Fig. 6.10),
EAAT2 exhibits a higher Na+-affinity in the absence of glutamate (Fig. 6.11). The molecular basis and the functional impact of this unique cation dependence of the glial
isoform EAAT2 remains to be determined.
7.2.1 Kinetic Modeling of WT and E500X EAAT2
Kinetic modeling was used to identify transitions within the uptake cycle, which are
modified by the carboxy-terminus. Calculation of this model is based on a statemodel developed by Bergles et al. (2002) (Fig. 6.12). Minor modifications of this
scheme resulted in good agreement of simulated voltage and glutamate dependences of WT EAAT2 with experimental data (Fig. 6.12). To account for the altered sodium dependence of E500X EAAT2 anion currents it was necessary to assume slowed progression of the uptake cycle by internal K+. Thus, translocation of
the empty transporter from the outward- to a novel inward-facing conformation (Ti*)
was hypothesized. Furthermore, this conformation implies K+-binding to the transporter. TiK* differs from TiK in its inability to complete the translocation through the
membrane. Such modifications of the Bergles model accurately predict the alteration
of EAAT2 by E500X (Fig. 6.12).
At present, high-resolution structures only exist for the archeal transporter GltPh. Two
conformations have been resolved so far, one with substrate binding sites accessible
to the external medium in the outward-facing conformation [Yernool et al., 2004] and the other in the inward-facing conformation [Reyes et al., 2009]. The two conformations differ in the position of a “translocation domain” (containing TM3, 6, 7 and
8 as well as HP1 and 2) that undergoes substantial movements during the glutamate
transport process [Reyes et al., 2009]. In contrast, a “trimerization domain” (containing TM1, 2, 4 and 5) is largely immobile [Reyes et al., 2009]. Reyes at al. (2009) re-
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cently developed a mutant GltPh, carrying two cysteine substitutions K55C/A364C,
and demonstrated that the transporter can shuttle from the outward- to the inwardfacing conformation even in the absence of bound substrates. E500X EAAT2 exhibits
a carboxy-terminus comparable with the crystallized form of GltPh, suggesting that
such transitions are possible for the truncated transporter. The carboxy-terminal domains adjacent to TM8 might interfere with movement of the empty translocation domain. This hypothesis would provide a structural explanation for the states introduced
into the kinetic model and could explain the experimental results.
The effect of internal K+ on E500X EAAT2 (Fig. 6.8, Fig. 6.9 and Fig. 6.11) could be
explained as follows: the truncated transporter binds internal K+ after shuttling in an
empty state into the inward-facing conformation and bound K+ prevents the subsequent translocation through the membrane from this particular conformation.
At present, little is known about the K+ hemicycle in WT or mutant EAAT2. Y403 and
E404 were demonstrated to be necessary for K+-coupled glutamate transport in rat
EAAT2 [Kavanaugh et al., 1997; Zhang et al., 1998]. Grewer and colleagues (2003)
subsequently demonstrated that the homologous residue in EAAT3 (E373) does not
represent a binding site for K+, but rather for protons. In a recent publication, Holley
and Kavanaugh (2009) postulated that D444 in EAAT3 (homologous to D475 in
EAAT2) contributes to glutamate and K+ binding and that association of K+ is only
possible after dissociation of glutamate. The crystal structure of the double cysteine
mutant of GltPh, which is trapped in the inward facing state [Reyes et al., 2009], reveals that residues corresponding to E404 and D475 are occluded by the closed
hairpin loop 1. It appears therefore unlikely that K+ can associate to this particular site
after translocation of the empty carrier. Therefore, an additional binding site that is
either not accessible or not existing in EAATs with intact carboxy-terminus could be
assumed.
In summary, the results demonstrate that partial removal of the carboxy-terminus of
EAAT2 results in changes in glutamate uptake and anion conduction. These functional alterations suggest that the impairment of certain conformational changes by
the carboxy-terminus is necessary for coupled transport by EAAT2.
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Which role plays hairpin 1 in the EAAT transport process?

