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Abstract 
 
Episodic ataxias (EAs) are debilitating types of rare neurological conditions 
which affect the nervous system and typically lead to motor impairment. Six 
types of EAs have been identified in the past two decades that have been 
related to mutations in channels and/or transporters expressed in the brain. 
EA type 6 is associated with the mutation of a highly conserved proline into 
an arginine, located in the trimerization domain of the glutamate transporter 
hEAAT1. In vitro studies with different homologues of glutamate 
transporters have shown that this mutation is responsible for a reduction in 
the substrates transport, together with an increase in the anion conductance. 
In this study, we present the functional and structural implications of the 
mutation P208R in the archaeal homologue of glutamate transporters GltTk. 
A cryo-EM structure of the mutant at 3.25 Å resolution reveals that the 
arginine side chain points towards the lipidic environment, and molecular 
dynamics simulations confirm that this leads to the formation of a salt bridge 
responsible for the widening of the anionic channel, which in turn can 
facilitate the conductance.  
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Introduction  
 
From a functional point of view, evolving the additional and 
thermodynamically uncoupled chloride conductance has allowed EAATs to 
self-regulate their own activation. Depending on the site of expression, 
EAATs can vary in the transport rates of their substrates and the amount of 
chloride current: while EAATs 1-3 exhibit a high glutamate transport rate 
associated with a small chloride conductance, EAATs 4 and 5 create a large 
anion current activated by a low rate of glutamate transport 1–10 Interestingly, 
the single point mutation P290R in hEAAT1 converts this high-rate glutamate 
transporter associated with small anion conductance into a low-rate 
transporter that exhibits high chloride conductance11,12. In humans, this 
mutation is related to the rare neurological disease called episodic ataxia 
type 6 (EA6), described with episodes of hemiplegia and seizures 
accompanied by a progressive degeneration of the cerebellum13,14. The 
pathology mechanism that characterizes EA6 is the consequence of the 
change in the glial chloride homeostasis. This is governed by the increase of 
the anionic channel activity, rather than a decrease of glutamate transport15–

18. A few attempts have been made to explain this change at the molecular 
level. Voltage fluorimetry and voltage clamp experiments show that in the 
human homologues EAAT1 and EAAT3 the mutation of proline into arginine 
is associated with a reduction of glutamate uptake and an increase of anion 
current when compared with the wild type11–13,19.  

 
Figure 1 | Conservation and position of proline in TM5 of glutamate transporters. (A) 
Alignment made with ClustalX of homologues from different organisms shows the 
conservation of proline at this position; (B) Localization of proline 290 in the EAAT topology 
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model (figure adapted from 11); (C) Cartoon representation of the monomer of GltTk. In the 
red circle is highlighted the position of the proline that creates the kink in TM5 found in all 
the solved structures of glutamate transporters. 

 
The highly conserved proline creates a kink in the transmembrane helix 5, 
which is part of the trimerization domain (Fig.1). It has been suggested that 
the substitution of proline with arginine could abolish the kink and lead to a 
rearrangement in the whole protomer that could deform the binding sites 
for sodium and glutamate12. Furthermore, it has been hypothesized that the 
side chain of arginine at this position could form an electrostatic interaction 
with the phosphate head group of the lipids in the membranes. Such an 
interaction then would be responsible for the formation of a wider chloride 
channel during the elevator movement. However, these hypotheses were 
not verified experimentally. 
Here, we used the structurally and mechanistically well characterized 
homologue of human glutamate transporters GltTk, and analyzed the 
conformational and functional implications of mutating the essentially 
conserved proline at position 208 (P290 in hEAAT1, P259 in hEAAT3) into 
arginine (Fig. 1C). Combined with Isothermal Titration Calorimetry (ITC) and 
14[C]-L-Asp transport assays the SSM data show that the transport rate of L-
aspartate is heavily reduced in the mutant compared to the wild-type, while 
the anionic conductance and the binding affinity for the substrate remain 
largely unchanged. Moreover, a cryo-EM structure of the mutant embedded 
in nanodiscs reveals no major rearrangement of the protein architecture, 
including the preserved kink in TM5, and showed that the arginine side chain 
is directed towards the lipidic environment. Such position suggests the 
formation of a salt bridge with a lipid headgroup, which has been confirmed 
by molecular dynamics simulations, and which might lead to the widening of 
the anionic channel. 
 

