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ABSTRACT 
Human ASCT2 belongs to the SLC1 family of secondary transporters and is 
specific for the transport of small neutral amino acids. ASCT2 is 
upregulated in cancer cells and serves as the receptor for many 
retroviruses; hence, it has importance as a potential drug target. Here we 
used single-particle cryo-EM to determine a structure of the functional and 
unmodified human ASCT2 at 3.85-Å resolution. ASCT2 forms a 
homotrimeric complex in which each subunit contains a transport and a 
scaffold domain. Prominent extracellular extensions on the scaffold domain 
form the predicted docking site for retroviruses. Relative to structures of 
other SLC1 members, ASCT2 is in the most extreme inward-oriented state, 
with the transport domain largely detached from the central scaffold 
domain on the cytoplasmic side. This domain detachment may be required 
for substrate binding and release on the intracellular side of the 
membrane.  
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INTRODUCTION 
The solute carrier 1 (SLC1) family of secondary membrane transporters 

includes seven human members: the glutamate transporters EAAT1–
EAAT5 and the neutral amino acid transporters ASCT1 and ASCT2 (refs 
[1,2] and Supplementary Note). Glutamate transporters are expressed in 

glia and neurons and use membrane gradients of Na+, K+ and protons to 
pump the neurotransmitter l-glutamate from the extracellular fluid into the 
cytoplasm, thereby preventing neurotoxicity [3,4]. EAAT proteins are also 
expressed outside the central nervous system in various tissues, where 
they are involved in intercellular glutamate signaling and are linked to 
glutamine synthesis pathways [5]. ASCT proteins reside in the plasma 
membranes of many cell types. They function as sodium-dependent 
obligate exchangers of neutral amino acids such as serine, alanine and 
threonine, but their precise physiological roles are not fully understood [1]. 
ASCT2 is present mainly outside the central nervous system, where it is 
assumed to contribute to glutamine homeostasis [6]. ASCT2 is upregulated 
in several cancer types, such as melanoma, lung, prostate and breast 
cancer, in which it presumably manages the increased demand of cancer 
cells for glutamine [7-15]. In addition to its role as a transporter, ASCT2 is 
also a receptor for many retroviruses, including simian retrovirus 4, feline 
endogenous virus, human endogenous retrovirus type W and baboon M7 
endogenous virus [16-19].  

Several crystal structures of the prokaryotic SLC1 transporters GltPh 
(refs [20-22]) and GltTk (refs [23,24]), as well as an engineered version of 

human EAAT1 (ref. [25]), have been determined. All these proteins form 
homotrimers in which each protomer consists of a scaffold domain and a 
transport domain. The scaffold domains form a stable central assembly, 
whereas the transport domains are located at the periphery of the complex 
and bind the transported substrate and coupled cations. Multiple 
conformations observed in crystal structures (reviewed in ref. [26]) have 
revealed large differences in the relative orientations of the scaffold and 
transport domains. The interconversion between the conformational states 
brings the substrate from one side of the membrane to the other, and the 
transport mechanism has been compared to an elevator. Two structural 
elements (helical hairpins 1 and 2 (HP1 and HP2)), which occlude the 
substrate during transport, have been proposed to act as gates that allow 
access to the binding site from the cytoplasmic and extracellular sides of 
the membrane, respectively [20,22,27]. The crystal structures have 
provided major insight into the transport mode of glutamate transporters, 
but without structural information on ASCT2, the differences in substrate 
specificity and transport modes between ASCT2 and EAAT proteins (amino 
acid exchange by ASCT2 and concentrative uptake by EAATs) remain 
unexplained. In addition, the lack of structural information on ASCT2 
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makes the mechanism by which retroviruses interact with the protein 
unclear and hampers the design of potential anticancer drugs targeting 
ASCT2. Here, we present a single-particle cryo-EM structure of the 
functional and unmodified human transport protein ASCT2.  

 
RESULTS  
Transport activity of ASCT2 in proteoliposomes 
We produced human ASCT2 in the yeast Pichia pastoris by expression of 

genome-integrated ASCT2 (official symbol SLC1A5) (ref. [28]), and purified 
the protein by using a C-terminal hexahistidine tag. Recent work [29] has 
suggested that ASCT2 purified from this expression strain catalyzes 
electrogenic amino acid exchange, a function inconsistent with 
electrophysiological data from various laboratories showing an 
electroneutral exchange [30-33]. To resolve this apparent discrepancy, we 
reconstituted purified ASCT2 into proteoliposomes and studied glutamine 
transport (Fig. 1). Proteoliposomes loaded with 10mM unlabeled 
glutamine showed robust exchange with external radiolabeled 

[3H]glutamine (Fig. 1), whereas proteoliposomes without lumenal amino 
acid did not support transport (Fig. 1c,d). Transport was strictly dependent 
on sodium ions but was not affected by the transmembrane voltage 
generated by valinomycin-mediated potassium diffusion (Fig. 1e). Thus, we 
conclude that amino acid exchange by human ASCT2 in proteoliposomes is 
electroneutral, in agreement with the electrophysiological data. The 
substrate specificity (Fig. 1a–d), and the apparent Km values for glutamine 

