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Abstract 
 
The dual function of glutamate transporters as both amino acid transporters 
and chloride channels has been a focus of research for several years. The 
electrophysiological properties of the mammalian homologues have been 
largely investigated with the whole patch-clamp experiments which revealed 
the link between the nature of the specific substrate and the respective anion 
conductance. Thus far, the existence of the chloride channel in the archaeal 
model GltTk was never proved with any type of experimental setup. Here we 
present the optimization of a method to study the electrophysiological 
properties of GltTk through the solid-supported membrane 
electrophysiology (SSM), which has been shown in the past as a valid tool to 
study mammalian as well as non-mammalian transporters. The optimization 
of the proteoliposomes concentration, of the buffer composition and of the 
anion of choice allowed us not only to confirm the existence of a substrate-
gated chloride channel, but also to determine its kinetics parameters, such 
as apparent affinities for the analyzed substrates.  
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Introduction 
 
In the brain, glutamate has the primary role of a neurotransmitter by 
stimulating ionotropic and metabotropic receptors after its release in the 
synaptic cleft 1,2. Excitatory amino acid transporters (EAATs) are secondary 
active transporters playing a key role in the maintenance of the homeostasis 
in synapses, restricting the neurotransmitter levels within the synapses to 
avoid excessive and potentially neurotoxic concentrations of L-glutamate. 
The functional and structural characteristics of human glutamate 
transporters (EAATs 1-5) as well as their archaeal homologues (GltPh and 
GltTk) are well documented 2–4. During the turnover, when a transport domain 
is sliding along the scaffold domain to transport L-aspartate or L-glutamate 
and symporting three sodium ions through the elevator mechanism, an 
aqueous channel is formed, which creates a thermodynamically uncoupled 
chloride conductance 5–13. Because of the strict coupling with substrates 
transport, the opening of the channel is defined as “substrate-gated” 11,14–16. 
The role of chloride in the neurotransmission has not been yet clarified. In 
the glia cells, chloride may activate  the synaptic signal mediating the 
crosstalk of glutamatergic synaptic transmission 17. More generally speaking, 
it may have a more indirect role securing a hyperpolarization of the 
membrane and preventing the immediate reactivation of the 
neurotransmission signal 18.   
Evidence for the presence of a similar chloride channel in the archaeal 
homologues is based on the work conducted on GltPh, which showed that 
the molecular determinants responsible for anion selectivity and for the 
formation of the aqueous channel are conserved and distributed between 
the hairpin loop 1 (HP1), and the transmembrane helices TM2, TM5 and TM7 
14,19 (Fig. 1 shows the positions of these conserved residues in our archaeal 
model, GltTk). A structure of an intermediate state solved from the archaeal 
homologue GltPh has been used to predict the energy requirements for the 
formation of the channel, via MD simulations. Machtens and collaborators 
have showed that the energy barrier for the passage of anions constituted 
by the hydrophobicity of the pore-lining residues is lowered by the entry of 
water molecules that happens during the lateral movement of the 
trimerization domain mediated by the turnover. The channel formed by each 
protomer is predicted to form a pore of around 6 Å in diameter that is anion 
selective 20 and can allow the passage of larger ions than Cl-, such as I-. In 
particular, the order of permeability that has been determined 
experimentally is SCN− > NO3

− > I− > Br− > Cl− >> F−. Moreover, this channel 
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is large enough to allow water molecules to flux, which probably contributes 
to the maintenance of the cells osmotic pressure 14,21. 

 
Figure 1 | Conservation of the chloride channel in GltTk. (A) Side view of one of the 
protomers with mesh representation of the residues that are involved in the formation of the 
pore and stick representations of the ones involved in the selectivity for the anions. (B) Top 
view of the surface representation of scaffold (yellow) and transport (blue) domain and the 
pore-lining residues (mesh) in between them. 