Materials and methods 
 

Cloning 
 
In order to mutate proline 208 into arginine, a site directed mutagenesis 
using a PCR-cloning strategy was used. The two primers 
5'- TTATGCAGTATGCACGGATTGGTGTTTTTG- 3' (forward) and 5'- 
AAAAACACCAATCCGTGCATACTGCATAA - 3' (reverse) were used to 
amplify and modify the gene of GltTk in the plasmid pBAD24. One unit of 
DpnI (20 U/μL, New England Biolabs) was added to the reaction to remove 
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the methylated DNA. Following this, E. coli MC1061 chemo-competent cells 
were transformed with the mutated plasmid using heat shock. The cells were 
plated on LB-agar medium containing 100 μg/mL ampicillin for selection. 
Several colonies were picked and grown overnight at 37 °C while shaking at 
220 rpm. The day after, cells were harvested and plasmid DNA was purified 
using a NucleoSpin miniprep kit. The presence and the correct position of 
the mutation was verified through the Sanger method by EurofinsGenomics 
service. 
 

Reconstitution into proteoliposomes  
 
Protein expression and purification was performed as explained in Chapter 
2. 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 two different protein:lipid ratios: 1:800 (w/w) for the 
radioactive assays and 1:75 (w/w) for SSM, and incubated for 30 minutes at 
20 °C 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 (different for radioactivity measurements and SSM – 
see the following paragraphs). Internal buffer was exchanged by three cycles 
of freeze-thawing. Finally, the aliquots were stored in liquid nitrogen until 
further use. 
 

Cryo-EM sample preparation and data acquisition 
 
E. coli lipids (the same used for proteoliposomes) were destabilized with 30 
mM b-DDM, left shaking at 20 °C for 30 seconds and incubated on a rocking 
platform for at least 3 hours. The purified GltTk variants were mixed with the 
destabilized lipids in a 3:5 molar ratio (protein:lipids) and left on ice for 30 
min. Then the belt protein MSP2N2 (purified beforehand in 20 mM Tris-HCl, 
100 mM KCl, pH 8 and cleaved from the His-tag) was added to the mixture 
in order to have a final molar ratio of 3:5:100 (GltTk:lipids:MSP2N2). The 
mixture was left to incubate on a shaker at 4°C for 90 min. After that, to 
remove detergent, 700 mg/ml BioBeads were added to the mixture and left 
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incubate overnight. Nanodiscs were formed upon removal of the detergent. 
The day after the BioBeads were removed and the mixture was left to bind 
0.5 mL Ni+ sepharose resin pre-equilibrated with 20 mM Tris-HCl, 100 mM 
KCl, pH 8 for 1 hour. The nanodiscs and resin were then pooled through a 
column and washed with the equilibrating buffer containing 30 mM 
imidazole. The nanodiscs were purified in 500 mM imidazole. The eluted 
nanodiscs were then further purified from imidazole by size exclusion 
chromatography on the Superdex 200 10/300 column (GE Healthcare) in the 
gel filtration buffer 20 mM Tris-HCl, pH 8.0, 100 mM KCl (Suppl Fig. 1). Prior 
to the preparation of the grids the nanodiscs were concentrated up to 1.5 
mg/ml and 300 mM NaCl and 100 μM L-Asp were added to the mixture. 
Both grids preparation and data acquisition were performed at NeCEN 
facility using Vitrobot-IV (Thermofischer) and Titan Krios, equipped with K3 
detector respectively. The data processing and model building / refinement 
were performed in Cryosparc and Coot / phenix.real_realspace.refine 
respectively.  Image processing and model building workflows are 
summarized in Suppl. Fig. 5. The refinement statistics and model quality are 
reported in Suppl. Table 1. The final model and the map are deposited in 
PDB and EMDB databanks under 8AFA and EMD-15393. 
 

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 containing 10 mM KPi, pH 7.0, 300 mM KCl 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 Na+-dependence experiment, 2 μL 
of proteoliposomes were diluted 100 times in the reaction buffers 
containing: 10 mM KPi, pH 7.0, X mM NaCl, (300 mM – X) mM Choline 
Chloride, 500 nM valinomycin, 500 nM L-aspartate, 500 nM 14[C]-L-aspartate. 
After 30 seconds from the start 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 the different concentrations of NaCl (0, 1, 5, 20, 
50, 100, 200 and 300 mM) 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.  
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Solid-supported membrane experiments 
 
The preparation of the sensors and the samples is explained in Chapter 4. 
All the buffer exchanges are enlisted in the figures and their descriptions. 

