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This chapter is based on the manuscript (Garaeva AA, Postmus T, Paulino C, Slotboom DJ. 
“Lipid-nanodiscs environment promotes outward-facing conformations of the human 
glutamine transporter ASCT2”), which is in preparation for submission. 

 
ABSTRACT 
The human Alanine Serine Cysteine Transporter 2 (ASCT2), a member of 
the solute carrier family 1 (SLC1), is a neutral amino acid exchanger 
responsible for balancing the pools of extra- and intracellular amino acids. 
Although structures of ASCT2 have been determined in multiple 
conformations, in all cases the protein was embedded in detergent 
micelles, which may have affected the conformational ensemble. In this 
study, we reconstituted human ASCT2 into lipid nanodiscs and solved 
structures by single-particle cryo-EM in the presence and absence of the 
substrate glutamine. ASCT2 adopts occluded and open outward-facing 
conformations in the nanodisc, demonstrating a major effect of the lipid 
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environment on the protein’s conformation, as the transporter had been 
shown to adopt exclusively inward-facing conformations in detergent 
solution using otherwise identical conditions. Structurally resolved lipids 
surrounding ASCT2 and intercalating in membrane-embedded crevices, 
might be important for stabilization of the outward conformations, as well 
as for transport function and could serve as focus points to find allosteric 
inhibitors that might be developed for cancer therapeutics. The structure 
of nanodisc–reconstituted ASCT2 in the substrate-bound state is of higher 
resolution (at 3.3 Å) than any previously solved ASCT2 structure, and 
provides indications of putative positions of bound Na+ ions, which could 
explain the Na+-dependence of the transporter. 
 

 
INTRODUCTION 
The SLC1 family of glutamate transporters includes two classes of 

proteins in humans: excitatory amino acid transporters EAAT1-5 (SLC1A1-
3, 6-7), and neutral amino acid exchangers (ASCT1-2, SLC1A4-5). All these 
proteins are Na+-dependent and share significant sequence similarities, but 
they have different substrate specificity and mode of transport. EAATs 
import one glutamate or aspartate molecule in symport with three Na+ ions 
and a proton, and coupled to the export of one K+ ion [1-3], thereby 
concentrating the neurotransmitter glutamate intracellularly and removing 
it from the synaptic cleft. By contrast, ASCTs exchange a cytoplasmic small 
neutral amino acid - such as alanine, serine, cysteine, threonine and 
glutamine (the latter only in case of ASCT2) - for an extracellular one [4-8], 
with a strict dependence on the presence of Na+ ions [7,9]. ASCT2 was 
found to be associated with the development of several cancer types. Here, 
ASCT2 serves as the main supplier of glutamine, which is used as an 
additional energy source in the process of glutaminolysis, and plays a role 
in cell proliferation, by activating mTORC [10,11]. These and other 
processes in cancer cell metabolism make ASCT2 a potential target in 
anticancer therapy and cancer diagnostics [12,14]. 

Glutamate symporters and neutral amino acid exchangers have the same 
structural organisation. These proteins are trimers, whereby each 
protomer consists of a scaffold domain and a transport domain. The 
transport mechanism can be compared to an elevator, in which the 
substrate is translocated across the membrane using rigid body 
movements of the entire transport domain relative to the scaffold domain 
[15]. Structures of ASCT2 in inward- and outward-facing conformations, 
each in glutamine-free and -bound states, have revealed a one-gate 
elevator mechanism of transport, where the access to the binding side is 
controlled by the same flexible helical hairpin loop (HP2 loop) on both 
sides of the membrane [16-18]. 



 123

The overall transport cycle, as well as the coupling of substrate transport 
and Na+ ions are well studied for the archaeal homologs GltPh 
from Pyrococcus horikoshii and GltTk from Thermococcus kodakarensis, 
which symport aspartate and three sodium ions.  Aspartate and Na+ ions 
bind from the extracellular side via an open HP2 gate; the gate closes, and 
the loaded transport domain moves across the membrane; when the 
inward-oriented state is reached the same gate opens releasing the cargo; 
in the final step of these symporters the transport domain is able to move 
back unloaded. Notably, the elevator can only move up and down when the 
HP2 gate is closed, and the HP2 gate can only close either in the fully 
loaded state (with all sodium ions and amino acid substrate bound), or in 
the apo state, without any Na+ or substrate bound. By contrast, ASCT2 
functions as an obligate exchanger, which requires that the movement of 
the transport domain is only possible when loaded with the amino acid 
substrate.  

The only currently available cryo-EM structures of human ASCT2 are of 
the protein in the detergent solubilized state [8,16,18]. This environment 
appears to favour inward-facing conformations [8,16] unless an outward-
facing state is stabilized by the use of a Fab fragment [18]. Here, we present 
two cryo-EM structures of the human wild-type ASCT2, reconstituted in 
lipid nanodiscs in the presence and absence of its substrate glutamine. The 
transporter adopts outward-occluded substrate-bound and outward-open 
substrate-free conformations, highlighting the direct impact of a lipid or 
detergent environment on the protein conformation. The use of a lipid 
environment, combined with a better resolution than that of previous 
structures, allows to identify lipid molecules bound to the protein at 
positions that could affect the dynamics of the elevator movements, 
offering potential spots for targeted anti-cancer drug design. Finally, this 
work provides a first indication where Na+ ions are bound in ASCT2.  

 
 
RESULTS  
ASCT2 sample optimization 
In our previous study we were able to determine the structure of human 

wild type ASCT2 in a substrate-free state at 7 Å resolution [16]. It appeared 
that exclusion of glutamine from all buffers during protein purification 
likely lead to a decrease of protein stability and lower particle quality. We 
decided to further investigate the influence of glutamine on sample quality, 
consequently removing it from buffers and analysing ASCT2 by size 
exclusion chromatography and in uptake assays. We found that in order to 
keep ASCT2 stable and active after reconstitution into proteoliposomes, 
the protein should be always surrounded by glutamine (Supplementary 
Figure 1), and exclusion of this amino acid from any buffer led to inactive 



 124

protein. Therefore, it is likely that ASCT2 is only active when purified 
substrate-bound, whereby the bound glutamine can dissociate and be 
washed away, for example, during size-exclusion chromatography. We 
further investigated the influence of Na+ ions on ASCT2 stability during 
purification. ASCT2 is a strict Na+-dependent exchanger and it is not active, 
when K+ ions are used instead in uptake measurements [6,8]. Replacement 
of NaCl to KCl in purification buffers changes the shape of size exclusion 
profile of ASCT2 in the presence or absence of glutamine, suggesting that 
protein is less stable in K+ salt (Supplementary Figure 2). ASCT2 is also not 
active, when reconstituted into K+-only proteoliposomes, suggesting that 
glutamine cannot bind in the absence of Na+ ions.  

