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                                                                                 Chapter 1 

 

Characteristics of Alanine Serine 

Cysteine Transporter 2 

 

 

 
 
 
 
 
 
 
 
 
 
ABSTRACT 
Alanine Serine Cysteine Transporter 2 (ASCT2) is one of the members of 
the solute carrier family 1 (SLC1). The gene encoding was discovered more 
than two decades ago and since then, it has become evident that the 
protein plays a central role in the physiology of brain, placenta and bone 
tissues; it also stimulates immune activation of T-cells and their 
differentiation. ASCT2 is a Na+-dependent neutral amino acids exchanger, 
which is particularly important to supply cells with glutamine. In addition 
to the transport function, ASCT2 is also a chloride channel, similarly to its 
human and prokaryotic homologues, but the function of this channel 
activity is not clear. Besides these physiological roles, ASCT2 is an 
evolutionally conserved receptor for several types of retroviruses. The 
ability of ASCT2 to transport glutamine in cancer cells has made it an 
attractive target for design of small inhibiting molecules with a potential to 
stop cancer cells propagation and treat tumors. In this chapter, I provide an 
overview of the main features of ASCT2, and introduce the other chapters 
of this thesis, in which I present structural and biochemical 
characterization of the protein. 
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SLC1 FAMILY 
Human members of solute carrier family 1 (SLC1) can be classified in 

two groups. The first group includes glutamate transporters: excitatory 
amino acid transporters EAAT1-5. These proteins pump large amounts of 
extracellular glutamate from synaptic cleft and prevent neurotoxicity [1,2]. 
The second group consists of the neutral amino acid transporters ASCT1 
and ASCT2, which are obligate exchangers of neutral amino acids3. All 
these proteins are Na+-dependent transporters and share significant 
sequence similarities, but have differences in substrate specificity and 
mode of transport. Structures have revealed that members of SLC1 family 
are trimeric proteins (Figure 1), realizing their transport functions using 
elevator transport mechanism, which is well characterized for this family 
(see Chapter 2 for an overview of elevator-type transport mechanism, and 
Chapters 3-5 for structural insight in the elevator movements of ASCT2). 
 

 
Figure 1. ASCT2 structure. a, top view and b, side view. Transport domain in blue, scaffold 
domain in yellow. 

 
 

SODIUM DEPENDENCE OF GLUTAMATE TRANSPORTERS AND ASCT2 
Transport of substrates by glutamate transporters is coupled with ion 

translocation. EAATs import one glutamate molecule with co-transport of 
three Na+ ions and a proton, and antiport of one K+ ion [2,4,5]; ASCTs 
exchange one intracellular small neutral amino acid, such as alanine, 
serine, cysteine, threonine with one extracellular [6-10] with involvement 
of at least one Na+ ion [11]. Coupling of Na+ ions is well studied in 
prokaryotic homologues of glutamate transporters (GltTk 
from Thermococcus kodakarensis and GltPh from Pyrococcus horikoshii). It is 
proposed that two Na+ ions bind to their binding sites first (Na+1 and Na+3) 
increasing affinity for the substrate binding, followed by aspartate 
molecule and the last third Na+ ion (Na+2) [12-16]. Upon completion of 
binding the extracellular gate can close and molecules are transported 
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across the membrane. In a high-resolution crystal structure of GltTk all 
three Na+ ions positions in the binding site were identified [13] (Figure 2). 
Key amino acid residues involved in Na+ ion coordination are conserved 
through out the family. Na+1 is positioned between N405, D409 of 
transmembrane helix 8 (TM8), and N313, G309 of TM7 (Figure 2b, GltTk 
numbering). Na+2 is coordinated by the backbone carbonyl groups of S352, 
I353, T355 of helical hairpin 2 (HP2), and by T311 and sulphur of M314 in 
TM7 (Figure 2c). Methionine 314 residue was suggested to work as a 
switch in the binding-site rearrangements during the transport since it 
points in opposite directions in the occluded and apo states of GltTk and 
GltPh [12,13,17,18]. Na+3 is located between D315, N313 of TM7 and T94, 
Y61 of TM3 (Figure 2d).  

 

 
Figure 2. Na+ binding sites in GltTk. a, transport domain of GltTk with aspartate molecule 
and three sodium ions bound in the binding site. The black rectangles highlight Na+ binding 
sites, which are depicted in next panels. b, Na+1 is positioned between N405, D409 of TM8, 
and N313, G309 of TM7. c, Na+2 is coordinated by the backbone carbonyls of S352, I353, 
T355 of HP2, and by T311 and the sulphur of M314 of TM7. d, Na+3 is located between 
D315, N313 of TM7 and T94, Y61 of TM3. 

 
The same Na+ sites are probably used by EAATs. For example, in the 
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crystal structure of human chimeric EAAT1 one Na+ ion (Na+2) was 
observed in a similar site to the structures of prokaryotic homologues [19]. 
Recent molecular dynamics (MD) simulations hinted on possible K+ ion 
positions in EAAT1 [20], but the exact K+ and proton sites are still 
unknown. 

Some data are available on Na+ coupling in ASCT2. Based on the 
radioactive Na+ uptake measurements, from four to seven Na+ ions could 
be exchanged by ASCT2 with one amino acid [3]. Using MD simulations the 
positions of three Na+ ions were predicted in ASCT2 [11], which are 
coordinated similarly to GltTk and GltPh. Further analysis of binding and 
release events of Na+ ions and an amino acid suggested that one of the Na+ 
ions (Na+1) has very high affinity and most likely never dissociates from 
the transporter [3,11], which might explain why ASCT2 is an exchanger 
while other members of SLC1 family are symporters (see Chapter 5). 

 
CHLORIDE CONDUCTIVITY IN GLUTAMATE TRANSPORTERS AND 

ASCT2 
In addition to the transport of Na+ ions and amino acid substrate, 

members of glutamate transporter family have uncoupled chloride 
conductance [3,21-23]. A chloride channel opens after binding of the 
substrate and co-transported ions during the transition from outward to 
inward-oriented conformations and this opening event is transient [24]. 
The structure of GltPh in an intermediate-outward state [25], where the 
transport domain has moved a bit towards the cytoplasmic side, revealed 
the presence of an intracellular cavity, which was proposed to be a part of 
the channel [26]. Combined with MD simulations [24] this lead to a 
hypothesis that in the intermediate-inward state the channel would be 
entirely open [26]. A recent cryo-EM structure of a mutated GltPh variant in 
the intermediate-inward state revealed an open channel, likely 
representing a chloride conductive conformation [27]. Further movement 
of the transport domain from the intermediate-outward state to 
intermediate-inward state increased the size of the aqueous cavity 
between transport and scaffold domains with the formation of a pore with 
a diameter of at least 6 Å and the narrowest point near R276. This residue 
was predicted to be important in anion selectivity [24,28]. S65 in GltPh 
(S103 in EAAT1) was identified as another key residue for chloride channel 
functioning and its mutations led to a decrease in chloride flux [22,27,29]. 
The formation of anion conductance by each protomer of the trimer is 
independent of each other [30]. 

There are two possible explanations why glutamate transporters work 
as transporters and chloride channels. One of them is that chloride 
conductance might provide an inhibitory feedback mechanism for 
glutamate release from pre-synaptic cells by opposing depolarisation [31]. 
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Another potential function of chloride transport could be the maintenance 
of correct osmotic pressure. Glutamate transport is coupled with co-
transport of Na+ ions, which are osmolytes, and if there is active transport 
of glutamate, there is also large flux of these osmolytes. Based on 
experiments on EAATs, water can also permeate through the transporter, 
mostly through the chloride channel [24,32], which probably allows to 
counterbalance the flow of ions and maintain correct osmotic pressure.  

ASCT2 is an electroneutral exchanger, thus net flux of Na+ ions does not 
occur, and there is no need to control osmotic pressure. It could be that 
ASCT2 does not need the chloride channel activity, but it still has it as a 
result of evolution, as a rudimental legacy from its prokaryotic 
homologues. 

 
PHYSIOLOGICAL FUNCTIONS OF ASCT2 
The Alanine Serine Cysteine (ASC) transport system was discovered in 

1967, and these three amino acid substrates became an acronym of ASCT 
transporters [33]. The ASCT1 gene was cloned in 1993, and the expressed 
protein was described as a Na+-dependent amino acid transporter 
structurally similar to glutamate transporters [34]. ASCT1 is highly 
expressed in brain, muscle and pancreas and it catalyses transport of 
alanine, serine, cysteine, threonine and valine [34]. In 1996 another neutral 
amino acid transporter with 57% sequence identity to ASCT1 was 
described and named ASCT2 [9]. ASCT2 transports a range of small neutral 
amino acids such as alanine, serine, cysteine, threonine, glutamine, 
asparagine, methionine, valine, glycine, leucine [8-10]. A recent study 
showed that ASCT2 can also bind small basic amino acids, for example, L-
1,3-diaminopropionoc acid, but not larger ones (lysine and arginine) [35]. 
ASCT2 is mainly expressed in the kidney, large intestine, lung, skeletal 
muscle, testis, adipose tissue, brain, placenta [7,9], where it catalyses Na+-
dependent electroneutral exchange [3,10] of an extracellular amino acid 
with an intracellular one, thereby equilibrating their cellular 
concentrations. The differences in the substrate preferences of ASCT1 and 
ASCT2 could be explained by a substitution of T459 in ASCT1 to C467 in 
ASCT2 in the binding site, creating a larger pocket in ASCT2 and the ability 
to bind slightly larger amino acids like glutamine and asparagine. 

Since ASCT2 transports several different amino acids, it is involved in 
multiple physiological functions, many of which are linked with glutamine 
transport. In the brain, ASCT2 participates in the glutamate-glutamine 
cycle, where glutamate released in synapse is taken up by the cells, 
converted into glutamine and exported by ASCT2 [7]. ASCT2 is also 
proposed to play a role in L- and D-serine transport between astrocytes 
and neurons in brain, during which D-serine could be exported and serve 
as a neuromodulator [36]. A recent study showed that ASCT2 can bind and 
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possibly transport the neurotoxin β-N-methylamino-L-alanine [35]. These 
functions connect ASCT2 with development of neurological disorders, such 
as schizophrenia, depression and amyotrophic lateral sclerosis [37-39]. 

In other tissues, glutamine is involved in many cellular processes. For 
example, in the kidney, the process of ammonia production from glutamine 
and its removal with urine contributes to acid-base balance maintenance in 
the plasma [40,41]. In the intestine, glutamine participates in gut integrity, 
and this amino acid has been shown to have a positive effect on patients 
with gastro-intestinal tract disorders [42]. Glutamine influences insulin 
secretion in pancreatic β-cells [41,43]. In the liver, glutamine serves as 
nitrogen source for the urea cycle [41]. Glutamine, converted to glutamate, 
is involved in glutathione synthesis and in NADPH generation, stating its 
role in redox balance maintenance – an important process in all tissue 
types. Therefore, glutamine transporters are expected to be directly 
associated with these functions, and additional studies are required to 
explore the involvement of ASCT2 in these processes. 

Glutamine uptake by ASCT2 in connection with another amino acid 
transporter LAT1 is involved in activation of mammalian target of 
rapamycin complex (mTORC1) signalling [44], which regulates protein 
translation, cell growth and autophagy. This ASCT2-dependent stimulation 
of mTORC1 via rapid uptake of glutamine is important for immune 
activation of T-cells and their differentiation [45]. 

 
ASCT2 AS A RECEPTOR FOR RETROVIRUSES 
ASCT2 is a receptor for several types of retroviruses such as the baboon 

endogenous retrovirus, RD114 feline endogenous virus, primate type D 
retroviruses [46], the human endogenous retrovirus type W [47], simian 
retrovirus 4 [48] and 5 [49]. These and newly found retroviruses could 
serve as markers of evolutionary history, describe and predict potential 
hosts, discover conserved genes that have retroviral origin in the host 
organisms and compare their functions. For example, a gene of human 
endogenous retrovirus, syncytin, triggers a cell-cell fusion in specific 
tissues. It is especially interesting that several classes of retroviruses 
independently chose ASCT2 as their receptor in various host species, 
suggesting that the overall folding and shape of ASCT2 favour the viruses’ 
preference or that all these viruses are evolutionally related. 

Extracellular antennae, which were identified in the ASCT2 structure 
[10] (see Chapter 3) and which are glycosylated when protein is expressed 
in human cells [50], are likely interaction sites for the retroviruses. 
Interestingly, only glycosylated ASCT2 can be a docking platform for 
retroviruses as mutations of asparagine residues in the antennae, which 
are N-glycosylated, or treatment with inhibitor of protein N-linked 
glycosylation tunicamycin lead to inactivation of receptor functions of 
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ASCT2 [51]. Also variations in amino acid sequence of the antennae had 
consequences on the protein’s ability to be a receptor for different viruses, 
confirming that this part of the protein is a docking site [51]. 

Syncytin-1 is a protein encoded by a human endogenous retroviral 
envelope gene, that a human ancestor acquired millions of years ago 
during evolution [52]. Nowadays this protein is an important part of our 
physiology. It is expressed in the placenta and involved in placenta 
development during pregnancy in the event of trophoblast fusion [53,54]. 
Syncytin-1 is the main player in this process together with its receptor 
ASCT2. Activation of syncytin-1 induces the merging of plasma membranes 
through its binding with ASCT2 and this process is well studied. Syncytin-1 
is a trimeric protein (as ASCT2) and consists of a surface subunit with 
receptor binding domain and a transmembrane subunit with a fusion 
peptide [55,56]. The receptor binding domain recognizes ASCT2, which is 
located in the target membrane. This event leads to disruption of a 
disulfide bond leading to the separation of the surface and transmembrane 
subunit. As a consequence of these conformational changes, the fusion 
peptide moves towards the target membrane (in which ASCT2 is located) 
and inserts in the bilayer. When both membranes are connected other 
functional parts of syncytin-1 pull the membranes to each other until they 
meet and fuse. 

Syncytin-1 is also expressed in bone tissues and involved in generation 
of osteoclasts in the process of osteoclast fusion, which is an important 
process in bone physiology [57].   

 
ASCT2 AS CANCER TARGET 
Cancer cells require more energy for their fast growth than the healthy 

cells; therefore their metabolisms are different. Cancer cells take up large 
amounts of glucose and prefer to use it in glycolysis even in the presence of 
oxygen to produce energy (Warburg effect) [58]. During glycolysis glucose 
is converted to pyruvate, which instead of entering tricarboxylic acid (TCA) 
cycle, is further converted to lactate as a waste product. Thus cancer cells 
speed up ATP generation, but lose, for example, biosynthetic precursors 
and NADH, which are usually produced during TCA cycle. Additionally, 
proliferating cells export citrate to the cytoplasm, which is converted to 
acetyl-CoA and used for lipids biosynthesis [59]. To compensate for these 
deficiencies, cancer cells take up large amounts of glutamine, which is used 
during glutaminolysis [60] (Figure 3), where glutamine, transported inside 
the cell, is converted to glutamate, then to alpha-ketoglutarate (α-KG), 
which is used as a supply for TCA cycle. Glutamate converted from 
glutamine is also used as a precursor for synthesis of glutathione, thereby 
participating in redox balance of the cancer cells and helping to deal with 
large amount of reactive oxygen species produced by rapidly dividing cells 
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[59]. Therefore, increased expression of glutamine transporters is a 
hallmark of cancer cells. 

 

 
Figure 3. Scheme of glutaminolysis in cancer cells. Glucose is taken up by the cell and 
directed to pyruvate and lactate production. Citrate is actively exported to the cytoplasm for 
lipids synthesis. To continue TCA cycle glutamine is used as an alternative supply of the 
cycle. Transported inside the cell glutamine by ASCT2 is converted to glutamate, then to 
alpha-ketoglutarate (α-KG), which is used as a supply for TCA cycle. To supplement for 
acetyl-CoA, glutamate-derived malate is used to form pyruvate and acetyl-CoA, which enters 
TCA cycle. The figure is adopted from [60]. 

 
 

Four protein families organise transport of glutamine in the cell: SLC1, 
SLC6, SLC7 and SLC38 (reviewed in [61]). ASCT2 has become one of the 
most promising targets for anticancer therapy since it is overexpressed in 
many cancer types: melanoma [62], lung [63], prostate [64], liver [65], 
breast cancer [66,67], colorectal cancer [68], pancreatic cancer [69], gastric 
cancer [70]. Several independent studies show that knockout or 
knockdown of ASCT2 in different cancer cells leads to decrease of cell 
proliferation and tumor size [62,64,70,71]. Another hypothesis suggests 
that after inhibition of ASCT2, other glutamine transporters are 
overexpressed to replace ASCT2 and continue glutamine supply, therefore 
combined inhibition of several glutamine transporters would be a more 
efficient strategy for cancer treatment [72]. 
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INHIBITION OF ASCT2 AS POTENTIAL CANCER TREATMENT 
As a potential target for anti-cancer therapy, ASCT2 has become a focus 

protein for design of small molecules that would specifically bind to ASCT2 
and inhibit its transport activity, thereby supressing further growth of 
cancer cells. A general problem of drug design is inhibitor specificity to the 
target. The optimal inhibitor of ASCT2 should be specific only to ASCT2, 
which is difficult to achieve because ASCT2 is very similar in structure to 
other members of the SLC1 family. Therefore, many discovered inhibitors 
of ASCT2 fail to be used in pharmacology, because they also target ASCT1 
and EAATs. In addition to specificity, potential inhibitors should bind to 
ASCT2 with high affinity, so that low concentrations can be used to avoid 
additional side effects. 

 
Strategy 1: modification of the substrate 
One of the strategies to target ASCT2 is to modify its natural amino acid 

substrate. In this case, the amino acid part of the inhibitor will allow it to be 
bound in the binding site, but a bulky modifying group attached (like 
aromatic benzylether moiety) will be too big to fit in the binding pocket 
and will be exposed outside, preventing closure of the gate and blocking 
the transport (see Chapters 4 and 6). The bulky group of the potential 
inhibitor should not be too large, otherwise it may not fit in the pocket 
extending from the binding site. But as we show later, the gating element is 
flexible and may move to accommodate the inhibitor, something that is 
difficult to predict without available structures (see Chapter 6). For 
example, MD simulations of GltPh show that the gating loop can move even 
further than when an inhibitor is bound [73].  

Based on this strategy several inhibitors of ASCT2 have been developed 
(Figure 4). Benzylserine (Figure 4a) and benzylcysteine (Figure 4b) are 
two of the first reported competitive inhibitors of ASCT2, that inhibited 
anion conductance in ASCT2-expressing HEK293 cells, which is associated 
with substrate transport [74]. These compounds have low affinity (Ki of 
benzylserine is 900 μM, Ki of benzylcysteine is 780 μM), so high 
concentrations would be needed to efficiently inhibit ASCT2 transport. 
Later, a different study showed that addition of 3 mM benzylserine did not 
inhibit glutamine uptake in oocytes expressing human ASCT2 [72], which 
questions the potency of this molecule to block ASCT2. 

The same strategy of a bulky side chain was used to characterize γ-
glutamyl-p-nitroanilide (GPNA) (Figure 4c) as an inhibitor of ASCT2 [75]. 
In this case the strategy was combined with the hypothesis that a hydrogen 
bond (H-bond) donor in the side chain of the inhibitor, for example in the 
form of the amide N-H group, is important for ASCT2 selectivity over the 
other glutamine transporters and for high affinity. GPNA was found to be a 
competitive inhibitor with IC50 value of 250 μM measured in radioactive 



 20 

glutamine uptake experiments in the C6 cell line [75]. Later, different 
groups showed that GPNA targets not only ASCT2, but also SNAT1, SNAT2, 
SNAT4, SNAT5 [72] and inhibits leucine uptake by LAT1 and LAT2 [76]. 
Therefore, the H-bond hypothesis was incorrect. 

To find more high-affinity binders of ASCT2, a series of Nγ-
glutamylanilide derivatives was synthetized and tested in glutamine 
uptake using HEK-293 cells, where three compounds were found to have a 
potency similar to GPNA with the best value of IC50 = 312 μM [77] (Figure 
4d). The same group continued optimization of the glutamylanilide 
scaffold, particularly the amide linker and came up with series of 2,4-
diaminobutanoic acids, where the most potent compound had IC50 = 1.3 μM 
[78] (Figure 4e). This compound is a parent of V-9302, a leader in the list of 
ASCT2 inhibitors. V-9302 (Figure 4f) was reported to selectively bind to 
ASCT2 with high affinity (IC50 = 9.6 μM), inhibit glutamine transport and 
contribute to antitumor responses [79]. Later it was shown that V-9302 
rather targets the other glutamine transporters SNAT2 and LAT1 than 
ASCT2, and the observed biological effects could be explained by combined 
inhibition of SNAP2 and LAT1 [80].  

 
Strategy 2: ligand-docking approach 
Using a ligand-docking approach large amounts of inhibitors were 

screened in silico and then a subset of best candidates tested 
experimentally. Since ASCT2 structures became available only recently 
[10,81,82], homology models of ASCT2 based on the structures of GltPh 
[83,84] or EAAT1 [85,86] were used in this approach. In one of these 
studies multiple serine derivatives were investigated [83] and based on 
electrophysiological measurements in ASCT2-expressing HEK293 cells, the 
best inhibitor was reported to be biphenyl serine ester (Figure 4g) with 
IC50 = 30 μM. This series of serine inhibitors lacks specificity to ASCT2 as 
these derivatives also inhibit the glutamate transporter EAAT3 [83].  

A homology model of ASCT2 identified two regions near the gating 
element (HP2 loop), which could be used for targeted inhibitor design [84]. 
One region, or pocket A is located near the N-terminal alpha helix of HP2 
(HP2a) and the HP2 loop (“below” the binding site), but only when the HP2 
gate is open. The second region, or pocket B is positioned near the C-
terminal alpha helix of HP2 (HP2b) and again the HP2 loop (“under” 
binding site) when HP2 is open or closed. In one of the studies, where the 
ligand-docking approach was used to target pocket B, cis-3-hydroxyproline 
was found to be an ASCT2 substrate even though it is a proline derivative 
and proline is not transported by ASCT2 [84]. When both pockets A and B 
were targeted, another proline derivative, γ-2-fluorobenzylproline (Figure 
4h) was found to be an inhibitor with Ki = 87 μM. Excited by their discovery 
the same group extended screening of benzylproline derivatives and found 
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γ-(4-biphenylmethyl)-L-proline (Figure 4i) as ASCT2 inhibitor with affinity 
of 3 μM [87].  

The recently solved structures of human excitatory amino acid 
transporter 1 (EAAT1) [19] served as template for the building of ASCT2 
models [85], which are supposed to be more accurate than models based 
on GltPh because ASCT2 shares higher sequence similarity with EAAT1 than 
with GltPh. Compound libraries were screened in silico to find inhibitors, 
which would target both pockets A and B simultaneously [85]. The best 
compound found (compound 10) (Figure 4j) has an IC50 value of 67 μM in 
electrophysiological assays, and it is unique, because it is not an amino acid 
derivative. The same model of ASCT2 was used to find ASCT2 inhibitors 
based on an amino acid scaffold with sulfonamide/sulfonic acid ester 
linker to a hydrophobic group [86]. The most potent compound (Figure 4k) 
had Ki = 8 μM in electrophysiological measurements. This approach is 
further elaborated on in Chapter 6. 