ITC 
 
Binding affinity of the detergent purified mutant GltTk_P208R for L-Asp was 
measured using isothermal titration calorimetry (ITC, TA instruments). In 
order to allow purified protein to bind to the substrate, 300 mM NaCl were 
added to the fraction and the protein was adjusted to the concentration of 
15 μM using the same buffer for the dilution. The gel filtration buffer 
supplemented with 300 mM NaCl was also used to adjust the concentration 
of L-Asp to 100 μM. The protein was then added to the pre-equilibrated cell 
and kept at 25 °C while stirring at 350 rpm. The substrate was incrementally 
titrated into the cell in 25 injections of 2 μL each at intervals of 120 seconds. 
Data were fitted using the NanoAnalyze software. 
 

Molecular dynamics simulations 
 
The starting protein model was taken from a crystallographic structure of 
glutamate transporter homologue GltTk in the unsaturated conditions - 
inward-inward-outward configuration (3.39 Å  resolution, PDB ID: 6XWO)20 
for the wild-type (WT) and the structure reported in-here for the mutant 
(P208R). We performed atomistic MD simulations of GltTk WT and mutant 
(P208R) embedded in a lipid membrane in aqueous salt solutions. All MD 
simulations presented in our work have been performed using the MD 
package Gromacs (version 2018.1)21 and the CHARMM36 force field22. 
The membrane builder tool of the CHARMM-GUI23 was used to embed the 
protein structure in a rectangular lipid bilayer composed of a mixture of 397 
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE-PE), 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG-PG) and  1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC-PC) lipids in the 
ratio 3:3:2 as was used in the liposomes in our in-vitro experiments and 
solvated with 150 mM aqueous NaCl solution. The box dimensions of the 
system are 130 × 130 × 120 Å. The system was then solvated with TIP3P 
water molecules23 such that every protein atom was at least 12 Å away from 
the side of the box. Periodic boundary conditions were employed and the 
particle-mesh Ewald method24,25 was used for treatment of long-range 
electrostatic interactions. The systems were optimized and equilibrated for 
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1 ns in the NVT ensemble and 20 ns in the NPT ensemble. After the 
equilibration stages, 750 ns (WT) and 850 ns (P208R) long unrestrained runs 
were carried out. The pressure was maintained at 1 atm semi-isotropically 
with the Parinello–Rahman barostat26 and a coupling constant of 1.0 ps. The 
simulations were conducted at a constant temperature of 303.15 K using the 
Nosé-Hoover thermostat27,28. The total number of atoms in the simulation 
box was ~207 000 atoms.  
 
Visual inspection of the trajectories was performed with VMD29 and PyMOL 
(Schrödinger). All models and parameter files are freely available from the 
Zenodo website at url (https://doi.org/10.5281/zenodo.6811055)  
 

Results 
 

P208R mutation affects substrate uptake and increases anionic 
current in GltTk 
 
To assess whether the P208R mutation affects the function of GltTk, the 
mutant protein was reconstituted into proteoliposomes and the uptake of 
radio-labeled aspartate at different concentrations of Na+ was measured. 
Fitting the Hill equations to the data of both the wild type and the mutant 
we obtained similar K&

'(( values for Na+ for the mutant and wild type protein 
(33.2 ± 4.2 mM and 35 ± 6.6 mM respectively), while V*'+

'(( of 14[C] L-aspartate 
transport by GltTk_P208R was reduced two-fold when compared to the wild 
type (11.4 ± 0.5 mol/mol x min-1 vs 5.6 ± 0.4 mol/mol x min-1 (Fig. 2A)). A 
similar reduction in transport rates was previously observed for the 
mammalian homologues. 
We then used SSM to compare the currents generated by L-Asp transport 
and SCN-. Consistent with the [14C]-L-aspartate transport experiments, L-Asp 
transport measured by SSM also produced K&

'(( values for Na+ in the same 
range for the mutant and wild-type proteins (Fig. 2B - top). In this 
experiment, the transport rates of the P208R were reduced even more 
severely than observed in the radiolabeled L-Asp transport experiments. 
This discrepancy is possibly due to the reduction in transport efficiency of 
GltTk in proteoliposomes reconstituted with low lipid-to-protein ratios that 
are needed for SSM 30 (Fig. 2B - top and Chapter 2).  
The SSM experiment for measuring SCN- conductance on the mutant also 
revealed K&