We tried to stabilize substrate-free ASCT2 by reconstituting it in the lipid 
nanodiscs and obtain better-resolved structures. Despite stable nanodisc 
sample according to size-exclusion chromatography and good particle 
distribution on micrographs, we did not manage to solve protein structure, 
as we could not even get 2D class averages resolved. Therefore, glutamine 
should always be present during ASCT2 purification and to obtain 
substrate-free ASCT2 structures other strategies should be used. 

 
Structure determination in nanodiscs 
To optimize sample quality of ASCT2 nanodiscs for structural studies, we 

tested different reconstitution ratios of ASCT2, MSP2N2 belt proteins and 
lipids, and monitored assembly efficiency and quality by size-exclusion 
chromatography and electrophoresis (Supplementary Figure 3). We found 
that a ratio of 1 nmol ASCT2 (monomer) : 5 nmol MSP2N2 : 70 nmol lipids 
(E.coli polar lipids with PC (3:1, w/w) supplemented with 10% cholesterol) 
provided the highest yield of homogeneous protein-nanodiscs, with 
minimal amount of high molecular weight aggregates (Supplementary 
Figure 3). We determined cryo-EM structures of ASCT2 in nanodiscs in the 
presence and absence of its substrate glutamine. It is noteworthy that 
during the purification and reconstitution of ASCT2 in nanodiscs, 
glutamine was present in all buffers to ensure protein stability. To obtain 
ASCT2 in nanodiscs in the glutamine-free state, the amino acid substrate 
was removed after reconstitution (see Methods). 

The ASCT2-nanodiscs particles are small (10.5 nm in their longest 
dimension) and appear to adjust to the triangular shape of the ASCT2 
trimer (Figure 1a). Despite the small nanodisc size, there is no evidence of 
a specific interaction between the belt protein and ASCT2. The cryo-EM 
map of substrate-bound ASCT2 was determined at 3.3 Å, with large parts 
around the substrate binding site at higher resolution (Figure 1b, 
Supplementary Figures 4, 6, Table 1), representing so far the highest 
resolution structure obtained for ASCT2. The cryo-EM map of the 
substrate-free ASCT2 was determined at a global resolution of 3.4 Å, with a 
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slight anisotropy in the z direction that however did not hamper an 
unambiguous interpretation of the data (Figure 1c, Supplementary Figures 
5, 6, Table 1). In both cases, only symmetrical particles were found, in 
which all three protomers in the trimer adopt the outward-oriented 
conformation (see Methods and Supplementary Figures 4, 5). With 
exception for the first 46 and the last 52 residues, the cryo-EM densities 
allowed to build atomic models of the entire ASCT2 protein, including the 
extracellular TM3-TM4 loop, which was only partially visible in the 
previous inward-facing structures (Figure 2). 

 

 
Figure 1. Substrate-bound and substrate-free ASCT2 in nanodiscs. a, cryo-EM map of 
the substrate-bound ASCT2-nanodisc complex viewed from the extracellular side. b, c, cryo-
EM maps of outward-facing substrate-bound and outward-facing substrate-free ASCT2 in 
nanodiscs viewed from the membrane plane. The scaffold domains are coloured in yellow, 
the transport domains in blue, the extracellular antenna in red and or non-protein densities 
in grey (see also Figure 4). The membrane boundary is indicated and the non-protein 
densities as shown in Figure 4 are highlighted by black rectangles in panels b and c. 

 
 

Outward-facing conformations of ASCT2 
The structure of ASCT2 in nanodiscs in the presence of substrate 

represents an outward-occluded state, whereas the structure in the 
absence of substrate adopts an outward-open conformation. The outward-
oriented conformations of the transport domains in both ASCT2-nanodisc 
structures contrast sharply with the inward-facing conformations obtained 
when ASCT2 was embedded in a detergent micelle, under otherwise 
equivalent conditions, hinting at a direct impact of a lipid bilayer-like 
environment on the protein conformation (Figure 2). The two structures in 
nanodiscs are virtually identical to the ASCT2 structure bound to a Fab 
fragment in detergent solution [18], indicating that the Fab fragment itself 
did not cause major structural artefacts, apart from stalling the protein in 
the outward-facing state in detergent solution. Compared to the inward-
facing states, the transport domain of nanodisc-reconstituted ASCT2 
undergoes a movement of ~24 Å to the outward state (with Leu349 Cα on 
HP1 as reference point), with a rotation that brings Glu327 (end of TM6) 
13 Å closer to, and Ile403 (base of HP2a) 16 Å farther away from the 
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scaffold domain (Figure 2c). As observed before for all other SLC1 
members, the scaffold as well as the transport domains of the inward- and 
outward-facing structures adopt virtually identical conformations when 
superimposed individually (Figure 2 d, e), indicating that only the relative 
position of the domains to each other changes during the elevator 
mechanism. The only difference between the outward-occluded and 
outward-open conformations is the position of the HP2 loop, which moves 
~5 Å towards the substrate-binding site when glutamine is bound (Figure 
3). This is consistent with the notion that the HP2 loop works as a gate on 
both the extracellular and intracellular side, as shown for ASCT2 [16] and 
GltTk [17]. It is worth noticing that the open position of the HP2 loop in 
ASCT2 has always been less resolved than the closed position, indicating a 
higher degree of flexibility of the open gating element.  
 

 
Figure 2. Structural comparison of outward- and inward-facing ASCT2. a, b, models of 
the substrate-bound occluded outward-facing ASCT2 structure in nanodiscs and the 
substrate-bound occluded inward-facing ASCT2 structure in detergent (PDB ID: 6GCT), 
shown as ribbon. The scaffold domains are coloured in yellow, the transport domains in 
blue, the extracellular antenna in red, the TM3-TM4 loop in orange. c-e, superpositions of 
scaffold and transport domains of the substrate-bound occluded inward-facing ASCT2 
(grey, PDB ID: 6GCT) and substrate-bound occluded outward-facing ASCT2 (colored as in 
a). c, superposition of the scaffold domains demonstrates the differences in position of the 
transport domain between the inward to the outward state. Glu327 at the end of TM6 
moves 13 Å closer to the scaffold domain (green and yellow circle); Leu349 of HP1 moves 
by 24 Å (green and yellow star); Ile403 of the HP2a base moves by 16 Å (green and yellow 
square). d, e, structural comparison of the scaffold and transport domains, with labelled 
structural elements. The TM3-TM4-loop was not fully resolved in the inward-facing state 
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(yellow) compared to the outward-facing state but it might undergo rearrangements (black 
arrow) during the transport domain movement as suggested before [18]. 