 
Strategy 3: targeting C467 in the binding site 
ASCT2 has Cys467 in the binding site, which is a key amino acid residue 

for substrate coordination. An alternative solution to inhibit ASCT2 is to 
target this Cys467 with an inhibitor, that would form a covalent bond with 
the thiol group of Cys467 thereby blocking substrate binding and 
preventing amino acid transport. Mercuric compounds (HgCl2, 
methylmercury, mersalyl) were tested in proteoliposomes with 
reconstituted rat ASCT2 and they were found to inhibit glutamine 
transport by forming covalent bonds with cysteine residues of ASCT2 [88]. 
A series of 1,2,3-dithiazole compounds  (Figure 4l) also inhibited glutamine 
transport by ASCT2 [89], which could be recovered if reducing agents were 
used. ASCT2 has eight cysteine residues per monomer and it is not clear, 
which cysteine residues are targeted by the compounds. Additionally, these 
compounds cannot be used in physiological conditions because they are 
very unspecific and would block cysteine residues of any proteins. 
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Figure 4. Known inhibitors of ASCT2. a, benzylserine; b, benzylcysteine; c, γ-glutamyl-p-
nitroanilide (GPNA); d, N-(2-(morpholinomethyl)phenyl)-L-glutamine; e, 2-amino-4-
bis(aryl-oxybenzyl)aminobutanoic acid; f, V-9302; g, O-(4-phenylbenzoyl)-L-serine; h, γ-2-
fluorobenzylproline; i, γ-(4-biphenylmethyl)-L-proline; j, compound 10; k, 
sulfonamide/sulfonic acid ester; l, 1,2,3-dithiazole. 
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Strategy 4: antibodies 
The problem of specific binding to ASCT2 may be overcome using 

monoclonal antibodies, which could block the transporter in a certain 
conformation and inhibit glutamine import. Monoclonal anti-ASCT2 
antibodies thus would be an alternative way for cancer therapy, and 
several antibodies have already been developed and characterized. For 
example, the antibodies KM4008, KM4012, KM4018 recognize a large 
extracellular loop of ASCT2 and lead to inhibition of colorectal cancer cells 
growth [90]. One of these antibodies (KM4012) was used to obtain 
outward-facing structures of ASCT2 [82]. Humanized anti-ASCT2 
monoclonal antibody KM8094 had a neutralizing activity against glutamine 
uptake, supressed cell division, increased apoptosis and could be used as 
therapeutic against gastric cancer [91,92]. A novel compound MEDI7247, 
consisting of an anti-ASCT2 human monoclonal antibody conjugated to 
pyrrolobenzodiazepine, can be delivered to cancer cells using ASCT2 as a 
specific marker and induce DNA damage and cells death [93]. 

Nanobodies are 10-15 kDa single domain antibodies, which – like 
normal antibodies - recognize specific targets and bind with high affinity 
[94]. Nanobody technology is popular in the field of structural biology, 
where nanobodies are used to conformationally stabilize the target 
protein, what often leads to the ability to solve the protein structure [95]. 
Nanobodies produced against ASCT2 also could be used in pharmacology.  

The main disadvantage of antibodies and nanobodies is the complicated 
way of their generation, which requires animal immunization and time 
consuming production. A method to generate synthetic nanobodies 
(sybodies) has increasingly gained attention over past years [96,97]. 
Selection of the sybodies is done exclusively in vitro, where the conditions 
of selection are under strict control, which could provide additional 
flexibility to get sybodies against certain protein conformation [98,99]. 
This new technology could be a future of target specific anti-cancer 
treatments.  

 
CONCLUSION 
ASCT2 is an example, where one macromolecule represents a 

complicated machine involved in many physiological processes of a living 
cell. On one hand, ASCT2 became an essential part of our functioning: it 
transports and balances amino acids, it is a glutamine supplier, it is 
involved in immune system activation, it participates in placenta and bone 
tissue formation, etc. On the other hand, ASCT2 has been recruited in 
cancer propagation and virus docking, which made this protein to be a 
target in medicine. Therefore, ASCT2 could be characterized from multiple 
directions, which would cover a plethora of important cell processes. The 
development of ASCT2-targeted anti-cancer therapeutics seems to be the 
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main focus of several pharmaceutical companies and research groups, as a 
perspective strategy to treat disease. 
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ABSTRACT 
Membrane transporters are integral membrane proteins that mediate the 
passage of solutes across lipid bilayers. These proteins undergo 
conformational transitions between outward- and inward-facing states, 
which lead to alternating access of the substrate-binding site to the 
aqueous environment on either side of the membrane. Dozens of different 
transporter families have evolved, providing a wide variety of structural 
solutions to achieve alternating access. A sub-set of structurally diverse 
transporters operate by mechanisms that are collectively named “elevator-
type”. These transporters have one common characteristic: they contain a 
distinct protein domain that slides across the membrane as a rigid body, 
and in doing so it “drags” the transported substrate along. Analysis of the 
global conformational changes that take place in membrane transporters 
using elevator-type mechanisms reveals that elevator-type movements can 
be achieved in more than one way. Molecular dynamics simulations and 
experimental data help to understand how lipid bilayer properties may 
affect elevator movements and vice versa.  
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INTRODUCTION: MOVING BARRIERS AND ELEVATORS 
Structural studies of membrane transporters from diverse protein 

families have revealed that alternating access may be achieved in many 
ways (reviewed recently [1]). The so-called “moving barrier” mechanism is 
a frequently used solution (Figure 1). Proteins operating by this 
mechanism bind the transported substrate in a deep cavity, which is 
accessible to the aqueous environment from one side of the membrane 
only. A conformational change then closes off the access path to the binding 
site (gate closure), and opens up a new path to the other side of the 
membrane (gate opening). Moving barrier transporters thus work with 
two separate gates. Synchronization of opening and closing of the two 
gates is crucial: intermediate occluded states with both gates closed may 
be visited, but states with both gates open are prohibited. During the 
conformational transitions in the protein, the substrate remains bound at 
roughly the same position relative to the bilayer plane, until the 
conformational switching has been completed and a route to the aqueous 
solution on the opposite side of the membrane has opened. In many cases, 
the substrate-binding site is located halfway through the bilayer between 
two proteins domains that move around the substrate when switching 
between inward- and outward-facing states. The transport protein thus 
serves as a “moving barrier”. Prominent examples of proteins using a 
moving barrier mechanism include members of the major facilitator 
superfamily, in which two homologous protein domains swivel around the 
substrate as a rocker switch [2,3] (Figure 1a); the LeuT-fold proteins in 
which one protein domain moves as a rocking bundle relative to a fixed 
second (non-homologous) domain [4] (Figure 1b); and mitochondrial 
carriers, where three homologous domains pivot around the substrate in a 
concerted way as a diaphragm [5] (Figure 1c).  

The elevator-type transport mechanism offers an alternative solution to 
achieve alternating access [1]. Proteins using this mechanism consist of a 
moving and fixed domain (often termed “transport” and “scaffold” domain, 
respectively). Switching between outward- and inward-facing states 
involves the sliding of the entire transport domain through the bilayer as a 
rigid body. In contrast with proteins using a moving-barrier mechanism, 
the substrate-binding site translocates some distance across the bilayer 
during transport along with the transport domain (Figure 2). Because of 
the displacement of the substrate the elevator mechanism has been 
described as “moving carrier”. Alternatively, the name “fixed barrier 
mechanism” has been proposed [1], but as we will discuss below, some 
elevator proteins may not have a fixed barrier. Therefore, we prefer the 
names “elevator-type” or “moving carrier” mechanism. It is noteworthy 
that the classification of a transporter mechanism as “moving barrier” or 
“moving carrier” is based solely on the structural changes that take place in 
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the proteins during transport, and that it does not have predictive value for 
the transporter’s substrate specificity, coupling ion specificity (in 
secondary active transporters), or for the kinetic mechanism.  

 

 
Figure 1. Non-elevator type transporters. (a) moving barrier, rocker switch, exemplified 
by the fructose transporter GLUT5 with two protein domains (blue shades) rotating around 
substrate-binding site (orange circle) changing the barrier position (red bars) (PDB IDs for 
outward and inward states: 4YBQ and 4YB9). (b) moving barrier, rocking bundle, 
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exemplified by the leucine transporter LeuT with transport domain (blue) moving relative 
to the scaffold domain (yellow). The substrate-binding site does not change its position 
relative to the membrane plane during the transition from outward to the inward state, but 
the barrier (red bar) does change (PDB IDs: 3TT1 and 3TT3). (c) the mitochondrial 
ADP/ATP carrier represents the moving-barrier, diaphragm mechanism, where three 
protein domains (blue shades) rotate around substrate-binding site changing the barrier 
position, indicated by the red bars (PDB IDs: 6GCI and 4C9H).  

 
 

The first elevator-type mechanism was described in 2009 for the 
aspartate transporter GltPh [6], a member of the glutamate transporter or 

SLC1 (Solute Carrier 1) family, but the name “elevator” was not used until 
2011 [7]. In recent years, elevator-type mechanisms have been proposed 
for numerous other proteins (Table 1). Many of the proteins shown in 
Table 1 are sodium-coupled secondary active transporters, but a sub-set of 
ATP-binding cassette (ABC) transporters, phosphotransferase system 
(PTS) transporters and unclassified transport proteins also appear to use 
elevator-type mechanisms. The abundant representation of secondary 
active transporters in Table 1 may simply be a reflection of the large 
number of families of secondary transporters that have evolved [8]. In this 
review, we focus on the global structural changes that take place in 
elevator-type membrane transporters. We do not discuss the kinetics of 
switching between outward- and inward-facing states, which may depend 
on the occupancy of the solute-binding site, or binding of compounds to 
allosteric sites, such as co-transported ion(s) in secondary active 
transporters, or nucleotides in ATP-binding cassette (ABC) transporters. 
For details of the intricate mechanisms of coupling of transport to co-ion 
translocation or ATP hydrolysis we refer to recent reviews [9–12].  

 
COMMON CHARACTERISTICS OF ELEVATOR-TYPE TRANSPORTERS  
In proteins using the elevator mechanism, the substrate moves some 

distance across the membrane during the conformational switching. In 
Table 1, the extent of the movement is indicated as the “vertical distance”, 
the displacement of the substrate in z-direction if the membrane plane is 
defined as the xy plane. In many cases, the domain movement is more 
complex than a simple translation, and the total distance over which the 
substrate is displaced is larger than the vertical distance (Table 1). 
Structurally, elevator-type membrane transporters show large diversity, 
indicating that the vertical movement can be realised in multiple ways, but 
many of the proteins have some characteristics in common. First, the 
transported substrates bind exclusively, or predominantly, to the transport 
domain, which is a prerequisite for joined movement of the transport 
domain and substrate, relative to the rigid scaffold domain. Second, in 
many cases the transport domain contains structural elements named 
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helical hairpins (HPs) that form the gates, which must be open to allow 
access of the substrate to the bindings site, and closed to make the elevator 
movement possible. An open gate prevents sliding of the transport domain 
relative to the scaffold domain because of steric incompatibility. Third, 
almost all proteins using elevator transport mechanisms have a membrane 
topology with inverted repeats [13], resulting in internal pseudosymmetry, 
which has been used to model the outward-facing conformation based on 
an inward-facing structure or vice versa [14–17]. Finally, elevator-type 
transport proteins are often homodimers or homotrimers. Subunit 
contacts in the oligomers are made exclusively by the scaffold domains, 
while the transport domains are located peripherally (Figure 3). It is not 
entirely clear what is the functional significance of the oligomeric state. For 
homotrimeric members of the glutamate transporter family, it has been 
shown that the three protomers function independently [18–25], but it is 
possible that cooperativity may occur in other protein families.  

Despite these similarities, global elevator movements and local gating 
motions vary widely between different protein families (Table 1). Using 
currently available structural data, elevator mechanisms can be classified 
into three types with pronounced differences in the way gating is achieved. 
The classification is based on proteins for which structures are available of 
multiple conformational states. For many of the proteins in Table 1, only a 
single structure has been solved, and therefore it is not yet possible to 
unambiguously classify them.  

 
FIXED BARRIER ELEVATOR WITH ONE GATE  
The glutamate transporter (SLC1) family of solute transporters is 

structurally well-characterized with 39 available structures of four 
different family members: the prokaryotic sodium-dependent aspartate 
transporters GltPh and GltTk, the human sodium- and potassium-dependent 

glutamate transporter EAAT1 (Excitatory Amino Acid Transporter 1), and 
the human neutral amino acid exchanger ASCT2 (Alanine Serine Cysteine 
Transporter 2) (Table 1 and reviewed in [26]). While GltPh is the 

prototypical elevator transporter, ASCT2 is the first SLC1 member, for 
which four key conformations have been resolved structurally: outward-
open, outward–occluded [27], inward-open [28] and inward–occluded 
[29]. We will use these structures to describe the one-gate, fixed barrier 
elevator movement (Figure 2a).  
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Figure 2. One- and two-gate elevators. (a) fixed barrier elevator with one gate. Neutral 
amino acid transporter ASCT2 (SLC1 family) (transport domain as blue ribbon; scaffold 
domain as yellow transparent surface) uses helical hairpin HP2 as a gate in both the 
outward state (it moves by 4 Å form the light pink closed (PDB ID: 6MPB) to the bright pink 
open conformation (PDB ID: 6MP6)) and in the inward state (8 Å movement from closed 
(PDB ID: 6GCT) to open position (PDB ID: 6RVX)). ASCT2 translocates substrate (orange 
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circle) relative to the membrane plane during transport (distances are indicated on the left), 
keeping the same contact (barrier) with the stable scaffold domain. (b) fixed barrier 
elevator with two gates. Concentrative nucleoside transporter CNT (SLC28 family) uses 
TM4b as an extracellular gate (5 Å movement from closed yellow (PDB ID: 5U9W, chain C) 
to open orange state (PDB ID: 5L2A, chain C)) and HP1 as an intracellular gate (6 Å 
movement from light pink closed (PDB ID: 5L26, chain A) to red open state (PDB ID: 5L27, 
chain A)). CNT is the only elevator transporter, for which multiple intermediate 
conformations have been resolved structurally, one of which is shown (PDB ID: 5L24, chain 
C). (c) moving barrier elevator with two gates. The bile acid transporter ASBT (SCL10 
family) provides access to the binding site (indicated by arrows within the circle) using 
bundle movements of the transport domain (PDB ID: 4N7X and 3ZUX), during which barrier 
(red bar) is changing. (d) other elevator with one gate. Energy coupling factor folate 
transporter ECF-FolT (ECF-type (type III) ABC importer) has loop 1 (L1) and loop 3 (L3) in 
the S-component (blue ribbon) that provide access to the substrate-binding site from the 
extracellular (PDB ID: 5D0Y) and the intracellular side (PDB ID: 5JSZ). The EcfT subunit is in 
yellow transparent surface, and the ATPase subunits are omitted for clarity.  

 
 

Like all members of the SLC1 family, neutral amino acid transporter 
ASCT2 is a homotrimer. Each monomer consists of 8 transmembrane 
segments (TMs) that form a scaffold domain (TM1–2, TM4–5) and a 
transport domain (TM3, TM6–8). The transport domain additionally 
contains two helical hairpins (HP1 and HP2). In the outward-facing states 
the substrate-binding site is close to the extracellular side of the 
membrane, and the only difference between open and closed 
conformations is the position of HP2, which works as a gate to provide 
access to the binding site from the extracellular aqueous environment [27] 
(Figure 2a). When the gate is closed, the transported substrate is occluded 
within the transport domain, which makes the elevator movement 
possible. The binding site relocates by a distance of ∼19 Å perpendicular to 
the membrane plane between the outward- to the inward-facing 
orientation. Strikingly, HP2 was also found to be the gate on the 
intracellular side, hence the name one-gate elevator mechanism [28]. HP1 
plays a role in substrate coordination in the binding site, but in contrast 
with HP2, it does not change its conformation during the transport cycle. 
The scaffold domain has two highly tilted helices (TM2 and TM5) along 
which the transport domain slides. These helices determine the minimal 
distance that the substrate-binding site must travel, and have been named 
the fixed barrier [1].  

The fixed barrier elevator mechanism with one gate is likely conserved 
among the SLC1 family, as evidenced by recent single particle cryo-EM 
structures of GltTk [30], and molecular dynamics simulations of GltPh [7]. 

Fixed barrier elevators with one gate may also occur in other families of 
transporters, for which the number of structurally resolved states is not as 
large as for the SLC1 family. Transporters of the Phosphotransferase 
System (PTS), which are responsible for the uptake and phosphorylation of 
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carbohydrates and other compounds such as ascorbate (reviewed in [31]) 
have characteristic elevator elements, such as transport and scaffold 
domains, HP gates, and homo-oligomer architecture. Structures of MalT 
[32,33] and ChbC [34] indicate that they use a fixed barrier and most likely 
a single gate.  

ATP-binding Cassette (ABC) transporters do not use elevator-type 
mechanisms of transport, with the exception of the non-canonical 
subfamily of ECF (energy-coupling factor) transporters. ECF transporters 
are involved in uptake of vitamins or other micronutrients (reviewed in 
[11]). Two sub-types exist (Group I and II) which may differ in the 
mechanistic details, but the ensemble of available structural information is 
consistent with elevator-type behaviour in all ECF transporters. ECF 
transporters make use of an integral membrane subunit named the S-
component that binds the transported substrate on the extracellular side of 
the membrane (Figure 2d). In many cases, access to the binding site is 
controlled by two loops, which act as gate (loop 1 and loop 3). In the bound 
state, with closed gate, the substrate is occluded and the S-component can 
“topple over” in the membrane, which brings the substrate-binding site to 
the cytoplasm. In the toppled state the same loops 1 and 3 can move to 
expose the binding site to the cytoplasm (similar to a one-gate elevator). 
The S-component may be considered as the equivalent of the transport 
domain, whereas the counterpart of the scaffold domain is a second 
integral membrane subunit, named EcfT or T-component (Figure 2d). The 
use of separate subunits instead of linked domains provides extra 
functionality, as dissociation and association are part of the transport cycle 
in some ECF transporters [35]. The EcfT subunit is additionally associated 
with ATPase subunits for allosteric coupling of the conformational changes 
to ATP binding and hydrolysis, which are the hallmark of ABC transporters.  

 
FIXED BARRIER ELEVATOR WITH TWO GATES  
The concentrative nucleoside transporter CNT (a member of the SLC28 

family) is a homotrimer [36], with each monomer subdivided into a 
transport domain (TM1–2, TM4–5, TM7–8 and HP1, HP2) and a scaffold 
domain (TM3 and TM6). In this case, the binding site for the nucleoside is 
located at the interface between scaffold and transport domains, but most 
of the interactions with the substrate come from the residues in the 
transport domain. CNT uses different gates on the extra- and intracellular 
sides [36] (Figure 2b). Comparison of structures of CNT in outward-open 
and outward-closed states revealed different conformations of TM4b, 
suggesting that this half-TM is an extracellular gate. On the intracellular 
side, HP1b is the movable element, which gates access to the binding site. 
The transitions between the outward- and inward-facing states involve a 
∼8 Å translocation of the substrate-binding site (perpendicular to the 



 39

membrane plane), in which it passes a fixed barrier formed by TM3 and 
TM6 of the scaffold domain. CNT is the only elevator transporter, for which 
multiple intermediate conformations, where the position of transport 
domain is distributed between the inward and outward states, have been 
resolved structurally.  

 

 
Figure 3. Oligomeric state of elevator transporters. (a) monomeric bile acid transporter 
ASBT (PDB ID: 3ZUX), (b) dimeric citrate transporter SeCitS (PDB ID: 5A1S) and (c) 
trimeric glutamate transporter GltPh (PDB ID: 2NWW) viewed from the extracellular side of 

the membrane. Transport domains in blue, scaffold domains in yellow.  

 
 

It is possible that the location of the binding site between two domains 
in CNT necessitates the use of two gates, whereas an occluded binding site 
within the transport domain, as found in SLC1 transporters, may allow the 
use of a single gate. Most of the transporters with proposed elevator-like 
transport mechanisms have substrate-binding sites positioned at the 
interface of two domains (Table 1). Transporters of AbgT family [37] and 

the structurally related Na+/succinate transporter VcINDY [14] (DASS 

family), the Na+/citrate transporter SeCitS [38] (2HCT family), anion 
exchanger 1 (AE1), a member of SLC4 family [39] and the structurally 
related uracil:proton symporter UraA [40,41] from SLC23 family (seven 
transmembrane segment inverted repeat [42]), and bicarbonate 
transporter BicA [43] of the SLC26 family are organized in two domains 
(transport and scaffold) and bind the substrate at the domain interface. All 
of these proteins may use an elevator mechanism with fixed barrier and 
two gates [37], but additional structural characterization is needed to 
classify the gating mechanism of these transporters.  

 
MOVING BARRIER ELEVATOR WITH TWO GATES  
The bile acid transporter ASBT, and structurally related sodium-proton 

antiporters have 10 and 13 transmembrane helices respectively, with a 
transport domain (also called core domain) consisting of TM3–5, TM8–10 
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in ASBT (TM3–5, TM10–12 in sodium-proton antiporters), and a scaffold 
domain (TM1–2, TM6–7 in ASBT or TM1–2, TM7–9 in sodium-proton 
antiporters). Despite the movement of the substrate-binding site across the 
membrane during sliding of the transport domain relative to the scaffold 
(the hallmark of the elevator mechanism), ASBT does not have a fixed 
barrier (Figure 2c). Thus, this transporter combines an elevator movement 
with a moving barrier, which is a typical feature of non-elevator-type 
mechanisms (Figure 1) [44]. Unlike most other elevator transporters, ASBT 
and the related sodium-proton antiporters NapA and NhaA do not have 
helical hairpins. Possibly HPs are suitable for gating when a fixed barrier is 
used, but are not required for moving barrier elevators (Figure 2c).  

ASBT is exceptional among elevator-type transporters because it is a 
monomeric protein. Another monomeric transporter, for which an elevator 
mechanism has been postulated, is CcdA [17]. CcdA is the smallest 
elevator-type protein and is involved in the transport of reducing 
equivalents from the cytoplasm to the extracellular environment, by using 
a pair of cysteine residues that can be oxidized to form a disulfide bridge. 
The protein consists of six transmembrane helices, which are organized in 
two inverted structural repeats [17]. Comparison of the outward-facing 
conformation, solved using NMR spectroscopy, and inward-facing 
conformation, which was computationally modelled using information 
from the inverted topology, showed that protein forms a unique “O-shaped 
scaffold” in the center of which TM1 and TM4 may move as an elevator 
between inward- and outward-facing states with the active-site cysteines 
bridging a distance of 12 Å [17]. Structural information on CcdA is still very 
limited, and further work is required to confirm the elevator mechanism.  

 
LIPID ENVIRONMENT AND ALLOSTERIC INHIBITION  
It has been noticed that the TMs of the scaffold domains of many 

elevator-type transporters are shorter than those in transport domains, 
and often highly tilted [1]. As a consequence, the distance between the 
external and internal aqueous solutions is substantially smaller than the 
thickness of the bulk bilayer. Such thinning not only reduces the extent of 
elevator movement required to transfer the substrate between the 
aqueous solutions on either side of the membrane, but may also induce 
membrane distortion, which in turn could facilitate the sliding movement 
of the transport domain. Molecular dynamic simulations of ECF 
transporters in a lipid bilayer predict possible membrane distortion near 
the EcfT scaffold, which might facilitate toppling of the S-component when 
it is near the scaffold [11,45]. Recent MD simulations of a lipid bilayer 
around GltPh show different extents of membrane deformation depending 

on the position of the transport domain [46] (Figure 4a). Protomers of GltPh 
in the outward-facing state induce very little local membrane curvature 
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[46], but the lipid bilayer strongly bends around protomers in the inward-
facing state. The energetic penalty of such deformation may be balanced by 
specific protein–lipid interactions.  

 

 
Figure 4. Lipids and elevator transporters. (a) deformation of the lipid bilayer around 
glutamate transporter GltPh (PDB ID: 3KBC), when all protomers are in the inward-facing 

state (adapted from ref. [46]). (b) non-protein densities (orange mesh) observed in the 
neutral amino acid transporter ASCT2 cryo-EM map (EMD-10016) are located at the 
interface of the transport (blue) and scaffold (yellow) domains and highlighted with a red 
circle (PDB ID: 6RVX). (c) allosteric inhibitor UCPH101 (orange sticks) in excitatory amino 
acid transporter EAAT1 (PDB ID: 5LLM).  