The GltPh structure contains eight transmembrane (TM) helices, as well as two helixturn-helix motifs, HP1 and HP2, which point toward the center of the membrane from
opposite sides [Reyes et al., 2009; Yernool et al., 2004]. The substrate and ion binding sites are located close to the point where the tips of HP1 and HP2 meet. Transport is generally believed to involve a mechanism in which the central binding site for
substrate becomes alternately accessible to one side or the other of the membrane
during the transport cycle [Jardetzky, 1966]. Therefore, substrate binding/unbinding
on either side of the membrane is associated with additional conformational changes,
or gate openings. The crystallographic data and molecular dynamic simulations
[Boudker et al., 2007; Huang and Tajkhorshid, 2008; Shrivastava et al., 2008] suggest that substrate and ion dissociation on the extracellular side is associated with
the opening of HP2, defining it as an extracellular gate.
Crisman et al. (2009) showed in a recent study that inverted repeats in GltPh structures can be used to model an alternate conformation of EAATs in which the substrate binding site is exposed to the cytoplasm. At the same time, this model was
confirmed by the crystal structure of a double cysteine mutant of GltPh, which is
trapped in the inward facing state by cysteine cross-linking [Reyes et al., 2009]. Both
studies predict large conformational changes of a core domain, consisting of HP1,
HP2, TM7, and TM8. As a consequence, HP1 becomes exposed to the cytoplasmic
solution [Crisman et al., 2009; Reyes et al., 2009] providing a means for release of
substrate into the cytoplasm, namely by the flapping open of HP1, as has been suggested for HP2 in the extracellular conformation [Boudker et al., 2007]. Shlaifer and
Kanner (2007) previously studied the movement of HP1 by testing the reactivity of
cysteines introduced into HP1 and the cytoplasmic ends of TM6, 7, and 8 of the
EAAT2 transporter to membrane-permeant N-ethylmaleimide. They could show an
increased cytoplasmic reactivity/accessibility of HP1 and an increased distance between the tips of HP1 and HP2 [Shlaifer and Kanner, 2007]. However, a gate-like
movement of HP1 could not yet be proven in any study so far, although almost all
models predict such procedure.
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Consequences of charge mutations in hairpin 1

Cytoplasmic regions of HP1 are located in close proximity to the distal end of TM8
and the subsequent carboxy-terminus, respectively. A closer look to these regions
revealed an interesting finding: throughout the five mammalian glutamate transporter
isoforms as well as in ASCT1, HP1 is flanked amino- and carboxy-terminally by a
pair of two basic amino acids, arginine (R), histidine (H), and/ or lysine (K) (Fig. 6.13).
On the other hand, all EAATs exhibit an accumulation of charged amino acids in the
first eight residues of the carboxy-terminus. However, an interaction between these
regions was not yet demonstrated. Nevertheless, charge mutations of the four residues R431, K342, located between TM6 and HP1a as well as K383, R384, located
between HP1b and TM7 revealed new insights in the relevance of these cytoplasmic
regions.
7.4.1 HP1 mutations in EAAT2 modify both uptake and anion currents
Electrogenic glutamate uptake is differentially modified by HP1 mutations (Fig. 6.15).
RK(341-342)QE and K383E display a reduction of about 40% of WT uptake current,
R384Q reduces uptake currents to a higher extent of about 25%.
In contrast, double mutation KR(383-384)EQ completely alters the uptake current
behavior, resulting in a negative uptake current amplitude (Fig. 6.15). Radioactive
labeled L-[3H]-glutamate accumulation is reduced but still present in KR(383-384)EQ
EAAT2 (Fig. 6.15). Thus, binding of glutamate to the transporter as well as translocation and unbinding seems still possible.
The EAAT2 anion conductance is altered by HP1 mutations as well. While absolute
SCN--induced anion current amplitudes in the absence of glutamate are unaffected,
the glutamate-dependent anion current increase is reduced by RK(341-342)QE,
K383E, and R384Q. KR(383-384)EQ abolishes any glutamate-dependent increase of
anion currents at positive voltages. At negative voltages, this mutation leads to an
inward rectifying current with a voltage dependent activation, which could not be observed in the wild type or any other mutant. Glutamate application results in the inhibition of this activating current component. The corresponding double mutant in