 
 

 
Figure 3. Outward-facing ASCT2 structures. a, superposition of protomer structures of 
ASCT2 in the substrate-bound outward-occluded state in nanodiscs, the substrate-free 
outward-open state in nanodiscs, the substrate-bound outward-occluded state in detergent 
(PDB ID: 6MPB) and the substrate-free outward-open state in detergent (PDB ID: 6MP6). 
The scaffold domains are coloured in yellow, the extracellular antenna in red and the 
transport domains in shades of blue or grey as indicated, HP2 loops in shades of pink or 
grey as described in b. The black rectangle indicated the region that is enlarged in panel b. 
b, substrate binding site and movement of the HP2 loop in outward-facing structures of 
ASCT2. Bound glutamine in the outward-occluded structure of ASCT2 in nanodisc is shown 
in sticks, with its density represented as mesh at 4.67σ. The HP2 loop opens slightly 
differently in detergent and nanodisc ASCT2 structures, but in both cases it has moved away 
from the binding site by ~5 Å. 

 
 

Lipid binding sites 
Lipid densities were observed before in ASCT2 structures [8,16,18], and 

the majority of them likely correspond to cholesterol, which has been 
shown to stabilize the protein during purification in detergent solution, 
and increase uptake rates when reconstituted in proteoliposomes. 
Cholesterol was supplemented here during purification and reconstitution 
in lipid nanodiscs (in the form of cholesteryl hemisuccinate) [8]. In the 
cryo-EM maps of outward-facing substrate-bound and substrate-free 
ASCT2 in nanodiscs we observe a patch of non-protein densities 
sandwiched between the scaffold and the transport domains (Figure 4a), 
similar to what was found in previous structures of ASCT2 in detergent 
[16,18] (Figure 4b). The potential cluster of lipids is located at the base of 
the trimerization domain and could play a stabilizing role to keep the 
scaffold domains unchanged during the movements of the transport 
domains. The patch includes six densities, of which four at virtually 
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identical positions in outward- and inward-facing states, while two of the 
densities are slightly relocated (Figure 4c). One of these densities moves 
towards the outer bilayer leaflet in the outward-facing state, and its 
position overlaps with that of the allosteric inhibitor UCPH101 observed in 
the structure of the human EAAT1 [19] (Figure 4 c-d). The relocation of 
this putative lipid binding site during the transport cycle might influence 
transition dynamics and may allow for allosteric modulation by inhibitors, 
as seen for UCPH101 in EAAT1. 

Additional elongated densities are observed in the cavity between the 
transport and scaffold domains near the HP1 and HP2 loops, and thus in 
the proximity of the substrate binding site (Figure 4 e-f). While these 
densities are too narrow to accommodate cholesterol, they might 
correspond to acyl chains of phospholipids. In fact, in the inward-open 
structure we also observed two lipid-like densities near this region [16]. 
They might have rearranged to some extent to the position observed here 
in the outward state. Interestingly, these densities were not observed in 
the outward-facing ASCT2 structures obtained in detergent micelles18. 
Finally, a phosphatidylcholine molecule, that was found between HP1 and 
HP2 in the inward-open structure of ASCT2 [16] potentially affecting gate 
closure, is not present in the outward-facing states reported here in 
nanodiscs nor in the outward-facing ASCT2 structures obtained in 
detergent micelles [18]. This lipid binding site might thus be exclusive for 
an inward-open conformation, and may guide drug design of molecules 
targeting specifically inward-facing ASCT2 states. 
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Figure 4. Lipid binding sites in ASCT2. a-b, surface representation of ASCT2 trimers, 
viewed from the membrane plane. a, substrate-bound outward-occluded ASCT2 in 
nanodiscs, and b, TBOA-bound inward-open ASCT2 (PDB ID: 6RVX) structures. Patches of 
non-protein cryo-EM densities (in grey at 4.07σ and in orange at 4.85σ in panels a and b, 
respectively) located at interface between the scaffold and transport domains likely 
correspond to lipid molecules. Colors of the protein regions are as in Figure 2. c, 
superposition of the lipid patch densities depicted by black rectangles in panels a and b. 
Two of these densities change their positions in the outward-facing ASCT2 structure when 
compared with the inward-facing ASCT2 structure (black arrows). d, the most right-hand 
density in panel c (labelled *) coincides with the position occupied by the allosteric inhibitor 
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UCPH101 (violet sticks) in the EAAT1 structure (violet cartoon, PDB ID: 5LLM). e, surface 
representation of the substrate-bound outward-occluded ASCT2 trimer viewed from the 
extracellular side, where the position of additional non-protein densities is indicated by a 
black rectangle, which is enlarged in panel f. f, elongated lipid-like densities, shown as mesh 
at 2.24σ, are located in the cavity between the transport and scaffold domains near the HP1 
and HP2 loops.  

 
 

Membrane distortion 
All structures of ASCT2 obtained so far [8,16,18] revealed symmetrical 

states with the three protomers in identical conformations. Similarly, most 
structures of other SLC1 members are also symmetrical [20]. As there is no 
indication for cooperativity among protomers in the SLC1 family [17,21-
28], the reason why most SLC1 structures are symmetrical must be linked 
to the conditions used, leading to energetically favoured conformations, for 
instance caused by the presence or absence of ligands, and by interactions 
with the environment (detergent or lipid molecules, or crystal contacts). In 
single particle cryo-EM experiments, it is possible in principle to find 
populations of the molecules that adopt conformations different from the 
most energetically favoured one, as long as the energy differences are not 
too big and the population size is large enough (see for instance recent 
asymmetric structures of GltTk [17], structures of the ABC transporter 
TmrAB [29] and the mitochondrial ATP synthase [30]). The fact that ASCT2 
adopts a single conformation in all structures determined by single particle 
cryo-EM so far, indicates that the energy wells are not very shallow. This is 
in particular surprising for those conditions where the transporter is fully 
substrate loaded and elevator movements are expected. The observation 
that the entire conformational ensemble switches from the inward to the 
outward state when detergent is replaced by nanodiscs, shows that the 
conformational bias caused by the environment is substantial.  