 
 

Most structures of elevator-type transporters have been determined in 
the absence of a lipid bilayer, using detergent-solubilized proteins, which 
precludes accurate analysis of the protein–lipid interface. Nonetheless, 
these structures can provide indications of specific lipid-binding sites 
(Figure 4). For example, many non-protein densities were found in 
structures of ASCT2 determined by single particle cryo-electron 
microscopy (Figure 4b). These densities likely correspond to phospholipid 
molecules or cholesterol, although unambiguous identification was not 
possible at the attained resolution. The observed densities were located 
around the entire perimeter of the scaffold domain, also in the space 
between transport and scaffold domains, and close to the substrate binding 
site [28,29]. Lipids binding at these positions could be important for 
protein stability and might allosterically affect protein activity. A crystal 
structure of EAAT1 in the presence of the allosteric inhibitor UCPH101 
demonstrated that the inhibitor’s binding site is located between transport 
and scaffold domains [47], exactly where a putative cholesterol molecule 
was observed in ASCT2 [27–29] (Figure 4c). Also in other families of 
elevator-type transporters, lipids were found to intercalate between the 
scaffold and transport domains [38,48]. These observations indicate that 
specific lipid–protein interactions might affect elevator-like movements of 
the transporter, and that lipid-binding sites may be targeted for drug 
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design.  
In only very few cases have the effects of the lipid environment been 

studied experimentally. In GltPh the relation between lipid composition and 

transport activity was studied in proteoliposomes. The activity of GltPh was 

higher in liposomes containing the non-bilayer lipid 
Phosphatidylethanolamine (PE), than in liposomes composed of 
Phosphatidylcholine (PC) [49]. This effect may be caused by specific 
interactions between the protein and lipid headgroups, or by colligative 
properties of the bilayer such as lipid disorder, both of which could affect 
the elevator-type movements. For ASCT2, glutamine uptake activity in 
proteoliposomes was enhanced by the presence of cholesterol [29], but 
again it has not been established whether this effect is due to binding of 
cholesterol at specific sites, or to colligative effects such as thickness or 
fluidity. Lipid interactions are also essential for dimer stability of NhaA, 
which falls apart to monomers in the presence of high detergent 
concentrations, but is assembled back if cardiolipin is added [50]. In vivo, 
allosteric modulation by lipid molecules has been observed in Xenopus 
oocytes expressing EAAT4 that displayed increased glutamate-induced 
currents when arachidonic acid was added [51]. The presence of 
cholesterol was found to be crucial for functioning and localization of 
EAAT2 [52].  

The above examples show that lipids may affect protein function directly 
via interactions with amino acid residues, which could accelerate or slow 
down transport domain movements or stabilize the scaffold domain in the 
membrane. In addition, colligative bilayer properties are likely to affect the 
functioning of elevator-type transporters, because the lipid–protein 
interface must rearrange substantially during transport. Finally, also the 
domain structure of the proteins may affect the bilayer morphology, and 
consequently elevator dynamics.  

 
PERSPECTIVES  
1. Importance of the field. Since the first description of an elevator-

type transport mechanism for GltPh over a decade ago [6], a variety of 

protein folds have emerged that support elevator movements, not only in 
secondary active transporters but also in different transporter classes 
(Table 1). Many of these transporters are potential targets in 
pharmacological studies and understanding of their transport and gating 
mechanisms might help with the development of new drugs.  

2. A summary of the current thinking. In elevator-type transport 
mechanisms, one protein domain brings the substrate-binding site from 
one side of the membrane to the other by sliding through the lipid bilayer. 
The extent of the elevator movement, ranging from 21 Å in GltTk to 7.5 Å in 

ASBT, and number of gating elements (one or two) vary between different 
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proteins (Table 1).  
3. Future directions. Local deformations of the lipid bilayer near 

elevator-type transporters, which were observed in MD simulations [46], 
can be studied experimentally by single particle cryo-electron microscopy, 
using transporters reconstituted in lipid environment [30], similar to what 
has been done for the lipid scramblase TMEM16 [53]. Also systematic 
analysis of the relationship between lipid composition, transport activity 
and dynamics (for instance by single molecule FRET methods [18,54]) will 
shed further light on the interplay between bilayer and protein. The gating 
behaviour might affect the order of binding and release of coupled ions and 
a substrate, and steady state and pre-steady state kinetic measurements 
may allow insight in the consequences of using one or two gates [55–61].  
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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).  
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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 
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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 
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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/).  

 
DATA AVAILABILITY 
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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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ABSTRACT 
The human Alanine Serine Cysteine Transporter 2 (ASCT2) is a neutral 
amino acid exchanger that belongs to the solute carrier family 1 (SLC1A). 
SLC1A structures have revealed an elevator-type mechanism, in which the 
substrate is translocated across the cell membrane by a large displacement 
of the transport domain, whereas a small movement of hairpin 2 (HP2) 
gates the extracellular access to the substrate-binding site. However, it has 
remained unclear how substrate binding and release is gated on the 
cytoplasmic side. Here, we present an inward-open structure of the human 
ASCT2, revealing a hitherto elusive SLC1A conformation. Strikingly, the 
same structural element (HP2) serves as a gate in the inward-facing as in 
the outward-facing state. The structures reveal that SLC1A transporters 
work as one-gate elevators. Unassigned densities near the gate and 
surrounding the scaffold domain, may represent potential allosteric 
binding sites, which could guide the design of lipidic-inhibitors for 
anticancer therapy.  
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INTRODUCTION 
The Alanine Serine Cysteine Transporter 2 (ASCT2) belongs to the solute 

carrier family 1 (SLC1A) of transporters, which in mammals consists of the 
excitatory amino acid transporters EAAT1–EAAT5 (SLC1A1-3, 6–7) and the 
neutral amino acid transporters ASCT1-ASCT2 (SLC1A4-5) [1]. Although 
EAATs and ASCTs share significant similarities in sequence (~40%) and 
structure [2], they are mechanistically different: EAATs typically 
concentrate the neurotransmitter L-glutamate against its gradient [3]; 
whereas ASCTs catalyse the exchange of neutral amino acids [4].  

Over the past years, ASCT2 has increasingly gained attention as a 
potential target in anticancer therapy, as it is upregulated and linked to 
poor survival in melanoma, lung, breast, prostate, pancreatic, thyroid and 
colon cancer [5-10]. ASCT2 plays a role in cancer cell growth by providing 
glutamine as an alternative carbon source for the tricarboxylic acid (TCA) 
cycle, for fatty-acid production, and by contributing to the activation of the 
mammalian target of rapamycin complex (mTORC1) [11]. ASCT2 also acts 
as a receptor for several retroviruses [12], and a recently determined 
structure [2] revealed unique extracellular antennae that likely form the 
required recognition platform [13].  

Structures of the prokaryotic SLC1A transporters GltPh and GltTk and the 

human EAAT1 and ASCT2, in different conformational states, have 
provided insights into the transport cycle [14-19]. They all share a similar 
homotrimeric protein architecture, where each protomer consists of a 
scaffold and a transport domain. The scaffold domains provide the trimer 
interface and do not move during the transport cycle. By contrast, each 
transport domain located at the periphery binds the amino acid and 
coupling ions, and translocates the substrates across the membrane in an 
elevator-like manner. During this movement the substrate is transported 
through the lipid bilayer in a fully occluded state. Structures obtained in 
outward-open and outward-occluded states, have revealed how the 
substrate reaches the binding site from the extracellular side via a 
movement of hairpin 2 (HP2) [15,19]. However, it remains unknown how 
binding and release of the substrate occurs on the cytoplasmic side. The 
structural pseudo-symmetry found within each protomer [20], led initially 
to the hypothesis that hairpin 1 (HP1), which is pseudo- symmetry-related 
to HP2 would hinge and act as a gate at the cytoplasmic side. As in such a 
transport mechanism the substrate would pass through two different 
structural elements (HP1 and HP2), it is referred to as the two-gate 
elevator mechanism. Alternatively, the possibility that HP2 might also open 
from the intracellular side (one-gate elevator mechanism) has been 
discussed [2,21]. A definite answer to this key mechanistic question can 
only be resolved by the structure of an inward-open state of an SLC1A 
transporter. Here, we present cryo-EM structures of ASCT2 with a single 
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mutation in the binding site (ASCT2C467R) in the presence and absence of 

its competitive inhibitor TBOA, and of the substrate free wild-type ASCT2wt 
in the presence of Na+. All structures capture an inward-open state, where 
HP2 has moved indicating a one-gate elevator mechanism.  

 
RESULTS  
Altering the substrate specificity of ASCT2  
We recently reported a cryo-EM structure of the human ASCT2 in a 

glutamine-bound inward-occluded state [2]. We reckoned that binding of 
bulkier substrates might prevent full occlusion and capture the protein in 
an inward-open state - a strategy previously used to obtain the outward-
open structures of GltPh and EAAT1, where binding of DL-TBOA and TFB-

TBOA prevented closure of HP2 [15,19]. However, as ASCT2 does not 
transport aspartate, these bulky aspartate analogues do not inhibit its 
transport activity (Fig. 1a). A comparison of the substrate-binding sites in 
the ASCT2 [2] and the EAAT1 [19] structures indicates that the difference 
in substrate and inhibitor specificity might be largely due to a single amino 
acid substitution, namely Cys467 in ASCT2 replacing Arg459 in EAAT1. It 
appears that the arginine residue is the main determinant for acidic amino 
acid specificity, as the guanidium group interacts with the side chain 
carboxylate of glutamate and aspartate in transporters as GltPh, GltTk and 

EAAT1. A substitution to a cysteine in EAAT3 has been shown to abolish 
acidic amino-acid transport and instead introduced neutral amino-acid 
specificity [22]. Based on this data, we expected that the substitution of 
Cys467 in ASCT2 to arginine might change its substrate specificity to acidic 
amino acids and would allow inhibition by TBOA. We engineered this 
mutation in human ASCT2 (ASCT2C467R), purified the protein from Pichia 

pastoris and monitored its substrate uptake in proteoliposomes. Indeed, 
the substrate specificity of ASCT2C467R differed from that of the wild-type. 

ASCT2C467R did no longer support glutamine uptake, but it transported 

aspartate instead (Fig. 1b). Although the uptake rate of aspartate by 
ASCT2C467R was slower than that of glutamine by ASCT2wt, the results 

confirm that a single point mutation in the substrate binding site was 
sufficient to switch the substrate specificity of ASCT2 from neutral to acidic 
amino acids. In addition, aspartate transport could be suppressed by TBOA 
(Fig. 1b), which opened the possibility to use the compound to trap the 
transporter in an open state.  
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Fig. 1 Transport activity of reconstituted purified ASCT2wt (a) and ASCT2C467R (b). 

Curves show the counterflow of external radioactively-labelled and internal unlabelled L-
glutamine (squares, n = 6 for ASCT2wt, n = 3 for ASCT2C467R); counterflow of L-glutamine 

in presence of 0.6 mM DL-TBOA (upward triangle, n = 4); counterflow of L-aspartate 
(circles, n = 3 for ASCT2wt, n = 5 for ASCT2C467R); and counterflow of L-aspartate in 

presence of 0.5 mM DL-TBOA (downward triangles, n = 3). Data points and error bars 
represent means and s.e.m. from n biologically independent experiments. Small schemes 
depict proteoliposomes with internal and external compound compositions used in 
respective experiments. Source data are provided as a Source Data file. 

 
 

Cryo-EM structures of inward-open ASCT2  
We determined the structure of the 172-kDa trimeric ASCT2C467R in 

presence of TBOA at 3.6Å resolution by single particle cryo-EM (Fig. 2, 
Supplementary Figs. 1 and 4, Table 1). The protein was embedded in n-
dodecyl-β-d-maltopyranoside (DDM) micelles supplemented with 
cholesterol hemisuccinate (CHS), which has been shown to increase 
stability [2]. The quality of the cryo-EM map was sufficient to 
unambiguously model residues 43–159 and 177–489. Notably, despite 
different strategies employed during image processing, including 3D 
classifications with and without symmetry imposed on the trimer or single 
protomers, only a single conformational state was captured for all 
protomers, indicating a preferred state of the transporter in the given 
conditions (Supplementary Fig. 1d). Strikingly, the ASCT2C467R structure 

reveals an inward-open state of a SLC1A member (Figs. 3 and 4). Compared 
to the previously determined substrate-bound inward-occluded state of 
ASCT2 [2], the most prominent difference is the conformation of the loop 
connecting both helices of hairpin 2 (HP2 loop). It has hinged away from 
the glutamine-binding site towards the scaffold domain by ~8 Å, opening a 
pathway to the cytoplasm (Figs. 3a and Fig. 4a, b, Supplementary Movie 1). 
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Similar movements of the HP2 loop have been observed on the 
extracellular side between the outward-occluded and outward-open states 
of EAAT1 and GltPh structures [15,19]. Although the remainder of the 

transport domain has virtually the same conformation as in the inward-
occluded state (Fig. 3a), it is slightly further tilted towards the cytoplasm, 
away from the scaffold domain providing additional space for HP2 to open 
(Supplementary Fig. 5a, Supplementary Movie 1).  

 

 
Fig. 2 Inward-open structure of ASCT2C467R. Cryo-EM map of ASCT2C467R obtained in 

presence of TBOA at 3.6 Å resolution (a) and respective model shown as ribbon (b). c 
Protomer of ASCT2 with labelled structural elements is shown as ribbon, rotations are 
indicated. The scaffold domains are coloured in yellow, the extracellular antenna in red, the 
transport domains in blue, the HP2 loop in purple, and non-protein densities in grey (see 
also Supplementary Fig. 7). The membrane boundary is indicated and the location of the 
substrate binding site as shown in Fig. 3 is highlighted by a black rectangle in panel b.  

 
 

In the substrate-binding site we observe a patch of non-protein density 
close to R467. Although the density is too weak to allow for an 
unambiguous assignment, it most likely represents a TBOA molecule, 
although the occupancy of the site appears low (Supplementary Fig. 5b). To 
test whether TBOA binding was required to arrest the protein in the 
inward-open state, we further determined a cryo-EM structure of 
ASCT2C467R in the absence of its inhibitor. A 4.1 Å resolution cryo-EM map 

of substrate-free ASCT2C467R shows a virtually identical inward-open 

state with a displaced HP2 loop (Supplementary Figs. 2, 4 and 6a–c, Table 
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1). This is surprising, as the binding of bulky inhibitors was required to 
obtain all of the reported outward-open states of EAAT1 and GltPh 

[15,19,23]. To exclude that the C467R mutation itself induced the observed 
opening of HP2, we also investigated the conformational state of ASCT2wt 
in absence of its substrate glutamine. In the absence of substrate ASCT2wt 
appears to be less stable and the obtained data suffered from lower 
particle quality compared to ASCT2C467R. Albeit of lower resolution, the 

cryo-EM map of the substrate-free ASCT2wt shows that the protein 

accommodates the same inward-open state, where the HP2 loop has 
moved (Supplementary Figs. 3 and 6d–f, Table 1). It appears that an 
inward-open state of ASCT2 is favoured in the given conditions without its 
respective substrate (L-glutamine in ASCT2wt) added. Thus, neither the 

presence of the inhibitor nor the point mutation itself is responsible for 
gate opening on the intracellular side, allowing the use of the higher 
resolved ASCT2C467R cryo-EM map for a detailed description of the inward-

open state.  
 

 
Fig. 3 Substrate-binding site and movement of the HP2 loop. a, b Superposition of the 
inward-open ASCT2C467R in presence of TBOA (shown in blue with the HP2 loop in purple) 

and the substrate-bound inward-occluded ASCT2wt (shown in grey, PDB-ID: 6GCT), 

demonstrating the movement of HP2. b Non-protein density (shown as red mesh at 3σ) 
located near HP1 and HP2 with a modelled diundecylphosphidylcholine and putatively 
coordinating residues shown as sticks. The lipid head group is positioned between the HP1 
and HP2 loops and its negative charge appears to be stabilised by the helix dipole of hairpin 
helix HP2b. a, b Structures were superimposed on the transport domain.  

 
 

Potential allosteric binding sites 
In the cryo-EM maps of the inward-open states of ASCT2C467R, an 

additional density is present between the HP1 and HP2 tips (Figs. 3b and 
4c). The characteristic shape of this density indicates that it most likely 
corresponds to a lipid molecule. The exact lipid identity is ambiguous at the 
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given resolution, but the tentatively modelled diundecyl 
phosphatidylcholine fits well in the density (Fig. 3b). Notably, the head 
group occupies the position where the HP2 loop is located in the inward-
occluded state, indicating that the lipid would need to relocate for gate 
closure (Fig. 3). Consistently, no lipid density was observed in the 
substrate-bound inward-occluded ASCT2wt structure [2].  

 

 
Fig. 4 Accessibility of the substrate-binding site and lipid densities. a, b Surface 
representation of the ASCT2C467R structure in presence of TBOA, with the transport 

domain in blue, the scaffold in yellow, the antennae in red, the HP2 loop in purple and TBOA 
in orange. The open HP2 gate provides access to the binding site from the cytoplasm 
(indicated by arrows). c Slice through the surface representation of ASCT2C467R (level is 

indicated by dashed line in panel a) with putative lipid densities surrounding the scaffold 
domain shown in black and TBOA as orange balls (see also Supplementary Fig. 7).  

 
 

Further unassigned densities were found between the transport and 
scaffold domains (Figs. 2a and 4c and Supplementary Fig. 7). The density at 
the interface between HP2 and TM2 of the scaffold domain is located near 
the putatively bound cholesterols found in the inward-occluded ASCT2 
structure [2] (Fig. 4c, Supplementary Fig. 7a–c). However, as the position of 
HP2 in the inward-open structure partly overlaps with the potential lipid 
densities found in the inward-occluded structure, the previously assigned 
lipids must relocate upon HP2 opening. Another patch of unassigned 
density is located between the HP2 loop and TM1 and TM5 (Fig. 4c, 
Supplementary Fig. 7a, b, d, e). This putative lipid is adjacent to the 
phosphatidylcholine found at the tip of both hairpins described above 
(Figs. 3b and 4c, Supplementary Fig. 7a, b, d, e). It might be responsible for 
the observed helix-rearrangement of TM1 of the scaffold domain, which is 
not directly interacting with HP2, when compared to the inward-occluded 
ASCT2 structure [2] (Supplementary Fig. 7e, Supplementary Movie 1). A 
large group of well defined, unassigned densities, which likely represent 
lipids or cholesterol molecules, is found in the cavity formed by TM5 of one 
protomer, and TM2-4 and the back of HP2 of the adjacent protomer (Fig. 
4c, Supplementary Fig. 7a, b, f). Interestingly, one of these densities is 
located at a similar region as where the allosteric inhibitor UCPH101 binds 

EAAT1 [19], hinting at a potential regulatory role. Finally, a density was 
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found on the extracellular side of the scaffold domain. It is located between 
the N- and C-termini of the ASCT2 antennae (TM4b,c-loop) of two adjacent 
protomers (Supplementary Fig. 7a, g), with distances to neighbouring side 
chains of ~4 Å. The shape of the density suggests that it might represent a 
hydrated bound ion, but it is not possible to unambiguously determine the 
identity from the density map.  

 

DISCUSSION  
The cryo-EM structures of the inhibitor-bound ASCT2C467R, the 

substrate-free ASCT2C467R and the substrate-free ASCT2wt presented here, 

reveal the hitherto elusive inward-open conformation of an SLC1A 
transporter. They show how HP2, and not HP1, opens to provide access for 
binding and release of the substrate on the cytoplasmic side of the 
membrane. Thus, ASCT2 functions as a one-gate elevator, where the HP2 
loop serves as a gate on both the extracellular and intracellular sides of the 
membrane (Fig. 5, Supplementary Movie 1). Given the structural similarity 
between ASCT2 and other SCL1A members, it is likely that the same 
structural element constitutes the gate throughout the family. These 
findings broaden our general understanding of the transport mechanisms 
of secondary-active transporters. Unique for SLC1A transporters, is that 
substrate binding and release is gated via the same structural element, the 
substrate is fully occluded inside the transport domain, which then moves 
in an elevator-like mechanism from one side of the membrane to the other 
(one-gate elevator mechanism). This contrasts, e.g., with the well-
characterised transport mechanisms of transporters belonging to the 
major facilitator family (MFS) or the LeuT-fold family [24,25]. In these 
families, the substrate becomes sandwiched between two lobes or domains 
during the translocation, whereby a rocking movement exposes different 
structural elements to the extra- and intracellular sides of the membrane to 
gate the access to the binding site (two-gate rocking mechanism).  

 

 
Fig. 5 One-gate elevator transport mechanism. Schematic representation of the 
transport cycle of SLC1A transporters, with the scaffold domain in yellow, the transport 
domain in blue, the extra- and intracellular gate (HP2 loop) in purple and the transported 
amino acid in pink. 
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Further, we were able to identify several non-protein densities that 
likely correspond to lipid or cholesterol molecules. Putative lipid molecules 
that directly and indirectly interact with the HP2 gate in the inward-open 
state (Figs. 2a, 3b and 4c, Supplementary Fig. 7) will have to relocate to 
allow the transition to a substrate-bound inward-occluded state. We thus 
predict that these sites are potential allosteric binding sites that might 
affect the dynamics of the transport cycle. The identification of these sites 
could guide the development of novel lipid-based drugs for cancer 
treatment. In particular the well-defined site for a co-purified lipid from 
Pichia pastoris found between the hairpins HP1 and HP2 (Fig. 3b) could be 
a potential target location for the development of binders that could block 
ASCT2 activity and prevent glutamine supply in cancer cells. Such lipid-like 
binders could act as inhibitor, arresting the protein in the observed 
inward-open state of ASCT2.  