70

Discussion

EAAT4 displays comparable effects at positive voltages but exhibits neither inward
rectifying and activating currents nor blocking effect of glutamate on such currents at
negative voltages. Due to a predominant anion conductance and negligible glutamate
uptake currents in EAAT4, the pronounced effect in KR(383-384)EQ EAAT2 could
possibly be explained by alterations in certain steps of the more prominent EAAT2
glutamate transport cycle.
7.4.2 KR(383-384)EQ alters EAAT2 Na+-dependence
Above described results of HP1 mutations share several similarities with effects of
carboxy-terminal truncations, like diminished ability of electrogenic glutamate uptake
and electro-neutral glutamate exchange as well as reduced glutamate-dependence
of anion currents. However, the Na+-dependence of EAAT2 anion currents is completely altered by KR(383-384)EQ. Both WT and E500X EAAT2 display current decreases due to increasing [Na+] in the absence of glutamate, and increased current
amplitudes with rising external [Na+] in the presence of glutamate. However, KM values for Na+ were significantly increased by E500X in the presence of internal K+ but
almost unaffected with internal Na+.
In KR(383-384)EQ EAAT2 application of Na+ leads to a significant increase of anion
current amplitudes with a pronounced activating current component at negative voltages in the presence of internal KNO3 as well as NaNO3 (Fig. 6.18). This activating
current component is significantly reduced by glutamate application. However, the
remaining glutamate-induced current amplitude is still above choline-induced currents (Fig. 6.18). Due to the fact that described effects are independent from the internal cation, it seems unlikely that E500X and KR(383-384)EQ share common reasons for observed alterations. Truncation E500X affects K+-dependent reactions in
the EAAT2 state diagram (Fig. 6.12) whereas KR(383-384)EQ more likely modifies
Na+-dependent reaction steps.
Therefore, probably an increased anion conductance is responsible for the described
inward rectifying currents under uptake and anionic conditions in the absence of glutamate, which seems to be highly voltage and Na+-dependent. Interestingly, single
mutation of two putative Na+-binding sites in EAAT2 lead to a comparable Na+dependence with increasing anion currents due to increasing external [Na+] in the
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absence of glutamate and an inhibiting effect of glutamate on these current (own observation, data not shown). In contrast to KR(383-384)EQ, both mutations do not exhibit such voltage-dependent activation at negative voltages.
In summary, all four mutated residues seem to play an important role for normal glutamate uptake properties of WT EAAT2. According to the above mentioned crystal
structure [Reyes et al., 2009] and modeling study [Crisman et al., 2009] it could be
assumed that these residues may be part of a hinge, offering movements of HP1 due
to interaction with other structural components. With respect to the interaction hypothesis between HP1 and carboxy-terminus, no interaction or influence of each
other was shown, yet. Photo-induced electron transfer (PET), a distance-dependent
quenching of tryptophane and bimane fluorescence, introduced in GltPh will be done
in a future project to prove whether these cytoplasmic regions could get into close
contact and therefore could influence each other. Furthermore, modeling of altered
EAAT2 properties due to KR(383-384)EQ would be quite interesting and will be done
in a future project together with a more detailed characterization of the anion conductance and its Na+-dependence using internal and external NO3 to elicit anion currents
over a broad voltage range.
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8 Conclusions
This thesis provides the first detailed functional characterization of a carboxy-terminal
segment subsequent to TM8 in the glial glutamate transporter EAAT2. Truncation
S506X leaves all investigated properties of wild type EAAT2 unaffected, concluding
that the first eight amino acids of the carboxy-terminus are sufficient for normal
transporter function in vitro. Stepwise shortening of the carboxy-terminus leads to
increasing alterations of EAAT2 uptake and anion currents. The first two amino acids
were shown to be necessary for sub-cellular trafficking. Truncation E500X as well as
charge mutation within this eight amino acid segment revealed that the carboxyterminus has influence on EAAT2 glycosylation. Furthermore E500X EAAT2 modifies
K+-dependent steps in the glutamate uptake cycle. In summary, this region plays a
crucial role in EAAT2 cell surface expression, glycosylation, glutamate uptake, and
anion conductance and is moreover essential for counter transport of K+, facilitating a
complete transport cycle.
Additionally, EAAT2 anion currents were determined under different ionic conditions,
demonstrating a unique Na+-dependence. In the absence of glutamate, EAAT2 anion
channels display maximum activity in the absence of external Na+ with internal K+ as
well as Na+. This finding was considered for the first time in kinetic modeling of
EAAT2.
Cytoplasmic domains of hairpin 1 were investigated in a sub-project. Charge mutations within these regions are shown to modify uptake and anion currents as well.
Furthermore, two residues located between HP1b and TM7 seem to play a role in the
Na+-dependence of EAAT2 mediated anion currents.
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10 Supplement
10.1 Tables
Tab. 10.1: Rate constants and open probabilities used in the kinetic model of WT and
E500X EAAT2 A Rate constants and electrogenicity of the transport cycle. Electrogenic reactions are defined by z$ values, which give the effective charge movement across the
membrane and asymmetry values referring to the different voltage dependence of the forward and the backward reaction. Reaction rates are given at V0.5. B Opening and closing
rates of anion channel gating.
Rate constants – transport cycle (deviations in E500X EAAT2 are given in parenthesis)
Reaction