(56 ± 3.9 μM) and sodium (16.5 ± 3.5 mM) determined with our 
preparations also match those reported for ASCT2 expressed in oocytes 
and HEK 293 cells [30,32,33], thus indicating that the human ASCT2 
purified from P. pastoris was appropriate for structural analysis.  
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Fig. 1 | Functional characterization of ASCT2. a, Exchange of internal unlabeled 

glutamine with external [3H]glutamine, and inhibition of transport by addition of an excess 
of unlabeled amino acids (circle, glutamine; diamond, tryptophan; X, no externally added 
amino acid (no)). b, Inhibitory effect of externally added amino acids. c, Exchange of 
internal amino acid substrate. d, Ability of alternative internal amino acids to drive uptake 
of glutamine. e, Electroneutral nature of exchange and sodium dependency. Circle, 3 μM 
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valinomycin was added at 23 min to proteoliposomes with a 100-fold K+ gradient; 

downward triangle, ethanol was added at 23 min to proteoliposomes with a 100-fold K+ 

gradient; square, 3 μM valinomycin was added at the start to proteoliposomes with a 100-

fold K+ gradient; upward triangle, proteoliposomes in the absence of Na+. Arrow indicates 
time of addition of valinomycin or ethanol (23 min). f, Exchange of internal unlabeled 

glutamine with external [3H]glutamine in proteoliposomes containing different amounts of 
cholesterol. Circle, proteoliposomes without cholesterol; downward triangle, with 5% 
(wt/wt) cholesterol; square, with 10% (wt/wt) cholesterol. Data points and error bars 
represent means ± s.e.m. from 3 biologically independent experiments, each done in one 
technical replicate. Small schemes in the top left corners of a, c, e and f schematically 
represent proteoliposomes with internal and external compound compositions used in 
corresponding experiments.  

 

 
Structure determination and overall fold 
We used single-particle cryo-EM to solve a structure of ASCT2 in 

micelles of n-dodecyl-β-d-maltopyranoside (DDM) and cholesterol 
hemisuccinate (CHS) at 3.85-Å resolution (Table 1, Supplementary Figs. 1 
and 2, and Supplementary Video 1). The inclusion of CHS with the 
detergent-solubilized protein was essential to obtaining homogeneous 
protein preparations. The stability of the purified protein was further 
enhanced by the inclusion of 1mM of the substrate glutamine in all buffers 
used for purification. The transport activity of ASCT2 was higher in the 
presence of 5–10% (wt/wt) cholesterol in proteoliposomes (Fig. 1f), thus 
indicating that cholesterol did not stabilize the protein by locking it in an 
inactive state. The cryo-EM density allowed us to build a model of the 
entire protein, with the exception of the extreme N and C termini, and 15 
residues of the loop between transmembrane segments (TMs) 3 and 4 
(Supplementary Fig. 2 and Supplementary Video 1). The overall trimeric 
organization of the protein resembles that of EAAT1 (ref. [25]), GltPh (ref. 

[20]) and GltTk (ref. [24]). Each protomer contains a scaffold domain (TMs 

1, 2, 4 and 5) that mediates all interactions between the protomers, and a 
transport domain consisting of TMs 3, 6, 7 and 8 and the two helical 
hairpins predicted to act as gates (HP1 between TMs 6 and 7, and HP2 
between TMs 7 and 8) (Fig. 2, Supplementary Note and Supplementary Fig. 
3a,b).  
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Fig. 2 | Structural model of ASCT2. a, Side view with the scaffold domains as yellow 
surface; the protruding loops serving as a docking area for retroviruses as red surface; and 
the transport domains as blue ribbon. b, Side view, showing a large gap between the 
scaffold and transport domains. c, Top view: the protruding loops (red) do not block the 
access of the deep indentations for substrate. d, Bottom view: extra patches of density 
(green mesh) are observed between the scaffold and transport domains. Additional data in 
Supplementary Fig. 4e. e, Membrane topology of ASCT2: transmembrane segments and 
hairpins are labeled and color coded as in a–d.  

 

 
Retroviral docking site  
TM4 of the scaffold domain contains a stretch of 28 amino acids between 

helical segments TM4b and TM4c, which is highly diverse in different SLC1 
members (both in length and in amino acid sequence; Supplementary 
Note). The additional segment consists of an extended amino acid stretch 
(resembling a β-strand) that is directed outward toward the extracellular 
space, a turn and a second extended stretch that brings the sequence back 
to the protein core (Fig. 2a–c). The three segments (one from each 
protomer) protrude from the proteins similarly to antennae, with their 
bases located in a conserved bowl-shaped indentation around the three-
fold symmetry axis at the outer surface of the protein [20]. In the outward-
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oriented states observed for EAAT1 and prokaryotic SLC1 members, this 
bowl provides access to the substrate-binding site [20,21,25]. Despite the 
presence of the antennae in ASCT2, there is sufficient space left for 
substrate molecules to diffuse into the aqueous bowl to a similar depth as 
in EAAT1, GltPh and GltTk (Fig. 2c). Asn212, located close to the tip of the 

antenna, is glycosylated when the protein is expressed in HEK 293 cells 
[34]. We did not observe density for the sugar residues, a result consistent 
with the lack of glycosylation when the protein was expressed in P. 
pastoris. The three outward-facing antennae with possible glycosylation at 
the tip create a characteristic extracellular surface on the protein, which is 
likely to be the docking site for retroviruses that have been shown to use 
ASCT2 as a cellular receptor for internalization. This hypothesis is 
consistent with the observation that differences in the loop sequence 
confer differences in virus specificity [35].  