A recent molecular dynamic studies of GltPh in a lipid bilayer revealed 
dramatic differences in the local membrane curvature between inward- 
and outward-oriented states [31]. The curvature was pronounced in the 
inward-facing state, but virtually absent around outward-oriented GltPh. 
Single particle cryo-EM structures of GltTk in lipid nanodiscs are consistent 
with the simulations, with bending of the nanodisc belt around protomers 
in the inward-facing conformation [17]. The outward-facing ASCT2 
structures reported here in lipid nanodiscs show no evident membrane 
curvature, comparable with the symmetrical outward-facing GltTk in 
nanodiscs [17] (Figure 5). Yet, also the inward-facing structures of ASCT2 
in detergent do not show any significant micelle distortion. It is unclear if 
these observations are a consequence of the conditions used, or represent 
an intrinsic distinct feature of ASCT2 within the SLC1 family and are of 
mechanistic relevance.  
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Figure 5. Membrane curvature around ASCT2 and GltTk. a, cryo-EM map of the 
substrate-bound outward-facing ASCT2 structure in lipid nanodiscs. b, cryo-EM map of the 
substrate-bound inward-facing ASCT2 structure in detergent micelles (EMD-4386). c, cryo-
EM map of the substrate-bound GltTk in lipid nanodiscs in intermediate-outward state 
(EMD-10635). d, cryo-EM map of GltTk in lipid nanodisc with one protomer in an 
intermediate outward-facing state and two protomers in the inward-facing state (EMD-
10636). The scaffold domains are coloured in yellow, the transport domains in blue, the 
extracellular antenna in red, non-protein densities corresponding to the nanodisc (complex 
of MSP scaffold protein and lipid bilayer) (a, c, d) and the detergent micelle (b) are shown in 
grey. Approximate membrane boundaries are indicated. Low-pass filter maps were used for 
better clarity of the less resolved surrounding regions. 

 
 

Sodium binding sites 
Amino acid exchange by ASCT2 has been reported to depend strictly on 

the presence of Na+ ions [8,9,32]. To monitor the impact of Na+ ions on 
transport activity, we reconstituted purified ASCT2 in proteoliposomes and 
measured glutamine exchange (Figure 6 a). While the transporter is active 
when Na+ is added from both sides of the proteoliposomes, no glutamine is 
transported if Na+ is only present on the intracellular side (Figure 6 a). 
Surprisingly, when Na+ is added only from the extracellular side, exchange 
of glutamine in a counterflow assay still takes place. We explain these 
observations by the experimental setup, with 10 mM of non-labelled 
glutamine in the lumen of the liposomes, and only 50 M of radiolabelled 
substrate on the outside. The high internal amino acid concentration will 
cause rapid binding of a non-labelled glutamine presumably before Na+ can 
fully dissociate. By contrast, in case Na+ ions are only initially present 
internally, slow substrate binding on the outside may allow for full release 
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of Na+ ions, which are lost in a large volume, preventing further transport. 
Therefore, our experiments support the fact, that ASCT2 is Na+ dependent 
[9,32], but it is still unclear how many Na+ ions can bind to ASCT2, and how 
many are exchangeable during transport. 

In the crystal structure of GltTk at 2.8 Å resolution three binding sites for 
Na+ ions were identified [33], with key amino acid residues involved in Na+ 
ions coordination being conserved throughout the family. Our structure of 
the glutamine-bound outward-occluded ASCT2, in the presence of 200 mM 
Na+ is presumably Na+-bound. The 3.1-3.2 Å local resolution in the binding 
side (Supplementary Figure 4e) provides a first structural glimpse into the 
putative Na+ coupling in ASCT2. We observe unassigned densities near 
residues known to coordinate Na+ ions in GltTk, suggesting the presence of 
bound Na+ ions (Figure 6 b). The first density is positioned between the 
side chain carboxylate of D475 (D409 in GltTk) of TM8 and the carbonyl 
groups of N386 and G382 (N313 and G309 in GltTk) of TM7 (Figure 6 c-d). 
The corresponding residues constitute the Na+1 site of GltTk. The second 
density may correspond to a Na+ ion (analogous to the Na+2 site in GltTk) 
coordinated by the backbone carbonyl groups of S425, V426, A428 (S352, 
I353 and T355 in GltTk) of HP2 and by the carbonyl group of T384 and 
sulphur of M387 (T311 and M314 in GltTk) of TM7 (Figure 6 e-f). 
Interestingly, methionine residue M314 in GltTk (M311 in GltPh) has been 
suggested to work as a switch in the binding-site rearrangements during 
the transport, as they point in opposite directions in the occluded holo and 
apo states of GltTk and GltPh [33-36]. The equivalent M387 in ASCT2 is 
oriented in the same way as seen for the substrate-bound GltTk [33], 
implying a sodium-bound state and indicating a conserved way of protein 
dynamic regulation in the family. The third density is located between the 
side chain groups of D388 and N386 (D315 and N313 in GltTk) of TM7 and 
the hydroxyl group of T138 and backbone carbonyl group of F135 (T94 
and Y61 in GltTk) of TM3 (Figure 6 g-e), corresponding to the Na+3 site in 
GltTk. While all three putative Na+ ions in ASCT2 are coordinated by the 
same analogous residues as in GltTk, their positions are shifted compared to 
GltTk by 2.3 Å for Na+1, 2 Å for Na+2 and 3 Å for Na+3 (Figure 6 d, f, h). 
Therefore, we did not include Na+ ions in the final coordinates, as it is not 
possible to unambiguously assign their positions at given resolutions. 
Further, we cannot exclude the possibility that some of the densities may 
represent other molecules, such as water or divalent cations. 
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Figure 6. Potential Na+-ion binding sites in ASCT2 and transport activity. a, substrate 
uptake experiments monitoring the exchange of internal unlabelled glutamine with external 
[3H]glutamine, when NaCl was added from both sides of proteoliposomes (circles), from 
outside only (triangles) or from inside only (squares). Data points and error bars represent 
means and s.e.m from three biologically independent measurements. A first-order rate 
equation was used to fit experimental data. Small inserts schematically represent the 
internal and external compositions of proteoliposomes used in the corresponding 
experiments. b, potential positions of Na+ ions (purple spheres) in the binding site of the 
transport domain in the substrate-bound outward-occluded ASCT2 structure (blue ribbon) 
and bound Na+ ions (turquoise spheres) in the GltTk transport domain (grey) (PDB ID: 
5E9S). c, e, g potential Na+1, Na+2 and Na+3 binding sites in ASCT2 with cryo-EM densities 
represented as grey mesh at 4.43σ, 5.04σ and 4.18σ, respectively, and residues involved in 
ion coordination shown as orange sticks. d, f, h positions of Na+1, Na+2 and Na+3 in GltTk 
compared with ASCT2. Distances between Na+-ion positions are indicated in red. 