 
Despite the structural and mechanistical similarities among the members of 
the family, there is some functional variety. In human homologues, functional 
differences are linked to the expression sites. The EAATs family can be  
subdivided further  into the glial types (EAAT1 and EAAT2) which are 
capable of creating anion conductance in a substrate- and Na+-independent 
manner and the neuronal types (EAAT3 and EAAT4) in which the anion 
conductance is strictly coupled to substrate and Na+ binding and transport 
22. We know that the other well studied archaeal homologue GltPh behaves 
like the neuronal EAAT types, creating the uncoupled chloride conductance 
in a substrate-dependent manner 23. In the work by Ryan and Mindell, they 
confirmed the presence of the chloride channel in GltPh by directly measuring 
the quenching power of chloride on the fluorescent salt SPQ. The 
reproduction of the same assay on GltTk was never successful and the 
existence of a chloride channel in the latter is proposed based only on the 
high degree of conservation with GltPh and the other homologues.  
In the work by Krause and collaborators 16, an automatic electrophysiological 
assay for the murine homologue mEAAC1 (homologue of hEAAT3) has been 
developed, by the use of solid-supported membrane-based 
electrophysiology (SSM) directly on cell membrane extracts. Substrate 
dependence measurement performed on such system allowed the authors 
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to determine kinetic parameters of binding and transport and to confirm the 
substrate dependence of the chloride conductance. This technique has been 
largely employed in the past few years for the electrophysiological 
characterization of bacterial and transporters. Briefly, an artificial bilayer 
supported on a gold sensor serves as the platform for the absorption of 
proteoliposomes, membrane vesicles or tissue extracts and at the same time 
constitutes the electrode for the current detection. Here, the activity of the 
transporter is then recorded as transient current as a result of the application 
of the substrate(s) through rapid solution exchange.  
Here, we present a step-wise optimization for determining kinetic 
parameters of transport of L-Asp, Na+ and anions for GltTk through SSM - 
starting from the determination of the lipid:protein ratio (LPR) suitable for 
the detection of the signal, the optimal concentration of proteoliposomes 
and the buffer composition. Through this method we were able to confirm 
the existence of the anion channel in GltTk and establish its substrate 
dependence that resembles the other glutamate transporters. 
 

Materials and Methods 
 

Protein expression  
 
A single colony of E. coli MC1061 containing pBAD24_glttk was grown in LB 
medium with 100 μg/mL ampicillin at 37 °C while shaking at 220 rpm. When 
cells reached the OD600 of 0.9 they were supplemented with 0.05 % of L-
arabinose. After 3 hours of induced expression, cells were harvested by 
centrifugation for 15 minutes at 7400xg. All the steps that followed were 
performed at 4°C. The pellet was then resuspended in 20 mM Tris-HCl, pH 
8.0, 1 mM MgSO4, 100 μM Dnase I and 200 μM PMSF. The suspension was 
passed through a high-pressure homogenizer (HPL6, Maximator) at 25 kPsi. 
Membrane vesicles were then isolated by ultracentrifugation (90 minutes, 
193,360xg) and homogenized using a potter in a buffer containing 20 mM 
Tris-HCl, pH 8.0.  
 

Purification of apo GltTk 

 
For purification of apo protein, one aliquot of membrane vesicles was 
solubilized in 50 mM Tris-HCl pH 8.0, 300 mM KCl, 1% (v/v) n-dodecyl-b-D-
maltoside (DDM) for 45 minutes at 4 °C. The insolubilized fraction was 
removed by ultracentrifugation for 30 minutes at 265,000xg at 4 °C and the 
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soluble part was supplemented with 15 mM imidazole pH 8.0 and incubated 
with 0.5 mL Ni+-sepharose resin (GE Healthcare) on a rocking platform at 4 
°C for one hour. Following this, the unbound fraction was allowed to flow 
through a Poly-prep column (Biorad) and the column was washed with 50 
mM Tris-HCl pH 8.0, 300 mM KCl, 60 mM imidazole pH 8.0 and 0.15% (v/v) 
n-decyl-b-maltoside (DM). Then, the protein was eluted in the same buffer 
containing 500 mM imidazole pH 8.0. The eluted protein was further purified 
from imidazole by size exclusion chromatography on the Superdex 200 
10/300 column (GE Healthcare) in the gel filtration buffer 10 mM HEPES-
KOH, pH 8.0, 100 mM KCl and 0.15% DM. 
 