In conclusion, in light of the pharmacological relevance of ASCT2 as a 
target in anticancer therapy, we anticipate that the structure and 
mechanistic insights provided in this study may offer new entry points for 
rational drug design.  
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Table 1. Cryo-EM data collection, refinement and validation statistics 

 ASCT2C467R – TBOA 
(EMD-10016, PDB 

6RVX) 

substrate-free  
ASCT2C467R 

(EMD-10018, 
PDB 6RVY) 

substrate-free  
ASCT2wt 

(EMD-10017) 

Data collection and 
processing 

   

Magnification    49,407 49,407 49,407 
Voltage (kV) 200 200 200 
Electron exposure (e-/Å2) 52 52 52 
Defocus range (μm) -0.8 to -1.8 -0.8 to -1.8 -0.8 to -1.8 
Pixel size (Å) 1.012 1.012 1.012 
Symmetry imposed C3 C3 C3 
Initial particle images (no.) 987,852 245,367 317,611 
Final particle images (no.) 223,354 23,664 19,651 
Map resolution (Å) 
FSC threshold 

3.61 
0.143 

4.13 
0.143 

6.98 
0.143 

Map local resolution range (Å) 4.2 - 3.4 6.4 - 4.1 8.0 - 6.3 
    
Refinement    
Initial model used  PDB 6GCT PDB 6GCT - 
Model resolution (Å) 
(0.5 FSC threshold) 

3.6 
 

4.1 
 

- 

Model resolution range (Å) 15 - 3.6 15 - 4.1  
Map sharpening B factor (Å2) -205 -211 -764 
Model composition 
    Nonhydrogen atoms 
    Protein residues 
    Ligands 

 
9627 
1290 
0 

 
9627 
1290 
0 

 
- 
- 
- 

B factors (Å2) 
    Protein 
    Ligand 

 
19.03 
- 

 
83.05 
- 

 
- 
- 

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

 
0.006 
0.979 

 
0.006 
1.023 

 
- 
- 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)    

 
1.75 
5.00 
0.29 

 
1.84 
6.72 
0.49 

 
- 
- 
- 

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

 
92.02 
7.98 
0.00 

 
92.49 
7.51 
0.00 

 
- 
- 
- 
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METHODS 
ASCT2C467R engineering  

The C467R single-point mutation was introduced using QuickChange 
site-directed mutagenesis (forward primer 5′ GGTTGACAGATCTA 
GAACCGTCTTGAACGTTG 3′; reverse primer 5′ CAACGTTCAAGACGGTTC 
TAGATCTGTCAACC 3′) on the pPICZ-A plasmid, containing the codon 
optimised human ASCT2 gene [26]. The obtained construct was sequenced 
(forward primer 5′ GCGACTGGTTCCAATTGACAAGC 3′; reverse primer 5′ 
CAAATGG CATTCTGACATCCTCTTG 3′), linearised and transformed into the 
Pichia pastoris X-33 strain by electroporation (Invitrogen). Colony 
selection was performed on YPDS plates with increasing concentration of 
Zeocin (ThermoFisher Scientific), namely 100, 1000 and 2000 μg/ml. 
Colonies from plates with the highest Zeocin concentrations were further 
used for small-scale expression tests and the amount of expressed ASCT2 
was estimated by Western blot using antibodies against the His4- tag 
(QIAGEN). ASCT2wt colonies grown at equivalent conditions were used as 

positive control to compare protein expression levels. For screening, 10 ml 
of BMGY medium were inoculated with a colony and incubated overnight 
at 30 °C in a shaker at 200 rpm. Next morning cells were centrifuged at 
room temperature (21 °C) for 10 min at 3000 × g, resuspended in 10 ml of 
BMMY (1% methanol) medium and grown for 24 h at 30 °C in a shaker at 
200 rpm. Cells were subsequently centrifuged at 4 °C for 10 min at 3000×g, 
washed with 10 ml of buffer A (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 0.5 
mM EDTA, 5% w/v glycerol) and resuspended in 500 μl lysis buffer (buffer 
A + 1 mM PMSF and 0.1 mg ml−1 DNase A). Approximately 500 μl glass 
beads were added and cells were lysed using the TissueLyser II (QIAGEN) 
for 5 min at 50 Hz. The lysed cells were centrifuged at 4 °C for 5 min at 
11,700 × g, an additional 200 μl of lysis buffer was added to the cells and 
the sample was centrifuged. The membrane fraction was obtained by 
centrifugation of the supernatant for 1 h at 4 °C, 20,817 × g, resuspended in 
40 μl buffer A, flash-frozen in liquid nitrogen and stored at −80 °C.  

 
Protein expression and purification  
Large-scale ASCT2C467R protein overexpression was carried out using 

baffled flasks [27], whereas for ASCT2wt overproduction in a fermentor 

was used for cell cultivation [26]. Membrane fraction was collected by 
ultracentrifugation of the supernatant (120 min, 193,727 g, 4 °C) after 
breaking cells with a Constant Cell Disruption System (three passages at 39 
kPsi, 5 °C) [2]. To purify ASCT2, an aliquot of membrane vesicles 
representing ~1.5 g cells was solubilized in buffer B (25 mM Tris-HCl, pH 
7.4, 300 mM NaCl, 10% (vol/vol) glycerol, 1% DDM and 0.1% CHS 
(Anatrace)) for 1 h at 4 °C. After ultra- centrifugation (30 min, 442,907 × g, 
4 °C) the supernatant was incubated with Ni2+-Sepharose resin for 1 h at 4 
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°C. The column was washed with buffer C (20 mM Tris-HCl, pH 7.4, 300 mM 
NaCl, 50 mM imidazole, pH 7.4, 10% glycerol, 0.05% DDM and 0.005% 
CHS), and protein was eluted with buffer C containing 500 mM imidazole. 
Peak elution fraction was applied to size-exclusion chromatography with a 
Superdex 200 10/300 gel-filtration column (GE Healthcare) 
preequilibrated with buffer D (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 
0.05% DDM and 0.005% CHS).  

Reconstitution into proteoliposomes and transport assays. Freshly 
purified ASCT2 was used for reconstitution into proteoliposomes as 
previously described in presence of the indicated amino acid substrate [2]. 
The liposomes were composed of Escherichia coli polar lipids and egg 
phosphatidylcholine at a 3:1 ratio (w/w) and supplemented with 10% 
(w/w) cholesterol (Avanti Polar Lipids). For transport assays with [3H] 
glutamine and [3H]aspartate (PerkinElmer), proteoliposomes were loaded 
with 50 mM NaCl and 10 mM glutamine/aspartate using three freeze- 
thawing cycles, then extruded 11 times through a 400-nm-diameter 
polycarbonate filter (Avestin), diluted in buffer E (20 mM Tris pH 7.0) and 
ultracentrifuged for 45 min at 4 °C with 442,907 × g. Proteoliposomes were 
resuspended in minimal volume of buffer E (~1 μg protein per 1.5 μl). The 
transport assay was carried out in a water bath at 25 °C with constant 
stirring. The external substrate mixture (50 mM NaCl and 50 μM 
[3H]glutamine/[3H]aspartate) was pre-warmed to the temperature of the 
assay. Transport was initiated by dilution of 1.5 μl proteoliposomes in 80 
μl external buffer. At indicated time points the reaction was stopped by 
diluting the mixture in 2 ml of cold buffer E, filtered over a 0.45-μm pore-
size filter (Portran BA-85, Whatman), washed with 2 ml of cold buffer E 
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 ASCT2C467R (in mixed DDM + CHS micelles) was 

concentrated to ~5 mg ml−1 using an Amicon Ultra-0.5 mL concentrating 
device (Merck) with a 100 kDa filter cut-off. For the cryo-EM data 
collection in presence of inhibitor, DL-threo-β-benzyloxyaspartic acid (DL-
TBOA) (Hello Bio) was added to the protein sample to a final concentration 
of 1 mM prior to sample freezing. The ASCT2wt sample was freshly purified 

in absence of amino acid substrate and concentrated to ~2 and ~8 mg 
ml−1. Holey-carbon cryo-EM grids (Au R1.2/1.3, 300 mesh, Quantifoil) 
were glow discharged at 5 mA for 20 s. 2.8 μl protein sample were applied 
onto the grids, blotted for 3–5 s in a Vitrobot Mark IV (Thermo Fisher) at 
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15 °C and 100% humidity, plunge frozen into a liquid ethane/propane 
mixture and stored in liquid nitrogen until further use. Cryo-EM data were 
collected in-house on a 200-keV Talos Arctica microscope (Thermo Fisher) 
with a post-column energy filter (Gatan) in zero-loss mode, with a 20-eV 
slit and a 100-μm objective aperture. Prior to data collection, the best 
regions on the grid were identified with the help of a self-written script to 
calculate the ice thickness (manuscript in preparation). 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 −0.8 to −1.8 μm. During an exposure 
time of 9 s, 60 frames were recorded with a total dose of about 52 
electrons/Å2. During data collection the FOCUS software [28] was used to 
monitor data quality on-the-fly and to adjust settings if necessary.  

 
Image processing  
For the ASCT2C467R dataset in presence of TBOA, 7327 micrographs 

were recorded. Beam-induced motion was corrected with Motion-
Cor2_1.1.0 [29] and the CTF parameters estimated with ctffind4.1.8 [30]. 
Manual selection of micrographs was carried out in FOCUS, whereby 
micrographs out of defocus range (<0.4 and >2 μm), contaminated with ice 
or aggregates, and with a low-resolution estimation of the CTF fit (>5 Å), 
were discarded. The remaining 6698 micrographs were imported in 
RELION-3.0-beta-2 [31] for further image processing. Around 1200 
particles were manually picked to calculate an initial template for 
autopicking. After parameter optimisation 1,109,646 particles were 
autopicked and extracted with a box size of 240 pixels. Several rounds of 
2D and 3D classifications allowed to select 375,596 high quality particles. 
The final set of particles was determined in a last round of 3D classification 
with 6 classes, of which the best particles clustered in one class with 
223,354 particles (59.5%). These particles were subjected to auto-
refinement, yielding a map of 4.12 Å. In the last refinement iteration, a 
mask excluding the micelle was used and the refinement continued until 
convergence (focus refinement), which improved the resolution to 3.92 Å. 
During classification and refinement, a C3 symmetry was imposed. Initially, 
the structure of ASCT2wt [2] was used as a reference and in an iterative 

way, the new obtained best map was used in subsequent rounds. 
References were low-pass filtered to 40 or 50 Å. The final map was masked 
and sharpened during post-processing resulting in a resolution of 3.68 Å. 
Finally, the newly available algorithm of per-particle CTF refinement and 
beam tilt refinement in Relion3 [31] was used on re-extracted particles 
with a box size of 200 pixels to further improve the resolution to 3.61 Å. 
Subtraction of the detergent micelle did not improve resolution. 3D 
classifications without imposed symmetry as well as on individual 
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protomers with symmetry expansion and signal subtraction were 
performed at different levels of image processing to check for 
conformational heterogeneity between and within ASCT2 trimers. Local 
resolution estimations were determined in Relion. All resolutions were 
estimated using the 0.143 cut-off criterion [32] with gold-standard Fourier 
shell correlation (FSC) between two independently refined half-maps [33]. 
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 [34]. The directional resolution anisotropy of density maps was 
quantitatively evaluated using the 3DFSC web interface 
(https://3dfsc.salk.edu) [35].  

A similar approach was performed for the image processing of the 
ASCT2C467R dataset in absence of TBOA. In short, 1605 micrographs were 

recorded, and 1479 used for image processing after selection. Over 
323,403 particles were autopicked and subjected to several rounds of 2D 
and 3D classification. The final data comprising 23,367 particles yielded 
after refinement and masking a map of 4.13 Å resolution.  

For the dataset of ASCT2wt in absence of substrate, in total 4305 

micrographs were recorded and 3272 micrographs were used for further 
image processing. After manual particle picking, over 450,000 particles 
were autopicked and subjected to several rounds of 2D and 3D 
classification. The final data comprising 19,651 particles yielded after 
refinement and masking a map of 6.98 Å resolution. 3D classifications 
without imposed symmetry performed at different stages of image 
processing, as well as a 3D classification of individual protomers after 
symmetry expansion and signal subtraction, yielded the same inward-open 
conformation of the protein.  

 
Model building  
Model building was carried out in COOT [36] using the previously 

determined ASCT2wt structure [2] as reference. The resolution of the map 

was of sufficient quality to unambiguously assign the protein sequence and 
model most of the residues (43–159, 177–489). After each round of real-
space refinement performed in Phenix [37] with NCS restrains, coordinates 
were manually inspected and edited in COOT and submitted to another 
refinement round in an iterative way. 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 
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FSCfree. A marginal gap between the curves describing FSCwork and 

FSCfree indicates no overfitting of the model. The chemo-physical 

properties of the final model were validated with MolProbity [38].  
The SBGrid software package tool was used [39]. Images were prepared 

with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC), ChimeraX [40], and a movie was made with Chimera 
[41].  
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this Article is available as a Supplementary Information file.  

The three-dimensional cryo-EM density maps of the inward-open 
ASCT2C467R in presence of TBOA, the substrate-free ASCT2C467R and the 
substrate-free ASCT2wt have been deposited in the Electron Microscopy 
Data Bank under accession numbers EMD-10016, EMD-10018 and EMD-
10017, respectively. The deposition includes the cryo-EM maps, both half-
maps, the unmasked and unsharpened refined maps and the mask used for 
final FSC calculation. Coordinates of two models have been deposited in the 
Protein Data Bank. The accession numbers for ASCT2C467R in presence of 
TBOA and substrate-free ASCT2C467R are 6RVX and 6RVY, respectively. The 

source data underlying Fig. 1 are provided as a Source Data file.  
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SUPPLEMENTARY INFORMATION 

 

Supplementary Figure 1. Cryo-EM reconstruction of ASCT2C467R-TBOA. Representative 
cryo-EM image (a) and 2D-class averages (b) of vitrified ASCT2C467R in presence of TBOA. 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 3.6 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 
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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 2: Cryo-EM reconstruction of substrate-free ASCT2C467R. 
Representative cryo-EM image (a) and 2D-class averages (b) of vitrified ASCT2C467R in 
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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 pink and indicates a final resolution of 4.1 Å. The FSC model 
validation curves for FSCsum, FSCwork and FSCfree, as described in material and methods, 
are shown in light pink, 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.   



 110

 

Supplementary Figure 3: Cryo-EM reconstruction of substrate-free ASCT2wt. 
Representative cryo-EM image (a) and 2D-class averages (b) of vitrified ASCT2wt in 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 by Relion. f, FSC plot used for resolution estimation. The gold-
standard FSC plot between two separately refined half-maps is shown in orange and 
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indicates a final resolution of 7 Å. 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 4: Cryo-EM densities. Shown are selections of cryo-EM densities 
of ASCT2C467R in presence of TBOA (left, dark colors) and substrate-free ASCT2C467R (right, 
light 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, hairpin 2 (HP2) in purple and the loop 
between TM4b and TM4c is shown in red. Densities were sharpened with a b-factor of -

204.52 Å2 (for ASCT2C467R- TBOA) and -211.195 Å2 (for substrate-free ASCT2C467R) and 
plotted at 3 σ, except for TM5, HP1, and HP2 of substrate-free ASCT2C467R, which were 
contoured at 4 σ.  
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Supplementary Figure 5: Structural properties of inward-open ASCT2C467R in 
presence of TBOA. a, Structural comparison of GltPh and ASCT2 inward-facing states, when 
superimposed on the scaffold domain TM2, 4, 5. The protomer of the inward-open 
ASCT2C467R is shown as ribbon and color-coded (transport domain in light blue, scaffold 
domain in light yellow, antenna in light red and the HP2 loop in light purple). Only the C-
terminal tip of TM6 is shown for the other inward-facing SLC1A structures and colored as 
indicated. The tip of TM6 serves as an indication for the movement of the transport domain, 
revealing that it is further tilted towards the cytoplasm in the inward-open state. b, Weak 
non-protein cryo-EM density that likely represents a low-occupancy of TBOA in the binding 
site of ASCT2C467R is shown as orange mesh contoured at 2 σ.  
 
 
 

Supplementary Figure 6: Cryo-EM maps of ASCT2C467R and ASCT2wt in absence of 
substrate show HP2 in the inward-open conformation. a, Superposition of the cryo-EM 
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map of substrate-free ASCT2C467R at 4.1 Å resolution and its respective model (color-coded: 
transport domain in blue, scaffold domain in yellow, antennae in red and the HP2 loop in 
purple). The HP2 position in the transport domain is highlighted by a box. b, c, 
Superposition of the cryo-EM density for HP2 in the substrate-free ASCT2C467R map (shown 
as mesh at 4.5 σ) with its respective model in an inward-open conformation (blue ribbon 
with the HP2 loop in purple) and the substrate-bound inward-occluded ASCT2wt model 
(dark grey, PDB-ID: 6GCT). d, Superposition of the cryo-EM map of substrate-free ASCT2wt 
at 7 Å resolution and its respective model (color-coded as in a). The HP2 position in the 
transport domain is highlighted by a box. e, f, Superposition of the cryo-EM density for HP2 
in the substrate-free ASCT2wt map (shown as mesh at 4 σ), with its respective model in an 
inward-open conformation (blue ribbon with the HP2 loop in purple) and the substrate-
bound inward-occluded ASCT2wt model (dark grey, PDB-ID: 6GCT).  
 
 
 
 

 
Supplementary Figure 7: Non-protein densities in ASCT2C467R. a, Ribbon representation 
of the ASCT2C467R-TBOA with the scaffold domains coloured in pale yellow, the transport 
domains in pale blue, the extracellular antennae in pale red and the HP2 loop in pale purple. 
Non-protein densities are shown as coloured mesh at 3 σ (panels c-e) and 4 σ (panel f, g). 
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They are mainly located on the inner membrane leaflet, and most likely represent lipid or 
detergent molecules (panels c-f). b, Slice through view of ASCT2C467R (level is indicated by 
an arrow in panel a, with the putative lipid densities surrounding the scaffold domain 
shown in black and TBOA as balls. c, Density located at the interface of HP2 and TM2 of the 
scaffold domain. It is located roughly at the same location as the putatively bound 
cholesterols found in the inward-occluded ASCT2wt structure [2]. d, e, Density located 
between TM1 of the scaffold domain, HP2 of the transport domain and the 
phosphatidylcholine (PC) located at the tip of both hairpins. It potentially represents a lipid 
molecule and might cause TM1 to relocate when compared with the inward-occluded 
ASCT2wt structure. f, Array of non-protein densities, located close to the scaffold domains. 
The most right, dark purple density is located at a similar region as the allosteric inhibitor 
UCPH101 found in the EAAT1 structure [19].  g, Non-protein density, located inside the 
extracellular bowl sandwiched between the N- and C-terminus of two adjacent antennae 
(TM4b,c-loop). Panels c-e represent zoomed views of panel a. 
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“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]. 
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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 
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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.  



 131

 
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 
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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 



 149

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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ABSTRACT 
ASCT2 (SLC1A5) is a sodium‐dependent neutral amino acid transporter 
that controls amino acid homeostasis in peripheral tissues. ASCT2 is 
upregulated in cancer, where it modulates intracellular glutamine levels, 
fueling cell proliferation. Nutrient deprivation via ASCT2 inhibition 
provides an emerging strategy for cancer therapy. Here, guided by a 
homology model of ASCT2 in an outward‐facing conformation, we 
rationally designed novel inhibitors exploiting stereospecific pockets in the 
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substrate binding site. A cryo‐EM structure of ASCT2 in complex with 
inhibitor (Lc‐BPE) validated our predictions and was subsequently refined 
based on computational analysis. The final structures, combined with MD 
simulations, show that the inhibitor samples multiple conformations in the 
ASCT2 binding site. Our results demonstrate the utility of combining 
computational modeling and cryo‐EM for SLC ligand discovery, and a viable 
strategy for structure determination of druggable conformational states for 
challenging membrane protein targets.  
 
 
Keywords: Solute carrier transporter, membrane protein, homology 
modeling, cancer metabolism, glutamine deprivation, cryo‐EM  
 
Abbreviations: SLC, solute carrier; ASCT2, alanine serine cysteine 
transporter 2. EAAT, excitatory amino acid transporter.  
 

 
 

INTRODUCTION 
The Alanine‐Serine‐Cysteine Transporter 2 (SLC1A5, ASCT2) is a 

sodium‐dependent transporter of neutral amino acids that is expressed at 
low levels in various tissues including the intestine, kidney, liver, heart, 
placenta, and brain [1,2]. ASCT2 belongs to SLC1 family, which in humans 
includes glutamate transporters EAAT1‐5 and neutral amino acid 
transporters ASCT1‐2. ASCT2 is highly upregulated in several tumor types, 
such as triple negative breast cancer (TNBC), prostate cancer, and 
melanoma (reviewed in reference 3), where it imports glutamine into cells 
that is utilized to build biomass and enhance proliferation via mTORC1 [4], 
a process driven by the transcription factor c‐MYC [5]. Recently, similar 
processes have been identified in the differentiation and activation of T‐
cells, as well as in programmed cell [6,7], expanding the relevance of 
ASCT2 to central nervous system (CNS) disorders, heart disease, and other 
conditions. Notably, inhibition of ASCT2 has been shown to reduce 
intracellular glutamine levels and subsequently tumor size in vivo [8]. 
Taken together, ASCT2 is emerging as an important therapeutic target for a 
multitude of diseases and disorders.  

A prerequisite for developing clinically‐relevant inhibitors for ASCT2, is 
the structural characterization of ASCT2’s distinct conformational states, as 
well as its mode of interaction with inhibitors. Multiple structures of 
human SLC1 members and their prokaryotic homologues, combined with 
biophysical data, have demonstrated that these transporters operate using 
an elevator transport mechanism [9‐14]. In this mechanism, the transport 
domain with bound substrate moves perpendicularly to the membrane, 
while the static scaffold domain remains in place and constitutes the 
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trimeric subunit interface. The conservation of the structure and 
mechanism across the SLC1 family has enabled the generation of high‐
quality models for human SLC1 members, capturing different snapshots of 
the transport cycle and aided the development of novel inhibitors [15‐18].  

Recently determined cryo‐EM structures of human ASCT2 in various 
conformations have visualized distinct steps of the ASCT2 transport cycle 
for the first time [19,20]. Specifically, the inward‐occluded structure of 
ASCT2 with bound glutamine was solved first [20], confirming the 
hypotheses proposed based on homolog structures, particularly in terms of 
fold and transport mechanism. Subsequently, the inward‐open structure of 
ASCT2 suggested that the transporter works using a single gate 
mechanism, where hairpin 2 (HP2) controls access to the substrate binding 
site on both the intracellular and extracellular sides of the membrane. The 
structure also demonstrated that compounds can bind in the previously 
predicted sub‐pocket region in the binding site, called pocket A (Extended 
Data Fig. 1) [19]. Both the inward‐open and outward‐occluded structures 
of ASCT2 showed a putative cholesterol binding site at the interface 
between mobile and scaffold domains [19,21]. Importantly, the ASCT2 
structures are consistent with previous functional observations based on 
homology models, increasing the confidence in the computational methods 
used to study this family of proteins.  

Because ASCT2 is a pharmacologically important target, multiple small 
molecule competitive inhibitors have been developed for this protein, 
using both structure‐based rational design and ligand‐based approaches 
(reviewed in reference 22). For example, guided by homology modeling, 
we discovered and optimized a series of proline‐based derivatives as well 
as other chemical scaffolds that inhibit ASCT2 in low μM potencies 
[16,23,24]. Notably, these amino acid analog inhibitors, which have large 
hydrophobic groups in the side chain provided evidence that non‐polar 
interactions within the substrate binding site may be exploited to further 
increase potency. However, the low potency and selectivity of these 
inhibitors, combined with the lack of high resolution confirmation of their 
binding mode via experimentally solved structures, have hindered 
optimization efforts to develop clinically relevant compounds. Additionally, 
other human SLC1 members, EAAT1 (SLC1A3) [25] and EAAT2 (SLC1A2) 
[26] have been targeted by non‐competitive allosteric modulators, 
suggesting that similar strategies could be applied to ASCT2. A potential 
limitation of such compounds is their increased lipophilicity and low 
solubility, hindering their utility in potential clinical applications.  

Here, we describe an integrated approach using computer‐aided 
compound design, functional testing, and structure determination with 
cryo‐EM, to rationally design novel inhibitors for ASCT2. We first refined 
an outward‐facing homology model of ASCT2 [27], and used molecular 
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docking, electrophysiology, and transport assays in proteoliposomes to 
develop and characterize novel and potent stereoselective ASCT2 
inhibitors targeting a druggable sub‐pocket in the substrate binding site. 
Next, we determined the cryo‐EM structure of ASCT2 in complex with the 
most potent inhibitor: L‐cis hydroxyproline biphenyl ester (Lc‐BPE). 
Subsequently, using iterative homology model refinement in combination 
with molecular dynamics (MD) simulations with the cryo‐EM density map 
as a restraint, we characterized pharmacologically relevant conformations 
of the inhibitor in the structure. Finally, we discuss the relevance of our 
approach to describe the structural basis of ASCT2 inhibition, as well as its 
utility in guiding structure determination of challenging SLC targets in 
pharmacologically relevant conformations.  

 
RESULTS  
Overview of the approach  
We began by iteratively refining the binding site of a homology model of 

ASCT2, based on an outward‐open crystal structure of human EAAT1 
(EAAT1; 46% sequence identity) (Fig. 1). Each model was evaluated for its 
ability to distinguish known ligands from decoys or likely non‐binders, 
with ligand docking (i.e., ligand enrichment calculations). Virtual 
compounds were then docked against the model and top predictions were 
synthesized and tested using electrophysiology. This approach enabled us 
to progressively optimize the binding site for protein‐ligand 
complementarity for the rational design of four new ASCT2 inhibitors. 
Next, we characterized the mechanism of inhibition of the most potent 
inhibitor (Lc‐BPE) using biochemical and biophysical approaches. A cryo‐
EM structure of ASCT2 was subsequently determined with bound Lc‐BPE, 
revealing subtle differences in the ligand binding pose and sidechain 
placement of binding site residues as compared to the models. Further 
analysis of the cryo‐EM density map and homology model, followed by MD 
simulations, facilitated the identification of distinct ASCT2 and inhibitor 
conformations, and demonstrated the flexibility of the HP2 loop.  