 
Glutamine-binding site  
When superimposed separately, the structures of the transport domains 

of EAAT1 and ASCT2 are very similar (r.m.s. deviation ~1Å, 50% sequence 
identity; Supplementary Fig. 3a,b) - a remarkable result, given the different 
substrate specificities and transport modes. Not only the overall fold of the 
domains but also most of the binding-site residues are conserved (Fig. 3a), 
except for only Cys467 (TM8) and Ala390 (TM7) in ASCT2. In EAATs, an 
arginine residue invariably occupies the position occupied by Cys467 in 
ASCT2 and interacts with the acidic side chain of the substrate glutamate 
[25]. Mutation of the arginine into cysteine renders the rabbit glutamate 
transporter EAAC1 (EAAT3) specific to neutral amino acids rather than 
glutamate [36] and similarly allows GltPh to accept serine and alanine as 

substrates [37]. These observations are consistent with a role of Cys467 as 
the main determinant of selectivity for neutral amino acid substrates in 
ASCT2. The position of Ala390 is occupied by a threonine residue in all 
concentrative glutamate and aspartate transporters (Supplementary Note). 

This threonine residue has been proposed to allosterically couple Na+ and 
substrate binding [23], thus increasing the apparent affinity for the amino 

acid at high (external) Na+ concentration and decreasing the affinity at the 
lower intracellular concentration of the cation. The allosteric modulation 
may not be necessary in ASCT2, because the protein catalyzes amino acid 
exchange rather than accumulation.  
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Fig. 3 | Domain and substrate interactions within ASCT2. a, Superposition of the 
substrate-binding sites from ASCT2 (bright blue) and EAAT1 (pale blue). The residues are 
numbered according to the ASCT2 sequence (numbering for EAAT1 is in parentheses), and 
those that differ between the two proteins are highlighted in red. The bound glutamine (to 
ASCT2) is shown as dark purple sticks, and the corresponding density is shown as blue 
mesh at 4σ. b, Potential salt bridge formed between the transport (blue) and scaffold 
(yellow) domains. Density is shown as blue mesh at 5σ. c,d, Slice-through views from the 
membrane plane of the interface between scaffold and transport domains in EAAT1 
(outward facing) and ASCT2 (inward facing), respectively. In ASCT2, the interface is much 
smaller, and a large gap between the domains is visible.  

 

 
Orientation of the transport domain relative to the scaffold domain  
Notwithstanding the similarity in their structures, the transport domains 

of EAAT1 and ASCT2 adopt very different orientations relative to the 
scaffold domain (Fig. 3c,d, Supplementary Fig. 3c,d and Supplementary 
Video 2). The transport domain is in an outward-oriented substrate-
occluded state in EAAT1, whereas it is in an inward-oriented state in 
ASCT2. Notably, despite the large initial cryo-EM dataset and extensive 3D 
classifications, we did not find the transporter in a different state in our 
samples, thus indicating that our structure represents the preferred state 
in our homogeneous protein preparations (Supplementary Fig. 1e). The 
interface between the scaffold and transport domains buries a surface of 

~1,300 Å2, which is smaller than the buried surfaces observed in the 
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crystal structures of EAAT1, GltPh and GltTk in outward-facing states, as 

well as in the structure of prokaryotic GltPh in an inward-facing state 

(~2,100 Å2, ~1,850 Å2, ~1,630 Å2 and ~1,600 Å2
, respectively). However, 

it is larger than the interaction surface (~1,000 Å2) observed in the 
unlocked mutant of GltPh

 [38] (visualization of the interfaces in 

Supplementary Fig. 4a–d). In ASCT2, the contacts between the scaffold 
domain and the transport domain are located exclusively near the 
extracellular side of the membrane. In the transport domain, the only 
residues involved in the domain contacts are located at the N-terminal end 
of TM8 and the base of HP2 (Fig. 3d and Supplementary Video 2). Among 
the few residue pairs at the interface are Arg101 of the scaffold domain 
and Glu444 at the C-terminal end of HP2, which may stabilize the inward 
state by forming a salt bridge (Fig. 3b). EAATs contain a serine or threonine 
residue at the equivalent position of Glu444. Therefore, a similar salt 
bridge cannot be formed in these proteins, which might contribute to the 
adoption of the outward-oriented state in the crystal structures of EAAT1, 
although other factors, such as crystal packing, may also play a role. 
Notably, the surfaces of the transport and scaffold domains in EAAT1 and 
ASCT2 have similar overall shape and hydrophobicity, and therefore 
cannot explain the preference for different states in the two proteins.  