Forward

Backward

zį
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2
3
4
5
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8
9
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Assymetry

Rate constants – channel gating (deviations in E500X EAAT2 are given in parenthesis)
State

Opening

Closing

To
ToNa1
ToNa2
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ToNa2H
ToNa2GH
ToNa3GH
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Tab. 10.2: List of primers for PCR and QuikChange® (QC) based strategies
Name

Sequence

PCR EAAT2 S506X

CATGCGCGGCCGCCTGTTAGTCAATGGTATCCAGCTCAGACTTGG

PCR EAAT2 I504X
PCR EAAT2 D502X
PCR EAAT2 L501X

CATGCGCGGCCGCCAGTTAGGTATCCAGCTCAGACTTGGAGAGGT
GATAGACTATCCCAGC
ATCATGCGCGGCCGCCAGTTACAGCTCAGACTTGGAGAGGTGATA
GACTATCCCAGC
ATCATGCGCGGCCGCCAGTTACTCAGACTTGGAGAGGTGATAGAC
TATCCCAGC

PCR EAAT2 E500X

GCTGGGATAGTCTATCACCTCTCCAAGTCTTAACTGGCGGCCGCGCATG

PCR EAAT2 K498X

ATCATGCGCGGCCGCCAGTTAGGAGAGGTGATAGACTATCCCAGC

PCR EAAT2 H495X

ATCATGCGCGGCCGCCAGTTAATAGACTATCCCAGCCCC

PCR EAAT2 DTID(502-

ATCATGCGCGGCCGCCAGTTACTCTTGCAGCTCCAGCTCAGACTT

505)ELQE

GGAGAGGTGATAGACTATCCCAGC

PCR EAAT2 ELDTID(500-

CATGCGCGGCCGCCAGTTACTCGCCTTTCTTTGTTGCAGACTTGG

505)ATKKGE

AGAGGTGATAGACTATCCCAGCCC

QC EAAT2 E500Q s

CACCTCTCCAAGTCTCAGCTGGATACCATTG

QC EAAT2 E500Q as

CAATGGTATCCAGCTGAGACTTGGAGAGGTG

QC EAAT2 E500K s

CACCTCTCCAAGTCTAAGCTGGATACCATTG

QC EAAT2 E500K as

CAATGGTATCCAGCTTAGACTTGGAGAGGTG

QC EAAT2 RK(341-342)GE s

CTTTGTAGTGACCCAGGAAAACCCCTTCTCCCTTTTTGCTG

QC EAAT2 RK(341-342)GE as

CAGCAAAAAGGGAGAAGGGGTTTTCCTGGGTCACTACAAAG

QC EAAT2 KR(383-384)EG s

CTGGGGATTGATGAGCAAGTGACTAGATTCGTCCTTCCTGTTG

QC EAAT2 KR(383-384)EG as

CAACAGGAAGGACGAATCTAGTCACTTGCTCATCAATCCCCAG

QC EAAT2 K383E s

GAAAATCTGGGGATTGATGAGCGTGTGACTAGATTC

QC EAAT2 K383E as

GAATCTAGTCACACGCTCATCAATCCCCAGATTTTC

QC EAAT2 R384Q a

GGGATTGATAAGCAAGTGACTAGATTCGTCCTTCC

QC EAAT2 R384Q as

GGAAGGACGAATCTAGTCACTTGCTTATCAATCCC

PCR Not1_EAAT4 s

ATATATTGTACAAGATGAGCAGCCACGGCAACAG

PCR Not1_EAAT4 as

AGGCATTTCGGCGCA

PCR EAAT4 A529X KpnI s

GCACTCATCACAGCCATGGG

PCR EAAT4 A529X DraII as

ATGCCACTACGTGCAGTTACTCTTGCAGCTCCAGCTCCCGTTGG
GACAAATGC

PCR EAAT4 E523X

ATGCCACTACGTGCAGTTACCGTTGGGACAAATGCTC

QC EAAT4 RR(406-407)EQ s

GGAGGGCCTGGGTGTGGACGAACAAATCACCAGATTCGTGTTGC

QC EAAT4 RR(406-407)EQ as

GCAACACGAATCTGGTGATTTGTTCGTCCACACCCAGGCCCTCC
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10.2 Abbreviations
aa