'(( for Na+ in the mM rage, and comparable for wild type and 
mutant (Fig. 2B – bottom). However, despite the reduction of the L-Asp 
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transport rate caused by the mutation (Fig. 2A and Suppl. Fig. 1 - top), the 
currents generated by NaSCN on GltTk_P208R were not significantly 
different from the ones in the wild type (Fig. 2B - bottom, and Suppl. Fig. 1 
- bottom).  
Because differences in reconstitution efficiencies could affect the absolute 
values of the currents, we also compared the ratio between the currents 
induced by SCN- and L-Asp. At the concentration of 200 mM Na+ this ratio 
was around four-fold higher in the mutant than in the wild type (Fig. 2C). 
These results are consistent with the idea that the mutation of the proline to 
arginine increases the probabilities for the glutamate transporters’ anionic 
channel to open despite reducing the amino acid transport19. These results 
support that GltTk is a good model to investigate the structural implications 
of the proline to arginine mutation.  
  

 
Figure 2 | P208R mutation decreases L-Asp transport rate and increases the anion current 
amplitude. (A) Sodium dependence of transport of 1 μM L-Asp in wild type (brown) and P208R 
mutant (blue) measured with radioactive assay. The plots were fitted using the Hills model 
with n=1.36. The error bars are representative of two biological and three technical replicates; 
(B - top) Comparisons of representative transient currents induced by L-Asp at 200 mM Na+ 
on wild type and P208R mutant and sodium dependence of transport of 100 μM L-Asp in wild 
type and P208R mutant measured with SSM. The plots of the peak currents were fitted using 
the Hills model with n=1.48 and 1.21. The error bars are representative of two biological and 
two technical replicates; (B – bottom) Comparisons of representative transient currents 
induced by L-Asp and NaSCN at 200 mM Na+ on wild type and P208R mutant and sodium 
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Conservation of architecture and binding site in the mutant 
 
We then solved a structure of holo GltTk_P208R embedded in nanodiscs 
using single-particle cryo-EM at 3.25 Å resolution. The structure revealed 
that all three protomers were, intriguingly, in the fully outward oriented 
state, rather than the intermediate outward state observed previously for the 
wild-type protein in the same conditions (Supp. Fig. 2). The fully outward 
position of transport domains is normally observed in structures of substrate-
loaded  glutamate transporters obtained with X-ray crystallography31–34. To 
make a meaningful comparison, we selected the crystallographic structure 
in the holo state of the wild type (PDB: 5e9s). At the obtained resolution, 
any change in the geometry of the binding site or the rearrangement of TM5 
as suggested in12 should be detectable. The side chains of the residues 
involved in the coordination of L-Asp (Met314, Thr317, Arg401, Asn405) 
assume the same position in both variants, confirming that there is no 
rearrangement that leads to a disruption of the binding site (Fig. 3A). The 
conservation of the binding site is furthermore confirmed by ITC using the 
detergent-purified protein (Fig. 3B). The affinity of the mutated protein for 
L-aspartate was calculated to be in the same molar range of the wild type at 
the same concentration of Na+ (11.8 ± 8.6 nM)35. As shown in fig. 3A, the 
mutation of proline to arginine at position 208 also does not appear to affect 
the architecture of GltTk and the kink originally formed by proline at position 
208 is still present in the arginine mutant. The density of the arginine side 
chain points towards the lipidic environment (Fig. 3C), which might favor 
protein-lipid interactions (Fig. 3C). To test that we performed all-atom MD 
simulations of the P208R mutant which revealed the formation of a stable 
salt bridge between Arg side chain and the lipid headgroup (Supp. Figs. 4-
5). These strong protein-lipid interactions with the negatively charged lipids 
(POPG) are quickly formed from the first hundred nanoseconds of simulation 
for all monomers, and remain stable throughout the used MD timescale. In 
principle these interactions could lead to a change of the channel geometry 
during the turnover, which in turn might affect conductivity due to the lateral 
movement of the TMS5 helix and the subsequent widening of the channel.  