Reconstitution into proteoliposomes  
 
An aliquot of 20 mg/mL E. coli polar lipid extract in 50 mM potassium 
phosphate buffer (KPi) pH 7.0 was extruded by 11 passages through a 400 
nm diameter polycarbonate filter (Avestin). After diluting the lipid mixture to 
4 mg/mL using the same buffer, it was destabilized with 10 % Triton-X100 
following the absorption at 540 nm (Jasco). The purified mutant was then 
added to the solution in different protein:lipid ratios: 1:20, 1:50, 1:75 and 
1:100 (w/w), and incubated for 30 minutes at room temperature on a rocking 
platform. In order to remove detergent, Bio-beads were added to the lipid 
and protein mixture and incubated at 4 °C in this order: 25 mg/mL for 30 
minutes, 15 mg/mL for 1 hour, 19 mg/mL overnight and 4 mg/mL for 2 hours. 
After removing Bio-beads, the proteoliposomes were centrifuged at 
298,906xg at 4 °C for 20 minutes, resuspended to 20 mg/mL in internal 
lumen buffer 10 mM KPi, pH 7.0, 300 mM KCl. Internal buffer was exchanged 
by three cycles of freeze-thawing. Finally, the aliquots were stored in liquid 
nitrogen until further use. 
 

Uptake assay 
 
Proteoliposomes were thawed and collected by centrifugation for 20 
minutes at 298,906xg at 4 °C. The pellet was resuspended in the internal 
lumen buffer and extruded by 11 passages through a polycarbonate filter 
(400 nm, Avestin). The extruded proteoliposomes were centrifuged again 
using the same conditions as in the previous step and resuspended in the 
same buffer to the concentration of 100 mg/mL. To record each point of the 
time course experiment, 2 μL of proteoliposomes were diluted 100 times in 
the reaction buffer 10 mM KPi, pH 7.0, 300 mM NaCl, 500 nM valinomycin, 
500 nM L-aspartate, 500 nM 14[C]-L-aspartate. After 5 seconds from the start 
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of the experiment, the 200 μL reaction was quenched in 2 mL of ice-cold 
buffer (10 mM KPi, pH 7.0, 300 mM KCl) and filtered through a nitrocellulose 
filter (Protran BA 85- Whatman filter). These steps were repeated for all other 
time points (0, 10, 20, 30, 40, 50 and 60 seconds) and filters were dissolved 
in a scintillation cocktail. Radioactivity was then measured by counting each 
point for 2 minutes using a PerkinElmer Tri-Carb 2800RT scintillation 
counter.  
 
Solid-supported membrane experiments 
 
Liposomes or proteoliposomes were absorbed onto an artificial bilayer pre-
formed on a gold surface and transport currents were detected via 
capacitive coupling, as described elsewhere (Schulz SSM). Briefly, gold 
sensors were incubated with 50 μL of a 1 mM octadecanethiol solution and 
kept at ~20°C for at least 30 minutes; after the incubation, the thiol solution 
was removed by washing with 100% isopropanol and milli Q water. During 
this step, a hydrophobic monolayer is formed on top of the gold surface. To 
create the bilayer, 1 μL droplet of lipid solution (diphytanoyl 
phosphatidylcholine : octadecylamine 60:1 in n-decane at 10 mg/mL) is 
added to the surface, followed by 50 μl of resting solution containing either 
300 mM KPi or 113.5 mM KPi, pH 7 buffer and then left to incubate for at 
least 30 minutes at room temperature. A fraction of proteoliposomes is 
thawed, extruded 11 times through a 200 nm filter, centrifuged at 298,906xg 
at 4°C and resuspended to the final concentration of 5 mg/mL. 10 μL of the 
suspension are added to the sensors that are then centrifuged at 2500xg for 
30 min, in order to ensure the complete adhesion of the proteliposomes to 
the surface. The sensor is then placed in the faraday cage of a SURFE2R N1 
device (Nanion) where the solution exchange is performed by a software-
controlled experiment. All the solution exchange protocols are enlisted in 
the figures and their descriptions. 

Results 
 

Optimization of LPR, proteoliposomes concentration and buffer 
composition. 