 

 

DISCUSSION  
Lipid nanodiscs are currently the most popular systems to study 

membrane proteins in a lipid bilayer-like environment in structural 
biology [37]. In this study we used one of the largest belt proteins 
available, namely MSP2N2 that is able to form ~16 nm discs [38,39], in 
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order to preserve a high amount of lipids surrounding the protein. Yet, we 
observed only 10-11 nm large discs, a similar size observed in equivalent 
studies with GltTk [17], which might be attributed to the used lipid-protein 
ratio (LPR), which was selected based on disc/complex homogeneity. 
Nonetheless, no specific interactions between the belt protein and the 
transporter could be observed. Hence, the observed shift from inward- to 
outward-facing conformation - when compared to detergent samples in 
otherwise identical conditions - can most likely be attributed to the lipid 
environment. It further indicates that the outward-facing state is likely the 
energetically favoured state of ASCT2 in a lipid bilayer, at least in the 
conditions used here with no membrane gradients present, and identical 
lipids in the inner and outer leaflet of the membrane. Among other 
examples, a similar effect was observed for the oligopeptide transporter 
DtpA, which in detergent micelles adopts only an inward-facing 
conformation, while in saposins formed lipid discs, multiple protein 
conformations were observed [40]. Similarly, structural studies of the lipid 
scramblase nhTMEM16 revealed only an open state of the transporter 
when in detergent, irrespective of the conditions, while a wealth of 
different conformational states, representative of a stepwise activation of 
TMEM16, were observed when the protein was reconstituted into lipid 
nanodiscs [41]. This demonstrates a strong impact of the environment and 
the presence of lipids on the protein conformation, similar to what we 
observe for ASCT2.  

The two structures reported here represent an outward-occluded 
glutamine-bound state and an outward-open glutamine-free state of the 
human ASCT2. They are identical to the outward-facing structures 
obtained for ASCT2 in detergent micelles, which were stabilized by a Fab 
fragment [18], and show the same gating properties of the HP2 loop as the 
central structural element in a one-gate elevator mechanism. The fact that 
we were able to remove glutamine after nanodisc assembly, as 
demonstrated in the substrate-free structure, confirms that glutamine is a 
low affinity binder even in the presence of Na+ ions. Despite exhaustive 
image processing and careful analysis, we found only one protein 
conformation within each trimer in each sample. We currently attribute 
this finding to the saturating all or nothing substrate conditions used, but 
do not rule out that it might represent an intrinsic feature of ASCT2. 
Notably, while GltTk equally adopted a symmetrical structure under 
saturating conditions, the transport domains were in an intermediate 
position [17], in contrast to the fully outward oriented transport domains 
of ASCT2. Again this observation may point at intrinsic differences within 
the SLC1 family. Future analysis might benefit from using non-saturating 
substrate conditions to obtain different protein conformations in 
nanodiscs, similar to the approach used for other membrane proteins 
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[17,29], and might shed light into this question. We did not see any 
significant curvature of the surrounding environment (lipid nanodiscs or 
detergent) in any of the available inward- or outward-facing ASCT2 
structures. However, differences in lipid composition of the membranes in 
vivo may lead to membrane distortion and might impose additional 
energetical constrains that could influence the dynamics of the 
translocation process and be of mechanistical importance, e.g., to turn 
ASCT2 into an exchanger.  

The highest resolution structure achieved so far for ASCT2 allows us to 
speculate about the positions of presumably bound Na+ ions. Molecular 
dynamic simulations of the binding and release events of Na+ ions and 
substrate in ASCT2 suggest that one of the Na+ ions (in the Na+1 site) has a 
very high affinity and most likely never dissociates from the transporter 
[9,32]. In such a constitutively Na+-bound state, the closure of the HP2 gate 
would be hindered and prevent the translocation of the transport domain 
in a substrate-unloaded state, which is a prohibited event in the exchanger 
transport cycle of ASCT2. Alternatively, it is possible that the apo state of 
ASCT2 differs from that of concentrators, and has lost the ability of gate 
closure. While three densities are found in conserved sites where three Na+ 
ions bind in other homologues of the SLC1 family, their positions differ 
slightly. It might therefore be possible that the observed densities are of 
other cations (Mg, Ca, Mn) or water, which could bind tightly to the apo-
like state to prevent gate closure.   

Finally, we observe a patch of non-protein densities at the trimer 
interface, which most likely correspond to cholesterol, similar to as 
observed in previous studies [16,18] (Figure 4). They relocate upon 
rearrangements of the transport domain from inward- to outward-facing 
conformations and vice versa. Strikingly, one of the densities coincides 
with the position found to be occupied by the allosteric inhibitor UCPH101 
in the EAAT1 structure [19], indicating that it could serve as a potential 
allosteric binding site for anti-cancer drug design.  