dependence of transport of 10 mM NaSCN in wild type and P208R mutant measured with 
SSM. The plots of the peak currents were fitted using the Hills model with n=0.73 and 0.93. 
The error bars are representative of two biological and two technical replicates; (C) Ratio of 
NaSCN:L-Asp transient currents, calculated on normalized peak currents measured at 200 
mM Na+ in wild type and P208R mutant. The statistical analysis was performed in Prism 9.0 
using an unpaired t-test (t= 9.15, df= 6, P < 0.0001). 
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Figure 3 | Conservation of the structure and lipid density around the protein. (A) 
Superposition of a protomer of the structure of P208R in nanodisc obtained at 3.25 Å 
resolution (light pink) with the crystal structure of GltTk in fully outward facing state (5e9s) 
(wheat), obtained with RMSD of 0.539 Å. In the left square, the zoom on the position of the 
proline 208 and the arginine in the mutant. In the right square, the conservation of the 
positions of the residues responsible for the coordination of L-Asp; (B) ITC trace of L-Asp 
injections on 15 μM P208R protein. The fit calculated using an independent model is 
represented in the smaller insert. The error is given by the standard deviation calculated on 
three independent experiments; (C) The salt bridge formation between the head of the 
phospholipid and the side chain of arginine 208; (D) The top view of the nanodisc containing 
GltTk_P208R and the lipidic environment around it represented in red mesh and black sticks. 

 

Discussion 
 
In 2005, Jen and collaborators reported the case of a young boy affected by 
episodic ataxia 6 (EA6), a type of ataxia characterized by seizures, migraine 
and hemiplegia13. Through exons amplification and screening, they 
identified a non-inherited mutation in the gene encoding the glial glutamate 
transporter SLC1A3 (hEAAT1) as the cause of EA6. Under normal 
circumstances, glutamate transporters are secondary active transporters that 
translocate glutamate or aspartate across the membrane together with Na+ 
and, at the same time, they exert an additional function of amino acid-gated 
anion channel 20,36–45. Fluorescence lifetime imaging microscopy  data of 
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Bergman glial cells expressing the mutant revealed that these cells had an 
increased chloride efflux that causes a reduction in cell volume and 
apoptosis18. Such mutation is responsible for a lower transport of glutamate 
and a higher anion conductance also in other homologues of hEAAT112,13,17. 
From a molecular point of view, in the disease-linked version of the protein, 
the only proline present in the TM5, proline 290, is mutated into an arginine. 
Together with other residues located between the scaffold and the transport 
domain, this proline forms the chloride permeation pathway46–49. This 
aqueous pore becomes accessible during the elevator movement with a 
mechanism that has been described either as lateral movement of the 
trimerization domain45, or as gated by two hydrophobic gates37. 
Prolines have no hydrogens on main chain N hence they cannot donate it for 
formation of hydrogen bonds with main chain carbonyls, which is commonly 
observed in a-helices and b-strands. Therefore, prolines are mostly found 
either in loops 50 or at the edges of b- sheets and the start of a-helices, where 
there is no requirement for donating hydrogens. However, if placed into a 
secondary structure element, prolines normally lead to the kink formation. 
Proline 290 in EAAT1 (and in the corresponding positions in other glutamate 
transporter homologues12) forms the characteristic kink in the 
transmembrane helix 5 located in the trimerization domain (Fig. 1B). As 
postulated in the literature, the mutation to arginine at this position most 
likely leads to the removal of  the kink  in helix 5 and therefore promoting a 
change of the overall protein architecture, affecting the binding sites for 
glutamate/aspartate and Na+ 12,13.  
In the present work, we investigated the functional and structural effects of 
the point mutation from proline to arginine at position 208 on the archaeal 
homologue aspartate transporter GltTk. In order to validate it as a model for 
this study, we confirmed the existence of a chloride channel in this protein 
using solid-supported membrane electrophysiology.  
The radiolabeled L-Asp uptakes as well as double-solution exchange 
experiments on SSM showed that the mutant GltTk_P208R transports the 
substrate with a reduced transport rate compared to the wild type, 
confirming that the proline mutation has implications on the substrate 
transport efficiency (Fig. 3). Despite a reduced transport of L-Asp, the 
mutant P208R shows similar NaSCN/L-Asp induced current amplitudes as 
the wild type, indicating that the opening of the channel’s probability is 
largely unchanged (Fig. 2B and 2C). This leads to the hypothesis that with 
this mutation the protein could linger in the conducting state for longer, 
leading to reduced L-Asp transport but unchanged Cl- transport, and 
suggesting that the anionic conductance conformation is relatively favored. 
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Moreover, in contrast to the other homologues, the affinity of the mutant for 
L-Asp is within the same range of the wild type, indicating that there is no 
change in the geometry of the binding site (Fig. 3A and 3B). This result is 
confirmed by the structure of GltTk embedded in nanodiscs that was 
obtained at 3.25 Å resolution using single particle cryo-electron microscopy. 
Within this structure, no major rearrangements of the protein were 
observed, and the binding site exhibits the same geometry as the wild type. 
This result shows that, despite the replacement of kink-inducing proline to a 
positively charged arginine, the conservation of the protein structure is 
preserved. The unambiguous density of the arginine side chain pointing 
towards the lipidic environment suggests an interaction between the polar 
side chain and the heads of the phospholipids (Fig. 3C). MD simulations 
confirmed that such a salt bridge remains stable and it would explain the 
increase of chloride conductance (Suppl. Fig. 4 and 5). If the trimerization 
domain undergoes lateral movement during the turnover, it might be that 
the salt bridge between the arginine and the lipids widens the channel and 
facilitates the passage of anions. When the protein is under turnover 
conditions, a correlation between the increase of anion conductivity and the 
decrease of substrate uptakes is observed. During the transition between 
the outward facing state (OFS) and the inward facing state (IFS) in which the 
formation of the chloride channel is expected to occur, the modified width 
of the channel might create a dislocation of the transport domain which is 
however not observable in our structure, nor in the measurement of the 
affinity using ITC. Alternatively, as observed in our cryo-EM structure, this 
mutation favors the fully-outward state but disfavors the transition to the 
inward state, which is reflected in the reduced transport rate and unaffected 
anion conductance. Nevertheless, we can conclude that the mutation P208R 
in GltTk leads to uncoupling of anion conductance and transport activity, 
explaining why the transport activity is reduced while the anion conductance 
is almost unchanged. 
Our results highlight the high conservation both on functional and structural 
levels between mammalian and archaeal homologues in SLC1A family and 
shed the light on the molecular details of protein-lipid interactions leading 
to episodic ataxia type 6. 
 