 
DISCUSSION  
The inward-oriented state of ASCT2 is different from that found in 

crystal structures of GltPh (refs. [22,38]). It is most similar to the 

conformation of a mutant of GltPh with a modified interface between the 

scaffold and transport domain, which leads to detachment or ‘unlocking’ of 
the domains. In the structure of ASCT2, the transport domain is also largely 
detached from the scaffold domain (Figs. 2b and 3d), but it is located 
farther toward the cytoplasm, relative to its position in GltPh, by a distance 

of ~4.5 Å, measured at the tip of HP2 (Supplementary Video 2). On the 
extracellular side of the membrane, the transport and scaffold domains are 
closer in ASCT2 than in the unlocked GltPh mutant, and the base of HP2 

swings toward the scaffold by ~7.5Å compared with GltPh. In contrast, on 

the cytoplasmic side of the membrane, the domains are farther apart, and 
the C-terminal end of TM6 and the base of HP1 move away from the 
scaffold by up to 10 Å when compared with unlocked GltPh (Supplementary 

Fig. 4c and Supplementary Video 2). There is a gap between the two 
domains that is probably accessible to lipids. Indeed, we observed several 
unassigned patches of cryo-EM density between the scaffold and transport 
domains that may correspond to lipid molecules (Fig. 2d and 
Supplementary Fig. 4e), but the resolution of the map does not allow for 
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unambiguous identification of the molecules. Lipids have been shown to 
regulate the activity of SLC1 proteins, and beside the proposed binding 
sites on surface crevices of the proteins, the structure of ASCT2 suggests 
that lipids can also diffuse into the space between the transport and 
scaffold domains. Molecular dynamics simulations on the unlocked GltPh 
mutant also show that lipids can diffuse between the domains (ref. [38]). In 
addition, structures of the unrelated secondary transporters CitS and NapA 
also show that lipids may intercalate between the transport and scaffold 
domains (refs [39,40]), thus suggesting that lipid diffusion between the 
domains may be a more general feature of transporters that use elevator-
type mechanisms.  

 

 
Fig. 4 | Position of HP2. a, ASCT2 view from the cytoplasm. One of the transport domains, 
shown as a cartoon with its HP2 colored orange. The tip of HP2 is detached from the 
scaffold domain. b, HP2 is located very close to the cytoplasm. The membrane/cytoplasm 
interface is defined by the position of surface helix TM1a and the density observed for the 
micelle. c, Schematic representation of the scaffold (in yellow) and transport (as outline) 
domains, HP2 in orange and the substrate as a purple circle. Two possibilities for gating in 
the inward-oriented state are indicated, with either HP2 (left, single-gate elevator) or HP1 
(right, two-gate elevator) acting as a gate. Gate HP2 is open in the outward-facing 
orientation, as observed in the EAAT1 structure (middle).  

 

 
 



 69

The transport domains of glutamate transporters contain internal 
pseudosymmetry with inverted membrane topology, in which HP1 is 
related to HP2, TM6 is related to TM3, and TM7 is related to TM8 (refs 
[22,27,41]). Similar inverted topologies have been found in many 
transporters, and rotation around a two-fold axis parallel to the membrane 
plane has been used as a method to model the conformational changes 
associated with the movement between inward- and outward-facing states. 
A comparison of the orientations of the transport domains from EAAT1 
and ASCT2 with the scaffold domains superimposed indicates an almost 
perfect pseudosymmetry when the domains are rotated around a two-fold 
axis in the membrane plane, thus suggesting that the two states may 
represent the extremes of inward and outward-facing conformations 
(Supplementary Fig. 5).  

On the basis of the structural pseudosymmetry, the possibility that there 
may also be functional symmetry has also been proposed, with HP2 acting 
as an external gate, and HP1 acting as a gate on the cytoplasmic side (refs 
[22,27]). There is indeed support from crystal structures in the presence of 
the inhibitor TBOA that HP2 acts as a gate in the outward-facing state 
[21,25], but there is no experimental evidence for the hypothesis that HP1 
acts as a gate in the inward-facing state. The position of the transport 
domain in ASCT2 suggests that a different mechanism of gating on the 
cytoplasmic side may be possible. In ASCT2, the tip of HP2 is located all the 
way on the cytoplasmic side of the membrane (Fig. 4a,b and 
Supplementary Video 2). Because it is not packed against the scaffold 
domain, HP2 in the inward-facing state might possibly open in a similar 
manner as has been shown for GltPh and EAAT1 in the outward state. 

Therefore, a single gate might alternately allow access from both sides of 
the membrane, without the need for HP1 to open [38] (Fig. 4c). Such a 
scenario has also been hypothesized on the basis of the crystal structure of 
the unlocked GltPh mutant protein. Further structural studies are necessary 

to test this hypothesis. An alternating-access mechanism of a mobile 
domain with a fully occluded substrate that combines large movements 
with a single gate would resemble the toppling mechanism observed in 
ECF-type ABC transporters [42]. In ECF transporters, the S subunit is the 
equivalent of the transport domain in the SLC1 transporters. It binds and 
occludes the substrate on the extracellular side of the membrane by using a 
gate formed by loops (as in the SLC1 trans- porters). The S component 
moves in the membrane as a rigid body relative to the second subunit 
(EcfT, the equivalent of the scaffold domain) and thus brings the substrate 
to the cytoplasmic side of the membrane, where it dissociates from the 
occluded binding site by using the same gate as on the extracellular site. 
This mechanism of transport is different from those of other secondary 
transporters that use elevator-like movements, such as CitS and NhaA. In 



 70 

these proteins, the substrates are not entirely occluded by the transport 
domain but instead move exposed along the interface between the 
transport and scaffold domains, without the use of loops as gates.  