In conclusion, reconstitution of human ASCT2 in lipid nanodiscs allowed 
to manipulate the conformational state of the transporter, yielding an 
outward-occluded and outward-open state of the transporter. Our studies 
provide further structural evidences that might explain the different mode 
of transport adopted by ASCT2 within the SLC1 family, and guide the 
design of new anti-cancer therapeutics.  
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Table 1 | Cryo-EM data collection, refinement and validation statistics  

 substrate-bound ASCT2 
(EMD xxxx, PDB xxxx) 

  substrate-free ASCT2 

(EMD xxxx, PDB xxxx) 

Data collection and 
processing 

  

Magnification    49,407 49,407 
Voltage (kV) 200 200 
Electron exposure (e–/Å2) 53 53 
Defocus range (μm) -0.9 to -1.9 -0.9 to -1.9 
Pixel size (Å) 1.012 1.012 
Symmetry imposed C3 C3 
Initial particle images (no.) 1,004,088 1,569,395 
Final particle images (no.) 150,311 138,780 
Map resolution (Å) 
FSC threshold 

3.26 
0.143 

3.37 
0.143 

Map resolution range (Å) 3.1 – 4.1 3.3 – 4.1 
   
Refinement   
Initial model used  PDB 6MPB PDB 6MPB 
Model resolution (Å) 
(0.5 FSC threshold) 

3.2 
 

3.4 
 

Model resolution range (Å) 15-3.1 15-3.3 
Map sharpening B factor (Å2) -135 -163 
Model composition 
    Nonhydrogen atoms 
    Protein residues 
    Ligands 

 
9822 
1326 
3 

 
9792 
1326 
0 

B factors (Å2) 
    Protein 
    Ligand 

 
37.22 
49.01 

 
47.02 
- 

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

 
0.005 
0.666 

 
0.008 
0.771 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
2.27 
25.69 
0.49 

 
2.27 
23.19 
0.00 

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

 
94.55 
5.45 
0.00 

 
93.71 
6.29 
0.00 

 

 

 

 

 

 

 



 137

METHODS 
ASCT2 expression and purification 
Human ASCT2 was produced in Pichia pastoris strain X-33 (Invitrogen) 

in a fermentor [6]. Collected cells were broken with a Constant Cell 
Disruption System (three passages at 39 kPsi, 5 °C), cell debris removed by 
low-speed centrifugation (30 min, 12,074 g, 4 °C) and the membrane 
fraction was obtained after ultracentrifugation of the supernatant (120 
min, 193,727 g, 4 °C) [8]. An aliquot of membranes representing ~1.5 g 
cells was solubilized in buffer A (25 mM Tris-HCl, pH 7.4, 300 mM NaCl, 
10% (vol/vol) glycerol, 1 mM L-glutamine (Merck), 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 the supernatant was 
incubated with Ni2+-Sepharose resin for 1 h at 4 °C. After washing the 
column with buffer B (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 50 mM 
imidazole, pH 7.4, 10% glycerol, 1 mM L-glutamine, 0.02% DDM and 
0.002% CHS), protein was eluted with buffer B containing 500 mM 
imidazole, and 5 mM Na-EDTA was added to the eluate. The peak elution 
fraction was subjected to size-exclusion chromatography with a Superdex 
200 10/300 gel-filtration column (GE Healthcare) preequilibrated with 
buffer C (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM L-glutamine, 0.02% 
DDM and 0.002% CHS).  

 
MSP2N2 expression and purification 
MSP2N2 was expressed in E.coli BL21(DE3) (New England Biolabs) from 

the pET28s plasmid (Addgene) [17]. Collected cells were resuspended in 
buffer D (40 mM Tris-HCl, pH 7.8, 300 mM NaCl), broken with a Constant 
Cell Disruption System (one passage at 25 kPsi, 5 °C), cell debris removed 
by low-speed centrifugation (30 min, 30,000 g, 4 °C) and supernatant was 
incubated with Ni2+-Sepharose resin for 1 h at 4 °C. Protein was eluted with 
buffer E (40 mM Tris-HCl, pH 8.0, 300 mM NaCl, 500 mM imidazole, pH 8.0) 
and dialyzed overnight with TEV protease (Merck) (1:40 w/w) in a 
Servapor® dialysis tubing to remove the His-tag against buffer F (20 mM 
Tris-HCl, pH 8.0, 100 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT). The cleaved 
protein was loaded onto Ni2+-Sepharose resin and collected in the flow-
through and wash fractions using buffer G (50 mM Tris-HCl, pH 8.0, 
100 mM NaCl). 

 
Reconstitution of ASCT2 in nanodiscs 
An aliquot of a mixture of E.coli polar lipids and egg phosphatidylcholine 

(3:1, w/w) supplemented with 10% (w/w) cholesterol (Avanti Polar 
Lipids) was solubilized with 30 mM DDM-CHS for 3 h while nutating. For 
optimization of reconstitution protocol and to screen different ASCT2-
MSP2N2-lipids ratios, not-cleaved MSP2N2 protein was used. Freshly 
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purified ASCT2 was mixed with solubilized lipids (a molecular weight of 
lipid mixture equal 820 g/mol was used) and incubated for 30 min at 4 °C, 
then MSP2N2 was added for the next 30 min. To remove detergent, 300 mg 
of SM2 BioBead (Bio-Rad) were added overnight. On the next day, 
assembled nanodiscs were purified using size-exclusion chromatography 
with a Superdex 200 10/300 gel-filtration column preequilibrated with 
buffer H (20 mM Tris-HCl, pH 7.4, 200 mM NaCl).  

To prepare nanodiscs sample for cryo-EM, we used cleaved MSP2N2 and 
performed nanodiscs reconstitution at the optimal ratio of 1 nmol ASCT2 
(as monomer) : 5 nmol of MSP2N2 : 70 nmol of solubilized lipids 
(equivalent to 0.0574 mg). To remove empty nanodiscs without ASCT2, the 
overnight reconstitution mixture was incubated with Ni2+-Sepharose resin 
for 1 h at 4 °C and ASCT2-containing nanodiscs were eluted with buffer I 
(20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 500 mM imidazole, pH 7.4, 1 mM 
glutamine) and further purified by size-exclusion chromatography with a 
Superdex 200 10/300 gel-filtration column preequilibrated with buffer H 
containing 1 mM glutamine. To prepare substrate-free samples of ASCT2 
nanodiscs, glutamine was not added to buffers I and H. 

 
Reconstitution of ASCT2 into proteoliposomes and transport assays 
Freshly purified ASCT2 was reconstituted in liposomes composed of 

Escherichia coli polar lipids and egg phosphatidylcholine at a 3:1 ratio 
(w/w) (Avanti Polar Lipids) [8]. For transport assays, proteoliposomes 
were loaded with 50 mM NaCl or 50 mM choline chloride to balance 
osmolarity and 10 mM glutamine, using three freeze-thawing cycles, then 
extruded 11 times through a 400-nm-diameter polycarbonate filter 
(Avestin), diluted in buffer J (20 mM Tris pH 7.0) and collected during 
ultracentrifugation (45 min, 442,907 × g, 4 °C). Proteoliposomes were 
resuspended in buffer J (~1 μg protein per 1.5 μl) and used in the transport 
assays carried out in a water bath at 25 °C with constant stirring. Transport 
was initiated by dilution of 1.5 μl proteoliposomes in 80 μl external buffer 
(50 mM NaCl or 50 mM choline chloride and 50 μM [3H]glutamine 
(PerkinElmer) in 20 mM Tris pH 7.0). At indicated time points, the reaction 
was stopped by diluting the mixture in 2 ml of cold buffer J, filtered over a 
0.45-μm pore-size filter (Portran BA-85, Whatman), washed with 2 ml of 
cold buffer J and filtered again. The level of radioactivity accumulated 
inside the proteoliposomes, as a consequence of amino-acid exchange, was 
counted using a PerkinElmer Tri-Carb 2800RT liquid scintillation counter 
after dissolving the filter in 2 ml of scintillation liquid (Emulsifier 
Scintillator Plus, PerkinElmer).  