 

 
Figure 1. Overview of modeling-guided structural characterization of ASCT2-inhibitor 
binding. Initial homology model was constructed and refined based on homolog structures. 
The model is then subjected to rational compound design by iteratively performing 
molecular docking, chemical synthesis, and functional testing, as well as ligand enrichment 
calculations. Cryo‐EM is then used to determine and confirm the complex structure and is 
subsequently refined using the homology model and MD simulations, to identify distinct 
pharmacologically relevant conformations of ASCT2.   
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ASCT2 modeling and inhibitor design  
We have previously developed a series of ASCT2 inhibitors based on 

proline sulfonamide and sulfonic acid esters predicted to target a 
subpocket of the ASCT2 substrate binding site (pocket A), guided by 
homology models in the outward‐open conformation [23]. We found that 
molecules with a linker allowed compounds to dock into pocket A, and the 
inhibitor’s sidechain lipophilicity correlated with experimental Ki values. 

Further, the models correctly predicted the importance of a hydrophobic 
biphenyl group in the sidechain for efficient inhibitor binding [23]. Based 
on analysis of recent ASCT2 structures in the inward‐open and the 
outward‐occluded conformations [15,16,23], combined with docking of 
known ligands, we remodeled the sidechains of S354, D464, and C467 
(Materials and Methods). The resultant model obtained ligand enrichment 
score higher than those enrichments of any previously described cryo‐EM 
structures or models of ASCT2 (e.g., AUC of 94.3 as compared to AUC of 75 
for the inward open structure), suggesting the model represents an 
alternative pharmacologically relevant conformation.  

Additionally, docking of proline sulfonamide and sulfonic acid esters 
revealed that trans isomers with substitutions to the 4‐position of the 
proline‐like scaffold: (i) pointed on opposite sides of the proline ring plane 
as expected from their trans configuration; and (ii) docked less favorably 
compared to cis isomers [23]. We hypothesized that cis isomers would 
force the linker moiety of the proline‐like scaffold to point towards the 
base of pocket A, while maintaining critical polar interactions with hairpin 
1 (HP1) and TM8 (e.g. with S353 and N471), typical of ASCT2 substrates 
and inhibitors [20,21]. Further, to improve the solubility of the inhibitors 
while maintaining activity on ASCT2, we substituted the sulfonamide and 
sulfonic acid ester linkages with an ester linker and therefore synthesized 
four novel ester derivatives based on the 4‐hydroxyproline amino acid 
scaffold. These four proline biphenyl esters (BPEs) are diastereomers with 
the L‐ (Lc‐BPE and Lt‐BPE) and D‐configuration (Dc-BPE and Dt‐BPE) at 
the α‐amino acid carbon. We then used molecular docking and estimated 
the free energy of binding using MM‐GBSA, to assess binding of the new 
ligand series (Material and Methods; Table 1). Interestingly, both docking 
scores and MM‐GBSA calculations of cis and trans isomers of the L and D 
compounds (Extended Data Fig. 1, Table 1) suggest that cis compounds are 
more potent than their trans counterparts. We also observe that the L‐
amino acid scaffold is preferred to the D‐amino acid, in agreement with 
previous reports [28].  

 
Lc-BPE inhibitory activity with sub-μM potency  
The four synthesized compounds were tested for inhibitory activity in 

rat ASCT2 (rASCT2) with electrophysiology. rASCT2 was used because it 
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exhibits a similar pharmacological profile to that of the human ASCT2, 
while having better expression in HEK293 cells [15,22,23,29]. In addition, 
Lc‐BPE performed similarly against rASCT2 and human ASCT2 (Fig. 2B). 
Taken together, these results indicate that rASCT2 can serve as a reliable 
model for ASCT2 inhibitor testing. It is known that competitive inhibitors 
block a tonic ASCT2 leak anion conductance [29], which results in the 
inhibition of inward current in the presence of intracellular permeable 

anion (SCN‐, see apparent outward current in Fig. 2A; Extended Data Fig. 
2). In contrast, transported substrates activate the anion conductance [30], 

resulting in an inward current caused by SCN‐ outflow (Fig. 2A; Extended 
Data Fig. 2). The inhibition of the anion leak current was dose dependent 
and could be fitted to a Michaelis‐Menten‐type equation to yield an 
apparent Ki of 0.74 ± 0.11 μM for Lc‐BPE in rASCT2 (Fig. 2B; Extended Data 
Fig. 2A). In contrast to the L‐based diastereomers, the esters based on the 
D‐amino acid scaffold did not show significant inhibition of the leak anion 
current, indicating that they are not inhibitors of rASCT2 within the 
concentration range tested (up to 200 μM, Table1). Similar experiments 
were performed using human ASCT2 with Lc‐BPE compound yielding a Ki 
of 0.86 ± 0.11 μM (Fig. 2B). Remarkably, the experimental Ki’s of these 
newly synthesized compounds correlated with the computational 
predictions (Table 1). For example, Lc‐BPE had the best docking score and 
estimated binding affinity and its docking pose placed the ligand in pocket 
A, while maintaining the critical interactions with HP1 and TM8, as 
expected from previously published structures of the human ASCT2 [19‐
21]. Further, the two L‐isomers inhibited leak anion current with Lc‐BPE 
showing the strongest apparent outward current (Table 1, Extended Data 
Fig. 2A‐C).  

We also tested the specificity of Lc‐BPE for ASCT2 over other human 
SLC1 family members (ASCT1, EAAT1‐3, and EAAT5). Lc‐BPE showed 
inhibitory activity in all SLC1 family members tested, including EAATs, as 
predicted from the high conservation of pocket A among SLC1 members 
[22,23,31]. However, the apparent affinity of human ASCT1 (hASCT1) for 
Lc‐BPE was approximately 3.8 fold lower than that of rASCT2 (Extended 
Data Fig. 3A‐B), showing slight preference for ASCT2. For the EAATs, the 
highest affinity interaction of Lc‐ BPE was with hEAAT5 (2.22 ± 0.0.46 μM), 
or 3‐fold higher Ki than rASCT2, while interaction with EAATs 1‐3 was 

weaker (Extended Data Fig. 3). This result was not unexpected, because 
prototypical EAAT inhibitors, such as TBOA [32], which also have 
hydrophobic groups in the sidechain that interact with pocket A, are also 
not entirely selective. Finally, inhibitor activity in a cell proliferation assay 
with three cancer cell lines, including MCF‐7, LnCaP, and MDA‐MB‐231 was 
tested. Lc‐BPE inhibited cell viability in a time‐ and dose‐dependent 
manner (Extended Data Fig. 4) in the three cell lines, demonstrating its 
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potential pharmacological relevance.  
 

Table 1: Tool compounds developed in this study  

aCompound 
name 

bStructure cDocking score MM-GBSA 
Experimental 

Ki (µM) 

Lc-BPE 

 

-6.62 
 

-55.56 0.86 ± 0.11 

Dc-BPE 

 

-6.01 -55.33 NA 

Dt-BPE 

 

-5.71 -38.64 NA 

Lt-BPE 

 

-5.63 -52.08 f232 ± 44 

a 
Compound name marks the compound name. Names include: L – cis hydroxyproline 

biphenyl ester (Lc‐BPE); D – cis hydroxyproline biphenyl ester (Dc‐BPE); D – trans 
hydroxyproline biphenyl ester (Dt‐BPE); L – trans hydroxyproline biphenyl ester (Lt‐BPE).  
b 

Structure corresponds to the 2D structure of the compound drawn by PerkinElmer 
ChemDraw  
c 

Docking score marks the docking score of the top scoring pose using Glide  
f 

Corresponds to the value obtained for rASCT2 NA Not experimentally determined  

 
 

Inhibitor dissociation kinetics  
Due to the potency of Lc‐BPE, we hypothesized that the inhibitor 

dissociates slowly from the ASCT2 binding site. To test this, we measured 
the dissociation kinetics of Lc‐BPE using a ligand displacement approach. 
First, rASCT2 expressing cells were pre‐incubated with a saturating 
solution of Lc‐BPE (10 μM) and subsequently the inhibitor was displaced 
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using a super‐saturating concentration of the substrate L‐alanine (5 mM) 
(Fig. 2C). It is expected that the inhibitor would have to dissociate before 
alanine can bind and activate the inward anion current. Consistent with 
this expectation, activation of the anion current by alanine was slowed 
significantly after Lc‐BPE pre‐incubation by more than 6‐fold. The rate 

constant for Lc-BPE dissociation was estimated as 2.16 s‐1, indicative of a 
long residence time of the compound in the rASCT2 binding site.  

 
Lc-BPE is a competitive inhibitor  
Our computational models and previous work with proline scaffold 

compounds predicted Lc‐BPE as a competitive inhibitor targeting the 
substrate binding site. To test this prediction, we performed 
electrophysiological competition experiments in the presence of varying 
concentrations of the substrate, L‐alanine. The results were consistent with 
a competitive inhibition mechanism. At low inhibitor concentrations, the 
currents were inward as expected from transported substrates, indicative 
of the inability of Lc‐BPE to displace alanine from the binding site. 
However, as inhibitor concentration increased, the currents became 
outwardly directed in a dose dependent manner, which marked the 
displacement of alanine by the inhibitor (Fig. 2C, Extended Data Fig. 5). The 
apparent Ki increased as a function of the alanine concentration, as 
anticipated for a competitive mechanism (Extended Data Fig. 6,7). We 
further tested the inhibitory activity of Lc‐BPE in a cell‐free transport assay 
in proteoliposomes, where reconstituted human ASCT2 catalyzes the 
exchange of intracellular non‐labeled glutamine with extracellular 
radioactive‐labeled glutamine. We observed a dose‐dependent inhibition of 
glutamine transport, when Lc‐BPE was added externally, which confirms 
that this compound is an ASCT2 inhibitor with an IC50 value of 10 μM in the 

presence of 5 μM glutamine (Fig. 2D).  
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Figure 2. Lc-BPE is a potent inhibitor of ASCT2. (A) Electrophysiological recordings 
obtained after application of alanine (red trace) and increasing concentrations of Lc‐BPE 
(black traces). The times of application of alanine or Lc‐BPE are shown by white and grey 
bars. (B) Dose response relationships for the Lc‐BPE inhibitor. The red (rASCT2) and black 
(hASCT2) lines represent the best fit to a Michaelis‐Menten‐like equation with apparent Ki 
of 0.74 μM (rASCT2) and 0.86 μM (hASCT2). Currents were normalized to the current 
recorded after application of 10 μM inhibitor concentration. (C) Current recorded after 
rapid solution exchange from extracellular buffer (control, gray bar, black trace) to a 
solution containing buffer + 5 mM alanine (white bar). For the red trace, the cell was pre‐
incubated with 10 μM Lc‐BPE (red bar, red trace) followed by rapid application of 5 mM 
alanine. All current recordings were performed at 0 mV in the presence of 130 mM NaSCN 
internal and 140 mM NaCl external (homoexchange) solutions. (D) Inhibition of glutamine 
uptake (5 μM external concentration) in the presence of varying concentration of Lc-BPE 
and 5 μM glutamine. IC50 of 10.0 μM (black line). Errors bars represent standard deviations 

from two measurements.  
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Cryo-EM structure of human ASCT2-Lc-BPE  
We determined a structure of human ASCT2 reconstituted into lipid 

nanodiscs, in the presence of the inhibitor Lc‐BPE, at 3.4 Å resolution using 
single particle cryo‐EM (Fig. 3, Extended Data Fig. 8, Table 2). The protein 
adopts a single symmetrical state, with all three protomers in the same 
outward‐facing conformation, in which Lc‐BPE precludes HP2 from closing. 
In comparison to other ASCT2 structures in outward conformations [21], 
the structure showed a distinct HP2 loop conformation that is hinged 
further away from the binding site by 3 Å compared to the substrate free 
outward state as measured using the A433 Cα atom (Fig. 3B). Lc‐BPE 
overlaps with the region that HP2 occupies in the substrate‐bound 
occluded and substrate‐free states, partially displacing HP2. The 
displacement of HP2 appears to be a consequence of inhibitor binding, 
suggesting that the HP2 gate is flexible and can potentially move even 
further away to accommodate bulkier inhibitors. In further support of this 
hypothesis, the HP2 in this structure, as well as in other ASCT2 structures, 
is less resolved, indicative of structural flexibility [19‐21]. This observation 
offers a strategy to improve inhibitor potency by designing larger 
inhibitors to specifically block the gating mechanism of the transporter. In 
addition, we observed a strong density in the binding site, which overlaps 
with the density of glutamine in the previous ASCT2 structures [20,21]. 
This density protruded outside the region occupied by glutamine in the 
previous structures (Fig. 3C), where Lc‐BPE is located in a space between 
HP1 and TM2, revealing a new sub‐pocket in the substrate binding site, 
called pocket C. We refer to this binding mode as a “ligand up” orientation 
(Fig. 4C and 4D).  

Interestingly, the empirically determined “ligand up” orientation was 
different from the docking pose of Lc‐BPE in the ASCT2 model (“ligand 
down”; Extended Data Fig. 1B). Surprisingly, molecular docking using both 
Glide and OpenEye FRED of Lc‐BPE against the cryo‐EM structure, from 
which Lc‐BPE coordinates had been removed, did not recapitulate this 
“ligand up” binding mode. Upon closer inspection, we identified additional 
differences between the homology model and the structure initially fitted 
into the cryo‐EM map: in the homology model, S354, D464, and C467 
directly interact with the ligand, in agreement with previous observations 
[18,22,23]. Conversely, in the cryo‐EM structure, the sidechain of S354 
points in towards the binding site (Fig. 4A), possibly resulting in a steric 
clash with the ligand and reducing the space in the pocket A available for 
ligand binding. Further, the sidechain of D464 in the cryo‐EM structure 
pointed up and away from the binding site, thereby reducing the number of 
critical polar contacts between the ligand and ASCT2 (Fig. 4A).  

Based on this analysis, a subsequent exploration of the cryo‐EM density 
map and other nearby unassigned densities, confirmed the possibility of 
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structural rearrangements and an additional “ligand down” conformation 
for the inhibitor (Fig. 4B). However, because assigning the “ligand down” 
pose resulted in steric clashes with S354 sidechain, we further compared 
the cryo‐EM structure binding site to structures of other human and 
prokaryotic and human SLC1 structures in various conformations [10,19‐
21,34]. This resulted in remodeling the sidechains of S354, C467 and D464 
in conformations that resembled those conformations of the corresponding 
residues in the homology model. Indeed, the refined cryo‐EM structure 
obtained an improved enrichment score (AUC of 79.9 and logAUC 40.4, 
compared to AUC 69.5 and logAUC 32.4), supporting the remodeling (Fig. 
4C‐F, Extended Data Fig. 9). Overall, these results indicate the existence of 
two inhibitor binding modes, “ligand up” and “ligand down”.  

Concurrent with previous structures of ASCT2 and other homolog 
structures with bound ligand, we observe conserved critical polar contacts 
with the side chain of N471 and the backbone of S353 in HP1 in both 
“ligand up” and “ligand down” conformations (Fig. 3D‐G). In general, 
“ligand up” Lc‐BPE is coordinated by S353, T468, and N471 residues, while 
“ligand down” Lc‐BPE is coordinated by S353, D464 and N471 residues in 
the binding site (Fig. 3D‐ G). Further analysis of the two potential binding 
modes showed that the “ligand down” state has more favorable 
hydrophobic interaction at the base of pocket A compared to the “ligand 
up” state (Fig. 3F and 3G).  

 

 
Figure 3. Structural basis for ASCT2 inhibition by Lc-BPE. (A) Cryo‐EM structure of the 
outward‐open ASCT2 trimer in complex with Lc‐BPE. The scaffold and transport domains 
are depicted in gray and orange ribbons respectively, with HP2 shown in yellow. Lines show 
the approximate location of the membrane boundaries. The binding site is roughly outlined 
with a box. (B) Superposition of the apo (6MPB; light gray), outward‐occluded (6MP6; dark 
gray), and outward‐open structure in complex with Lc‐BPE (yellow) of ASCT2, highlighting 
the HP2 position for the different conformations. (C) Zoomed view of the substrate binding 
site of ASCT2 showing two possible modes of Lc‐BPE binding. Green structure and ligand 
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with pink density mesh represent the “ligand up” conformation and the orange structure 
and ligand with blue density mesh represent the “ligand down” conformation. (D and E) 
Potential hydrogen bonds between inhibitor and protein for each ligand conformation 
shown as dashed lines. In the “ligand up” conformation (D) the distal phenyl ring of the 
ligand interacts with previously unknown sub‐pocket. (F and G) 2‐D ligand interaction plot 
visualized with LigPlot+ [76]

 
of (F) “ligand up” and (G) “ligand down” conformations. 

Hydrogen bonds are represented as black dashes and residues making hydrophobic 
interactions are marked with red dashes and labeled.  

 
 

MD simulations confirm multiple binding modes  
Areas of lower resolution in cryo‐EM maps can be the result of averaging 

multiple different conformations during image processing. To explore the 
possibility of multiple pharmacological binding states of inhibitors to 
ASCT2 we used metainference MD simulations [35], to model an ensemble 
of conformations consistent with the cryo‐EM data [36]. In metainference, 
the molecular mechanics force field used in standard MD is augmented by 
spatial restraints that enforce the agreement of an ensemble of replicas of 
the system with the cryo‐EM density. Using a Bayesian inference 
framework, this approach accounts for the simultaneous presence of 
structural heterogeneity, data ensemble‐averaging, and variable level of 
noise in different areas of the experimental map. Metainference has 
recently been successfully used to characterize the structural 
heterogeneity of the N‐terminal gating region of the ClpP protease [37] and 
the effect of acetylation on the dynamics of the K40 loop in α‐tubulin [38].  

The ensemble of models obtained with metainference was classified 
based on the positions of the ligand atoms and those of the surrounding 
protein residues (Materials and Methods). This analysis indeed suggests 
that the observed cryo‐EM map is the result of an equilibrium of multiple 
conformations in which the ligand occupies distinct poses and flexible HP2 
loop conformations, as anticipated. We observed 6 clusters in total, which 
we further grouped into 3 distinct groups based on visual analysis 
(Extended Data Fig 10). These groups support the presence of multiple 
pharmacologically relevant conformations. Interestingly, the two most 
populated groups are highly similar to the “ligand up” and “ligand down” 
configurations, supporting the analysis based on the initial cryo‐EM 
structure and homology model, with the third group being unlikely to be 
replicated under physiological conditions (Fig. 4H, Extended Data Fig 10). 
This analysis also supports that HP2 is highly flexible and its position is 
dependent on the bound inhibitor. We quantified the agreement of the 
cryo‐EM structure and the metainference ensemble with the observed 
cryo‐EM density using the cross‐correlation between the experimental and 
simulated maps. In the former case, the simulated map was calculated on 
the individual cryo‐EM model; in the latter case, the simulated map was 
averaged over all members of the metainference ensemble. The cross‐
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correlation was computed on the entire experimental grid (CC_box) and 
was equal to 0.403 and 0.684 in the case of the individual cryo‐EM 
structure and of the metainference ensemble, respectively. Overall, the 
metainference ensemble provided a better fit of the density map compared 
to the cryo‐EM structure prior to B‐factor refinement, without 
compromising the stereochemical quality of the models (Extended Data 
Fig. 11).  

 

 
 
Figure 4. Progressive model building and refinement of the initial fit into the cryo-EM 
density. Panels show the superposition of the homology model (purple) and cryo‐EM 
structures with “ligand up” (green) and “ligand down” (orange) conformations and highlight 
the sidechains of S354, D464 and C467 that were remodeled. (A and B) Superposition of the 
homology model and initial cryo‐EM structures with (A) “ligand up” and (B) “ligand down” 
conformations; showing the steric clash between the S354 sidechain and Lc‐BPE. (C and D) 
Superposition of initial and refined structures with remodeled residues in pink sticks. (C) 
“ligand up” initial and refined structures, with the bright green ligand representing the 
refined Lc-BPE position. (D) “ligand down” initial and refined structures, with the bright 
orange representing the refined Lc-BPE position. (E and F) Homology model with docked 
ligand superposed to (E) refined “ligand up” structure and (F) refined “ligand down” 
structure. (G) Superposition of refined “ligand up” and “down” structures with the 
homology model. (H) Selected metainference ensemble clusters from by MD simulations 
with the cryo‐EM density as restraint, superposed with the refined “ligand up” and “ligand 
down” structures. The “ligand up” cluster is light gray and “ligand down” clusters are 
medium and dark gray, respectively.  
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Table 2: Cryo-EM data collection, refinement, and validation statistics 

 Inhibitor‐bound ASCT2, 
position “up” 

(EMD xxxx, PDB xxxx) 

  Inhibitor‐bound ASCT2, 
position “down” 

(EMD xxxx, PDB xxxx) 

Data collection and 
processing 

  

Magnification    49,407 
Voltage (kV) 200 
Electron exposure (e–/Å2) 53 
Defocus range (μm) ‐0.9 to ‐1.9 
Pixel size (Å) 1.012 
Symmetry imposed C3 
Initial particle images (no.) 1,801,520 
Final particle images (no.) 300,899 
Map resolution (Å) 
FSC threshold 

3.43 
0.143 

Map resolution range (Å) 3.3 – 4.4 
   
Refinement   
Initial model used  PDB 6MPB 
Model resolution (Å) 
(0.5 FSC threshold) 

3.4 
 
 

Model resolution range (Å) 15‐3.4 
Map sharpening B factor (Å2) ‐189 
Model composition 
    Nonhydrogen atoms 
    Protein residues 
    Ligands 

 
9861 
1326 
3 

 
9861 
1326 

3 
B factors (Å2) 
    Protein 
    Ligand 

 
31.45 
39.52 

 
33.6 

36.00 
R.m.s. deviations 
    Bond lengths (Å) 
    Bond angles (°) 

 
0.007 
0.706 

 
0.011 
0.874 

 Validation 
    MolProbity score 
    Clashscore 
    Poor rotamers (%)   

 
2.3 
21.58 
0.29 

 
2.31 

21.83 
0.29 

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

 
92.42 
7.58 
0.00 

 
92.35 

7.65 
0.00 
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DISCUSSION  
In this study, we combined computational modeling and experimental 

testing, to describe the molecular basis for ASCT2 inhibition. Three key 
findings emerge from our work. First, we developed four ASCT2 inhibitors 
that provide novel chemical tools for further studying the role of ASCT2 in 
cancer and other diseases. They include Lc‐BPE, a competitive, 
stereoselective inhibitor with sub‐μM potency. Lc‐BPE was shown to bind 
the substrate binding site of ASCT2 (Fig. 2, Table1). Second, our 
computational models correctly predicted protein‐inhibitor interactions 
that were validated experimentally by cryo‐EM studies and guided 
structure refinement of a transporter‐inhibitor complex (Figs. 3,4). This 
finding suggests that a similar approach could be applied to solve the 
structures of other challenging human SLC targets in different 
conformations. Third, our computational analysis, including iterative 
model refinement and MD simulations using the cryo‐EM density as a 
restraint, revealed distinct pharmacologically relevant conformations of 
the ligand and ASCT2 binding site (Figs. 3C, 4). This result describes the 
mechanism by which ASCT2 inhibitors achieve their stereospecificity and 
provides a framework for developing future clinically active, ASCT2‐
selective compounds. We discuss each of these three findings in turn.  