 
There are two possible solution exchange protocols that can be employed 
to measure transient currents in membrane proteins: a single-solution 
exchange and a double-solutions exchange protocol. The single-solution 
exchange consists of the alternation between a non-activating solution (NA) 
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and an activating solution (A). The non-activating solution contained all the 
elements that are necessary for the transporter to function apart from the 
substrates for which the transient current is measured and, in this type of 
protocol, it is also the intraliposomal solution. The activating solution 
contains the same components of the non-activating solution, supplemented 
with the substrate for which the jump is measured. After the measurement, 
the proteoliposomes are immediately subjected again to the non-activating 
solution in order to remove the substrate and re-establish the initial 
conditions. 
In the case of a double-solutions exchange (DSE) (Fig. 2), an additional 
solution is added to the protocol, the resting solution (R) which is free of any 
permeant ion. This protocol can be used for instance for a symporter, which 
needs two substrates for activation. In the case of GltTk, these substrates and 
sodium ions and aspartate. The resting solution (which in this case is also 
identical to the intraliposomal solution) is free of any substrate and it is 
subjected to the proteoliposomes in between the experiments. The resting 
solution is exchanged with the non-activating solution, which in this case 
contains only one of the two substrate (for instance sodium ions in the 
absence of aspartate) and this already creates an artefact visible under “A” 
in the on-signal part (Fig. 2B). Consequently, the exchange from NA to A 
gives an on-signal corresponding to the transport of the substrates. After 1 
second, the replacement of A with NA will result in the so-called off-signal. 
After this, the proteoliposomes are immediately subjected again to the 
resting solution in order to re-establish the inert initial conditions. 
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Figure 2 | Schematic representation of an SSM-based electrophysiology method (left) and 
the signal of the transient current obtained from a double-solution exchange experiment 
(right). (A) The proteoliposomes get absorbed onto the artificial bilayer supported on the 
gold sensor and the exchange of the solutions generates an electrogenic transport that 
charges the proteoliposomal membrane which charges the measuring electrode. The 
measuring principle Is called capacitive coupling. Then, charging of the membranes leads to 
a current flow in the external measuring circuit which is recorded by the amplifier as a transient 
current. (B) The resting solution, that has the same composition of the intraliposomal solution, 
is exchanged with the non-activating solution that generates an artefact. The on-signal is the 
transient current generated by the exchange of the non-activating solution with the activating 
solution, followed by the off-signal given by the exchange with the non-activating solution. 
After that the initial conditions are re-established by exchanging the non-activating with the 
resting solution. 

 
Because the transport of one molecule of L-Asp is accompanied by the 
symport of three Na+ 24–29 the net transfer of charge across the membrane is 
positive, therefore the measured current is detected as a transient signal of 
positive magnitude (Fig. 2). As reported for murine EAAC1 (a glutamate 
transporter also from the SLC1 family), a double solution exchange is 
preferred over a single solution exchange because it creates a sodium 
electrochemical gradient resulting from the replacement of potassium (in the 
resting solution) with sodium (in the non-activating solution). We decided to 
use the double solution exchange protocol for our experiments.  
The optimal lipid to protein ratio (LPR) for SSM experiments has been shown 
to depend on the turnover number of the transporters. LPR of successfully 
tested proteoliposomes range from 5 to 500 (w/w) and the choice of the 
optimal LPR depends on the protein’s turnover number (LacY 30 with 
turnover rates of 30 s-1; NhaA 31 with turnover rates of 1000 s-1). For low 
turnover transporters a low LPR is preferred. For GltTk, the turnover number 
has been estimated to be 0.9 s-1 29. In our case, we compared the effect of a 
DSE protocol on proteoliposomes with LPR ranging from 20 up until 100. 
Comparably with the uptakes using radioactive L-Asp on the same 
proteoliposomes preparations, we see a better signal at higher LPRs (higher 
protein density) (Fig. 3). In the SSM experiments, the highest amplitude 
results from LPR 75.  
If the current is the result of an electrogenic conformational transition, the 
time constant for decay is expected to be the same at different LPR. 
Conversely, if the current is the results of downhill transport, the decay time 
decreases at decreasing LPR. In the case of the proteoliposomes containing 
GltTk that we used for these experiments, we observe a biphasic behavior of 
the transient current: an initial sharp peak followed by a decay with time 
constant related to the protein density. As observed in Fig. 3A and Suppl. 
Fig. 2, higher LPRs corresponds a longer decay. We can therefore conclude 
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that the transient current we observe is given by the transport rather than 
the conformational change triggered by the binding of substrates.  
 

 
Figure 3 | Transient current and radioactive L-Asp uptake at different LPRs. (A) Biphasic 
behavior of the transient current given by a DSE on different proteoliposomes reconstituted 
with GltTk at different LPRs. The arrows show the increase of the decay time from lower to 
higher reconstitution lipid to protein ratios. (B) The effect of different LPRs on radioactive L-
Asp uptake on the same proteoliposomes preparations. The error bars are representative of 
the standard deviation given by three independent experiments. 