 
Cryo-EM sample preparation and data collection 

Freshly purified ASCT2 nanodiscs were concentrated to ~1 mg ml−1 
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using an Amicon Ultra-0.5 mL concentrating device (Merck) with a 100 kDa 
filter cut-off. 2.8 µl of the sample was applied onto the holey-carbon cryo-
EM grids (Au R1.2/1.3, 300 mesh, Quantifoil), which were prior glow 
discharged at 5 mA for 30 s, blotted for 3–4 s in a Vitrobot Mark IV 
(Thermo Fisher) at 15 °C and 100% humidity, plunge frozen into a liquid 
ethane/propane mixture and stored in liquid nitrogen until further use. 
Screening of the grid for areas with best ice properties was done with the 
help of a home-written script to calculate the ice thickness (manuscript in 
preparation). Cryo-EM data in selected grid regions were collected in-
house on a 200-keV Talos Arctica microscope (Thermo Fisher Scientifics) 
with a post-column energy filter (Gatan) in zero-loss mode, with a 20-eV 
slit and a 100 µm objective aperture. Images were acquired in an automatic 
manner with EPU (Thermo Fisher) on a K2 summit detector (Gatan) in 
counting mode at ×49,407 magnification (1.012 Å pixel size) and a defocus 
range from −0.9 to −1.9 µm. During an exposure time of 9 s, 60 frames 

were recorded with a total exposure of about 53 electrons/Å2. On-the-fly 
data quality was monitored using FOCUS software [42].  

 
Image processing 
For the ASCT2 nanodiscs dataset in the presence of glutamine, 3,992 

micrographs were recorded. Beam-induced motion was corrected with 
MotionCor2_1.2.1 [43] and the CTF parameters estimated with 
ctffind4.1.13 [44]. Recorded micrographs were manually checked in FOCUS 
(1.1.0), and micrographs, which were out of defocus range (<0.4 and >2 
µm), contaminated with ice or aggregates, and with a low-resolution 
estimation of the CTF fit (>4 Å), were discarded. The remaining 3,715 
micrographs were imported in cryoSPARC v2.14.2 [45]. Around 1000 
particles were manually picked to create templates for particle 
autopicking. 3,638,150 particles were autopicked and extracted with a box 
size of 200 pixels. After 2D classification 1,004,088 particles were used for 
several rounds of ab-initio volume generation, and C3 symmetry was 
applied. 198,117 particles obtained from the best class after a final round 
of ab-initio reconstruction (73.5%), were imported into RELION-3.0.8 [46] 
and subjected to a final refinement step, where the ASCT2 map generated 
in cryoSPARC was used as a reference and low-pass filtered to 15 Å, with 
C3 symmetry applied. In the last iteration, a mask excluding the nanodisc 
was used and the refinement continued until convergence (focus 
refinement). Particles were subjected to per-particle CTF refinement in 
Relion3 [46], classified (150,311 particles, 76%) and auto-refined to a final 
resolution of 3.26 Å.  

For the ASCT2 nanodiscs dataset in the absence of glutamine, 5,768 
micrographs were recorded, of which 5,511were used for image 
processing after selection. 3,460,362 particles were autopicked and 
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subjected to 2D classification, after which 1,569,395 particles were 
exported from cryoSPARC and imported to RELION. Several rounds of 3D 
classification with C3 symmetry applied resulted in a set of 397,479 
particles (78.6%), which gave 4 Å resolution map after auto-refinement. 
Two rounds of per-particle CTF refinement improved resolution to 3.43 Å. 
A final 3D classification, yielding a particle set of 138,780 particles (35%) 
generated a final refined map of 3.37 Å. 

For both sample datasets, 3D classifications without imposed C3 
symmetry were performed at different stages of image processing, and 
resulted in a decrease of the resolution. Nevertheless we did not detect any 
asymmetric conformations. To check for heterogeneity at the level of 
protein monomers, we performed 3D classifications of individual 
protomers after symmetry expansion and signal subtraction, where at the 
end all particles were clustered in one class indicating the presence of only 
one protein conformation within the trimer. Bayesian polishing in 
RELION3 [47] did not lead to further improvement in  maps resolutions. All 
resolutions were estimated using the 0.143 cut-off criterion [48] with gold-
standard Fourier shell correlation (FSC) between two independently 
refined half-maps [49]. During post-processing, the approach of high-
resolution noise substitution was used to correct for convolution effects of 
real-space masking on the FSC curve [50]. The directional resolution 
anisotropy of density maps was quantitatively evaluated using the 3DFSC 
web interface (https://3dfsc.salk.edu) [51].  

 
Model building and validation 
Models were built in COOT [52] using the previously determined ASCT2 

structure in detergent [18] as reference. The resolutions of the maps were 
of sufficient quality to unambiguously assign the protein sequence and 
model most of the residues (47–489). Real-space refinements were 
performed in Phenix [53] with NCS restraints option. The quality of the fit 
was validated by a Fourier shell cross correlation (FSCsum) between the 

refined model and the final map. To monitor the effects of potential 
overfitting, random shifts (up to 0.5 Å) were introduced into the 
coordinates of the final model, 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. A marginal gap between the curves 

describing FSCwork and FSCfree indicates no overfitting of the model.  
The SBGrid software package tool was used [54]. Images were prepared 

with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC), ChimeraX [55] or Chimera [56].  
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DATA AVAILABILITY 
The three-dimensional cryo-EM density maps and models are available 

for the reviewers upon request. All cryo-EM data will be deposited in the 
Electron Microscopy Data Bank and include the cryo-EM maps, both half-
maps, the unmasked and unsharpened refined maps and the mask used for 
final FSC calculation. Raw cryo-EM data will be deposited in the Electron 
Microscopy Public Image Archive (EMPAIR). Atomic coordinates of 
respective models will be deposited in the Protein Data Bank. 
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SUPPLEMENTARY INFORMATION 
 