 
Novel chemical tools to characterize ASCT2  
A chemical tool is a molecule capable of modulating the function of a 

protein, enabling researchers to ask mechanistic questions about its 
molecular target with various experimental systems, including 
biochemical, cellular, or in vivo approaches. Notably, a useful chemical 
probe needs to be validated experimentally using orthogonal assays [39]. 
Although the SLC1 family has been established as an important family of 
druggable proteins, the SLC1 members, including ASCT2, currently suffer 
from a limited number of chemical probes to help decipher their role in 
disease. Here we developed four ASCT2 inhibitors that are ester 
derivatives based on the previously characterized 4‐hydroxyproline amino 
acid scaffold. The isomer with the highest apparent affinity, Lc‐BPE, was 
validated using electrophysiological, cellular, biochemical, and structural 
approaches directly showing target engagement and confirming a 
competitive stereoselective inhibition mechanism. In addition, as predicted 
from our models, Lc‐BPE, which interacts with a conserved pocket across 
all human SLC1 members (pocket A), was not found to be strongly selective 
for ASCT2 over other SLC1 members (Extended Data Fig. 3). While this will 
likely limit the clinical relevance of Lc‐BPE, the compound provides an 
excellent starting point for designing ASCT2‐specifc compounds, such as 
those targeting specific subpockets of this protein (Fig. 3C and Extended 
Data Fig. 1A). With these limitations in mind, it should be noted that, to our 
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knowledge, Lc‐BPE is the first inhibitor for ASCTs with a sub‐μM affinity. 
Thus, this compound represents a major step towards inhibitors with high 
affinity ASCT2 interaction.  

 
Accurate prediction of transporter-inhibitor interaction for a 

challenging target  
Despite progress in methodologies for structure determination of 

membrane proteins, the coverage of human SLC structures is limited. 
Particularly, structures of only a limited number human SLC transporters 
have been determined at high resolution [31]. Furthermore, while the SLCs 
are highly dynamic, most proteins with known structures have not been 
characterized in multiple conformations. Therefore, homology modeling 
can be an efficient and accurate method to visualize SLC transporters in 
different conformations. Recently, the combination of different sampling 
and refinement approaches with ligand docking has aided the design of 
small molecule ligands, particularly, for challenging membrane protein 
targets [19,31]. Here iterative modeling and molecular docking has 
enabled us to accurately model the ASCT2 structure. The final homology 
model, based on the human EAAT1 structure, obtained high ASCT2 ligand 
enrichment and exhibited high structural similarity to the later 
experimentally solved cryo‐EM structure. The homology model also guided 
precise cryo‐EM model refinement, highlighting not only its accurate 
prediction power but also its versatility as a complementary approach to 
empirical structure determination. During refinement, we focused on three 
positions that coordinate Lc‐BPE binding, S354, D464, and C467, which 
have been shown to be critical for ASCT2 substrate specificity [19‐21]. 
Overall, we demonstrate a quick and efficient approach to use homology 
models in a previously uncharacterized conformation, to explore novel 
chemical spaces in drug design. Notably, this approach is generally 
applicable to characterize other challenging membrane protein targets.  

 
Integrated approach identifies multiple pharmacologically relevant 

states  
Cryo‐EM has become the most dominant technology for structure 

determination of human membrane proteins, particularly SLC transporters 
[40]. Computational methods such as various MD simulation 
methodologies can efficiently sample relevant conformations and expedite 
structure determination with cryo‐EM [41,42]. In this work, the integration 
of multiple computational methods with varying levels of speed and 
robustness throughout the structure determination process aided the 
characterization of ASCT2‐ligand interactions. First, homology models of 
ASCT2 in the outward‐facing conformation enabled the rational design of 
compounds targeting pocket A of the substrate binding site. The newly 
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developed compounds have aided structure determination of this outward‐
facing state of ASCT2 in which HP2 is in an open conformation (e.g., Fig. 
3B).  

Second, computational modeling during the cryo‐EM structure 
determination process, has progressively improved the quality of the 
solved structure. In particular, combining molecular docking and ligand 
enrichment informed cryo‐EM model refinement, ultimately leading to the 
identification of an additional pharmacologically relevant state. The initial 
structure revealed a conformation that fits the cryo‐EM density map with 
Lc‐BPE pointing into the space between HP1 and TM2 (“ligand up”), which 
previously was not thought to comprise the ASCT2 substrate binding site 
(Fig. 3C). Further analysis of the density map identified the “ligand down” 
conformation that strikingly resembled the docking pose in the homology 
model. This result suggests that the model represents a pharmacologically 
relevant conformation, as was previously suggested for GPCRs using other 
approaches [43]. Third, using MD simulations with the density map as a 
restraint, revealed multiple potential ASCT2‐Lc‐BPE configurations, which 
can be further grouped into 3 putative positions of the ligand (Fig. 4H and 
Extended Data Fig. 10). Interestingly, two of these three positions 
correspond to conformations similar to the ‘ligand up’ and ‘ligand down’ 
arrangements indicated from the electron densities, increasing our 
confidence in this approach. Notably, these two configurations could guide 
the exploration of distinct chemical spaces around Lc‐BPE in order to 
improve its affinity and selectivity for the development of ASCT2‐targeted 
drugs.  

In summary, this study described the mechanism of transport inhibition 
in a pharmacologically relevant transporter target, ASCT2, by combining 
modern methods in protein structure determination and computational 
modeling. The results provide novel chemical tools to further characterize 
the role of ASCT2 in disease, and a framework for designing future 
clinically relevant compounds. The approach presented in this work is 
generally applicable to other challenging membrane protein targets such as 
the human SLC transporters.  

 
 
MATERIALS AND METHODS  
ASCT2 modeling and assessment  
We have previously developed homology models of ASCT2 based on the 

outward‐open structures of the human EAAT1 transporter [25,27]. Here, 
we iteratively refined this model based on its ability to discriminate ligand 
from decoy compounds with ligand enrichment calculations. The 
sidechains of the binding site residues S354, D464, and C467 were 
remodeled on fixed backbone using PyMOL [44] and SCRWL4 [45], guided 
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by recently determined structures of ASCT2 in multiple conformations. 
PyMOL mutagenesis was done with backbone dependent rotamers and 
SCRWL4 was done according to default parameters. Enrichment was done 
using a library of 29 known ASCT2 ligands, including substrates and 
inhibitors that were collected from the literature [15,16,24,46‐48] and 
ChEMBL [49] and 1,434 decoys generated with the DUD‐E server [50]. 
Docking was performed with OpenEye FRED [51] as described in our 
previous work [27]. Hydrogen‐bond constraints used for docking against 
the model at HP1; S351 and S353, and the refined structure at HP1; S353 
and TM8; N471.  

 
Molecular docking with Schrödinger  
Docking of the four ligands was performed with the Schrödinger suite 

using Glide [52]. In brief, the models were prepared for docking using the 
Maestro Protein Preparation Wizard under default parameters. The 
substrate binding site was defined using the Maestro Receptor Grid 
Generation panel and the coordinates of the reference ligand (TFB‐TBOA) 
were derived from the EAAT1 template structure. The allosteric ligand 
UCPH101 was removed from the model prior to defining the site, to avoid 

multiple reference ligands in the grid. Docking was conducted without 
constraints. Compounds were prepared for docking with Glide v19‐3 with 
LigPrep under default parameters [52].  

 
Relative binding affinity prediction  
We estimated the relative binding affinity between the compounds and 

the ASCT2 model binding site with mechanics generalized with born 
surface area solvation (MM‐GBSA). These calculations were relative, where 
a more negative value was indicative of a better binding affinity. Here we 
used MM‐GBSA with Prime from the Schrödinger suite v18‐4) [52]. The 
model was prepared as described above with the exception that reference 
ligands were removed prior, and we used the docked ligands from above as 
input. Standard parameters were used, with the distance from the ligand 
set to 5 Å for all calculations.  

 
MD simulations  
The atoms of chain A and of the associated ligand were extracted from 

the ‘ligand up’ cryo‐EM structure. CHIMERA [53] was used to select the 
cryo‐EM density within 5 Å of the model to be used as input of the 
metainference simulation of the ASCT2 monomer. The starting model was 
prepared using CHARMM‐GUI [54]. 113 POPC lipids were added to the 
system along with 11554 water molecules in a triclinic periodic box of 

volume equal to 616 nm3. 31 potassium and 30 chloride ions were added 
to ensure charge neutrality and a salt concentration of 0.15 M. The 
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CHARMM36 force field [55] was used for the protein, lipids, and ions; the 
CHARMM General Force Field and the TIP3P model were used for the 
ligand and water molecules, respectively. A 30 ns‐long equilibration was 
performed following the standard CHARMM‐GUI protocol consisting in 
multiple consecutive simulations in the NVT and NPT ensembles. During 
these equilibration steps, harmonic restraints on the positions of the lipids, 
ligand, and protein atoms were gradually switched off.  

In the metainference simulation, a Gaussian noise model with one error 
parameter for each voxel of the cryo‐EM map was used. These variables 
were marginalized to avoid their explicit sampling, as done in previous 
applications [36,37]. 16 replicas of the system were used, and their initial 
configurations were randomly selected from the last 10ns‐long step of the 
equilibration protocol. The metainference run was conducted for a total 
aggregated time of 1.8 μs. All simulations were carried out using GROMACS 
2019.6 [56] and the ISDB module [41] of the open‐source, community‐
developed PLUMED [57] library (GitHub ISDB branch; 
https://github.com/plumed/plumed2/tree/isdb). For the analysis, the 
initial frames of the trajectory of each replica, corresponding to 20% of the 
total simulation time, were considered as additional equilibration steps 
under the cryo‐EM restraint and discarded. The remaining conformations 
from all replicas were merged together and clustered using: i) the Root 
Mean Square Deviation calculated on all the heavy atoms of the ligand and 
of the protein residues within 5 Å of the ligand in at least one member of 
the ensemble; ii) the gromos algorithm [58] with a cutoff equal to 2.5 Å. 
PDB of the starting model, topology files, GROMACS inputs for equilibration 
and production runs, PLUMED input files for the metainference simulation, 
and analysis scripts are available on PLUMED‐NEST [57] (www.plumed‐
nest.org) under accession code plumID:20.015.  

 
ASCT2 expression and purification  
Human ASCT2 (hASCT2) was produced in Pichia pastoris X‐33 strain 

(Invitrogen) in fermentor [59] and purified using DDM and CHS (Anatrace) 
and 1 mM L‐glutamine (Merck) to maintain protein stability [20]. 
Membranes representing ~1.5 g cells were solubilized in buffer A (25 mM 
Tris‐HCl, pH 7.4, 300 mM NaCl, 10% (vol/vol) glycerol, 1 mM L‐glutamine, 
1% DDM and 0.1% CHS) for 1 h at 4 °C; ultracentrifuged (30 min, 442,907 
× g, 4 °C) and supernatant containing solubilized protein was incubated 
with Ni2+‐Sepharose resin for 1 h at 4 °C. Protein was eluted with buffer B 
(20 mM Tris‐HCl, pH 7.4, 300 mM NaCl, 500 mM imidazole, pH 7.4, 10% 
glycerol, 1 mM L‐glutamine, 0.02% DDM and 0.002% CHS), and applied 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). Peak 
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elution fractions were immediately used in further procedures.  
 
Reconstitution into proteoliposomes and transport assays  
Freshly purified ASCT2 was reconstituted in the liposomes composed of 

Escherichia coli polar lipids and egg phosphatidylcholine at a 3:1 ratio 
(w/w) and supplemented with 10% (w/w) cholesterol (Avanti Polar 
Lipids) [20]. For transport assays proteoliposomes were loaded with 50 
mM NaCl and 10 mM or 5 mM glutamine using three freeze‐thawing cycles, 
then extruded 11 times through a 400‐nm‐diameter polycarbonate filter 
(Avestin), diluted in buffer D (20 mM Tris pH 7.0) and collected during 
ultracentrifugation (45 min, 442,907 × g, 4 °C). Proteoliposomes were 
resuspended in buffer D (~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 and 50 μM or 5 μM [3H]glutamine 
(PerkinElmer) in 20 mM Tris pH 7.0). Inhibitors or equivalent amounts of 
DMSO were added to the external buffer mixture. At indicated time points 
the reaction was stopped by diluting the mixture in 2 ml of cold buffer D, 
filtered over a 0.45‐μm pore‐size filter (Portran BA‐85, Whatman), washed 
with 2 ml of cold buffer D 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).  

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

(3:1, w/w) supplemented with 10% (w/w) cholesterol was solubilized 
with 30 mM DDM‐CHS for 3 h while nutating. Nanodiscs were assembled at 
a reconstitution ratio of 1 nmol ASCT2 (as monomer): 5 nmol of MSP2N2: 
70 nmol of solubilized lipids. For this freshly purified ASCT2 was first 
mixed with solubilized lipids and incubated for 30 min at 4 °C. Purified and 
TEV protease treated MSP2N2 [60] was added for the following 30 min. 
300 mg of SM2 BioBead (Bio‐Rad) were added overnight to remove DDM. 

Assembled nanodiscs were purified from discs devoid of ASCT2 via Ni
2+

‐
Sepharose chromatography, collected in elution fraction in buffer E (20 
mM Tris‐HCl, pH 7.4, 300 mM NaCl, 500 mM imidazole, pH 7.4) and further 
applied on size‐exclusion chromatography with a Superdex 200 10/300 
gel‐filtration column preequilibrated with buffer F (20 mM Tris‐HCl, pH 
7.4, 200 mM NaCl).  

 
Cryo-EM sample preparation and data collection  
Freshly purified hASCT2 nanodiscs were concentrated to ~1 mg ml−1 



 175

using an Amicon Ultra‐ 0.5 mL concentrating device (Merck) with a 100 
kDa filter cut‐off and then 100 μM inhibitor was added and incubated for 1 
h on ice. 2.8 μl of the sample were applied onto the holey‐ carbon cryo‐EM 
grids (Au R1.2/1.3, 300 mesh, Quantifoil), which were preliminary 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 areas with best ice properties was done with the help 
of a self‐written script to calculate the ice thickness. Cryo‐EM data in 
selected grid regions were collected in‐house on a 200‐keV Talos Arctica 
microscope (Thermo Fisher) 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 dose of about 53 
electrons/Å2. On‐the‐fly data quality was monitored using FOCUS software 
[61].  

 
Image processing  
For the ASCT2 nanodiscs dataset in the presence of inhibitor, 6,233 

micrographs were recorded. Beam‐induced motion was corrected with 
MotionCor2_1.2.1 [62] and the CTF parameters estimated with 
ctffind4.1.13 [63]. 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 5,991 
micrographs were imported in cryoSPARC v2.14.2 [64]. Around 1000 
particles were manually picked to create templates for particle 
autopicking. 3,666,842 particles were autopicked and extracted with a box 
size of 200 pixels. After 2D classification 1,801,520 particles were left and 
majority of particles (1,427,784) were used for several rounds of ab‐initio 
volume generation, and C3 symmetry was applied. 404,284 particles of 
best classes and 373,736 particles remaining after 2D classification 
(778,020 particles in total) were exported from cryoSPARC and imported 
in RELION‐3.0.8 [65] and used in 3D classification with C3 symmetry 
applied and resulted in a one best class with 300,899 particles (38.7%). 
These particles were used in the refinement job, where hASCT2 map 
generated in cryoSPARC was used as a reference and was low‐pass filtered 
to 15 Å, and C3 symmetry was applied. In the last refinement iteration, a 
mask excluding nanodisc was used and the refinement continued until 
convergence (focus refinement), following postprocessing job, which 
resulted in a map at 4 Å. Four rounds of per‐particle CTF refinement and 
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beam tilt refinement in Relion3 [65] improved resolution to 3.43 Å.  
To check for conformational heterogeneity, we performed 3D 

classifications without imposed C3 symmetry at different stages of image 
processing, and we did not find other conformations present. We also did 
3D classifications of individual protomers after symmetry expansion and 
signal subtraction to check for conformational heterogeneity within the 
trimer. All particles were clustered in one class indicating the presence of 
only one protein conformation within the trimer. Bayesian polishing in 
RELION3 [66] did not lead to further improvement in map resolution. The 
resolution was estimated using the 0.143 cut‐off criterion [67] with gold‐
standard Fourier shell correlation (FSC) between two independently 
refined half‐maps [68]. 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 [69]. The directional resolution 
anisotropy of density map was quantitatively evaluated using the 3DFSC 
web interface (https://3dfsc.salk.edu) [70].  

 
Cryo-EM model building and validation  
Model was built in COOT [71] using the previously determined ASCT2 

structure [21] in detergent as reference. The resolution of the map was of a 
good quality to unambiguously assign the protein sequence and model 
most of the residues (47–489). Blurring of the final map to b‐factors ‐100 

Å2 and ‐50 Å2 helped to control loops fitting. Real‐space refinements were 
performed in Phenix [72] with NCS restrains 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 [73]. Images were prepared with 
PyMOL[44], ChimeraX [73], Chimera [53]. 

  
Cell culture and transfection  
Human embryonic kidney 293 (HEK293, ATCC CRL‐11268) cells were 

cultured in DMEM media supplemented with 10% (v/v) fetal bovine serum 
(FBS), 2 mM glutamine, 1% penicillin streptomycin solution, 1 mM sodium 

pyruvate and non‐essential amino acids. Cells were maintained at 370C in a 
fully humidified atmosphere containing 5% CO2. rASCT2, hASCT2, hASCT1, 

EAAT1, EAAT2, EAAT3, EAAT5 and YFP complementary DNAs were each 
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used to transiently transfect HEK293 using POLYPLUS Jet‐prime 
transfection reagent. Cells were analyzed using electrophysiological 
techniques 24‐40 hours after transfection.  

Human breast cancer cell lines MDA‐MB‐231 (kindly provided by Dr. 
Tracy Brooks, Binghamton University) and human prostate cancer cell line 
LnCaP (ATCC. CRL‐1740) were cultured in RPMI‐1640 media 
supplemented with 10% (v/v) FBS, 2 mM glutamine, 1% (v/v) penicillin 
streptomycin solution and 1mM sodium pyruvate. MCF‐7 cells (kindly 
provided by Dr. Tracy Brooks, Binghamton University) were cultured in 
MEM media supplemented with 10% (v/v) FBS, 2 mM glutamine, 1% (v/v) 
penicillin streptomycin solution, 1 mM sodium pyruvate and non‐essential 
amino acids enriched with 0.01 mg/mL insulin.  

 
Cell viability assays  

2 x 103 to 104 cells per well were plated in flat‐bottomed 96‐well plates 
and allowed to adhere for 12 hours before treatment. Cells were treated 
with or without benzyl serine or inhibitors and incubated for up to 72 
hours. Proliferation was measured at days 0, 1, 2, and 3 using the MTT (3‐
(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide) assay. In 
brief, 10 μL MTT solution (5 mg/mL) was added to each well and plates 
incubated for 5‐6 h. MTT solution was removed and 100 μL DMSO added to 
each well and swirled gently and incubated for 30 minutes. Absorbance in 
each well was read at both 570 nm and 630 nm using Synergy HTX plate 
reader (BioTek Instruments). Results were then plotted as percentages of 
the absorbance of control cells. Statistical significance of data was 
measured using a paired sample t‐test where, p<0.05 = *, p<0.01 = **, 
p<0.001 = *** and p<0.0001 = ****.  

 
Electrophysiological techniques  
Electrophysiological experiments were performed as described 

previously [15,29]. Stock solutions of inhibitor was prepared in dimethyl 
sulfoxide (DMSO) up to 100 mM. Dilutions to working concentrations were 
made using external buffer. The highest DMSO concentration used (2%) 
did not affect electrophysiological results, as shown in control cells (data 
not shown). For rASCT2, hASCT2 and hASCT1, external buffer contained 
140 mM NaCl, 2 mM MgCl2, 2 mM CaCl2, and 10 mM HEPES, pH 7.40 while 

internal pipette solution comprised of 130 mM NaSCN, 2 mM MgCl2, 10 

mM EGTA, 10 mM HEPES and 10mM alanine, pH 7.40. For specificity 
experiments with EAAT1, EAAT2, EAAC1 and EAAT5, internal solution 
contained 10 mM glutamate instead of alanine. Compounds were applied to 
HEK293 cells expressing DNA of interest suspended from a current 
recording electrode in whole cell configuration [74] through a rapid 
solution exchange device described previously [75]. Cells are immersed in 
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external buffer bath used to dissolve the inhibitors. The open pipette 
resistance was between 3 and 6 MΩ. Series resistance was not 
compensated in these experiments due to relatively small currents. 
Currents traces were recorded using an Adams and List EPC7 amplifier and 
digitized using a Molecular Devices Digidata A/D converter.  

 
Data analysis  
Data analysis was performed as described previously [23]. Linear and 

nonlinear curve fitting of the experimental data were analyzed using 
MicroCal Origin software. Linear plots were fitted using the general 

equation (y = a + bx) obtaining adjusted R2 and Pearson’s r values. 
Nonlinear dose–response relationships were fitted with a Michaelis–
Menten‐like equation to obtain apparent Ki values in the absence of 

substrate. For competition studies, equation I = I1 + I2 [Inh]/(Ki + [Inh]) 

was used for fitting, where I1 is the alanine induced current without the 

inhibitor, and I2 is the maximum current in the presence of saturating 

inhibitor concentration, [Inh]max
 [15,29]. At least four experiments were 

performed with at least three different cells. Unless stated otherwise, the 
error bars in all our graphs represent mean ± SD.  

 
Synthesis  
Chemicals were purchased from VWR or Sigma‐Aldrich. Except for one 

isomer, all other compounds were synthesized following the same general 
procedure as shown in the reaction scheme.  
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Scheme 1: General synthesis of hydroxyproline biphenyl ester compounds. (a) TBSCl, 
imidazole, DCM, 17h, yield 99%. (b) tert‐Butyl 2,2,2‐trichloroacetimidate, DCM, 36 h, yield 
80‐90%. (c) TBAF, THF, 2h, (d) biphenyl carboxylic acid, DCC, DMAP, DCM, 48h, total yield 
90%. (e) DTT, 20% TFA in DCM, yield 60%. 
 
 

 
 
 
 
 

 
 
 
 

Scheme 2: Synthesis of L – trans hydroxyproline biphenyl ester compound. (d) 4‐biphenyl 
carboxylic acid, DCC, DMAP, DCM, 48h, total yield 90%. (e) DTT, 20% TFA in DCM, yield 
60%. 

 
 

General synthesis procedures  
Step (a): (tert‐butoxycarbonyl)‐4‐hydroxypyrrolidine‐2‐carboxylic acid 

(500 mg, 2.16 mmol) and imidazole (744 mg, 10.80 mmol) were weighed 
into an oven‐dried round bottomed flask (RBF) and dissolved in dry DMF 

(6 mL). The reaction mixture was cooled to 0 0C and TBSCl in dry DMF 
(652 mg, 4.32 mmol) was added dropwise under N2 gas. The reaction 

mixture was then left to warm up to room temperature and stirred for 24 

hours. After removal of excess DMF using N2 gas at 50 0C, the residue was 

suspended in ethyl acetate and washed twice with water, thrice with 
chilled 1 M HCl and once with brine. The organic layer was dried over 
anhydrous Na2SO4 and filtered. The filtrate was concentrated under 

reduced pressure to a colorless oil. The oil was dissolved in methanol (3 

mL) and THF (4 mL) and the solution cooled to 0 0C. LiOH.H2O (227 mg, 

5.40 mmol) in water (3 mL) was added dropwise and the mixture was 
allowed to warm to room temperature and stirred for 2 hours. The pH of 
the solution was adjusted to 2‐3 using chilled 1 M HCl and the product was 
collected as a pure, white precipitate after suction filtration.  