Amino acid

A

Alanine

C

Cysteine

D

Aspartic acid

E

Glutamic acid

F

Phenylalanine

G

Glycine

H

Histidine

I

Isoleucine

K

Lysine

L

Leucine

M

Methionine

N

Asparagine

P

Proline

Q

Glutamine

R

Arginine

S

Serine

T

Threonine

V

Valine

W

Tryptophan

Y

Tyrosine

ABC

ATP-binding cassette

ALS

Amyotrophic lateral sclerosis

AMPA

%-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate

APS

Ammoniumpersulfate

ASCT/ SATT

Neutral amino acid transporter

ATP

Adenosine triphosphate

BSA

Bovine serum albumine

CNS

Central nervous system

DMEM

Dulbecco’s Modified Eagle Medium

DTT

dithiothreitol

EAAT

Excitatory amino acid transporter
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EDTA

Ethylene-diamine-tetra-acetic acid

GltPh

Glutamate transporter in Pyrococcus horikoshii

HEK

Human embryonic kidney cell line

HP

Hairpin

mGluR

Metabotropic glutamate receptor

mYFP

monomeric yellow fluorescence protein

NMDA

N-methyl-D-aspartic acid

PAGE

Polyacrylamide gel electrophoresis

PBS

Phosphate buffered saline

PCR

Polymerase chain reaction

QC

Quikchange®

SDS

Sodium dodecylsufate

SLC

Solute carrier

SOD1

Superoxide dismutase 1

TEMED

N,N,N’-tetramethyl-ethylene diamine

TM

Transmembrane domain

tsA201

HEK cell line

VGLUT

Vesicular glutamate transporter
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10.3 Restriction
endonucleases and vectors
Appendix
5’…G*G AVectors
T C C…3’
pcDNA™3.1

BamHI

3’…C C T A G*G…5’

5’…G T G C A G (N)16*…3’
3’…C A
C G T C (N)14*…5’ the features of the pcDNA™3.1(+) and pcDNA™3.1(–)
The figure below summarizes
5’…T*G
T A The
C A…3’
vectors.
complete sequences for pcDNA™3.1(+) and pcDNA™3.1(–) are available
3’…A C
A
T
G*T…5’
for down-loading from our World Wide Web site (www.invitrogen.com) or from

BsgI

Map
BsrGI

Comments for pRc/CMV:
5542 nucleotides

Technical
5’…C*C
A T G Support
G…3’ (see page 13). Details of the multiple cloning sites are shown on
page
pcDNA™3.1(+) and page 4 for pcDNA™3.1(–).
3’…G G
T 3AforC*C…5’

NotI

5’…G C*G G C C G C…3’
3’…C G C C G G*C G…5’

Nde I
Nru I

P

V
CM

BGH p
A

Sp6

BC

*5.

BC

$%&!V
'(&!V
78#!VV
)/#!V
6!#!V
6%5!V
$52!V
1.2W!V
345Q!2
345Q!V
1.2W!V
1#(I!V
)./>;%!V
0/-!V
+,-.!VVV
)*"!VV
'(&!V

Hind III
BstX I
BstX I
Not I
Xba I*
Apa I*

T7

*+.

$%&!V
'(&!V
)*"!VV
+,-.!VVV
)./>;%!V
0/-!V
1#(I!V
1.2W!V
345Q!V
345Q!2
1.2W!V
$52!V
6%5!V
6!#!V
78#!VV
)/#!V
'(&!V

NcoI

CMV promoter: bases 209-864
T7 promoter: bases 865-883
Polylinker: bases 890-995
Sp6 promoter: bases 1008-1017
BGH poly A signal: bases 1019-1250
F1 origin: bases 1306-1828
SV40 Promoter: bases 1890-2215
SV40 origin of replication: bases 2084-2169
Neo ORF: bases 2251-3045
SV40 3' and poly A: bases 3219-3354
ColE1 origin: bases 3549-4072
Ampicillin resistance gene: bases 4792-121
pUC 19 backbone, origin and !-lactamase gene begins at base 3327

8
6 !7

f1
or
i

?@A +/

)2

"*
<

40
SV

Sma I

5.5!"##$%&'()"*(+,-./012(345
kb

/012,/013)4!