The structure of ASCT2 presented here provides a first glimpse of the 
structural features that serve as a docking domain for retroviruses, as well 
as new details on subtype-specific differences among human SLC1 
members. In addition, the observed detachment of the transport domain 
from the scaffold domain indicates that an elevator-like transport 
mechanism with a single gate (HP2) may be possible. Nonetheless, 
important questions remain. For instance, the remarkable structural 
similarity between the transport domains of ASCT2 and EAAT1 makes 
explaining the pronounced differences in transport mode (obligate 
exchange and cation-driven accumulation, respectively) difficult. 
Apparently, subtle variations between the subtypes must prevent the apo 
state of ASCT2 from reorienting between inward- and outward-facing 
states. Further characterization is needed to elucidate the structural basis 
of mechanistic differences between EAATs and ASCT2.  
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Table 1 | Cryo-EM data collection, refinement and validation statistics  

 ASCT2 
(EMDB 4386, PDB 6GCT) 

Data collection and processing  
Magnification    49,407 
Voltage (kV) 200 
Electron exposure (e–/Å2) 52 
Defocus range (μm) -0.4 to -2.5 
Pixel size (Å) 1.012 
Symmetry imposed C3 
Initial particle images (no.) 628,015 
Final particle images (no.) 133,437 
Map resolution (Å)       3.85 
FSC threshold       0.143 
Map resolution range (Å) 3.7 - 5.3 
  
Refinement  
Initial model used  PDB 3KBC 
Model resolution (Å)      3.9 
FSC threshold      0.5 
Model resolution range (Å)  
Map sharpening B factor (Å2) -171 
Model composition 
    Nonhydrogen atoms 
    Protein residues 
    Ligands 

 
9672 
1296 
3 

B factors (Å2) 
    Protein 
    Ligand 

 
49.7 
52.3 

R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.012 
1.369 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
2.35 
6.85 
5.57 

Ramachandran plot 
    Favored (%) 
    Allowed (%) 
    Disallowed (%) 

 
93.93 
5.84 
0.23 

 

 

 

 

 

 

 

 

 



 72 

METHODS 
Expression and purification  
ASCT2 was expressed in a strain of P. pastoris containing the genome-

integrated human ASCT2 gene, as previously described [28]. After 
expression, cells were harvested by centrifugation (15 min, 7,446 g, 4 °C), 
washed with buffer A (50 mM Tris-HCl, pH 7.4, and 150 mM NaCl), 
resuspended in the same buffer and flash frozen in liquid nitrogen. Cells 
were stored at –80 °C. Before disruption, 3 mM MgCl2 and 0.1 mg ml−1 

DNase A (Sigma-Aldrich) were added to the thawed cells. Cells were 
broken in three passages at 39 kPsi, 5 °C with a Constant Cell Disruption 
System. After the last passage, 1 mM PMSF was added to the cell lysate, 
which was subsequently centrifuged (30 min, 12,074 g, 4 °C) to remove cell 
debris. The membrane fraction was collected by ultracentrifugation of the 
supernatant (120 min, 193,727 g, 4 °C), resuspended in buffer B (25 mM 
Tris-HCl, pH 7.4, 300 mM NaCl and 10% glycerol), flash frozen in liquid 
nitrogen and stored at –80 °C. To purify ASCT2, an aliquot of membrane 
vesicles representing ~1.5 g cells was solubilized in buffer C (25 mM Tris-
HCl, pH 7.4, 300 mM NaCl, 10% (vol/vol) glycerol, 1 mM l-glutamine 
(Sigma-Aldrich), 1% DDM and  

0.1% CHS (Anatrace)) for 1 h at 4 °C. Unsolubilized material was 
removed by ultracentrifugation (30 min, 442,907 g, 4 °C), and 50 mM 
imidazole, pH 7.4, was added to the supernatant. Subsequently Ni2+–
Sepharose resin, preequilibrated with buffer D (20 mM Tris-HCl, pH 7.4, 
300 mM NaCl, 50 mM imidazole, pH 7.4, 10% glycerol, 1 mM l-glutamine, 
0.05% DDM and 0.005% CHS), was added, and the suspension was 
incubated for 1 h at 4 °C. The resin was poured into a disposable column, 
and after unbound material was allowed to flow through, the column was 
washed with buffer D, and protein was eluted with buffer E (20 mM Tris-
HCl, pH 7.4, 300 mM NaCl, 500 mM imidazole, pH 7.4, 10% glycerol, 1 mM 
l-glutamine, 0.05% DDM and 0.005% CHS). 5 mM Na-EDTA was added to 
the peak elution fraction, which then was applied to size-exclusion 
chromatography with a Superdex 200 10/300 gel-filtration column (GE 
Healthcare) preequilibrated with buffer F (20 mM Tris-HCl, pH 7.4, 300 
mM NaCl, 1 mM l-glutamine, 0.05% DDM and 0.005% CHS). Fractions 
containing purified protein were collected and immediately used for 
preparing cryo-EM grids or reconstitution into proteoliposomes.  