 
Step (b): (tert‐butoxycarbonyl)‐4‐((tert‐

butyldimethylsilyl)oxy)pyrrolidine‐2‐carboxylic acid (661 mg, 1.91 mmol) 

was dissolved in dry DCM and cooled to 0 0C. 1.03 mL of tert‐Butyl 2,2,2‐
trichloroacetimidate (1,252 mg, 5.73 mmol) was added dropwise under N2 
and the mixture was stirred for 36 hours at room temperature. Excess 
solvent was removed in vacuo and the residue purified using flash silica gel 
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chromatography (0 – 15% ethyl acetate in hexanes) to obtain a pure 
colorless oil.  

 
Step (c): di‐tert‐butyl 4‐((tert‐butyldimethylsilyl)oxy)pyrrolidine‐1,2‐

dicarboxylate (635 mg, 1.58 mmol) was dissolved in dry THF and cooled to 

0 0C. 1M TBAF in THF (2.05 mL, 2.05 mmol) was added dropwise under N2 
atmosphere and reaction left to stir for 2 hours. Contents were diluted 25% 
ethyl acetate in hexanes and washed saturated NH4Cl (1x), chilled 0.5M 

HCl (1x), NaHCO3 (1x) and 1:1 mixture of H2O and brine (1x). The organic 

layer was dried over Na2SO4 and filtered. The filtrate was concentrated in 

vacuo and the colorless oil formed was used in the next step without 
further purification. For 3 (i) L – cis isomer, the product was purified using 
flash silica gel chromatography (25 – 60% ethyl acetate in hexanes) to 
obtain a colorless oil which was precipitated from DCM with hexanes to 
obtain a pure white solid.  

 
Step (d): di‐tert‐butyl 4‐hydroxypyrrolidine‐1,2‐dicarboxylate (52 mg, 

0.18 mmol), DMAP (4 mg, 0.04 mmol), [1,1'‐biphenyl]‐4‐carboxylic acid 

(144 mg, 0.72 mmol) were dissolved in dry DCM and cooled to 0 0C. DCC in 
dry DCM (75, 0.36 mmol) was added dropwise under N2 gas and the 

reaction mixture was allowed to warm up to room temperature and was 
stirred for 48 hours. The contents were filtered off and the filtrate 
concentrated in vacuo. The residue was suspended in 50% ethyl acetate in 
hexanes and washed with NaHCO3 (3x), chilled 0.5M HCl (3x), brine (3x) 

and H2O (1x). The organic phase was collected and dried over Na2SO4 and 

filtered. The filtrate was concentrated in vacuo and the product purified 
using flash silica gel chromatography (10 – 50% ethyl acetate in hexanes) 
to obtain a pure white solid.  

 
Step (e): di‐tert‐butyl 4‐(([1,1'‐biphenyl]‐4‐carbonyl)oxy)pyrrolidine‐

1,2‐dicarboxylate (74 mg, 0.16 mmol) and DTT (49 mg, 0.32 mmol) were 
weighed into a 10 mL long‐necked RBF and dissolved in dry DCM. 
Trifluoroacetic acid (TFA) (0.39 mL, 5.12 mmol) was added dropwise 
under N2 gas and the reaction mixture was stirred at room temperature 

for 36 hours. TFA was completely removed under reduced pressure and 
the product was collected as a white solid after trituration in methanol and 
diethyl ether. The product was confirmed by TLC (20 ‐ 40% methanol in 
DCM), rf ~ 0.2) and was used in all experiments without further 
purification.  
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NMR data for major intermediates  
(2S,4S)-1-(tert-butoxycarbonyl)-4-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic 

acid 1 (i). Synthesized according to general procedure for step (a). Yield 70%, white solid. 
1H NMR (Chloroform‐d, 400 MHz) δ 11.06 (1H, s), 4.52 – 4.10 (2H, m), 3.58 (1H, d, J=14.5 
Hz), 3.47 – 3.10 (1H, m), 2.20 (2H, dd, J=61.1, 26.1 Hz), 1.42 (9H, s), 0.84 (9H, s), 0.05 (6H, 
s). 13C NMR (Chloroform‐d, 101 MHz) δ 176.91, 154.12, 80.77, 70.21, 58.06, 54.48, 39.26, 
28.41, 25.72, 18.02, ‐4.87.  

(2R,4R)-1-(tert-butoxycarbonyl)-4-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic 
acid (1 (ii). Prepared following general procedure as in 1 (i) above. Yield 60%, white solid. 
1H NMR (Chloroform‐d, 400 MHz) δ 10.24 (1H, s), 4.39 (2H, d, J=22.7 Hz), 3.68 – 3.18 (2H, 
m), 2.21 (2H, s), 1.48 (9H, s), 0.89 (9H, s), 0.11 (6H, s). Full 13C NMR could not be obtained 
due to poor resolution of carbonyl carbons for major experiments done such as routine 13C 
NMR and HMBC.  

(2R,4S)-1-(tert-butoxycarbonyl)-4-((tert-butyldimethylsilyl)oxy)pyrrolidine-2-carboxylic 
acid 1 (iii). Compound was synthesized following the general procedure for step (a). Yield 
99%, white solid. 1H NMR (Chloroform‐d, 400 MHz) δ 9.71 (1H, s), 4.56 – 4.24 (2H, m), 3.71 
– 3.27 (2H, m), 2.41 – 2.15 (1H, m), 2.09 (1H, tt, J=8.5, 4.5 Hz), 1.44 (9H, d, J=20.8 Hz), 0.87 
(9H, s), 0.06 (6H, d, J=2.2 Hz). 13C NMR (Chloroform‐d, 101 MHz) δ 175.07, 157.13, 81.78, 
70.13, 58.66, 55.11, 37.79, 28.50, 25.83, 18.07, ‐4.70.  

(2S,4S)-di-tert-butyl 4-((tert-butyldimethylsilyl)oxy)pyrrolidine-1,2-dicarboxylate 2 (i). 
Synthesized used general procedure for step (b). Yield 80%, clear colorless oil. 1H NMR 
(Chloroform‐d, 400 MHz) δ 4.27 (1H, h, J=5.7 Hz), 4.11 (1H, ddd, J=28.2, 8.8, 5.6 Hz), 3.62 
(1H, ddd, J=38.5, 10.9, 6.1 Hz), 3.18 (1H, ddd, J=19.5, 10.9, 5.0 Hz), 2.31 (1H, dddd, J=18.9, 
12.9, 8.8, 5.9 Hz), 1.91 (1H, dt, J=13.0, 5.5 Hz), 1.46 – 1.35 (18H, m), 0.82 (9H, d, J=4.4 Hz), 
0.00 (6H, s). 13C NMR (Chloroform‐d, 101 MHz) δ 171.31, 153.90, 80.84, 79.77, 69.77, 58.34, 
53.98, 39.45, 28.41, 28.11, 25.84, 18.17.  

(2R,4R)-di-tert-butyl 4-((tert-butyldimethylsilyl)oxy)pyrrolidine-1,2-dicarboxylate 2 (ii). 
Compound was synthesized as 2 (ii) above following step (b) general procedure. Yield 86%, 
clear colorless oil. 1H NMR (Chloroform‐d, 400 MHz) δ 4.29 (1H, h, J=5.6 Hz), 4.13 (1H, ddd, 
J=28.5, 8.8, 5.6 Hz), 3.64 (1H, ddd, J=39.5, 10.9, 6.1 Hz), 3.21 (1H, ddd, J=19.4, 10.9, 5.1 Hz), 
2.44 – 2.23 (1H, m), 1.93 (1H, dt, J=13.1, 5.5 Hz), 1.51 – 1.37 (18H, m), 0.85 (9H, d, J=4.3 Hz), 
0.03 (6H, s). 13C NMR (Chloroform‐d, 101 MHz) δ 171.38, 153.96, 80.92, 79.85, 69.81, 58.40, 
54.01, 39.50, 28.46, 28.16, 25.89, 18.23  

(2R,4S)-di-tert-butyl 4-((tert-butyldimethylsilyl)oxy)pyrrolidine-1,2-dicarboxylate 2 (iii). 
Compound was synthesized following step (b) general procedure. Yield 90%, clear colorless 
oil. 1H NMR (Chloroform‐d, 400 MHz) δ 4.40 (1H, p, J=5.0 Hz), 4.23 (1H, ddd, J=31.4, 8.3, 6.0 
Hz), 3.57 (1H, ddd, J=16.5, 10.9, 5.2 Hz), 3.42 – 3.17 (1H, m), 2.24 – 2.06 (1H, m), 1.99 (1H, 
dt, J=12.8, 5.4 Hz), 1.53 – 1.38 (18H, m), 0.86 (9H, s), 0.05 (6H, d, J=1.7 Hz). 13C NMR 
(Chloroform‐d, 101 MHz) δ 172.26, 154.06, 80.94, 79.83, 69.57, 58.75, 54.27, 39.79, 28.34, 
28.01, 25.72, 18.02.  

(2S,4S)-di-tert-butyl 4-hydroxypyrrolidine-1,2-dicarboxylate 3 (i). Synthesized according 
to step (c) general procedure. Yield 99%, white solid formed by trituration of colorless oil 
residue in DCM and hexanes. 1H NMR (Chloroform‐d, 400 MHz) δ 4.27 (1H, dt, J=9.5, 4.5 Hz), 
4.15 (1H, ddd, J=21.1, 9.8, 1.8 Hz), 3.78 – 3.41 (3H, m), 2.26 (1H, dddd, J=20.4, 14.3, 9.8, 4.8 
Hz), 2.10 – 1.94 (1H, m), 1.44 (9H, d, J=2.5 Hz), 1.41 (9H, d, J=4.8 Hz). 13C NMR (Chloroform‐
d, 101 MHz) δ 174.21, 153.94, 82.30, 80.29, 70.30, 58.83, 55.65, 38.77, 28.41, 27.97.  

(2R,4R)-di-tert-butyl 4-hydroxypyrrolidine-1,2-dicarboxylate 3 (ii). Synthesized as 
compound 3 (ii) above. Yield 99%, white solid. 1H NMR (Chloroform‐d, 400 MHz) δ 4.29 
(1H, t, J=4.4 Hz), 4.25 – 4.02 (1H, m), 3.78 – 3.34 (3H, m), 2.27 (1H, dddd, J=20.2, 14.4, 10.5, 
4.7 Hz), 2.08 – 1.92 (1H, m), 1.47 (9H, d, J=2.2 Hz), 1.43 (9H, d, J=4.2 Hz). 13C NMR 
(Chloroform‐d, 101 MHz) δ 173.26, 152.87, 81.31, 79.26, 69.33, 57.79, 54.69, 37.71, 27.35, 
26.92.  

(2R,4S)-di-tert-butyl 4-hydroxypyrrolidine-1,2-dicarboxylate 3 (iii). Compound 
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synthesized according to general procedure for step (c). Yield, quantitative (100%). 
Colorless oil which turned solid on freezing. 1H NMR (Chloroform‐d, 400 MHz) δ 4.28 (1H, p, 
J=3.8 Hz), 4.13 (1H, q, J=7.6, 7.1 Hz), 4.02 (1H, s), 3.49 – 3.21 (2H, m), 2.26 – 2.00 (1H, m), 
1.86 (1H, ddd, J=12.8, 7.2, 5.0 Hz), 1.39 – 1.22 (18H, m). 13C NMR (Chloroform‐d, 101 MHz) δ 
172.19, 154.20, 80.96, 80.02, 68.67, 58.52, 54.38, 38.96, 28.20, 27.85.  

(2S,4S)-di-tert-butyl 4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-1,2-dicarboxylate 4 (i). 
Synthesized according to Steglich esterification general step (d) procedure. Yield 90%, 
white solid. 1H NMR (Chloroform‐d, 400 MHz) δ 8.07 (2H, dd, J=8.3, 5.1 Hz), 7.61 (4H, td, 
J=8.3, 7.4, 2.0 Hz), 7.44 (2H, t, J=7.5 Hz), 7.38 (1H, t), 5.52 (1H, ddt, J=7.6, 5.7, 2.3 Hz), 4.38 
(1H, ddd, J=47.5, 9.6, 2.1 Hz), 3.93 – 3.62 (2H, m), 2.56 (1H, dddd, J=20.4, 14.8, 9.7, 5.4 Hz), 
2.46 – 2.31 (1H, m), 1.47 (9H, d, J=8.0 Hz), 1.41 (9H, d, J=3.8 Hz). 13C NMR (Chloroform‐d, 
101 MHz) δ 170.76, 165.92, 153.90, 145.91, 139.99, 130.44, 128.98, 128.52, 128.23, 127.32, 
126.98, 81.20, 80.09, 72.48, 58.52, 52.36, 36.75, 28.40, 28.08.  

(2R,4R)-di-tert-butyl 4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-1,2-dicarboxylate 4 
(ii). Compound was synthesized following step (d) general procedure. Yield 91%, white 
solid. 1H NMR (Chloroform‐d, 400 MHz) δ 8.08 (2H, dd, J=8.2, 4.8 Hz), 7.62 (4H, td, J=7.9, 1.3 
Hz), 7.46 (2H, t, J=7.5 Hz), 7.43 – 7.36 (1H, m), 5.53 (1H, ddt, J=7.6, 2.1 Hz), 4.39 (1H, ddd, 
J=47.8, 9.7, 2.1 Hz), 3.94 – 3.61 (2H, m), 2.57 (1H, dddd, J=21.1, 14.8, 9.7, 5.4 Hz), 2.48 – 2.25 
(1H, m), 1.48 (9H, d, J=8.4 Hz), 1.41 (9H, d, J=4.1 Hz). 13C NMR (Chloroform‐d, 101 MHz) δ 
170.86, 166.05, 153.99, 146.02, 140.12, 130.53, 129.07, 128.59, 128.31, 127.42, 127.09, 
81.32, 80.22, 72.55, 58.61, 52.42, 36.85, 28.49, 28.17.  

(2R,4S)-di-tert-butyl 4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-1,2-dicarboxylate 4 
(iii). Synthesized using general procedure (step d). Yield 95%, white solid. 1H NMR 
(Chloroform‐d, 400 MHz) δ 8.16 – 7.96 (2H, m), 7.73 – 7.57 (4H, m), 7.47 (2H, t, J=7.5 Hz), 
7.40 (1H, d, J=7.3 Hz), 5.52 (1H, tt, J=5.0, 2.7 Hz), 4.38 (1H, dt, J=32.0, 7.7 Hz), 3.95 – 3.54 
(2H, m), 2.68 – 2.42 (1H, m), 2.41 – 2.19 (1H, m), 1.48 (18H, d, J=8.1 Hz). 13C NMR 
(Chloroform‐d, 101 MHz) δ 171.75, 165.95, 154.04, 146.13, 140.00, 130.32, 129.07, 128.58, 
128.36, 127.40, 127.22 (d, J=2.4 Hz), 81.59 (d, J=3.6 Hz), 80.49, 72.68, 58.73 (d, J=3.4 Hz), 
52.18, 36.97, 28.46, 28.15.  

(2S,4R)-di-tert-butyl 4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-1,2-dicarboxylate 4 
(iv). Synthesized according to scheme 2 step (d) general procedure. Yield 90%. Yellow solid. 
1H NMR (Chloroform‐d, 600 MHz) δ 8.10 – 8.04 (2H, m), 7.65 (2H, dd, J=8.2, 3.4 Hz), 7.63 – 
7.58 (2H, m), 7.48 – 7.43 (2H, m), 7.42 – 7.36 (1H, m), 5.52 (1H, ddt, J=7.7, 2.4 Hz), 4.38 (1H, 
dt, J=49.0, 7.7 Hz), 3.91 – 3.64 (2H, m), 2.62 – 2.45 (1H, m), 2.31 (1H, dddd, J=15.3, 10.2, 7.4, 
5.5 Hz), 1.48 (18H, d, J=12.3 Hz). 13C NMR (Chloroform‐d, 151 MHz) δ 171.72, 165.90, 
154.02, 146.09, 139.94 (d, J=5.5 Hz), 130.28, 129.03, 128.55, 128.32, 127.36, 127.16, 81.54, 
80.47, 72.65, 58.68, 52.15, 36.93, 28.43, 28.12.  

(2S,4S)-4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-2-carboxylic acid (Lc‐BPE) 5 (i), 
(2R,4R)-4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-2-carboxylic acid (Dc‐BPE) 5 (ii), 
(2R,4S)-4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-2-carboxylic acid (Dt‐BPE) 5 (iii) and 
(2S,4R)-4-(([1,1'-biphenyl]-4-carbonyl)oxy)pyrrolidine-2-carboxylic acid (Lt‐BPE) 5 (iv) were 
prepared according to general procedure for step (e) and precipitated from methanol with 
diethyl ether as white powder (TFA salts). Yields, 60%. 71%, 82% and 90% respectively. 
The final product was confirmed by TLC (20 ‐ 40% methanol in DCM), rf ~ 0.2) and used as 
it is in all experiments without further purification.  
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EXTENDED DATA 

 
Extended Data Fig. 1. Predicted binding mode of ASCT2 inhibitors. (A) The outward‐
open homology model of ASCT2 based on the EAAT1 structure (PDB ID: 5MJU) is shown as 
a purple cartoon. Subpocket A and B (PA and PB, respectively) of the binding site are 
highlighted with ellipsoids. Key amino acids in the binding site are shown as sticks, where 
oxygen, nitrogen, and sulfur atoms are shown in red, blue, and yellow respectively; 
hydrogen bonds are represented with grey dashes. (B-E) The four ASCT2 inhibitors are cis 
and trans isomers of L and D ‐ proline derivatives (Lc‐BPE, Dc‐BPE, Dt‐BPE, Lt‐BPE 
respectively) are predicted to bind a conformation‐specific pocket accessible in the 
outward‐open conformation, where HP2 is in an open position.  
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Extended Data Fig. 2: Electrophysiological characterization of 4-hydroxyproline 
biphenyl ester diastereomers. (A & B) Original current traces of inward anion currents 
produced by the application of 1 mM alanine (red trace) and inhibition of leak anion current 
by the application of Lc‐BPE (A) and Lt‐BPE (B) to rASCT2 expressing cells. The white and 
grey bars illustrate the time of compound application to rASCT2. (C) Dose response curves 
for Lc‐BPE (squares) and Lt‐BPE (triangles). The solid lines represent fits according to 
Michaelis‐Menten‐like equation with Ki of 0.74 ± 0.11 µM and 232 ± 44 µM. (D) and (E) 
Analogous experiment as in (A) and (B) but D‐isomers of 4‐hydroxyproline, Dc‐BPE (D) and 
Dt‐BPE (E) were used. Currents from these two isomers were either too small at high 
compound concentrations (Dc‐BPE) or unspecific (Dt‐BPE) and therefore dose response 
curves and estimated Ki could not be obtained. Transmembrane potential was 0 mV in the 
presence of 130 mM NaSCN/10 mM Alanine internal, and 140 mM NaCl external. 
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Extended Data Fig. 3. SLC-1 specificity of Lc-BPE.  (A-F) Dose response curves obtained 
from currents recorded after application of Lc‐BPE extracellularly to cells transiently 
expressing rASCT2 (as shown in Fig. 2B), hASCT1, rEAAT1, rEAAT2, rEAAT3 and hEAAT5 
respectively. For rASCT2 and hASCT1, intracellular pipette solution contained 10 mM 
alanine and 130 mM NaSCN. For rEAAT1, rEAAT2, rEAAT3 and hEAAT5, intracellular 
solution contained 10 mM glutamate and 130 mM NaSCN. Extracellular solution was the 
same for all the experiments (140 mM NaCl). The voltage was 0 mV. 
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Extended Data Fig. 4. Lc-BPE inhibits proliferation in LnCaP, MCF-7 and MDA-MB-231 
cancer cell lines.  in a dose dependent manner. (A-C) Dose response graphs of human 
cancer cell lines (A) MCF‐7, (B) LnCap and (C) MBA‐MB‐231. Absorbance from different Lc‐
BPE inhibitor concentrations was normalized to the absorbance at 1 µM Lc‐BPE inhibitor. 
(D-E) Relative cell viability in absence (squares) or presence of Lc‐BPE inhibitor (triangles) 
and benzyl serine (BenSer, circles) measured by MTT assay in (D) MCF‐7, (E) LnCaP , and 
(F) MDA‐MB‐231 cancer cells. Absorbance for each day was normalized to absorbance for 
Day 0 (before treatment with Lc‐BPE or BenSer). 
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Extended Data Fig. 5. Lc-BPE-induced currents in the presence of varying 
concentrations of alanine. Currents were produced by the application of different 
concentrations of alanine in the absence (red trace) and presence (black traces) of varying 
Lc‐BPE concentrations to HEK293T cells overexpressing rASCT2. (A) 0.2 mM alanine, (B) 
1.0 mM Alanine, (C) 2.0 mM alanine and (D) 3.0 mM alanine. All experiments were done at 0 
mV, intracellular and extracellular buffers consisted of 130 mM NaSCN and 140 mM NaCl 
respectively at pH 7.40. Both alanine and Lc‐BPE were dissolved in extracellular buffer and 
applied externally. 
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Extended Data Figure 6: Lc-BPE dose response relationships in the presence of 
varying concentrations of alanine. (A), no alanine, (B), 0.1 mM alanine, (C), 1.0 mM 
Alanine and (D), 2.0 mM alanine. The lines represent fits of the currents according to the 
equation: I = I1 + I2 [Inh]/(Ki + [Inh]), where I1 is the alanine induced current without the 
inhibitor, and I2 is the maximum current in the presence of saturating inhibitor 
concentration, [Inh]max [15]. For (A) and (B), currents are normalized to the current 
recorded after application of highest inhibitor concentration to rASCT2 expressing cells 
while C and D currents are normalized to the current recorded after application of alanine 
in the absence of inhibitor (those two approached results to the same Ki). 
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Extended Data Figure 7: Lc-BPE competes with substrate for the substrate binding 
site. Lc‐BPE apparent affinity (Ki) (obtained from Extended Data Fig. 6) plotted as a 
function of alanine concentration, exhibiting a linear relationship according to the equation 
Ki(Ala) = Ki(0) + [Ala]Ki(0)/Km(Alanine), Ki(Ala) and Ki(0) are Ki values in the presence 
and absence of alanine while Km(Alanine) is the apparent Michaelis‐Menten constant for 
alanine activation of inwardly directed anion current [29]. Pearson’s r value is 0.91 and 
adjusted R2 is 0.77 which demonstrates good correlation. 
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Extended Data Fig. 8. Cryo-EM reconstruction of ASCT2 nanodiscs in the presence of 
inhibitor. Representative cryo‐EM image (A) and 2D‐class averages (B) of vitrified ASCT2 
nanodiscs in the presence of inhibitor. (C) Angular distribution plot of particles included in 
the final C3‐symmetrized 3D reconstruction. (D) Image processing workflow. (E) Final 
reconstructed map coloured by local resolution, as estimated in Relion. (F) Anisotropy 
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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. 
(G) 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. Dashed lines indicate the FSC thresholds used for FSC of 0.143 
and for FSCsum of 0.5. (H) Cryo‐EM densities. Shown are selections of cryo‐EM densities of 
ASCT2 nanodisc in presence of inhibitor, 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 ‐189 Å2. Densities of TM1, TM6 and TM7 were contoured at 3 
σ; TM2, TM3, TM4a,b, TM4c, TM5, TM8, HP1, HP2 were contoured at 4 σ; TM4b,c loop, TM3‐

TM4 loop was contoured at 2 σ.  