 
Because either too low or too high concentrations of proteoliposomes may 
affect the signal amplitude, we decided to test two different concentrations 
namely 2 and 5 mg/ml. In the case of our proteoliposomes preparations the 
signal given by saturating concentrations of Asp on 2 mg/ml was half the 
signal given by the experiments with 5 mg/ml (Fig. 4A). Therefore, for all the 
further experiments we decided to use 5 mg/ml. 
For the human glutamate transporter homologue EAAT3 in the recent 
publication by Qiu and others15, the existence of the thermodynamically 
uncoupled conductance was verified by the comparison of the signal given 
by L-Asp jumps in presence or absence of a permeant anion. In the case of 
the presence of chloride, the positive peak was immediately followed by a 
negative overshoot resultant from the inward transfer of negative charge, 
while in the presence of the impermeant anion phosphate, the signal stayed 
positive. In order to verify the effect of a permeant anion on the signal, we 
compared the setup previously described in which the potassium and 
sodium ions are supplemented in the form of phosphate salts (KPi ® NaPi) 
to the conditions in which they are supplemented in chloride salts form (KCl 
® NaCl). At saturating concentration of L-Asp (100 µM), the transient current 
measured for the same proteoliposomes preparations resuspended in 
different solutions resulted in a smaller signal for the condition in which 
chloride is present as a consequence of the overlap of the positive current 
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from the Asp:Na+ symport and the negative current from the Cl- conductance 
(Fig. 4B). 
 

 
Figure 4 | Optimization of proteoliposomes concentration and buffer composition. (A) 
Comparison of the transient currents measured on 2 and 5 mg/ml proteoliposomes absorbed 
on the sensor. (B) Comparison of the transient current measured in presence and absence of 
chloride in the solutions. In this case, the resting solution supplemented with chloride, 
contained 20 mM KPi pH 7, 200 mM KCl and it was exchanged with the non-activating buffer 
in which KCl is replaced by NaCl at the same concentration, then followed by the activating 
buffer containing 1 mM L-Asp.  

 
As negative controls for all our experiments we tested first whether the same 
signal encountered in the presence of the proteoliposomes were visible on 
empty liposomes. As a negative control on the transport activity we also 
used activating solutions containing K+ instead of Na+, since the transport of 
Asp is strictly coupled to the binding and transport of Na+ (Suppl. Fig. 2A).  
 

Sodium and Asp dependence of transport  
  
It was important to first validate the correct functionality of GltTk in this 
experimental setup by measuring affinity parameters for L-Asp and the Na+ 
dependence of L-Asp transport and compare them to previously calculated 
values obtained with different techniques. As established in the previous 
paragraph, upon a jump in the concentration of L-Asp in presence of a Na+ 
gradient, a positive transient current is detected as a result of the net transfer 
of positive charge into the proteoliposomes. For this series of experiments, 
a Na+ gradient was established by exchanging a resting solution containing 
a high concentration of K+ with a non-activating solution consisting either of 
the same or of increasing concentrations of Na+ (R ® NA). Subsequently, the 
non-activating solution was replaced by the activating solution containing 
the substrate (NA ® A). The measured currents are the result of the 
transport of L-Asp present in the activating solution (details of the buffer 
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exchanges are reported in figure 5). While in the Asp-dependence 
experiment, the resting solution containing K+ was exchanged with a non-
activating solution containing the same concentration of Na+ and in the 
activating solution an increasing concentration of L-Asp was supplemented, 
in the Na+-dependence experiment, the concentration of Asp was fixed and 
kept at the saturating concentration of 100 µM and the K+ was replaced by 
increasing concentrations of Na+. 
The positive current amplitudes increase until ~50 mM Na+ and they level 
off at higher concentrations. By plotting the peak currents against the Na+ 
concentration and fitting to a Hill equation, we could determine a K&

'(( for 
Na+ of 12.28 ± 2.31 mM which is comparable to the apparent affinity 
measured at the same L-Asp concentration with radiolabeled Asp uptakes 29 
(Fig. 5A). 
To determine Asp dependence, the curve created by the plot of currents 
peaks was fitted with a hyperbolic function that yielded a half saturation 
concentration of 12.74 ± 7.71 µM (Fig. 5B). Surprisingly, this value is off range 
compared to the ones measured with radioisotopes uptakes at the same 
sodium concentration (0.63 ± 0.17) 29. An explanation of such discrepancy 
could be the low sensitivity of the technique for small concentrations of 
substrates compatible with such nM range affinities.  
 