 
Reconstitution into proteoliposomes 
Freshly purified ASCT2 was reconstituted into proteoliposomes, 

according to the protocol described in ref. [43]. A mixture of Escherichia 
coli polar lipids (Avanti Polar Lipids) and egg phosphatidylcholine (Avanti 
Polar Lipids) in a ratio of 3:1 (wt/wt) was extruded through a 400-nm-
diameter polycarbonate filter (Avestin, 11 passages), then diluted to 4 mg 
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ml−1 with buffer G (20 mM Tris, pH 7.0) and destabilized with 10% Triton 
X-100. ASCT2 was added to the destabilized lipid mixture to a final ratio of 
1:250 (wt/wt, ASCT2/lipids). In the indicated experiments 5% (wt/wt) or 
10% (wt/wt) cholesterol (Avanti polar lipids) was added to the mixture of 
E. coli polar lipids and egg phosphatidylcholine (3:1 (wt/wt)). After 
incubation for 30 min at room temperature with gentle rocking, detergent 
was removed by addition of Bio-beads in four steps: 25 mg ml−1 for 30 min 
at room temperature, 15 mg ml−1 for 1 h at 4 °C, 19 mg ml−1 with overnight 
incubation at 4 °C and 29 mg ml−1 for 2 h on the next morning at 4 °C. 
Proteoliposomes were collected by ultracentrifugation (45 min, 442,907 g, 
4 °C) and resuspended in buffer G to a final lipid concentration of 20 mg 
ml−1. Proteoliposomes were then divided into aliquots, flash frozen in 
liquid nitrogen and stored in liquid nitrogen.  

 
Transport assays 
Proteoliposomes were resuspended in buffer of the desired lumenal 

composition, subjected to three freeze–thaw cycles and extruded through a 
400-nm-diameter polycarbonate filter (Avestin, 11 passages). The 
liposomes were then diluted in buffer G and ultracentrifuged (45 min, 
442,907 g, 4 °C) to remove external substrate. Substrate-loaded 
proteoliposomes were resuspended in buffer G to a concentration of 10 μg 
protein per 540 μl. Transport assays were performed at 25 °C with 
continuous stirring. To start the transport reaction, 60 μl of tenfold- 
concentrated outside-buffer substrate was diluted in 540 μl of 
proteoliposomes to reach a final concentration of [3H]l-glutamine 
(PerkinElmer) of 50 μM. At each indicated time point, 80 μl of 
proteoliposomes was taken, immediately diluted in 2 ml of cold buffer G 
(stop buffer), rapidly filtered over a 0.45-μm-pore-size filter (Protran BA-
85, Whatman) and washed with 2 ml of the same stop buffer. The filter was 
dissolved in 2 ml of scintillation liquid (Emulsifier Scintillator Plus, 
PerkinElmer). The radioactivity was counted with a PerkinElmer Tri-Carb 
2800RT liquid scintillation counter.  

For experiments in which radiolabeled glutamine was exchanged against 
different amino acids in the liposomes, the lumen was loaded with 10 mM 
of the indicated amino acid (or without any amino acid) and with 50 mM 
NaCl. The outside buffer contained 50 mM NaCl and 50 μM [3H]l-glutamine. 
For competition experiments, the outside buffer was additionally 
supplemented with 1 mM of the indicated unlabeled amino acid.  

For experiments in which the electrogenic nature of the exchange 
reaction was assayed, proteoliposomes were loaded with 10 mM l-
glutamine and 50 mM KCl. The outside buffer contained 50 mM NaCl, 0.5 
mM KCl and 50 μM [3H]l-glutamine, as well as valinomycin (3 μM final 
concentration) or ethanol as indicated. As a negative control in the absence 
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of sodium, 50 mM KCl and 50 μM [3H]l-glutamine were used on the outside.  
For experiments in proteoliposomes containing cholesterol (5% (wt/wt) 

and 10% (wt/wt)), the lumen was loaded with 50 mM NaCl and 10 mM l-
glutamine. The outside buffer included 50 μM [3H]l-glutamine and 50 mM 
NaCl. A first-order rate equation was used to fit experimental data. Error 
bars represent s.e.m. from three independent experiments.  

For determination of the Km for Na+, proteoliposomes were loaded with 

10 mM l-glutamine and 300 mM choline chloride. The outside buffer 
contained a mixture of choline chloride and sodium chloride (cumulative 
concentration 300 mM), and 50 μM [3H]l-glutamine. For determination of 
the Km for glutamine, proteoliposomes, containing 10% (wt/wt) 

cholesterol were loaded with 10 mM l-glutamine and 50 mM NaCl. The 
outside buffer included 50 mM NaCl and the indicated [3H]l-glutamine 
concentration. Initial rates were measured at time points 15 s and 2 min 15 
s. The Michaelis–Menten equation was used to fit the data. Error bars 
represent s.e.m. from three independent experiments, each performed in 
duplicate.  