 

 

 

 

Extended Data Figure 9. Model and structure evaluation with enrichment plots. (A) 
and (B) Enrichment plots of ASCT2 homology model (purple) and structures in “ligand 
down” conformation before (cyan) and after sidechain refinement (orange). (A) Area under 
the curve. (B) log of the area under the curve. The plot for a random selection of ligands is 
represented by the gray dashed line. 
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Extended Data Figure 10. Clusters of ligand conformations obtained with 
metainference molecular dynamics (MD) simulations. (A) Superposition of 6 clusters of 
ligand conformations in the substrate binding site. (B) “Ligand up” clusters in red (69%), 
magenta (7%) and pink (6%). (C) “Ligand down” clusters in dark blue and cyan represent 
13% of all clusters. The purple cluster represents an outlier cluster that is outside of the 
binding site and is unlikely to be physiological. 
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Extended Data Figure 11. Stereochemical quality of the cryo-EM structure and 
metainference ensemble. We assessed the stereochemical quality of the cryo‐EM 
structure (cyan, model 0) as well as of the six representative clusters from the 
metainference ensemble (red, models 1‐6) using the MolProbity score [77]. This score 
provides a global measure of the quality of the models in terms of number of steric clashes, 
rotamer outliers, and percentage of backbone Ramachandran conformations outside 
favored regions. The lower the score, the better the quality of the models. 
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                                                                                 Chapter 7 

 

Summary and perspective 

 

 

SUMMARY 
Exchange of molecules between the cells and the environment is 

mediated by membrane transporters, which undergo conformational 
changes during the substrate binding, translocation and release. To achieve 
transport of the cargo, membrane transporters alternately expose the 
substrate-binding site to either side of the membrane providing access for 
the substrate binding from and release to the aqueous phases. Different 
transporter families use different structural and mechanistic solutions to 
achieve alternating access. The elevator-type transport mechanism is one 
of the possible solutions to move molecules across the membrane. Proteins 
using this transport mechanism have similar structural organization: they 
consist of two functional domains, namely scaffold and transport domains. 
The transport domain accommodates the substrate and undergoes rigid 
body movements relative to the stable scaffold domain – a process, which 
results in the substrate transition across the membrane. 

ASCT2 uses an elevator transport mechanism to exchange neutral amino 
acids and harmonise the extra- and intracellular amino acids 
concentrations. This protein is involved in several physiological processes 
in the cells, which we describe in details in Chapter 1. ASCT2 is 
overexpressed in several cancer types and it is proposed to play a key role 
in cancer cell growth via glutamine import. Inhibition of ASCT2 became a 
promising strategy to fight cancer, and many small inhibiting molecules 
were designed to specifically target ASCT2 and decrease glutamine 
transport. In addition to its role as a transporter, ASCT2 is a receptor for 
many retroviruses, some of which (for example HERV-W) in humans are 
associated with multiple sclerosis and schizophrenia development [1,2]. 

In Chapter 2 we describe several evolutionally diverse protein families 
that were proposed to work using elevator transport mechanism, which 
can be achieved in more than one way. One of these families is the SLC1 
family of glutamate transporters that in humans includes seven members: 
excitatory amino acid transporters EAAT1-5 and neutral amino acid 
exchangers ASCT1-2. The first elevator-type mechanism was described for 
the homolog of glutamate transporters from archaea GltPh. Later, available 
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structures of human glutamate transporters suggested that the same 
transport mechanism is used through the entire family. 

ASCT2 shares significant sequence similarity with other members of 
SLC1 family that use cation gradient across the membrane to accumulate 
the transported substrate in the cytoplasm. The lack of structures of ASCT2 
hampered understanding of its transport mechanism, such as the 
differences in transport mode (exchange vs cation driven accumulation), 
and the design of potential anti-cancer drugs targeting ASCT2. In Chapter 3 
we describe the first structure of human ASCT2 that we solved using 
single-particle cryo-EM. The protein was produced in Pichia pastoris, and 
then purified using the detergent n-Dodecyl β-D-maltoside (DDM) in the 
presence of cholesteryl hemisuccinate and the substrate glutamine. When 
reconstituted into proteoliposomes, purified ASCT2 catalyzed Na+-
dependent electroneutral exchange of intracellular amino acids with 
extracellular radioactive labeled glutamine. Like all members of the SLC1 
family, ASCT2 is a homotrimer. Each protomer consists of a scaffold 
domain and a transport domain. The scaffold domain additionally includes 
an extracellular structural element that protrudes from the protein 
similarly to an antenna. Most likely the three antennae (one from each 
protomer) form a docking site for retroviruses. The orientation of the 
transport and scaffold domains relative to each other showed that ASCT2 
was in an inward-oriented conformation, which was different from 
structurally characterized inward-facing states of the prokaryotic 
homologue GltPh. In ASCT2, the transport domain is largely detached from 
the scaffold domain on the cytoplasmic side bringing a structural element 
that serves as extracellular gate to the binding site in glutamate 
transporters of the SLC1 family (the HP2 loop) close to the intracellular 
side of the membrane, which suggested that it might also open as a gate for 
access to the substrate binding site from the cytoplasm. 

In Chapter 4 we trapped ASCT2 in an inward-open conformation, and 
showed that HP2 indeed serves as a gate on intracellular side. We therefore 
proposed a one-gate elevator transport mechanism for the SLC1 
transporters. Additionally, we observed several non-protein densities, 
which could correspond to lipid or cholesterol molecules, surrounding the 
scaffold domain and intercalating in the cavities between transport and 
scaffold domains. One of the additional densities is located close to the 
binding site. This density has a characteristic shape of a phospholipid and 
its position prevents HP2 gate closure and possibly blocks the transporter 
in an open conformation. This and other densities could be potential 
allosteric binding sites and could be used for inhibitor design. 

All the structures that we determined of ASCT2 in detergent micelles 
were in inward-facing conformations, indicating that it is the energetically 
preferred conformation in this environment. To stabilize the transporter in 
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the outward-facing state in detergent solution, others have used an Fab 
fragment of antibody, that trapped outward-oriented transport domains 
[3]. In Chapter 5 we reconstituted ASCT2 into lipid nanodicsc and solved 
two structures in the presence and absence of the substrate glutamine. 
ASCT2 adopted outward-occluded and outward-open conformations, 
highlighting the direct impact of a lipid or detergent environment on the 
protein conformation under otherwise equivalent experimental conditions. 
In these structures we also observed unassigned densities, which likely 
correspond to lipids. Interestingly, two of the lipids are relocated 
compared with their positions in the inward-facing state and one of these 
relocated lipids overlaps with the position of the allosteric inhibitor 
UCPH101 observed in the structure of the human EAAT1 [4]. This lipid 
position could be used as a target site for design of allosteric inhibitors. 
Besides these observations, the structure of outward-occluded ASCT2 in 
nanodiscs at the highest resolution so far (3.26 Å) hints at possible 
positions of Na+ ions in the binding site. 

In Chapter 6 we looked at ASCT2 as an anti-cancer drug target using the 
power of a collaboration with three other groups from the Icahn School of 
Medicine at Mount Shai (USA), Binghamton University (USA) and Institut 
Pasteur (France). Using an integrated approach that included 
computational methods (homology modeling, molecular docking and MD 
simulations), functional methods (electrophysiology and measurements in 
proteoliposomes) and structural method (cryo-EM), we designed and 
characterized novel inhibitors for ASCT2. 

 
 

PERSPECTIVES ON ASCT2 TRANSPORTER  
Future studies of ASCT2 in structural and biochemical aspects can 

broaden our understanding of this protein functioning and might help to 
find new ways to fight cancer. 

 
A strategy to detect asymmetric structures and intermediate states 
As we described in detail in Chapter 5, all structures of ASCT2 obtained 

so far revealed symmetrical states with the three protomers in identical 
conformations, although is was shown for other members of the SLC1 
family that each protomer works independently from each other [5-13]. In 
the same chapter we discuss possible reasons of the observed symmetry, 
which could be caused by conditions (saturation with substrate or 
complete absence of it; detergent micelle or lipids), or it may represent a 
unique mechanistic feature of ASCT2. Analysis of protein conformations 
observed in non-saturating substrate conditions could answer these 
questions if asymmetric conformations of the protomers are observed, as 
for example in the case of other membrane proteins (aspartate transporter 
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GltTk [13], ABC transporter TmrAB [14]). Such a study would require 
careful analysis of large particle numbers and data processing in the 
absence of symmetry during 3D model generation and refinement. Since 
ASCT2 is almost entirely in the membrane and does not have big intra- and 
extracellular features, which could be used for particle alignments, the 
absence of the symmetry will require full-range particle distribution, which 
would cover all views of the protein, in order to obtain high-resolution 
structure. So far, in our experience, 3D classifications and refinements of 
ASCT2 without symmetry imposed lead to a strong decrease in the 
resolution, but such analysis should be possible (see GltTk [13], GltPh [15] 
and EAAT3 structures [16]). 

Obtaining asymmetric ASCT2 structures, in addition to solving the 
transport mechanism puzzle, might answer the question about changes in 
membrane curvature surrounding the transporter (Chapter 5). According 
to MD simulations of the membrane around GltPh [17] and cryo-EM 
structures of GltTk in lipid nanodiscs [13], the curvature was pronounced in 
the inward-facing state, but virtually absent around outward-oriented 
transporters. The outward-facing ASCT2 structures in lipid nanodiscs and 
the inward-facing structures in detergent did not show any significant 
membrane or micelle distortion. Therefore, the absence of the membrane 
curvature could be a unique feature of ASCT2 or the result of the 
conditions used, and solving asymmetric or inward-facing states in lipid 
nanodiscs could help to draw conclusions. 

 
Na+-coupling 
In glutamate transporters, the transport of the amino acid substrate is 

coupled with co-transport of Na+ ions. In the high-resolution cryo-EM 
structure of ASCT2 in lipid nanodiscs in the outward-occluded glutamine- 
and Na+-bound state, we observed unassigned densities present near 
residues known to coordinate Na+ ions in archaeal homolog GltTk (Chapter 
5). These densities could represent bound Na+ ions, divalent cations (Mg2+, 
Ca2+, Mn2+) or water molecules. Obtaining the structure of ASCT2 in a Na+-
free state, for example in the presence of K+ ions instead of Na+, could help 
to confirm that observed densities represent Na+ ions. The tricky part of 
this research would be obtaining a high quality sample of Na+-free ASCT2 
for cryo-EM analysis since, as we show in Chapter 5, the protein is less 
stable in the absence of Na+, when purified in the presence of K+, and it is 
not active when reconstituted into proteoliposomes. Most likely, ASCT2 
needs to be purified in the presence of Na+ ions and then extensively 
washed with Na+-free buffer after reconstitution into nanodiscs, similar to 
the approach used to remove glutamine. 
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Chloride channel 
ASCT2, as well as all other members of SLC1 family, has uncoupled 

chloride conductance (briefly introduced in Chapter 1). This property of 
ASCT2 is used to characterize its transport activity by measuring currents 
in ASCT2-expressing oocytes or human cells and to screen for new 
potential inhibitors of ASCT2 (Chapter 6). Based on mutagenesis studies 
and MD simulations it was predicted that fully open channel could be 
observed in the transporter in the intermediate-inward state. The main 
strategy to trap the transporter in this conformation and solve its structure 
so far was to introduce cysteine pairs and use a cross-linking approach. So 
far there is no structure of a wild-type SLC1 transporter with fully open 
channel, but crosslinked mutants of GltPh have recently been structurally 
characterized, and provide a first glimpse of the channel architecture [15]. 
It might be possible to observe the channel in ASCT2 using single-particle 
cryo-EM if transporter is under turnover conditions and elevator 
movement takes place. In this case, the processing of a large pool of 
particles would be required to differentiate conformational states.  

 
Allosteric inhibitors 
ASCT2 is overexpressed in several cancer types, where it imports 

glutamine into cells that is used for energy production to promote cell 
growth, and inhibition of ASCT2 decreases cell proliferation and tumor size 
(Chapter 1). All these processes attracted attention to ASCT2 as a potential 
therapeutic target for anti-cancer drug design. Several strategies to find 
ASCT2 inhibitors were implemented in the past years. One of them is to 
target the substrate-binding site of ASCT2 and to find a competitive 
inhibitor that while bound prevents HP2 gate closure and transport 
domain movement. In Chapter 6 we identified and characterised a new 
ASCT2 inhibitor, which has submicromolar affinity and binds in the 
substrate binding site. 

Alternatively, inhibition of ASCT2 could be achieved using allosteric 
inhibitors. In the cryo-EM structures of ASCT2 we found several non-
protein densities, which could correspond to cholesterol or lipid molecules. 
In the inward-facing ASCT2 structure several of these densities intercalate 
in the space between transport and scaffold domains (Chapter 3). In the 
inward-open ASCT2 structure an additional density is present between the 
HP1 and HP2 and likely corresponds to a lipid molecule because of its 
characteristic shape. This lipid intercalates into the binding site and 
prevents HP2 gate closure (Chapter 4). Also, in the inward-open and 
outward-facing ASCT2 structures we observe a patch of non-protein 
densities at the interface between protomers, which most likely 
correspond to cholesterol molecules. Interestingly, one of these densities 
coincides with the position of the allosteric inhibitor UCPH101 in the 
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EAAT1 structure (Chapter 4 and 5). All these positions of lipid-likely 
densities could be potential allosteric binding sites that might affect the 
dynamics of the transport cycle and may offer new entry points for rational 
drug design. 

Therefore, one of the future strategies to inhibit ASCT2 could be 
characterisation of allosteric ASCT2 inhibitors. However, a potential 
limitation of such compounds could be their lipophilicity and low 
solubility, which could restrict inhibitor characterisation and decrease its 
potential in clinical applications. 

 
Sybody 
Another way to inhibit ASCT2 with high specificity is to use antibodies. 

Synthetic nanobodies, or sybodies, are 10-15 kDa single domain antibodies, 
that recognize a specific target, bind with high affinity and can be produced 
exclusively in vitro. Generation of target-specific sybodies is carried out 
using a selection procedure from libraries with a high diversity of the 
constructs, and includes three main steps: ribosome display, two rounds of 
phage display and ELISA [18]. The main advantage of this method is a strict 
control of the conditions of the selection, which could provide additional 
flexibility to get sybodies against a specific protein conformation. We plan 
to generate sybodies against ASCT2, check their influence on ASCT2 
transport activity in proteoliposomes and select sybodies inhibiting ASCT2 
transport. Using single-particle cryo-EM we plan to solve structures of 
ASCT2 with inhibiting sybodies to identify their binding sites and possible 
mechanisms of inhibition. The discovered sites in ASCT2 could be further 
used for targeted drug-design to obtain small molecules that could have 
potential in anti-cancer therapy. 

 
Retroviral function 
The function of ASCT2 as a receptor for retroviruses was not addressed 

during my PhD studies, but it definitely deserves future attention. The 
structure of ASCT2 in complex with envelope proteins of retroviruses can 
help to visualize the process of virus docking and guide the design of 
molecules inhibiting this process. 

ASCT2 and the human protein syncytin-1, which is of retroviral origin, 
are involved in placenta and bone tissues formation (Chapter 2). Structural 
characterisation of the complex of ASCT2-syncytin-1 can shed light on the 
process of membrane fusion and suggest ways to inhibit this process in 
order to prevent abnormal placental development. This research project 
might require expression of proteins in human cells, because glycosylation 
could be a part of the recognition and docking processes. 
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NEDERLANDSE	SAMENVATTING	
Uitwisseling van moleculen tussen een cel en de omgeving gebeurt vaak 

met behulp van membraaneiwitten. Deze membraaneiwitten veranderen 
van conformatie tijdens het binden, verplaatsen, en loslaten van een 
substraat. Om ervoor te zorgen dat een substraat, de lading, wordt 
getransporteerd, laat een transporteiwit zijn substraat bindende plek 
beurtelings aan de verschillende kanten van het membraan zien. Aan de 
ene kant kan de lading binden, aan de andere kant kan de lading losgelaten 
worden. Verschillende families van transporters maken gebruik van 
verschillende structuren en mechanismen zodat de substraat bindende 
plek afwisselend toegankelijk is aan de verschillende kanten van het 
membraan. Een mogelijk mechanisme is een lift-achtige beweging binnen 
het eiwit. Het substraat bindt aan de substraat bindende plek, het eiwit 
ondergaat een lift-achtige beweging waardoor het substraat aan de andere 
kant van de membraan komt en daar losgelaten wordt, vergelijkbaar met 
een persoon die de lift naar een andere verdieping neemt. Eiwitten die 
gebruik maken van dit lift-type transport hebben dezelfde structurele 
organisatie; twee functionele domeinen, namelijk een “scaffold” en het 
transport domein. Het “scaffold” domein blijft min of meer stabiel in het 
membraan en het transport domein bindt het substraat en beweegt naar de 
andere kant van het membraan waardoor het substraat verplaatst wordt.  

ASCT2 is een membraaneiwit dat gebruik maakt van het lift-type 
transport om neutrale aminozuren uit te wisselen, en zorgt daardoor voor 
de juiste concentratie van deze aminozuren binnen en buiten de cel. Dit 
eiwit is betrokken bij verschillende fysiologische processen en dat is 
beschreven in hoofdstuk 1. In verschillende types kanker blijkt ASCT2 tot 
over-expressie te komen, er is gesuggereerd dat ASCT2 een belangrijke rol 
speelt in de groei van kankercellen door veel glutamine te importeren. 
Daarom lijkt de inhibitie van ASCT2 een veel belovende strategie tegen 
kanker; verschillende ASCT2 remmers in de vorm van kleine moleculen zijn 
ontworpen en gesynthetiseerd in de hoop glutamine import te 
minimaliseren. Behalve dat ASCT2 een belangrijk transporteiwit is, dient 
het ook als een herkenningplaats, receptor, voor verschillende retro-
virussen, waarvan sommige weer geassocieerd zijn met multiple sclerosis 
en het ontstaan van schizophrenia [1,2].  

In hoofdstuk 2 worden evolutionair verschillende eiwit families 
besproken die allemaal volgens het lift-type zouden werken. Eén daarvan is 
de SLC1 familie van glutamaat transporters, die in mensen 7 leden heeft; 
neurotransmitter transporters EAAT1-5 en neutrale aminozuur 
uitwissellaars ASCT1-2. De eerste transporter waarvoor een lift-type is 
beschreven, is GltPh dat is geı̈soleerd uit een archaeon, en een homoloog is 

van de humane transporters voor de  neurotransmitter glutamaat. Later 
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bleek ook met structuren van humane glutamaat transporters dat 
waarschijnlijk de hele familie gebruik maakt van het lift-type.  

ASCT2 heeft significante sequentie gelijkenis met andere leden van de 
SLC1 familie die energie van een kation gradiënt gebruiken om substraat in 
de cel te accumuleren. Omdat er geen structuur van ASCT2 bekend was, 
wist men niet hoe het transportmechanisme van ASCT2 precies werkte. 
Een structuur zou ook veel kunnen helpen bij het ontwerpen van ASCT2-
remmers en potentiële kanker medicijnen. In hoofdstuk 3 beschrijven we 
de eerste structuur van menselijk ASCT2, opgelost met behulp van cryo-
EM. Het humane ASCT2 eiwit was geproduceerd in de gist Pichia pastoris, 
en vervolgens gezuiverd met het detergens n-Dodecyl β-D-maltoside 
(DDM) in de aanwezigheid van cholesteryl-hemisuccinaat en het substraat 
glutamine. Dit gezuiverde ASCT2 kon gereconstitueerd worden in proteo-

liposomen. In deze membraanblaasjes katalyseert het eiwit Na+-
afhankelijke en electro-neutrale uitwisseling van interne aminozuren met 
extern radioactief gelabeld glutamine. Net zoals de andere leden van de 
SLC1 familie is ASCT2 een homo-trimeer. Elke protomeer bestaat uit een 
“scaffold” en een transport domein. Daarnaast heeft het “scaffold” domein 
ook nog een extracellulair structureel element die uitsteekt zoals een 
antenne. De drie antennes van de drie protomeren vormen waarschijnlijk 
samen de plek waar een virus kan binden. De oriëntatie van het “scaffold” 
en het functionele domein ten opzichte van elkaar laat zien dat ASCT2 in 
een naar binnen gerichte conformatie zit. Dit is anders dan structuur van 
de prokaryotische homoloog GltPh. In ASCT2 zit het transport domein 

relatief los van het “scaffold” domein aan de binnenkant van de cel, 
daardoor brengt het een structureel element (hairpin 2, HP2) dichtbij de 
intracellulaire kant van het membraan. Dit structurele element dient als 
een extracellulair deurtje voor de bindings-plek in glutamaat transporters 
binnen de SLC1 familie. Onze structuur van ASCT2 suggereert dat hetzelfde 
structuurelement ook kan dienen als deurtje waardoor de substraat 
bindende plek aan de binnenkant van de cel bereikt kan worden.  

In hoofdstuk 4 laten we zien dat het is gelukt om ASCT2 vast te zetten in 
een conformatie waarin de substraat bindende plaats toegankelijk aan de 
binnenkant van de cel, en inderdaad kun je hier zien dat HP2 als een 
deurtje functioneert. Daarom suggereren wij dat SLC1 transporters werken 
volgens het één-deur lift mechanisme. Bovendien zagen we ook 
verschillende niet-eiwit dichtheden in onze structuur. Dit zouden 
phospholipiden of cholesterol kunnen zijn. Deze lipiden zouden zich 
rondom het “scaffold” domein bevinden, en tussen het “scaffold” en 
transport domein. Eén van deze extra dichtheden bevindt zich naast de 
substraat bindende plek. Het vertoont de karakteristieke vormen van een 
phospholipide molecuul. Door de positie waar het zich bevindt, wordt 
verhinderd dat het HP2 deurtje dicht kan gaan, waardoor de transporter in 
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een open conformatie is. Deze, en eventueel andere dichtheden zijn 
potentiele allosterische binders die kunnen helpen bij het ontwerpen van 
eiwit-remmers. 

Alle structuren die van ASCT2 in detergens zijn opgelost, zijn in een naar 
binnen gerichte conformatie. Dit suggereert dat dit de energetisch meest 
gunstige conformatie van het eiwit in detergens is. Om het eiwit juist in een 
naar buiten-gerichte conformatie te bestuderen hebben andere 
wetenschappers geprobeerd stukjes van antilichamen te gebruiken om 
deze conformatie vast te zetten [3]. In hoofdstuk 5 hebben we ASCT2 
gereconstitueerd in lipide-nanodiscs, en hebben de structuur opgelost, 
zowel in de aanwezigheid en zonder het substraat glutamine. In de 
aanwezigheid van de lipiden nam ASCT2 de structuren van buiten-
afgesloten en naar buiten open aan. Dit laat nog een keer zien hoe 
belangrijk lipiden zijn voor de conformatie van membraan-eiwitten. Voor 
de rest waren de condities namelijk vergelijkbaar. Ook in deze twee 
structuren zagen we dichtheden die we niet hebben benoemd, zeer 
waarschijnlijk ook van lipiden. We zien de lipiden op andere plekken dan in 
de naar binnen gerichte conformatie. Een van de lipiden zien we nu op een 
plek waar ook de bestaande allosterische remmer, UCPH101, bindt in het 
EAAT eiwit [4]. Deze lipide-plek zou ook gebruikt kunnen worden voor het 
specifiek ontwerpen van van allostersiche remmers. Deze structuur van 
ASCT2 in de buiten-afgesloten toestand heeft de hoogste resolutie (3.26 A� ) 

tot nu toe gepubliceerd en het lijkt alsof er posities voor Na+ ionen in de 
substraat bindende plek zijn.  

In hoofdstuk 6 kijken we naar de ontwikkeling van een anti-kanker 
medicijn met ASCT2 als doel. Dit was een samenwerking met de Icahn 
School of Medicine at Mount Shai (USA), Binghamton University (USA) en 
het Institut Pasteur (France). Het ging om een geı̈ntegreerde combinatie 
van verschillende computationele methoden (homologie modelleren, 
moleculaire docking en MD simulaties), functionele studies 
(elektrofysiologie en experimenten in proteo-liposomen), en structurele 
biologie (cryo-EM). Op deze manier zijn verschillende remmers voor 
ASCT2 ontworpen en gekarakteriseerd.  

In de toekomst kunnen nieuwe biochemische en structurele studies over 
ASCT2 bijdragen aan het begrijpen hoe dit eiwit precies werkt en dat kan 
dan weer waardevolle informatie opleveren voor de zoektocht naar 
effectieve anti-kanker medicijnen.  
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