 
Figure 5 | Na+-dependence of L-Asp transport and affinity for L-Asp. (A) The progressive 
increase of the current jump amplitude upon L-Asp jump in the presence of increasing 
concentrations of Na+ in the activating buffer: the proteoliposomes are subjected to a 
change from the resting solution (300 mM KPi buffer pH 7) to the non-activating solution (X 
mM NaPi pH 7 + (300-X) mM KPi pH 7) to the activating solution (X mM NaPi pH 7 + (300-
X) mM KPi pH 7 + 100 μM L-Asp) where the signal is measured. In the box, the plot of the 
peak currents fitted with the Hill equation leads to the K&

'(( for Na+ (n=1.48). The error bars 
are representative of the SD from at least three independent experiments. (B) The 
progressive increase of the current jump amplitude upon L-Asp jump in the presence of 
increasing concentrations of Na+ in the activating buffer: the proteoliposomes are subjected 
to a change from the resting solution (300 mM KPi buffer pH 7) to the non-activating solution 
(300 mM NaPi pH 7) to the activating solution (300 mM NaPi pH 7 + X L-Asp) where the 
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signal is measured. In the box, the plot of the peak currents fitted with the Michaelis-Menten 
equation yields the K&

'(( for L-Asp. The error bars are representative of the SD from at least 
three independent experiments. 

 

Anion conductance in GltTk is associated with Na+:L-Asp symport 
activity 
 
After establishing the conditions that allow a good detection of the transient 
current signal, we aimed to the detection and characterization of the anionic 
channel in GltTk. To confirm such an anion conductance in GltTk, a double 
solution exchange was performed to evaluate the current generated from 
the jump in the concentration of anions. The type of signal obtained is 
represented in Fig. 6B. 
 

 
Figure 6 | Anionic current signal in a DSE experiment. (A) Representation of the 
proteoliposomes absorbed onto the gold thiol layer containing the inert resting solution and 
the solution containing the anion on the outside. (B) The sequence of signals obtained with 
the DSE experiment using the anion NaSCN as substrate. 

 
We tested three of the known permeable anions for glutamate transporters: 
chloride, nitrate and thiocyanate. In all three we used a double solution 
exchange approach with the different anions included in the activating 
solution. To guarantee that the anion jump is performed under turnover 
conditions, Asp was kept at 100 µM during the whole experiment. At 1 mM 
concentration of anion, we see that, comparably with the literature 20, the 
most permeable anion is NaSCN (Fig. 7A). Therefore, SCN was selected as 
anion of choice for all the further characterization experiments. 
A double-solution exchange experiment with increasing concentrations of 
NaSCN allowed for the comparison of different conditions shown in Figure 
7B: in all the experiments, the injection of NaSCN in presence of L-Asp and 
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Na+ on proteoliposomes reconstituted with the wild type protein produced 
high current peaks; the presence of mutant GltTk_S280A, which disrupts the 
sodium dependence of GltTk (Chapter 2), shows smaller currents compared 
to the wild type; finally, the injection of increasing concentrations of NaSCN 
on wild type protein but in absence of L-Asp or Na+ (in the latter NaSCN is 
replaced by KSCN) produce much smaller signals. These results all together 
indicate that similarly to the mammalian homologues and GltPh the opening 
of the anionic channel in GltTk is substrate-gated 6,14,19,23. As shown in the 
graph (Fig. 4B) the progressive increase of NaSCN even when L-Asp and Na+ 
are not present results in a slight increase of the current signals.  These 
signals are attributed to the permeability of high concentrations of NaSCN 
produces even on empty liposomes 32 (Suppl. Fig. 2A). Conversely, when the 
concentration of NaSCN is kept fixed and the concentration of Na+ is 
increased, the amplitude of the signal is the same (Suppl. Fig. 2B). 
In order to determine the Na+-dependence of NaSCN transport we repeated 
the experiment performed for the Na+-dependence of L-Asp transport 
explained in the previous paragraph. This time, while varying the 
concentration of Na+ in the NA and A solutions, the concentration of NaSCN 
was kept fixed at 10 mM in the A solution. As a result, increasing Na+ 
concentration produces an increment of the amplitude of the measured 
current even when the SCN- concentration is kept constant (Fig. 7C). Alike 
the measurements on L-Asp transport, the amplitude of anionic currents 
depends on the Na+ concentration with a K&