%

!!!!!!!"#$%!&'()*+,-.*/

!"#$%&'()*+,-.

.$"#D
,<%

Tth111 I

/ # + < ,< > ><

Neom
yci
n

A mp

Pvu I

pRc/CMV

*<
:; "
98

Bgl II

012!34+5+,*46!78/*/!$9$:%;<
=>!34+5+,*4?34-5-&@!/-,*6!78/*/!%A9:%%$
Co1'),-3)*!()+&-&@!/-,*6!78/*/!%<":;B;B
lE 1
* There is an ATG upstream
+ = ! " *<
Bsm I
3(CDE9F;?GHI!4*J*4/*!34-5-&@!/-,*6!78/*/!;B$$:;B9<
of the Xba I site.
GHI!3+)K8.*&K)8,-+&!/*L'*&(*6!78/*/!;B$%:;$"$
A-150307
M;!+4-@-&6!78/*/!;$<%:;>$A
N2#B!*84)K!34+5+,*4!8&.!+4-@-&6!78/*/!;>9;:$B>#
Fig. 10.1: Vector maps D*+5K(-&!4*/-/,8&(*!@*&*!OPQRS6!78/*/!$;9A:$<9B
of pRcCMV and pcDNA3.1(-). The figures summarize
N2#B!*84)K!3+)K8.*&K)8,-+&!/-@&8)6!78/*/!9;B#:9$9#
The sequence
of
pRc/CMV
has
been
compiled
from
information
insequences
sequence databases,are
published
of used vectors. The complete
available at www.invitrogen.com.
sequences, and other sources. This vector has not yet3T0!+4-@-&6!78/*/!9A;>:#$%>!O(+53)*5*&,84K!/,48&.S
been completely sequenced. If you suspect an error in
the sequence, please contact Invitrogen's Technical Services Department at 800-955-6288.
E53-(-))-&!4*/-/,8&(*!@*&*!O!"#S6!78/*/!##9$:"#$%!O(+53)*5*&,84K!/,48&.S
!!PQR6!!78/*/!##9$:"$<$!O(+53)*5*&,84K!/,48&.S
!!Q-7+/+5*!7-&.-&@!/-,*6!78/*/!"9BB:"9B#!O(+53)*5*&,84K!/,48&.S
!!!"#!34+5+,*4!OU9S6!78/*/!"9$>:"999!O(+53)*5*&,84K!/,48&.S

+
:;
98
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40
SV

10.4 Directory

Amersham Biosciences Europe, Freiburg, Germany
Beckmann Coulter, Monheim, Germany
BioRad Laboratories, Hercules, CA, USA
Calbiochem, Bad Soden, Germany
Corning, New York, NY, USA
Eppendorf, Hamburg, Germany
Fluka, Neu-Ulm, Germany
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GE Healthcare, Munich, Germany
Gibco, Eggenstein, Germany
Harvard Apparatus, Holliston, MA, USA
Health Protection Agency, Salisbury, UK
Ibidi, Munich, Germany
Jandel Scientific, San Rafael, CA
Kendro, Langenselbold, Germany
Kimberly-Clark, Dallas, TX, USA
Lonza, Verviers, Belgium
Luigs & Neumann, Ratingen, Germany
Merck, Darmstadt, Germany
Millipore, Eschborn, Germany
Molecular Devices, Sunnyvale, CA, USA
New England Biolabs, Frankfurt, Germany
Narishige, Tokyo, Japan
Olympus, Hamburg, Germany
Perkin Elmer, Waltham, MA, USA
Pierce, Rockford, IL, USA
Quiagen, Hilden, Germany
Roth, Karlsruhe, Germany
Sarstedt, Nümbrecht, Germany
Schott Glaswerke, Mainz, Germany
Serva, Mannheim, Germany
Sigma-Aldrich, Munich, Germany
Stratagene, La Jolla, CA, USA
Sutter Instruments, Novato, CA, USA
TMC, Peabody, MA, USA
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