 

Supplementary Figure 1. Influence of glutamine on ASCT2 functioning. a-d, size 
exclusion chromatography (SEC) profiles of ASCT2 purified in buffers with or without 
glutamine addition as indicated in the text box above each graph. e, transport activity of 
reconstituted into proteoliposomes ASCT2, which  was purified as in panels a-d and color 
coded respectively as in panels a-d. 
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Supplementary Figure 2. Influence of glutamine and K+/Na+ ions on ASCT2 
functioning. a-d, size exclusion chromatography (SEC) profiles of ASCT2 purified in buffers 
with NaCl or KCl with or without glutamine addition as indicated in the text box above each 
graph. e, transport activity of reconstituted into proteoliposomes ASCT2, which  was 
purified as in panels a-b, d and color coded respectively as in panels a-b, d. 
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Supplementary Figure 3. Reconstitution of ASCT2 into nanodiscs. a, size exclusion 
chromatography of different reconstitution mixtures. The optimal reconstitution ratio of 
ASCT2:MSP2N2:lipids was selected based on several criteria: minimal amount of high 
molecular weight lipid-protein aggregates (peak 1, arrow points down), maximal amount of 
assembled nanodisc fraction (peak 2, arrow points up) and minimum of MSP2N2 aggregates 
(peak 4, arrow points down). All fractions of all purifications were analyses on SDS 
polyacrylamide gel. b, 12% SDS gel of fractions representing peaks 1-4 of 1:5:1000 
reconstitution mixture. Detergent purified ASCT2 was used as a reference for the ASCT2 
band on the gel (*). Peak 1 represents protein-lipid aggregates; peak 2 shows bands 
corresponding to ASCT2 and MSP2N2 (**) and represents fraction of assembled nanodiscs; 
peak 3 shows mixture of ASCT2 and MSP2N2 that might correspond to smaller 
heterogeneous nanodiscs; peak 4 represents MSP2N2 aggregates. Molecular weights of the 
protein marker (m) are shown on the right. c, size exclusion chromatography of ASCT2 
nanodisc sample to remove only-lipid-filled nanodiscs (see Methods). d, 12% SDS gel of 
peak fractions of ASCT2 nanodisc purification from panel c, that shows the presence of both 
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ASCT2 and MSP2N2 protein bands. (c-d) Fractions used for cryo-EM grids preparation are 
highlighted in pink. 
 

 

 

 

Supplementary Figure 4. Cryo-EM reconstruction of ASCT2 nanodiscs in the presence 
of substrate. Representative cryo-EM image (a) and 2D-class averages (b) of vitrified 
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ASCT2 nanodiscs in the presence of substrate. c, Angular distribution plot of particles 
included in the final C3-symmetrized 3D reconstruction. d, Image processing work flow. e, 
Final reconstructed map coloured by local resolution, as estimated in Relion. Black box 
indicates the resolution range in the substrate binding site with marked HP1 and HP2. f, FSC 
plot used for resolution estimation and model validation. The gold-standard FSC plot 
between two separately refined half-maps is shown in blue and indicates a final resolution 
of 3.3 Å. The FSC model validation curves for FSCsum, FSCwork and FSCfree, as described in 
material and methods, are shown in light blue, dark grey and light grey respectively. A 
thumbnail of the mask used for FSC calculation overlaid on the map is shown in the upper 
right corner. Dashed lines indicate the FSC thresholds used for FSC of 0.143 and for FSCsum 
of 0.5. g, Anisotropy estimation plot of the final map. The global FSC curve is represented in 
yellow. The directional FSCs along the x, y and z axis are displayed in blue, green and red, 
respectively. 
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Supplementary Figure 5. Cryo-EM reconstruction of ASCT2 nanodiscs in the absence 
of substrate. Representative cryo-EM image (a) and 2D-class averages (b) of vitrified 
ASCT2 nanodiscs in the absence of substrate. c, Angular distribution plot of particles 
included in the final C3-symmetrized 3D reconstruction. d, Image processing work flow. e, 
Final reconstructed map coloured by local resolution, as estimated in Relion. f, FSC plot 
used for resolution estimation and model validation. The gold-standard FSC plot between 
two separately refined half-maps is shown in blue and indicates a final resolution of 3.4 Å. 
The FSC model validation curves for FSCsum, FSCwork and FSCfree, as described in material 
and methods, are shown in light blue, dark grey and light grey respectively. A thumbnail of 
the mask used for FSC calculation overlaid on the map is shown in the upper right corner. 
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Dashed lines indicate the FSC thresholds used for FSC of 0.143 and for FSCsum of 0.5. g, 
Anisotropy estimation plot of the final map. The global FSC curve is represented in yellow. 
The directional FSCs along the x, y and z axis are displayed in blue, green and red, 
respectively. 
 

 

 

 

Supplementary Figure 6. Cryo-EM densities. Shown are selections of cryo-EM densities of 
ASCT2 in lipid nanodiscs in presence (left, dark colors) and absence of substrate (right, light 
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colors), with the respective refined models superimposed. Models are shown as sticks and 
structural elements are labelled. Transmembrane helices (TM) of the transport domain are 
coloured in blue, of the scaffold domain in yellow, the loop between TM4b and TM4c in red, 

the loop between TM3 and TM4 in orange. Densities were sharpened with a b-factor of -143 
Å2 (for substrate-bound ASCT2 in nanodiscs) and -163 Å2 (for substrate-free ASCT2 in 
nanodiscs). Substrate-bound ASCT2 in nanodiscs densities of TM4b,c loop, TM1, TM6 and 

TM7 were contoured at 3 σ; TM2, TM3, TM4a,b, TM4c, TM5, TM8, HP1, HP2 were contoured 
at 4 σ; TM3-TM4 loop was contoured at 2 σ. Substrate-free ASCT2 in nanodiscs densities of  
TM4b,c loop, TM1, TM6, TM7 and HP2 were contoured at 3 σ; TM2, TM3, TM4a,b, TM4c, 

TM5, TM8, HP1 were contoured at 4 σ; TM3-TM4 loop was contoured at 2 σ. 
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