'((
 for Na+ is 11.75 ± 2.34 mM 

(Fig. 7D). If we then compare the peak currents generated by the presence 
of the protein but without L-Asp to the ones given by the artefact produced 
by SCN- on empty liposomes, a low current amplitude is produced as 
opposed to the condition in which GltTk is under turnover conditions (Fig. 
7D). This result, together with similar apparent affinities, shows how closely 
the opening of the channel is dependent upon the transition between 
outward facing state and inward facing state given by the transport of L-Asp. 
These results correlate well with previously published works for other 
glutamate transporter homologues 22.  
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Discussion 
 
Glutamate transporters are an example of how even distantly related 
proteins with a relatively low identity (37%) have kept not only the same 
tertiary sequence, but also the structural characteristics that enable them to 
sustain a double function as both amino acid transporters and substrate-
gated chloride channels 2,3,12,13,4–11. Although thermodynamically uncoupled 

 
Figure 7 | Anionic current signal and substrate dependence.  (A) Comparison of the on-
signals obtained using 1 mM of three different anions in the activating solution. (B) 
Comparison of the peak currents using increasing concentrations of NaSCN to evaluate 
the effect of the presence or absence of L-Asp on the wild type protein and the mutant 
S280A and the presence or absence of Na+ by using KSCN instead of NaSCN. (C) The 
progressive increase of the negative current jump amplitude upon NaSCN jump in the 
presence of increasing concentrations of Na+ in the activating buffer: the 
proteoliposomes are subjected to a change from the resting solution (113.5 mM KPi pH 
7 + 100 μM L-Asp) to the non-activating solution (X mM NaPi pH 7 + (113.5-X) mM KPi 
pH 7 + 100 μM L-Asp) to the activating solution (X mM NaPi pH 7 + (113.5-X) mM KPi pH 
7 + 100 μM L-Asp + 10 mM NaSCN) where the signal is measured. (D) Comparison of the 
(normalized) peak currents of increasing concentrations of Na+ on proteoliposomes in 
presence or absence of L-Asp. The fit using the Hill equation resulted in a half saturation 
constant of 11.75 ± 2.34 mM (n=1.28). The error bars are representative of the standard 
deviation of at least three independent experiments. 
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from the glutamate (or aspartate) and the sodium ions uptake, the 
mechanism by which the chloride conductance is established is defined 
“substrate-gated”. Therefore, the opening of the chloride channel located 
between the scaffold and transport domain (Fig. 1) is strictly coupled to the 
twisting elevator mechanism that allows the amino acid and the three sodium 
ions transport from the outside to the inside of the cell (outward facing state 
to inward facing state – OFS to IFS) 8–11,13,14. Also, there are some cases in 
which a sodium-dependent “leaking” anionic current has been recorded 
even in cases in which the transporters were in absence of the amino acid 
19,33–35. The majority of the electrophysiological studies on the mammalian 
homologues and the characterization of the chloride channel, have 
employed whole patch clamp experiments with the use of Xenopus laevis 
oocytes that mainly allow for the expression of eukaryotic proteins. A 
relatively new tool has emerged in the past decade that has expanded the 
knowledge on the electrophysiological characteristics also of proteins that 
cannot be expressed in oocytes, such as prokaryotic and archaeal. This tool, 
called solid-supported membrane electrophysiology (SSM) has the big 
advantage to record transient currents employing membrane extracts, as 
well as proteoliposomes. In the literature, there are also a few examples of 
electrophysiological characterizations of EAATs proteins with this 
technique15,16. In the aforementioned archaeal homologue, GltPh, the 
uncoupled chloride conductance has been observed based on the 
dependence of the transporter for the membrane potential that is 
established by the chloride transport and that normally regulates L-aspartate 
transport. In this present work, we aimed to the characterization of 
electrophysiological characteristics of the other extensively studied archaeal 
homologue, GltTk, in which the chloride channel existence was never 
confirmed, but only proposed based on the conservation of both the 
structures and the residues involved in the anion conductance (Fig. 1). In this 
study, we have provided a step-by-step optimization of the conditions useful 
to determine the substrate dependence of both L-aspartate transport and 
anionic conduction. Firstly, the crucial aspects that allow the detection of a 
good signal in the SSM, were investigated, i.e. the lipid-to-protein ratio 
(LPR), proteoliposomes concentration and buffer composition. 