 
Cryo-EM sample preparation and imaging  
Freshly purified protein was concentrated with Vivaspin concentrating 

devices with a molecular-weight cutoff of 100 kDa (Sartorius) to 2–2.5 mg 
ml−1. Then 2.8 μl was applied on holey-carbon cryo-EM grids (Quantifoil Au 
R1.2/1.3, 200 and 300 mesh), which had previously been glow discharged 
at 5 mA for 20 s. Grids were blotted for 3–5 s in a Vitrobot (Mark 3, Thermo 
Fisher) at 20 °C temperature and 100% humidity, subsequently plunge 
frozen in liquid ethane and stored in liquid nitrogen. Cryo-EM data were 
collected on a 200-keV Talos Arctica microscope (Thermo Fisher) with a 
postcolumn energy filter (Gatan) in zero-loss mode, with a 20-eV slit and a 
100-μm objective aperture, in an automated fashion with EPU software 
(Thermo Fisher) on a K2 summit detector (Gatan) in counting mode. Cryo-
EM images were acquired at a pixel size of 1.012 Å (calibrated 
magnification of 49,407×), a defocus range from –0.4 to –2.5 μm, an 
exposure time of 9 s and a subframe exposure time of 150 ms (60 frames), 
and a total electron dose on the specimen level of approximately 52 
electrons/Å2. The best regions on the grid were screened with a self-
written script to calculate the ice thickness, and data quality was 
monitored in real time with the software FOCUS [44].  

 
Image processing  
A total of 6,345 dose-fractionated cryo-EM images were recorded and 

subjected to motion correction and dose weighting of frames in 
MotionCor2 (ref. [45]). The CTF parameters were estimated on the movie 
frames with ctffind4.1 (ref. [46]). Bad images showing contamination, a 
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defocus below or above –0.4 and –3 μm, or a bad CTF estimation were 
discarded, thus resulting in 4,863 images used for further analysis with the 
software package RELION2.1 (ref. [47]). Approximately 3,000 particles 
were picked manually to generate 2D references, which were improved in 
several rounds of autopicking. A low threshold was used during the final 
autopicking step to ensure that no particles were missed, thus yielding 
more than one million particles. Particles were extracted with a box size of 
240 pixels, and initial classification steps were performed with threefold-
binned data. False positives or ‘bad’ particles were removed in the first 
rounds of 2D classification, thus resulting in 628,015 particles that were 
further sorted in several rounds of 3D classification. A map generated from 
the GltPh structure (PDB 3KBC) was used as a reference for the first round, 

and the best output class was used in subsequent jobs in an iterative 
manner. The best 3D class, comprising 184,080 particles from 4859 
images, was subjected to autorefinement, thus yielding a map with a 
resolution of 4.26 Å before masking and 3.91 Å after masking. Particles 
were further polished in RELION version 2.1 and subjected to another 
round of 2D and 3D classification, thus resulting in a final dataset of 
133,437 particles. The final polished map had a resolution of 4.26 Å before 
masking and 3.85 Å after masking. The map was sharpened with an 
isotropic B factor of –171 Å2; for manual inspection, a B factor of –225 Å2 

was used. The approach of focused refinement, wherein the less resolved 
detergent micelle was subtracted from the particle images, did not improve 
the resolution (ref. [48]). During 3D classification and autorefinement jobs, 
C3 symmetry was imposed. To check for conformational heterogeneity of 
the data, in which single protomers within the trimer might adopt a 
different conformation, 3D classifications with no symmetry imposed were 
performed at different stages of image processing. We further performed 
3D classification on the individual protomers of a single transporter with 
symmetry expansion and signal subtraction. Both approaches showed no 
indication of the existence of a different conformation. Local resolution 
estimates were determined in RELION. All resolutions were estimated with 
the 0.143 cutoff criterion (ref. [49]) with gold-standard Fourier-shell 
correlation (FSC) between two independently refined half maps (ref. [50]). 
During postprocessing, high-resolution noise substitution was used to 
correct for convolution effects of real-space masking on the FSC curve (ref. 
[51]).  

 
Model building  
The obtained cryo-EM map was used for manual model building in COOT 

[52] with the previously published structures of EAAT1 (ref. [25]) and GltTk 
(ref. [23]) as references. The resolution of the map was sufficient to 
unambiguously assign the protein sequence and model most of the side 
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chains with confidence, except for the protruding loop in TM4. Rounds of 
real-space refinement were performed in Phenix [53] and included a 
simulated annealing protocol and NCS restraints. Coordinates were 
manually edited in COOT after each refinement cycle and subjected to 
further rounds of refinement. The final validation check was performed 
with MolProbity (ref. [54]) (Table 1). For validation of the refinement, FSCs 
(FSCsum) between the refined model and the final map were determined. 

To monitor the effects of potential overfitting, random shifts (up to 0.5 Å) 
were introduced into the coordinates of the final model, and this was 
followed by refinement against the first unfiltered half map. The FSC 
between this shaken– refined model and the first half map used during 
validation refinement is termed FSCwork, and the FSC against the second 

half map, which was not used at any point during refinement, is termed 
FSCfree. The marginal gap between the curves describing FSCwork and 

FSCfree indicates no overfitting of the model (Supplementary Fig. 1h). 