 
 



 107 

Supplementary information 
Data collection and processing 

Magnification 

 

130k 

Voltage (kV) 200 

Electron exposure (e-/Å2) 51 

Defocus range −0.5 to −2.0 

Pixel size (Å) 1.022 

Symmetry imposed C3 

Initial particle images (no.) 1,211,030 

Final particle images (no.) 701,140 

Map resolution (Å) FSC = 0.143 3.25 

Refinement  

Initial model PDB 5E9S 

Model composition  

  Nonhydrogen atoms 9166 

  Protein residues 1208 

R.m.s deviations  

  Bond lengths (Å) 0.011 

  Bond angles (o) 0.86 

Validation  

  MolProbity score 1.78 

  Clashscore 11.0 

  Rotamer outliers (%) 0.4 

Ramachandran plot  

  Favoured (%) 96.56 

  Allowed (%) 3.44 
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Supplementary figure 1 | (A) The progressive increase of the current amplitude on 
GltTk_P208R upon L-Asp jump in the presence of increasing concentrations of Na+ in the 
activating buffer (see figure 2 for the details about the experiment); (B) The progressive 
increase of the negative current amplitude on GltTk_P208R upon NaSCN jump in the 
presence of increasing concentrations of Na+ in the activating buffer. 

 

  Disallowed (%) 0.0 

CC_mask 0.84 

CC_volume 0.79 

Mean CC_ligands 0.72 

Supplementary table 1 | Cryo-EM data collection, refinement and validation statistics 

 
 

 

A 

B 
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Supplementary figure 2 | Trimeric assembly of GltTk_P208R in nanodisc obtained at 3.25 Å 
in outward-occluded facing state. (A) Side view with highlighted phospholipid densities, (B) 
Top view with highlighted arginine 208 in red stick. 

 
 

 
Supplementary figure 3 | Workflow for solving the structure of GltTk_P208R in nanodiscs 
using CRYOSPARC 

4576 micrographs

1211 310 particles
2D classification
(2 rounds)

701 104 particles

Parctile picking,
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Supplementary fig. 4 | Formation of protein-lipids interactions and the time evolution of the 
distance between Arg208 and POPG for each monomer (A-C) in the P208R mutant. 
Superposition of the start (cyan) and the simulated (violet) models of the P208R mutant (right), 
with relevant residues represented as sticks.  
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Supplementary figure 5 | Backbone RMSD values of the GltTk for all monomers (from top to 
bottom) for the wild type (WT, cyan) and P208R (violet) mutant. 
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