When evaluating the optimal quantity of protein necessary to detect the best 
signal-to-noise ratio, an important aspect to keep in mind is the contribution 
of the binding to the detected signal. In fact, in the work from 2009 by 
Garcia-Celma and collaborators 30 it has been pointed out that despite the 
fact that the observed transient current should be caused by the downhill 
transport of the substrates, in some cases the conformational transition 
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displacing charged amino acyl side chains or reorienting dipoles could be 
recorded as an electrogenic transition and therefore adding up to the 
currents (as for example for MelB of E.coli in which it has been determined 
that the major component for the observed current is indeed the 
conformational change given by melibiose binding 36,37). A way to 
discriminate between the current given by the transport and the one given 
by the binding is to calculate the change in decay time at different LPRs. In 
our experiments, we observed that changing LPR gives different decay 
times. In particular, the decay time increases with the decreasing of the 
amount of protein which is an indication that the signal observed is given by 
the downhill transport of the substrates (Fig. 3A and Suppl. Fig. 1).  
Moreover, when considering the salts to implement in the reaction solutions 
we wanted to compare the effect of permeating and non-permeating anion 
on the signal. In the case of mEAAC1 the presence of chloride in the buffers 
does not create artefacts in the signal given by the transport of the other 
substrates 16. In other cases, this contribution has been recorded as a 
negative overshoot after the initial positive peak 15. We tried both a salt 
containing a permeating (NaCl) and a non-permeating anion (NaPi). On the 
same proteoliposome preparations, the two salts have dramatically different 
signal amplitudes (with the chloride having a two-fold smaller current), 
hinting to the possibility that the negative current amplitude given by the 
permeation of chloride may contribute to the overall signal given by L-
aspartate and sodium transport (Fig. 4B). Therefore, the following 
experiments to determine the kinetic parameters for L-aspartate, sodium 
dependence and anionic currents have been performed excluding chloride 
from the buffers.  
After we had established these parameters, together with the validation of 
the double-solution exchange protocol as method of choice, we determined 
the kinetic parameters for sodium and L-aspartate binding. In particular, we 
have determined a sodium apparent affinity similar to the one determined 
with other experimental setups 29. On the other hand, the determination of 
the apparent affinity for L-aspartate did not give a consistent result with the 
literature that has determined a KM of ~200 nM at the same concentration 
of sodium we used. This discrepancy is unusual, but in the literature, there 
are not many examples of affinities in the nanomolar range determined with 
this technique. Perhaps this difference might be explained by the low 
sensitivity of the technique for the detection of small transient currents.  
Furthermore, from the selection of the anion of choice for the experiments 
relative to the characterization of the chloride channel, we have found that 
the permeability of chloride, nitrate and thiocyanate follow the same order 
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as seen in the other glutamate transporters (Fig. 7A) 38. When not in turnover 
conditions, i.e. when either L-aspartate or sodium are absent from the 
solutions, the thiocyanate effect on proteoliposomes is similar to the effect 
on empty liposomes (Fig. 7B and D, Suppl. Fig. 3B). The substrate 
dependence of the anionic current is confirmed by the determination of the 
apparent affinity for sodium, which is in the same molar range of the one 
measured for L-Asp. All these results together show that further studies 
using GltTk as a model could help elucidating the molecular mechanisms 
underlying the dual function of these glutamate transporters. 
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Supplementary figures 
 

 
Supplementary figure 1 | Time decay of the current of the proteoliposomes at each LPR 
tested.  
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Supplementary figure 2 | (A) Negative controls of L-Asp jumps on empty liposomes and on 
proteoliposomes in absence of Na+; (B) Comparison of current amplitudes upon jumps of 
NaSCN on wild type GltTk in the presence or absence of L-Asp or Na+; (C) Artefact measured 
upon increasing concentrations of NaSCN on empty liposomes; (D) Artefact of 10 mM 
NaSCN on empty liposomes upon increasing concentrations of Na+. 
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