Interfaces were calculated with jsPISA (ref. [55]). Images were prepared 
with the open source version of PyMOL 
(https://sourceforge.net/projects/pymol/), and videos were made with 
Chimera (https://www.cgl.ucsf.edu/chimera/).  
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SUPPLEMENTARY INFORMATION 

 

Supplementary Figure 1 | Cryo-EM reconstruction of ASCT2. a,b, Representative cryo-
EM image (a) and 2D-class averages (b) of vitrified hASCT2. c, Angular distribution plot of 
particles included in the final C3-symmetrized 3D reconstruction. The number of particles 
with the respective orientations is represented by length and colour of the cylinders. d, 
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Image processing work flow. e, Analysis of conformational heterogeneity in the dataset. 3D 
classification without any symmetry imposed where performed on the indicated particle 
dataset: after several rounds of 2D classification (I, on 628,015 particles) and after several 
rounds of 3D classification (II, on 307,619 particles). Particles obtained before particle 
polishing, which rendered a map of 3.9Å resolution were used to perform symmetry 
expansion followed by particle subtraction on the individual protomers, yielding a dataset 
of 552,240 particles (III). Resulting classes of the 3D classification without image alignment 
are shown. In all cases only the inward-facing state of ASCT2 was identified. f, Final 
reconstruction map coloured by local resolution as estimated by Relion. g, FSC plot of the 
final refined unmasked (grey) and masked (blue) map. The resolution at which the curve 
drops below the 0.143 threshold is indicated. A thumbnail of the mask used for FSC 
calculation overlaid on the atomic model is shown in the upper right corner. h, FSC curves 
of the refined model versus the map of ASCT2 for cross-validation. The purple shows the 
FSC curves for the refined model compared to the full masked dataset (FSCsum); light grey, 
FSC curve for the refined model compared to the masked half-map 1 (FSCwork, used during 
validation refinement); dark grey, refined model compared to the masked half- map 2 
(FSCfree, not used during validation refinement). Dashed lines, FSC threshold used for 
FSCsum of 0.5 and for FSCfree/work of 0.143.  
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Supplementary Figure 2 | Cryo-EM density. Sections of the cryo-EM density of the ASCT2 
map superimposed on the respective refined models. Models are shown as sticks and 
structural elements are labelled. Transmembrane helices of the transport domain are 
coloured in blue, of the scaffold domain in yellow and the loop between TM4b and TM4c is 
shown in red. Densities sharpened with a b-factor of -225 Å2 were plotted at 5σ, except for 
the loop between TM4b-TM4c, which was contoured at 3σ. 
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Supplementary Figure 3 | Superposition  and orientation of domains in ASCT2 and 
EAAT1.  Superposition of transport (a) and scaffold (b) domains of ASCT2 (bright blue and 
bright yellow) with EAAT1 (light blue and light orange, PDB 5LLU), respectively.  Rmsds are 
~ 1Å. c,d, The scaffold domains of ASCT2 (yellow ribbon) and EAAT1 (orange ribbon, PDB 
5LLU) were aligned structurally, revealing large differences in the position of the transport 
domains (dark and light blue surfaces, respectively) c, The movement form the outward (as 
observed in EAAT1) to the inward (as seen in ASCT2) state is indicated with an arrow. d, 
Pair of equivalent residues (Glu444 of ASCT2 and T456 of EAAT1) is highlighted in red to 
emphasize the movement of ~ 25 Å. 
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Supplementary Figure 4 | Visualization of the domain interface and putative lipid 
density. A single protomer of ASCT2 (a), EAAT1 (PDB 5LLU) (b), GltPh in the locked state 
(PDB 4X2S, chain A) (c) and GltPh in the unlocked state (PDB 4X2S, chains C) (d) viewed 
from the membrane plane. The scaffold domain is depicted as yellow ribbon and the 
transport domain in grey surface representation) with the interacting parts in black. The 
surface area of the interfaces are extensive in EAAT1 and locked GltPh. The transport 
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domains in ACST2 and unlocked GltPh are more detached from the scaffold domain, but the 
shapes of their interaction surfaces are different, with most of the interacting residues in 
ASCT2 located in a narrow strip on the extracellular side. e, Patches of densities (green 
mesh at 4) observed between scaffold (yellow) and transport domain (blue) can 
accommodate cholesteryl hemisuccinate molecules shown as pink sticks, but the identities 
of the molecules could not be assigned unambiguously.  

 
 
 
 

 
Supplementary Figure 5 | Inverted topology. Transport domain of the outward-facing 
structure of EAAT1 (PDB 5LLU, pale colors, panel a, d from two perpendicular viewpoint in 
the plane of the membrane), and the inward-facing structure of ASCT2 (bright colors, panel 
c, f) were structurally aligned on their scaffold domains (not shown). b,e: The pseudo-
symmetrical organization observed between transport domains in both structures becomes 
apparent when they are overlaid. TM3 (bright blue) is pseudo-symmetrical to TM6 (pale 
blue), TM6 (bright pink) to TM3 (pale pink) and HP1 (bright yellow and orange) to HP2 
(pale yellow and pale orange). In the top row the pseudo two-fold axis is indicated as a 
dashed arrow. In the bottom row the two-fold axis is indicated as a black dot and points 
towards the reader. 
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Supplementary Note 1 | Sequence alignment. Sequence alignment of human ASCT2 with 
all other human SLC1 family members and archaeal homologues GltPh and GltTk. 
Transmembrane segments are indicated with numbered cylinders and colored yellow and 
blue for scaffold and transport domains, respectively. The protruding loop forming the 
‘antenna’ is shown with the red dashed box. The sequence conservation is shown with 
different shades of violet. The residues forming a putative salt bridge between the domains 
in ASCT2and the binding site residues are indicated by grey squares and triangles, 
respectively.  
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